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Abstract.

Background: In Alzheimer’s disease (AD) brain, neuronal polarity and synaptic connectivity are compromised. A key
structure for regulating polarity and functions of neurons is the axon initial segment (ALS), which segregates somatodendritic
from axonal proteins and initiates action potentials. Toxic tau species, including extracellular oligomers (xcTauOs), spread
tau pathology from neuron to neuron by a prion-like process, but few other cell biological effects of xcTauOs have been
described.

Objective: Test the hypothesis that AIS structure is sensitive to xcTauOs.

Methods: Cultured wild type (WT) and tau knockout (KO) mouse cortical neurons were exposed to xcTauOs, and quantitative
western blotting and immunofluorescence microscopy with anti-TRIM46 monitored effects on the AIS. The same methods
were used to compare TRIM46 and two other resident AIS proteins in human hippocampal tissue obtained from AD and
age-matched non-AD donors.

Results: Without affecting total TRIM46 levels, xcTauOs reduce the concentration of TRIM46 within the AIS and cause
AIS shortening in cultured WT, but not TKO neurons. Lentiviral-driven tau expression in tau KO neurons rescues AIS length
sensitivity to xcTauOs. In human AD hippocampus, the overall protein levels of multiple resident AIS proteins are unchanged
compared to non-AD brain, but TRIM46 concentration within the AIS and AIS length are reduced in neurons containing
neurofibrillary tangles.

Conclusion: xcTauOs cause partial AIS damage in cultured neurons by a mechanism dependent on intracellular tau, thereby
raising the possibility that the observed AIS reduction in AD neurons in vivo is caused by xcTauOs working in concert with
endogenous neuronal tau.
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INTRODUCTION

A hallmark of Alzheimer’s disease (AD) is the
accumulation of neurofibrillary tangles (NFTs) in
neurons, which correspond to tightly packed fila-
ment bundles of tau, a microtubule-associated protein
normally enriched in axons [1-3]. Prior to NFT for-
mation, misfolded forms of tau, including monomers,
oligomers, and short filaments, can escape from
diseased neurons, and then enter nearby neurons
provoking toxic misfolding of their endogenous tau
[4-8]. This prion-like mechanism of tau misfolding
may explain how secreted tau propagates intracellular
tau pathology from neuron to neuron [9-14].

While the mechanisms of inter-neuronal tau
exchange have been extensively studied, knowledge
of how neuronal structure and behavior are affected
by this process is limited. What is known, how-
ever, points to profound effects on neuronal polarity
and neurotransmission. For example, we previously
showed that one conspicuous effect of extracellular
tau oligomers (xcTauOs) on cultured mouse corti-
cal neurons is the accumulation of endogenous tau
in the somatodendritic compartment [15]. Prior stud-
ies have demonstrated that excess somatodendritic
tau can cause hyperexcitability of NMDA receptors,
synapse loss, and neuron death [16-20], and that
xcTauOs can alter action potential dynamics, disrupt
synaptic transmission, and impair neuronal plasticity
[21].

The loss of endogenous tau polarity caused by
xcTauOs [15] prompted us to test the hypothesis that
the axon initial segment (AIS) is a target of xcTauOs.
The AIS serves two major functions. It is the site of
action potential initiation, and it serves as a diffusion
barrier that helps to segregate somatodendritic from
axonal molecules and organelles [22-26]. The AIS is
located within the first 20-60 wm of the proximal end
of the axon, and its length and distance from the soma
are instrumental for initiating and shaping action
potentials [27-29]. The AIS is organized by the sub-
membranous cytoskeletal proteins, ankyrin-G [22,
30-36] and BIV-spectrin [37-40]; the transmembrane
cell adhesion protein, neurofascin-186 (NF-186)
[26, 41-43]; and the microtubule-associated protein,
TRIMA46 [41, 44—46]; among other proteins. Notably,
depletion of AIS structural proteins results in AD-like
tau accumulation in the somatodendritic compart-
ment [44, 47].

Dysregulation or partial loss of the AIS, as evi-
denced by even small morphometric changes in AIS
structure, has been implicated in various adverse

effects both in vitro in cultured neurons and in
vivo in brain [24, 29, 47-53]. However, evidence
regarding AIS integrity in human AD brain is con-
tradictory. Sohn and colleagues reported that AIS
structure is reduced in AD neurons [52], whereas
Antén-Fernandez and colleagues provided evidence
that hyperphosphorylated tau in AD neurons cor-
relates with a longer AIS [48]. One reason this
discrepancy has not been resolved is that direct effects
of tau aggregates, like xcTauOs and filaments, on
AIS protein content and morphology had never been
investigated to the best of our knowledge. Accord-
ingly, we decided to address the following questions:
1) Is AIS morphology affected by xcTauOs? 2) Are
AIS protein levels downregulated in AD hippocam-
pus? 3) Is AIS length correlated with the presence of
NFTs in the same neuron?

To address these questions, we quantified AIS
protein content and morphology in primary mouse
cortical neuron cultures and postmortem human hip-
pocampal tissue using quantitative western blotting
and immunofluorescence microscopy. For cultured
neurons, we found that xcTauOs cause a reduction
of the TRIM46 concentration within the AIS and
AIS shortening from its distal end, but no changes in
overall TRIM46 protein levels. Similarly, in human
AD hippocampus, we found that the overall lev-
els of multiple resident AIS proteins are unchanged
compared to non-AD brain, but TRIM46 concentra-
tion within the AIS and AIS length are reduced in
NFT-containing neurons. Collectively, these findings
prompt the hypothesis that xcTauOs work in concert
with endogenous intraneuronal tau to degrade the AIS
in vivo AD brain.

MATERIALS AND METHODS
Mice

Wild type (WT; C57/BL6J, https://www.jax.org/
strain/000664) and tau knockout (KO, https://www.
jax.org/strain/007251) mice were used for this study.
Animals were maintained, bred, and euthanized in
compliance with all policies of the Animal Care and
Use Committee of the University of Virginia.

Cultured neurons
Primary mouse cortical neuron cultures were pre-

pared from WT and tau KO E16.5 embryonic brains
using a standard protocol [54]. Briefly, brain cor-
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tices were dissected from embryos and minced with
a scalpel in Hank’s balanced salt solution (HBSS,
Gibco 14175-095) containing 0.25% trypsin (Gibco
15090-046) and deoxyribonuclease I (Worthington
LKO003170). The minced tissue suspension was incu-
bated at 37°C for 30 min, the dissociated tissue was
then pelleted in a clinical centrifuge, re-suspended in
HBSS, and triturated using a plastic P1000 pipette
tip or a glass Pasteur pipette. After centrifugation
at 900 RPM for 10min, the cells were suspended
in Neurobasal medium (Gibco 21103-049) supple-
mented with 5% fetal bovine serum (Optima FBS,
R&D Systems S12450), B-27 (Gibco 17504-044)
or B-27+ (Gibco A35828-01), 2mM L-glutamine
(Gibco 25030-081), 50 pwg/ml gentamicin (Gibco
15710-064), and 15mM D-(+)-glucose monohy-
drate (Sigma-Aldrich 16301). The cells were then
plated at a density of 1.125 million cells/cm? on
#1 thickness, 12 mm round glass coverslips (Chem
Glass CLS-1760-012) in 24-well dishes (Corning
353504), or without coverslips in 12-well (Costar,
Cat# 3513) or 6-well (CELLSTAR 657-160) plates
following coating of the cell attachment surfaces
with poly-D-lysine hydrobromide (Sigma-Aldrich
P0899). Cultures were placed in a humidified incu-
bator maintained at 37°C and 5% CO», the following
day the medium was replaced with a fresh medium
that lacked serum, and finally the cells were grown
for a total of 7-22 days with 50% medium changes
at least once per week. Primary cortical neurons
were treated at 6-21 days in vitro for 24 hours with
xcTauOs diluted to 125 nM total tau or with vehicle.

Tau lentivirus

Lentiviral particles encoding WT human 2N4R
tau were prepared using the TRIPZ Trans-Lentiviral
Open Reading Frame kit [55] in conjunction with
the pBOB-NepX or pLKO.1 expression plasmids,
and the packaging vectors, pSPAX2 and pMD2.G
(Addgene plasmids 12260 and 12259, respectively;
deposited by Dr. Didier Trono, Ecole Polytechnique
Fédérale de Lausanne). These collective plasmids
were transfected using Lipofectamine 3000 (Thermo
Fisher Scientific L3000-015) into HEK293T cells
grown in Dulbecco’s Modified Eagle Medium (Gibco
11965-092) supplemented with Cosmic Calf Serum
(HyClone SH30087.03) to 10% and gentamycin to
50 pg/ml. Lentivirus-conditioned medium was col-
lected 48h and 72h after the start of transfection.
The lentiviral particles were pelleted out of medium
using a Beckman Coulter Optima LE-80K Ultracen-

trifuge and an SW28 rotor spun at 23,000 RPM for
2h at 4°C. The final pellet was resuspended in 400 .1
Neurobasal medium, dispensed into 40 pl volumes,
and stored at —80°C.

Primary cortical neuron cultures derived from tau
KO mice were transduced with the tau-encoding
lentivirus. Experimental manipulations of the cul-
tures were begun 48h after initial exposure to
lentivirus.

Purification and oligomerization of recombinant
human tau

BL21 E. coli cells were transformed with expres-
sion vectors for IN4R or 2N4R WT human tau,
each with a C-terminal his tag (kindly provided by
Nicholas Kanaan of Michigan State University). Tau
was purified out of soluble extracts of transformed
BL21 cells using TALON Metal Affinity Resin
(TaKaRa 635502) and imidazole (Sigma-Aldrich I-
0125) according to the vendors’ instructions. The
purified 1N4R and 2N4R solutions were concentrated
in Amicon Ultra-4 Centrifugal Filters 10K (Sigma-
Aldrich UFC801024) spun in a clinical centrifuge
at 3,000 RPM at 4°C for 15-min intervals until the
concentrate volume was ~500 wl [56]. Dithiothre-
itol (DTT, GE Healthcare 17-1318-02) was added to
1 mM, and the tau was then dispensed into 40-50 .1
aliquots that were stored at —80°C. The protein
concentration was measured using reducing agent-
compatible BCA Protein Assay Kit (Abcam 207003).

The 1N4R and 2N4R oligomers were made as
previously described [56] and summarized here.
First, the buffer in which the purified tau was dis-
solved was changed to 0.1 M phosphate at pH
7.4 using Amicon Ultra-4 Centrifugal Filters 10K
(Sigma-Aldrich UFC801024) according to the man-
ufacturer’s instructions. Next, the tau was diluted to
8 M into a solution of 5mM DTT, 100 mM NaCl,
10 mM HEPES (Gibco 15630-080) at pH 7.6,0.1 mM
EDTA and 300 M arachidonic acid (Cayman Chem-
ical Company 90010.1), and was incubated in the
dark at room temperature for 6-18 h. Vehicle con-
trols were prepared identically, except that 0.1 M
phosphate buffer was used in place of tau.

Protein electrophoresis and western blotting

Primary and secondary antibodies are listed in Sup-
plementary Table 1, and all blots were scanned using
a LI-COR Odyssey infrared imager.
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Tau oligomer

Tau oligomer aliquots were mixed 3:1 with 4X
NuPAGE LDS Sample Buffer (Thermo Fisher Sci-
entific NP00O0O7) and stored at —20°C. Thawed
samples were electrophoresed in NuPAGE 4-12%
Bis-Tris Gels (Thermo Fisher Scientific NP0323)
using 1X MES running buffer (Thermo Fisher Sci-
entific NP0002). After electrophoresis, gels were
transferred for 1.5h at 100V to 0.2 um pore size
nitrocellulose membranes (Bio-Rad 1620112) at4°C.
The membranes were then blocked with Intercept
Blocking Buffer TBS (TBS blocking buffer, LI-
COR 927-60001) at room temperature for 1h and
incubated at 4°C overnight with the pan-tau mouse
monoclonal antibody, Tau-5. Next, blots were washed
twice with TBS/Tween 20 (TBST, VWR 0777) for
10min each and incubated at room temperature for
1 h with secondary antibody: IRDye 800 CW goat
anti-mouse IgG. Following two more 10-min washes
in TBST and one rinse with TBS, blots were scanned.

Cultured neurons

Cultured neurons were collected in NuPAGE LDS
Sample Buffer and 25% glycerol (Sigma-Aldrich
G7893), and samples were stored at —20°C until use.
Electrophoresis and western blotting were performed
as described above for tau oligomers, except for the
primary and secondary antibodies that were used (see
Supplementary Table 1).

Human hippocampus

Human hippocampus samples were classified as
non-AD or AD based on criteria of the Consor-
tium to Establish a Registry for Alzheimer’s Disease
(CERAD), Braak staging or both. Unfractionated tis-
sue lysates were prepared as described [30]. Tissue
was homogenized manually using a plastic pes-
tle (VWR 47747-358) in 10 ml/g tissue mass of a
solution of 8M urea (Sigma-Aldrich U5378), 5 mM
N-ethylmaleimide (Sigma-Aldrich E3876), 5% SDS,
and 1:100 HALT protease inhibitor cocktail (Thermo
Fisher Scientific 78430). The homogenate was mixed
1:1 with 5X PAGE buffer (5% SDS, 25% sucrose,
50 mM Tris at pH 8.5, 1l mM EDTA, 30 mg/ml DTT
and bromophenol blue as a tracking dye). Ankyrin-
G blots were made as described earlier [30] using
3.5-17.5% gradient gels in 1X Tris buffer, pH 7.4.
Gels were transferred overnight at 4°C at 300 mA
to 0.45 wm pore size nitrocellulose membranes in
0.5X Tris buffer with 0.01% SDS. Membranes were
blocked in TBS containing 5% BSA for 1h fol-

lowed by incubation overnight with primary antibody
(rabbit anti-ankyrin-G [57] plus mouse monoclonal
anti-a-tubulin), and then for 1h with secondary
antibodies (IRDye 800 goat anti-rabbit IgG and
IRDye 680 goat anti-mouse IgG diluted into TBST
supplemented with 5% bovine serum albumin -
BSA, Sigma-Aldrich A3803). Blots were washed
3 times in TBST for 15 min each after each anti-
body step, and finally once each in TBS and H,O
after the secondary antibodies. The Tau(,s202/T205),
neurofascin-186, TRIM46, and mouse monoclonal
anti-BII-tubulin (clone Tujl) blots were processed
as described above for tau oligomers and cultured
neurons. Secondary antibodies for these blots were
IRDye 680RD goat anti-rabbit IgG and IRDye 800
CW goat anti-mouse IgG.

Immunofluorescence microscopy

Primary and secondary antibodies are listed in Sup-
plementary Table 1. Primary mouse neuron cultures
grown on 12 mm glass coverslips in 24-well plates
were fixed in PBS containing 4% paraformalde-
hyde for 15min. The cultures were then washed
sequentially with the following ice-cold solutions:
twice in PBS for 2 min each, once in PBS contain-
ing 0.1 M glycine for 5min, and once in PBS for
2 min. Next, the fixed cells were permeabilized and
blocked for 1h in PBS containing 1% BSA, 0.05%
saponin (Sigma-Aldrich 84510), and 0.1% normal
goat serum (Southern Biotech 0060-01). Then, they
were incubated with various combinations of pri-
mary antibodies (chicken polyclonal anti-TRIMA46,
chicken polyclonal anti-MAP2, rabbit polyclonal
anti-TRIM46, and mouse monoclonal anti-tau (clone
5) and mouse monoclonal anti-GFAP) followed by
secondary antibodies (Alexa Fluor 568 goat anti-
chicken IgY, Alexa Fluor 647 goat anti-rabbit IgG,
Alexa Fluor 488 goat anti-mouse IgG) for 1h. Fol-
lowing each antibody step the coverslips were washed
twice in PBS containing 0.05% saponin for 2 min
each. Immediately prior to sealing the coverslips to
glass slides with Fluoromount G (Southern Biotech
0100-01), the cells were incubated with 0.2 pg/ml
Hoechst 33342 trihydrochloride trihydrate (Thermo
Fisher Scientific H3570) in PBS for 2 min, then with
H>O to remove excess dye and salts.

Antibody-labeled neuron cultures

Antibody-labeled neuron cultures were observed
on an inverted Nikon Eclipse Ti microscope equipped
with a Yokogawa CSU-X1 spinning disk confocal
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head, a Hamamatsu Flash 4.0 scientific C-MOS cam-
era, a Nikon 40X oil 1.4 NA Plan Apo objective, and
405 nm, 488 nm, 561 nm, and 640 nm lasers. From
each coverslip, 20 unique fields of cells with at least
20 cells per treatment group were imaged. All analy-
ses were performed by 4 examiners (MNB, YL, NNF,
and NK) blinded to the treatments using the FIJI ver-
sion of ImageJ. More specifically, we analyzed: 1)
the shortest distance between the nucleus and the AIS
(nucleus-AIS gap) measured using the “straight line
tool”; 2) mean TRIM46 immunofluorescence inten-
sity within the AIS measured using an “AIS Analysis”
plugin (https://github.com/ksiller/aisanalyzer) cre-
ated by KHS; and 3) AIS length (region-of-interest;
ROI outlining the AIS thresholded at 50% fluo-
rescence intensity of a skeletonized line measuring
the length of the AIS) measured using the “AIS
Analysis” plugin. The plugin processes pairs of
fluorescent images and corresponding FIJI/Imagel
ROI files. The output includes automated nucleus
and AIS ROIs that aid in the quantification of
AIS morphometric parameters (Supplementary Fig-
ure 1).

Human brain hippocampus sections

Human brain hippocampus sections were first
examined by JWM to assess quality of fixation.
Brains that did not show autolysis by loss of
nuclear integrity were embedded in paraffin and
cut into 4 wm thick sections from coronal blocks.
The sections were deparaffinized using xylenes (Fis-
cher Chemical X5-4), and antigen retrieval was
accomplished using antigen unmasking solution,
citrate-based (Vector Laboratories H-3300-250), and
heat, according to the vendor’s instructions. After
cooling, the sections were washed twice in PBS for
5 min each, and then were permeabilized and blocked
as described above for cultured mouse neurons.
The primary antibodies included chicken polyclonal
anti-MAP2, rabbit polyclonal anti-TRIM46, and Tau-
5, and the secondary antibodies were as described
above for cultured mouse neurons. The sections
were washed twice in PBS for Smin each after
the primary and secondary antibody steps. Immedi-
ately prior to sealing the slides to glass coverslips
with fluoromount G, lipofuscin autofluorescence was
eliminated using the autofluorescence eliminator
reagent (Sigma-Aldrich 2160) following the vendor’s
protocol.

The brain tissue sections were imaged with a Lecia
Thunder Microscope equipped with a 40X dry objec-

tive, and 488 nm, 568 nm, and 640 nm lasers. All
images were acquired using the same camera set-
tings and laser intensity for consistent image analysis.
From the CA1 region of each brain, 55 single plane
widefield images were captured and stitched together
and accounted for an average of 72 neurons per brain.
All images were analyzed using FIJI software. All
analyses were done with the investigator blinded to
the age, sex, and neuropathological diagnosis of the
case. First, image files were loaded into FIJI. Second,
image files were evaluated according to inclusion cri-
teria: neuronal somas (MAP2 channel = 568 nm) and
connecting AIS (TRIM46 channel =647 nm) in the
field of view. If criteria were met, the image was
saved as a TIFF file for further analyses. Third, using
the TRIM46 channel, background fluorescence inten-
sity levels were measured as the average median gray
value of three ROIs in areas void of AIS channel
signal using “Measure” option under the drop-down
menu labeled “Analyze”. Fourth, on the same image
the freehand line tool was used to generate a manual
tracing of the full AIS. The plot profile of the tracing
was displayed using “Plot profile” option under the
drop-down menu labeled “Analyze”. The plot values
were displayed, and the distance (microns) and gray
values were copied into a spreadsheet. Fifth, the Tau-5
antibody, which recognizes all tau isoforms indepen-
dently of aggregation state or any post-translational
modifications they may harbor, was used to determine
whether each neuronal soma associated with an AIS
contained “no tau accumulation” (absence of Tau-5
signal), “tau accumulation without NFTs” (diffuse
Tau-5 signal) or “NFTs present” (Tau-5 positive, per-
inuclear flame-shaped structure that does not occupy
the entirety of the cell; Supplementary Figure 2). The
data from all the neurons in an individual brain section
were aggregated into a single spreadsheet that was
exported into R for statistical analysis (as described
below: statistics).

Analysis Scripts

The “AIS Analysis” (https://github.com/ksiller/
aisanalyzer) and statistical analysis (https:/githu
b.com/mariekekjones/Alzheimer_AIS _data_analysis)
codes are available online at the websites indicated
here.

Statistics

Statistical analyses were performed in GraphPad
Prism or in R. For cell culture western blots, data



1430 M.N. Best et al. / Tau Oligomers Damage the Axon Initial Segment

were analyzed across vehicle and xcTauOs groups
using two-tailed independent Student’s ¢-tests, pooled
variance. For cell culture immunocytochemistry, data
were analyzed at the neuron level using linear mixed
effects models that consider the measurement of
several neurons within each coverslip. AIS mor-
phometric parameters were explained by treatment
condition (vehicle and xcTauOs) and the interac-
tion term. Human brain tissue sample selection was
based on tissue availability, and experiments were
completed with 5-9 biologically distinct samples
per group. For human brain western blots, the data
were analyzed across non-AD and AD groups using
two-tailed independent Student’s r-tests, unpooled
variance. For human brain immunohistochemistry,
data were analyzed at the neuron level using linear
mixed effects models that consider the measurement
of several neurons within each brain. AIS morpho-
metric parameters were explained by disease state
(non-AD and AD), tau pathology (‘“no tau accumu-
lation”, “tau accumulation without NFTs” or “NFTs
present”), and the interaction term. Because neurons
from both non-AD and AD brains had tau accumula-
tion and tangles, it was critical to analyze our data at
the neuron level.

RESULTS

xcTauOs cause partial AIS loss in cultured
neurons

Considering the evidence that xcTauOs cause accu-
mulation of endogenous tau in the somatodendritic
compartment [15, 20], a likely sign of AIS functional
impairment [24,47,49, 51, 52], we tested the hypoth-
esis that AIS structure is compromised by xcTauOs.
To do so, we exposed primary mouse cortical neuron
cultures to xcTauOs made from purified recombi-
nant human IN4R or 2N4R tau (Supplementary
Figure 3) and used immunofluorescence microscopy
and western blotting as quantitative morphometric
and biochemical readouts, respectively, to monitor
effects on the AIS. For the experiments described
here, we used xcTauOs made from 1N4R and 2N4R
tau interchangeably since both affected the AIS indis-
tinguishably without any obvious effects on overall
neuronal morphology, the density of axons and den-
drites, or cell viability (see, for example, Figs. 1A and
2A).

Robust immunofluorescence labeling of the AIS
in primary neurons was observed with anti-TRIM46

(Fig. 1A). Exposing the cells to xcTauOs at a total
tau concentration of 125 nM for 24 h resulted in
the modest accumulation of tau and of punctate
TRIM46 in the somatodendritic compartment of neu-
rons. xcTauOs did not alter the intraneuronal TRIM46
protein levels (Fig. 1B), nor the shortest distance
between the nucleus and proximal end of the AIS
(Nucleus-AIS gap; Fig. 1C). By contrast, xcTauOs
induced an ~60% decrease in the average TRIM46
staining intensity within the AIS (Fig. 1D). Simi-
larly, xcTauOs induced an ~19% decrease in AIS
length, from an average of 17.1 wm to an average
of 13.8 wm (Fig. 1E). It is possible that this loss
of TRIM46 from the AIS reflects the correspond-
ing appearance of somatodendritic TRIM46 puncta
in xcTauO-treated neurons. It is important to note
that only ~1/3 of the total extracellular tau was in the
form of oligomers (see Supplementary Figure 3B),
predominantly putative dimers and trimers [58], so
the true concentration of tau oligomers was in the
range of 10-20 nM. Thus, we conclude that while
low nanomolar concentrations of xcTauOs do not
reduce the overall neuronal protein levels of TRIM46,
they cause an ~19% decrease in AIS length and an
~60% reduction of TRIM46 concentration within
what remains of the AIS. These data extend previous
findings that AIS intensity and length can be modu-
lated by external stimuli [47, 59, 60] and provide the
first evidence of AIS sensitivity to xcTauOs.

Intriguingly, xcTauOs also induced perinuclear
puncta of TRIM46 in the astrocytes that were present
in primary mouse brain cell cultures, even though
TRIM46 was undetectable in astrocytes that had not
been exposed to xcTauOs (Supplementary Figure 4).
We do not know if the TRIM46 in xcTauO-treated
astrocytes had been synthesized by those cells or
originated in neurons before being taken up by
astrocytes.

Tau is necessary for xcTauO-induced AIS damage

One of the most conspicuous targets of extracellu-
lar tau aggregates, like short filaments and xcTauOs,
is intracellular tau, which responds by aggregating
in the cytoplasm. We therefore hypothesized that
intracellular tau is required for the partial AIS break-
down caused by xcTauOs. To test our hypothesis,
we repeated the experiments shown in Fig. 1 using
primary cortical neurons derived from tau KO mice
[61]. As shown in Fig. 2, treatment of tau KO neu-
rons with xcTauOs at a total tau concentration of
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Wild Type Mouse Cortical Neurons
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Fig. 1. xcTauOs reduce clustering of TRIM46 within the AIS and AIS length. A) Localization of TRIM46 (white arrows indicate proximal
AIS ends), tau (Tau-5), somatodendritic compartment (MAP2), and nuclei (Hoechst) in primary WT mouse cortical neuron cultures. B)
Quantitative western blotting of unfractionated WT cultures probed with anti-TRIM46, and as a loading control, the neuron-specific anti-
BIII-tubulin. p-value is based on two-tailed unpaired #-tests, pooled variance. Bar graph with mean and error bars represent + standard error
of the mean. Plots of (C) Nucleus-AIS gap; (D) mean TRIM46 immunofluorescence intensity within the AIS, a surrogate measure of TRIM46
concentration; and (E) AIS length. Graph data were measured from 3-5 biological replicates (independent neuronal culture preparations).
Immunofluorescence was performed with 1 technical replicate (independent coverslip) each, which accounted for a total of ~200 neurons
per treatment condition (vehicle or xcTauOs). p-values from mixed model linear regression are indicated. Large dot indicates the predicted

mean and error bars represent the 95% confidence interval.

125 nM for 24 h did not significantly alter the cel-
lular level of TRIM46, the distance between the
nucleus and the proximal boundary of the AIS, the
length of the AIS, or the concentration of TRIM46
within the AIS. When WT human 2N4R tau was
expressed in tau KO neurons by lentiviral transduc-

tion, however, sensitivity to xcTauOs was restored
for AIS length, but not for the TRIM46 concentra-
tion within the remainder of the AIS (Fig. 3). In such
cells, the AIS shortened by an average of ~24%,
from 20 pm to 15.3 wm (Fig. 3E). Although the aver-
age expression level of lentiviral-encoded human
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tau in tau KO mouse neurons was ~1.3-fold higher
than endogenous tau in WT mouse neurons, that
difference was not statistically significant (Fig. 4).
Taken together, these results are consistent with the
hypothesis that xcTauOs cause partial disassembly of
the AIS by a mechanism dependent on intracellular
tau.

AIS protein levels are unchanged in human AD
hippocampus

A prior study claimed that the levels of two major
structural proteins of the AIS, ankyrin-G and BIV-
spectrin, are reduced in human AD frontal cortex
[52]. To determine if AIS protein loss also occurs
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elsewhere in human AD brain, we performed west-
ern blotting of unfractionated human hippocampal
tissue derived from postmortem AD and age matched
non-AD donors (Fig. 5). As expected, most AD sam-
ples (8 of 9), but not non-AD samples (1 of 5), were
positive for the paired helical filament tau marker,

tau(ps202/pT205) (Fig. 5B, C). In contrast, none of
the three AIS proteins that we examined, ankyrin-
G, neurofascin-186, or TRIM46, were reduced in
AD versus non-AD brain. In the case of ankyrin-
G, there are three major splice isoforms, 190 kDa,
270 kDa, and 480 kDa, and only the latter two are
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highly enriched in the AIS. As shown in Fig. 5B
and 5D, there were no differences detected in levels
of any ankyrin-G isoform between AD and non-AD
hippocampus.

AIS damage in human AD neurons with NFTs

The western blotting results for ankyrin-G,
neurofascin-186, and TRIM46 (Fig. 5) in human hip-
pocampus resemble the cultured neuron results for
TRIM46 (Figs. 1 and 3) in the sense that total pro-
tein levels were not reduced in AD versus non-AD
by xcTauOs in vitro. Because xcTauO treatment of
cultured neurons caused AIS shortening and reduced
the concentration of TRIM46 by ~60% within the
remainder of the AIS (Fig. 1), we searched for
AIS structural changes in human AD brain. To
that end, we performed immunohistochemistry of
paraffin-embedded human hippocampal tissue using
anti-TRIM46 as an AIS marker and Tau-5 (Fig. 6).
Eight tissue sections from both AD and age-matched
non-AD controls were examined, and individual neu-
rons were classified as “no tau accumulation”, “tau
accumulation without NFTs” (see asterisk), or “NFTs
present” (see arrowhead). Matching the analysis of
cultured neurons shown in Figs. 1-3, we measured
the nucleus-AIS gap length, mean TRIM46 inten-
sity within the AIS, and AIS length for both AD and

non-AD samples. Note that these human brain sec-
tions were 4 wm thick, but the AIS typically ranges in
length from 20-60 pwm, so most length measurements
did not account for the entire span of an AIS.

Interestingly, as shown in Fig. 6C, the nucleus-
AIS gap in non-AD hippocampus was slightly, but
statistically significantly shorter in neurons with “no
tau accumulation” compared to neurons with “tau
accumulation without NFTs". AIS length and mean
TRIM46 intensity within the AIS were not affected by
tau aggregation status in non-AD hippocampus, with
the caveat that the number of neurons with NFTs that
we observed in the non-AD group is small. In the AD
samples, however, both mean TRIM46 concentration
within the AIS (Fig. 6D) and AIS length (Fig. 6E)
were statistically significantly greater in neurons
with “no tau accumulation” compared to neurons
with “tau accumulation without NFTs” or with
“NFTs present”.

Finally, we also analyzed the raw data for nucleus-
AIS gap length, mean TRIM46 intensity within the
AIS, and AIS length in the context of disease stage
without regard for tau aggregation status. As shown
in Supplementary Figure 5, by doing so we could not
discriminate early Braak, late Braak and age-matched
non-AD from each other by this set of criteria. In
other words, decreases in AIS length and TRIM46
concentration within the AIS are correlated with tau
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aggregation state on a neuron-by-neuron basis, but
not with disease stage.

DISCUSSION

Neurons are arguably one of the most structurally
polarized animal cell types, and the AIS, which

is found only in neurons, is essential for organiz-
ing neuronal cytoarchitecture. For example, the AIS
encompasses a diffusion barrier that helps to segre-
gate axonal from somatodendritic molecules, and it
houses tightly packed voltage-gated ion channels that
generate action potentials. Given the important func-
tionality of the AIS, it follows naturally that damage



1436

M.N. Best et al. / Tau Oligomers Damage the Axon Initial Segment

Postmortem Postmortem
Label Abzheimer Disease Ne Changes Race Sex Delay (Hours) |Label Alzheimer Disease Nei Changes Race Sex Delay (Hours]
Non-AD Normal Caucasian _Male 66 18 AD 1 Early Alzheimer's Disease A2B1C2 Caucasian__Male 68 22
Non-AD Normal Caucasian _Male 7340 AD 2 i Disease A3B2C3 Caucasian _Male 79 Unknown
Non-AD Normal Caucasian _ Male 90 50 IAD Early Alzheimer's Disease A2B1C2 Caucasian _Male 82 68
Non-AD4 _ Normal Caucasian Female 84 52 IAD Alzheimer's Disease A1B3C3 Caucasian _Male 89 32
Non-AD5 _ Normal Caucasian _Female  B1 24 IAD Alzheimer's Disease A2B2C2 Caucasian _Male 95 24
Non-AD 68 Normal Caucasian _Female 83 26 [AD Alzheimer's Disease A2B3C3 Caucasian __Female 78 224
Non-AD Normal Caucasian _Female 84 30 JAD i Disease A2B2C2 Caucasian _Female 88 4
|Non-AD 8 Normal Caucasian Female 89 20 AD 8 Alzheimer's Disease A3B3C3 Caucasian _Female 95 4
B [ Non-AD Human Hippocampus Brain Tissue | AD Human Hippocampus Brain Tissue |

TRIM46 Tau-5

Merged

Nucleus-AlS Gap D

No Tau Accumulation
Tau Accumulation Without NFTs

NFTs Present NFTs Present

No Tau
Accumulation

Tau Accumulation

NFTs Present

Mean TRIM46 Immunofluorescence
Intensity Within the AIS

No Tau Accumulation

Tau Accumulation Without NFTs

TRIM46 Tau-5

Merged

~

Without NFTs

E AIS Length

No Tau Accumulation
Tau Accumulation Without NFTs
NFTs Present

p=0.038 p=0.021
p < 0.001 400- p=0.037 p < 0.001
5 - - S . -
%,_, gg 300~ ET L
i1 - ; g ¥
-a: L i ;." .ﬁg . . %f e 'j"": '.'; 2 f % %‘. 3 ,‘qa
z gLy 7 = 200 o s 3 P 3
WeT @iz - 871 @iz B3] 7=
” Non-AD AD Non-AD AD : Non-AD AD

Fig. 6. In AD brain, NFTs are associated with reduced clustering of TRIM46 within the AIS and AIS shortening. A) Clinical characteri-
zation of human hippocampus samples used for quantitative immunofluorescence microscopy. B) Localization of TRIM46 (white arrows
indicate proximal AIS ends) and tau (Tau-5, tau accumulation without NFTs = asterisk, NFTs present = white arrowhead) in non-AD and
AD hippocampus. Plots of (C) Nucleus-AIS gap, (D) mean TRIM46 immunofluorescence intensity within the AIS, a surrogate measure of
TRIM46 clustering, and (E) AIS length. Graphs were generated from 8 biological replicates (independent tissue samples), which accounted
for a total of ~580 neurons per group (non-AD or AD). p-values from mixed model linear regression are indicated. Large dot indicates the

predicted mean and error bars represent the 95% confidence interval.

of the AIS could have profound negative effects on
the structural polarity of neurons, and by extension,
on neuronal function.

Several prior studies have revealed AIS damage
in neurodegenerative disorders, including AD [24,
29, 47-50, 52, 62-71], and there is evidence for
possible involvement of amyloid-3 oligomers [47]
and plaques [29] in triggering that damage. Here we

identify xcTauOs, which are hallmarks of AD and
other tauopathies, as a potent inducer of AIS damage.
Using TRIM46 as an AIS marker, we show that expo-
sure of primary mouse cortical neurons to xcTauOs
causes AIS shortening and reduces the concentration
of TRIM46 within the remainder of the AIS by more
than half (Fig. 1A, D, E). The total neuronal protein
levels of TRIM46 were not altered by xcTauOs, how-
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ever, indicating that TRIM46 is redistributed from
the AIS to presumably the cytoplasm in response to
xcTauO exposure (Fig. 1B). Effects of xcTauOs on
the AIS were not observed in cultured tau KO neu-
rons (Fig. 2) unless human tau was expressed in the
cells by lentiviral transduction (Fig. 3). xcTauOs thus
work in concert with intracellular tau to damage the
AIS in cultured neurons.

The in vivo relevance of these cultured neuron find-
ings was established by showing that reduced AIS
length and clustering of TRIM46 within the AIS is
associated with the presence of NFT's in hippocampal
neurons (Fig. 6), but that the overall hippocam-
pal levels of TRIM46 and two other AIS proteins,
ankyrin-G, and neurofascin-186, are not significantly
different in AD versus age-matched tissue without
AD (Fig. 5). Altogether, these new results establish
the AIS as a previously unknown target of xcTauOs,
identify intracellular tau as an essential co-factor for
the AIS damage induced by xcTauOs, and identify
xcTauOs as likely causes of AIS damage in vivo.

Expression of human 2N4R tau in tau KO neu-
rons caused AIS length to be even more sensitive
to xcTauOs than in WT neurons that expressed only
endogenous mouse tau (Figs. 1 and 3). Average AIS
shortening after a 24-h exposure to xcTauOs was sta-
tistically significant: 19% in WT neurons and 24% in
human tau-expressing tau KO neurons. In contrast,
while the intensity of the TRIM46 immunofluores-
cence signal, a quantitative indicator of TRIM46
concentration, dropped ~60% after xcTauO exposure
for WT neurons, it dropped only 10% for tau KO neu-
rons that expressed human tau and that figure did not
reach statistical significance.

One possible explanation for the differential AIS
sensitivities to xcTauOs in WT versus tau KO neu-
rons expressing human tau concerns intracellular
tau isoforms. The WT neurons we used expressed
approximately equal levels of ON3R and ON4R
mouse tau (unpublished observations), whereas the
human tau expressed in tau KO neurons was 2N4R,
and like all human tau isoforms contains an 11
amino acid sequence, residues 19-29, that is not
present in mouse tau. Perhaps species-specific or
isoform-specific structural features of intracellular
tau influence how the AIS responds to xcTauOs,
and to the isoform composition of the xcTauOs as
well. Regardless, the AIS shortening we observed
in xcTauO-treated tau KO neurons that expressed
human tau was slightly greater than that of WT
neurons, while the TRIM46 concentration in the
remainder of the WT AIS trended lower. While it is

clear that AIS sensitivity to xcTauOs requires intra-
cellular tau, the mechanistic basis for this requirement
remains to be determined.

We chose to focus on TRIM46 as an indicator of
AIS structure for two main reasons. The first was sim-
ply practical. Although TRIM46 co-localized in our
experiments with the well-known AIS structural pro-
teins, ankyrin-G, BIV-spectrin and neurofascin-186
(Supplementary Figure 6), the TRIM46 immunofluo-
rescence signal was observed to be brighter and more
confined to the AIS than the signals for the other two
proteins. Secondly, TRIM46, which bundles micro-
tubules in the AIS [44, 45], has not been extensively
studied so we were inspired to investigate it in the con-
text of AD and other tauopathies. That said, it would
be interesting to extend the characterization of AIS
protein responses to xcTauOs to additional resident
AIS proteins.

A prior report of AIS protein content in human
brain by Sohn and colleagues included evidence
of a dramatic reduction of ankyrin-G and BIV-
spectrin in AD compared to non-AD brain [52],
which seems to contradict what we report here for
ankyrin-G (no change; see Fig. 5). Several fac-
tors might account for this discrepancy. Whereas
Sohn and colleagues examined RIPA buffer-soluble
extracts of frontal cortex clarified by ultracentrifu-
gation for western blotting and quantified only the
270 kDa isoform of ankyrin-G, for western blotting
we used uncentrifuged, SDS-soluble extracts of hip-
pocampus and quantification of the 190 kDa, 270
kDa, and 480 kDa isoforms of ankyrin-G, the lat-
ter two of which are highly enriched in the AIS. It
is possible that differences in tissue source (frontal
cortex versus hippocampus), sample extraction meth-
ods and ankyrin-G isoform quantification, alone or in
combination, explain why an AD-associated drop in
ankyrin-G levels were found by Sohn and colleagues,
but not in our study.

Similarly, our data for AIS shortening in human
AD hippocampus (Fig. 6) are inconsistent with a
report by Antén-Ferndndez and colleagues that the
AIS is longer in AD compared to non-AD brain [48].
A few factors might account for this discrepancy.
Whereas Antén-Fernandez and colleagues examined
BIV-spectrin in 50 wm thick frontal cortex, we used
TRIM46 as an AIS marker in 4 wm thick sections
of hippocampus. It is thus possible that differences
in AIS marker (BIV-spectrin versus TRIM46), tis-
sue thickness (50 wm versus 4 pum), and brain region
(frontal cortex versus hippocampus), alone or in com-
bination, explain why we observed AIS shortening,
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and Anton-Fernandez and colleagues observed AIS
lengthening in AD neurons in vivo.

Notably, our human brain tissue observations were
performed only on Caucasian (Fig. 6) and inde-
terminate race (Fig. 5) donors. As demonstrated
in previous studies, the inclusion of non-Caucasian
donors [72-76], particularly non-Hispanic Black
groups [76], may increase experimental validity as
this group has a higher incidence of AD [77]. Future
studies should therefore strive to include individu-
als from ethnically and racially diverse populations.
This increase in sample size may help untangle the
correlation of NFTs with AIS changes statistically.
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