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Abstract [F-18]-AV-1451, a PET tracer specifically devel-
oped to detect brain neurofibrillary tau pathology, has the
potential to facilitate accurate diagnosis of Alzheimer’s
disease (AD), staging of brain tau burden and monitoring
disease progression. Recent PET studies show that patients
with mild cognitive impairment and AD dementia exhibit
significantly higher in vivo [F-18]-AV-1451 retention than
cognitively normal controls. Importantly, PET patterns of
[F-18]-AV-1451 correlate well with disease severity and
seem to match the predicted topographic Braak staging of
neurofibrillary tangles (NFTs) in AD, although this awaits
confirmation. We studied the correlation of autoradio-
graphic binding patterns of [F-18]-AV-1451 and the stereo-
typical spatiotemporal pattern of progression of NFTs using
legacy postmortem brain samples representing different
Braak NFT stages (I-VI). We performed [F-18]-AV-1451
phosphor-screen autoradiography and quantitative tau
measurements (stereologically based NFT counts and bio-
chemical analysis of tau pathology) in three brain regions
(entorhinal cortex, superior temporal sulcus and visual cor-
tex) in a total of 22 cases: low Braak (I-II, n = 6), interme-
diate Braak (III-1V, n = 7) and high Braak (V-VI, n = 9).
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Strong and selective [F-18]-AV-1451 binding was detected
in all tangle-containing regions matching precisely the
observed pattern of PHF-tau immunostaining across the
different Braak stages. As expected, no signal was detected
in the white matter or other non-tangle containing regions.
Quantification of [F-18]-AV-1451 binding was very signifi-
cantly correlated with the number of NFTs present in each
brain region and with the total tau and phospho-tau content
as reported by Western blot and ELISA. [F-18]-AV-1451 is
a promising biomarker for in vivo quantification of brain
tau burden in AD. Neuroimaging—pathologic studies con-
ducted on postmortem material from individuals imaged
while alive are now needed to confirm these observations.

Keywords [F-18]-AV-1451 - PET - Tau - Neurofibrillary
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Introduction

Novel positron emission tomography (PET) tau tracer
[F-18]-AV-1451 is a promising tool for the in vivo diag-
nosis and monitoring of patients with Alzheimer’s disease
(AD) [5, 34]. We and others have previously shown that
[F-18]-AV-1451 binds with strong affinity to paired heli-
cal filament (PHF)-tau aggregates in AD brains and those
that form as a function of age [12—14, 26, 34]. In agreement
with these observations, patients clinically diagnosed with
dementia of AD type and mild cognitive impairment (MCI)
exhibit significantly higher in vivo [F-18]-AV-1451 reten-
tion than cognitively normal individuals in regions that are
known to contain an elevated burden of tau lesions in AD
[3,6-8, 10, 21, 27, 33].

Neurofibrillary  pathology  (neurofibrillary  tangles
(NFTs) and neuropil threads) in AD brains follows a
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stereotypical spatiotemporal progression that was initially
described by Braak and Braak and categorized into six
stages that can be summarized in three: entorhinal (stages
I-II), limbic (stages III-IV), and isocortical (stages V-VI)
[2]. The first NFTs appear in the transentorhinal region
(stage I) along with the entorhinal cortex, followed by the
CAl region of the hippocampus (stage II). Next, NFTs
develop in limbic structures such as the subiculum (stage
IIl), followed by the amygdala, thalamus and claustrum
(stage 1V). Finally, NFTs spread to all isocortical areas,
with the neocortical association areas being affected prior
and more severely (stage V) than primary motor, sensory,
and visual areas (stage VI). In general, the accumulation
and spreading of tau lesions through increasing Braak
stages parallels the progression and severity of clinical
symptoms of the disease. Braak stages I-II do not present
with any cognitive impairment, mild cognitive deficits
typically emerge as tau pathology advances towards limbic
regions (Braak stages III-IV), and a fully developed clini-
cal picture of dementia is present in most cases once tau
lesions have reached neocortical association areas (Braak
stages V-VI) [19, 23, 29].

Several recent studies suggest that in vivo
[F-18]-AV-1451 retention patterns in cognitively normal
individuals and patients with MCI and AD dementia match
the predicted topographic Braak staging of NFTs [6, 27,
28, 33]. This points to the potential usefulness of this tracer
as an in vivo surrogate marker to estimate brain tau bur-
den in AD patients, and to track disease progression in very
mildly impaired individuals who are suspected to harbor
AD pathology in their brains. Importantly, the combina-
tion of [F-18]-AV-1451 imaging with other AD biomarkers
such as PET amyloid tracers [25, 31] and CSF measure-
ments of total-tau, phospho-tau and A [15, 24] is expected
to increase further the diagnostic accuracy across the spec-
trum of normal aging, MCI and AD.

In the present study we have analyzed postmortem
human brain tissue samples from 22 cases representing
the spectrum of NFT Braak staging, from Braak stages
I-II to VI. Binding of [F-18]-AV-1451 in three different
brain regions (entorhinal cortex (EC), the cortex lining
the superior temporal sulcus (STS), and visual cortex
(VQC)) was assessed by phosphor-screen autoradiography
and compared to quantitative tau measurements (stereo-
logically based NFT counts and biochemical analysis of
tau pathology) in those same regions. Our data show that
[F-18]-AV-1451 binding correlates very closely with the
number of NFTs and with synaptic total-tau and phos-
phorylated tau content as assessed by Western Blot (WB)
and Enzyme-like immunosorbent assay (ELISA). These
findings support the idea that [F-18]-AV-1451 is a prom-
ising surrogate marker for quantification and staging
of pathological tau burden in ADj; something that may
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prove essential for evaluating disease progression and for
assessing response to tau-targeted therapies.

Materials and methods
Brain tissue samples

Twenty-two cases representative of the spectrum of Braak
NFT staging (I-VI) [1, 2] from the Massachusetts Alzhei-
mer’s Disease Research Center (MADRC) Neuropathol-
ogy Core were included in this study. Cases were selected
based on the availability of enough frozen tissue in each
region of interest to perform the experiments detailed
below. Postmortem brain samples were processed and
analyzed at the MADRC Neuropathology Core. Autop-
sies were performed according to standardized protocols
[32], and tissue collection and use were approved by the
local Institutional Review Board. Diagnostic evaluation
was performed in accordance with published guidelines
for neurodegenerative diseases [4, 9, 16]. All cases were
reviewed by a board certified neuropathologist. Braak
staging for NFT deposition [2] and Consortium to Estab-
lish a Registry for Alzheimer’s disease (CERAD) score
for neuritic amyloid plaques [18] were reviewed in each
case.

Cases were classified into three categories according
to their Braak NFT stage [1, 2]: low Braak (Braak stages
I-II, n = 6), intermediate Braak (Braak stages III-IV,
n = 7) and high Braak (Braak stages V-VI, n = 9). Three
brain regions were selected for the analysis: EC, the
multimodal association cortex lining the STS, and VC.
Blocks of frozen brain tissue containing each of the three
regions of interest, respectively, were sectioned in a cry-
ostat (Thermo-Shandon SME Cryostat) into 10-pm-thick
slices and used for immunohistochemistry (IHC) and
phosphor-screen autoradiography. Fresh frozen homoge-
nates prepared from the same tissue material were used to
quantify tau content by WB and ELISA.

[F-18]-AV-1451 phosphor-screen autoradiography

[F-18]-AV-1451 phosphor-screen autoradiography was
performed following the protocol that we have pre-
viously described in detail elsewhere [14]. Imagel
(National Institute of Health, NIH) was used to quantify
the [F-18]-AV-1451 signal in the three regions of inter-
est (EC, STS and VC). Digital images of each slide were
obtained, background subtraction was applied, and the
mean signal in each region of interest was calculated by
densitometry.
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Pathological tau burden quantification
by immunohistochemistry

Ten-micrometer-thick frozen tissue sections adjacent to
those used in autoradiographic experiments were stained
with PHF-1 antibody (1:100 dilution, mouse, kind gift of
Dr. Peter Davies) to visualize NFTs. Samples were then
analyzed with an upright Olympus BX51 microscope
(Olympus, Denmark) using the CAST software (Visiop-
harm, 2004, Denmark). Each region of interest was drawn
in the corresponding slide at 1.25x magnification, and
then randomly sampled using the software’s optical dissec-
tor probe at 10x magnification (meander sampling 20%,
counting frame 10%, dissector size 238.4 um x 239.3 pym).
The number of NFTs present inside each dissector was
annotated; the total number of NFTs in each region of
interest was then calculated using the following formula:
(total number of NFT counted/sum of the areas of all the
dissectors) x 10 pm.

B-Amyloid plaque burden quantification
by immunohistochemistry

Ten-micrometer-thick frozen tissue sections adjacent to
those used for tau immunohistochemistry and autoradiog-
raphy were stained with an anti-Af antibody (Amyloid B
(N) Anti-Human Rabbit IgG Affinity Purify, 1:500 dilution,
IBL International). The samples were analyzed with an
upright Olympus BX51 microscope (Olympus, Denmark)
using the CAST software (Visiopharm, 2004, Denmark).
Each region of interest was drawn in the corresponding sec-
tion at 1.25x magnification and randomly sampled using
the software’s optical dissector probe at 10x magnifica-
tion (meander sampling 20%). A threshold of optical den-
sity was obtained in each photomicrograph using Imagel
(NIH). Manual editing in each field eliminated artifacts.
Amyloid-p plaque burden, defined as total percentage (%)
of area covered by Ap immunostained plaques, was calcu-
lated in each region of interest.

Analysis of tau content by Western Blot and ELISA

Synaptoneurosomal, cytosolic, and total fractions from the
three regions of interest (EC, STS and VC) were obtained
by homogenizing tissue in Buffer A (25 mM HEPES 7.5,
120 mM NaCl, 5 mM KCL, 1 mM MgCl,, 2 mM CaCl,,
1 mM DTT) supplemented with Phosphatase Inhibi-
tor Cocktail tablets (Roche, 04906845001) and Protease
Inhibitor Cocktail tablets (Roche, 11697498001). The
homogenate was filtered through 2 Millipore Nylon 80 pm
filters after the addition of 0.6 mL Buffer A and 200 wL
of homogenate was separated. 200pL of distilled H,O
and 70 pL of 10% SDS were added to the homogenate

and passed through a 272G needle 3 times. The remain-
ing homogenate was filtered again through PALL Acrodisc
Syringe 5 wm Filters after the addition of 1 mL Buffer A,
and centrifuged at 1000g for 10 min at 4 °C. The superna-
tant was then separated and ultracentrifuged at 100,000g for
45 min, and the pellet was resuspended in 200 wL Buffer
B (50 mM Tris, 1.5% SDS, 1 mM DTT). The resuspended
pellet and the separated homogenate were then boiled for
5 min, centrifuged for 15 min, and the supernatants were
collected as synaptoneurosome (SNS) and total fractions,
respectively. The supernatant of the ultracentrifuged sam-
ples were collected as the cytosolic fraction.

SNS fractions from each region of interest were elec-
trophoresed in MES SDS Running Buffer (Novex,
NP0002) using 4-12% Bis—Tris Novex gels (Invitrogen,
#MANO0003679). Protein was then transferred onto nitro-
cellulose membranes and blocked for an hour at room
temperature using Odyssey Blocking Buffer (LiCor, 927-
40000). Membranes were probed with human tau (Dako,
A0024) and PHF-1 (kind gift of Dr. Peter Davies) antibod-
ies to detect content of total tau and phospho-tau, respec-
tively. GAPDH (Millipore, AB2302) was used as loading
control for protein normalization. LiCor secondary anti-
bodies (IR Dye 680RD Donkey anti-chicken 926-68075,
IR Dye 800 CW Donkey anti-rabbit 926-32213, IR Dye
800CW Donkey anti-mouse 926-32212) were then used
to visualize bands with the Odyssey Infrared Imaging Sys-
tem (V3.0). ImageStudio was used to quantify the bands of
interest by drawing equal size rectangles around individual
bands of interest. Background subtraction was applied by
taking the median of the area three pixels to the left and
right of each band of interest and subtracting that value
from the measured signal.

SNS content of phosphorylated-tau was also meas-
ured by ELISA using the solid phase Human Tau (pS396)
ELISA Kit (Invitrogen, KHB7031) following the manu-
facturer’s instructions. In brief, SNS fractions were added
to human Tau monoclonal antibody coated 96 well plates.
Captured phosphorylated tau was detected using Human
Tau (pS396) Detection Antibody and Anti-Rabbit IgG HRP.
Absorbance values were measured at 450 nm using a plate
reader (Wallac 1420 VICTOR?2, Perkin Elmer). All samples
were run in duplicates.

Statistical analysis

Correlations between [F-18]-AV-1451 autoradiography
densitometry, PHF-tau and AP burden quantifications by
IHC, and quantifications of tau contents by ELISA and WB
were performed using a linear regression test. Significance
was set at p < 0.05. All statistical analysis and graphs were
generated using GraphPad Prism v6.0 software (GraphPad
Software Inc., La Jolla, CA, USA).
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Results

A summary of the demographic and neuropathological
features of the 22 subjects studied are shown in Table 1.
The age range in this series was 59-101, 64% of subjects
(n = 14) were female, and all of them were Caucasian.
Subjects were classified according to their NFT Braak stag-
ing [2] into three categories: low Braak (Braak stages I-II,
n = 6), intermediate Braak (Braak stages III-IV, n = 7) and
high Braak (Braak stages V-VI, n =9).

[F-18]-AV-1451 phosphor-screen autoradiography

Phosphor-screen autoradiography was performed on brain
tissue slides containing the three regions of interest: EC,
STS and VC. Strong and selective [F-18]-AV-1451 binding
was detected in all tangle-containing regions matching pre-
cisely the observed pattern of PHF-tau immunostaining cor-
responding to the different Braak stages (Fig. 1). Individu-
als in the low Braak category (stages I-1I) (Fig. 1a) showed
[F-18]-AV-1451 binding exclusively in EC; intermediate

Table 1 Demographic and neuropathologic information from the study subjects

dID Age at death Gender Braak stage CERAD score Thal phase Other neuropathological
(years) (M/F) (NFT) (neuritic plaque) (amyloid) findings
Low Braak stage
#1 81 M I None 1 Severe arteriosclerosis, hippocampal sclerosis,
right cerebellar infarct
#2 76 F I Sparse 2 Mild CAA, hypoxic/ischemic injury
#3 97 F I Sparse 1 Severe hypertensive white matter cerebrovascular
disease, falcine meningioma
#4 101 F II Moderate 2 Severe hypertensive cerebrovascular disease.
Acute occipital infarct
#5 59 F II Moderate 2 Motor cortex microinfarct
#6 91 M I Sparse Moderate arteriosclerosis
Intermediate Braak stage
#7 94 M 111 Sparse 3 Severe arteriolosclerosis, mild CAA, old micro-
infarcts
#8 91 F 11 Sparse 3 Severe atherosclerosis
#9 87 M I None 1 Moderate hypertensive cerebrovascular disease
#10 91 M I Sparse 1 Moderate arteriolosclerosis, mild CAA
#1178 F v Frequent 2 Mild CAA, hypertensive cerebrovascular disease
#12 86 F v Moderate 5 TDP43 inclusions in medial temporal lobe, mild
CAA, moderate arteriolosclerosis
#1387 F v Sparse 4 ALS-TDP43 proteinopathy, mild CAA, moderate
arteriolosclerosis
High Braak stage
#14 87 F \'% Moderate 3 Moderate arteriosclerosis, mild CAA, old micro-
infarct in superior parietal cortex
#15 71 M A\ Moderate 4 Mild CAA, moderate hypertensive cerebrovascu-
lar disease
#1696 F \'% Frequent 2 N/A
#17 82 F \ Moderate 4 Mild CAA, mild arteriolosclerosis
#18 79 M v Frequent 5 Moderate hypertensive cerebrovascular disease
#19 66 M \" Moderate 4 Moderate CAA, right motor cortex microinfarct,
moderate arteriolosclerosis
#20 69 F VI Frequent 5 Mild CAA
#21 66 F VI Frequent 4 Moderate arteriolosclerosis
#2266 F VI Frequent 5 Moderate hypertensive cerebrovascular disease,

mild CAA

ALS amyotrophic lateral sclerosis, CAA cerebral amyloid angiopathy, CERAD Consortium to establish a Registry for Alzheimer’s disease, CTL

control, F female, M male, N/A not available, NFT neurofibrillary tangles
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Fig. 1 Microphotographs of postmortem brain tissue sections depict-
ing Ap and PHF-1 tau immunostaining, [F-18]-AV-1451 phosphor-
screen autoradiography and blocking conditions in adjacent slides
from representative subjects at different Braak stages [2]: a low
Braak, b intermediate Braak, and ¢ high Braak, and high magnifica-
tion microphotographs depicting AB and PHF-1 tau immunostaining
and [F-18]-AV-1451 phosphor-screen autoradiography of the STS

Tau IHC

[F-18]-AV-1451

from case #21 (d). [F-18]-AV-1451 binding was detected in all tan-
gle-containing regions matching the pattern of PHF-tau immunostain-
ing across the different Braak stages, but not the AB immunosig-
nal. No [F-18]-AV-1451 binding was detected in white matter or in
cortical regions lacking NFTs. Scale bar 1 cm (a—c), 2 mm (d). AB
B-amyloid, /HC immunohistochemistry, NFT neurofibrillary tangles,
PHF paired helical filament
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Fig. 2 A significant correlation was detected between AP plaque bur-
den and total number of NFTs per 10 wm-thick section (R*> = 0.15,
p = 0.0015) (a). [F-18]-AV-1451 autoradiography signal signifi-
cantly correlated with total number of NFTs per 10 wm-thick sec-

Braak cases (stages III-1V) (Fig. 1b) exhibited tracer bind-
ing in EC and STS; and high Braak cases (stages V-VI)
(Fig. 1c) showed binding in all three ROIs. Of note, binding
was almost completely blocked after incubating the slides
with 1 wM unlabeled AV-1451, demonstrating the specific-
ity of the signal. As expected, no signal was detected in the
white matter or in non-tangle containing regions in any of
the three slides examined. Consistent with our previously
reported observations [14], the distribution of the autoradi-
ographic [F-18]-AV-1451 binding closely mirrored the pat-
tern of PHF-1 immunostaining reactivity on adjacent slices
with the highest amount of signal being observed in corti-
cal layers III and V, as expected based on the well-known
robust density of tangle lesions in those cortical layers, as
opposed to the more scattered plaque distribution pattern
revealed by AP immunostaining (Fig. 1d). Our previous
studies using a fine grain nuclear photographic emulsion
and immunohistochemistry to obtain resolution at the cel-
lular level, demonstrated that [F-18]-AV-1451 selectively
binds to PHF-tau containing lesions, including NFTs (intra
and extraneuronal) and PHF-tau containing neurites, but
does not bind to AP plaques or amyloid-laden vessels [14].

Correlation of Tau and A-plaque burden
with [F-18]-AV-1451 binding

Total number of NFTs per 10 pm section was significantly,
but weakly, correlated with AB-plaque load when all three
regions of interest (EC, STS and VC) and Braak stages were
included in the analysis (R*> = 0.15, p = 0.0015; Fig. 2a).
In general, and not surprisingly, cases with high Braak NFT
stages (V=VI) also exhibited a higher Ap-plaque burden in
the regions analyzed. Autoradiographic [F-18]-AV-1451
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tion (R* = 0.71, p < 0.0001) (b), and AB plaque load (R*> = 0.26,
p < 0.0001) (c). AB B-amyloid, EC entorhinal cortex, /HC immuno-
histochemistry, NFT neurofibrillary tangles, STS superior temporal
sulcus, VC visual cortex, PHF paired helical filament

binding correlated strongly with total number of NFTs
(R? = 0.71, p < 0.0001; Fig. 2b) and significantly, but
weakly, with AB-plaque load (R*> = 0.26, p < 0.0001)
(Fig. 2¢).

Correlation of total tau and phosphorylated-tau content
by Western blot and [F-18]-AV-1451 autoradiographic
binding

Analysis of SNS fractions by WB revealed the presence
of tau in the form of low molecular weight (monomeric)
and high molecular weight (oligomeric) species. Repre-
sentative images of total tau and phosphorylated tau spe-
cies in different regions of interest, as reported by WB,
are shown in Fig. 3a, c. As expected, levels of total tau
and phosphorylated tau, particularly in the form of oli-
gomeric species, were substantially higher in high Braak
stage cases (V-VI). A very significant correlation was
detected between autoradiographic [F-18]-AV-1451 bind-
ing and the content of monomeric and oligomeric total
tau (R = 0.50, p < 0.0001 and R* = 0.72, p < 0.0001,
respectively; Fig. 3b) and phospho-tau in SNS fractions
(R* = 0.80, p < 0.0001 and R? = 0.76, p < 0.001, respec-
tively; Fig. 3d).

Correlation of phosphorylated-tau content by ELISA
and [F-18]-AV-1451 autoradiographic binding

Analysis of the content of phosphorylated tau in SNS frac-
tions by sensitive ELISA further confirmed the strong and
significant correlation of autoradiographic [F-18]-AV-1451
binding with levels of phosphorylated tau species aber-
rantly accumulated in the synaptic compartment in this
series (R* = 0.76, p < 0.0001; Fig. 3e).



Acta Neuropathol (2017) 134:619-628

625

a total t; SNSf ti b
otal tau ( raction) Low Braak Intermediate Braak High Braak
ve _ AEC @STS HVC
£ z
4 @ S
198 g g 160 g 160
5 3 140 o %
%8 2 § N 5140 L R
2120 . - <120 s
£ ® £ A -
62 4 © 100 A A L 8100 A & A
5 I3 o g © §> e & °
49 S ' g 80 S 80
g £ =] - I ", =
< 60 < 60
E =
38 s “ A o T AL A
5 40 A‘& g a 5 40 @ A N
2 3 Ay mh A g T Ui .
z 20 ey °.,0 .2 Rcos0| = 20 {mev R2=0.72
= & ol M " u ° p0000) 5 p<0.0001
S %}% S @“Q\L Sy 5 S L 00 0.2 04 06 08 10 12 @ 00 02 04 06 08 10 12 14 16
Q:‘\Q%@ & <b‘\ @m & @%@* o Total tau monomers (SNS fraction) by WB Total tau oligomers (SNS fraction) by WB
&
c d
p-tau (SNS fraction) Low Braak  Intermediate Braak  High Braak
EC Ve
= = AEC @5STS EVC =
@ =
198 2 | £ 160 £ 160
£ 2 . S
s
98 2 e ‘ 140 R 2140 ° A
! T120 ° - Z120 o =
£ A % é’ A - Y
K £100 N A, &100 A N
5 3 2. ° 8 % q
49 5 F] 80 - 3 80
E s u _-ue 15 n "=
— 35 60 5 60 rd
38 © A, ° o I
5 401 es ¥ A D 40106 &)
28 - 3 A AL m = I "f . [—\
i . <>( 20 ge © R2=0.80 z 20 R2=0.76
. | > Or p<0.0001 = 0 p<0.0001
5 S S S < @ 00 02 04 06 08 10 12 14 16 1.8 2.0
S S S o S Oy o S 00 02 04 06 08 10 12 14 16 . )
® S o V@"l&i o & V@"’:«i o & = p-tau monomers (SNS fraction) by WB p-tau oligomers (SNS fraction) by WB
R A
e Low Braak Intermediate Braak  High Braak
= AEC @STS HVC
@
% 160
S
@ L ]
§140 .
=120 .
z o i
&§100 a JYN
2 &
5 80
e LI
3 60
5 40] oA
A A
3 o o
Z 20 {mbe R2=0.76
= o p<0.0001
u 0 200 400 600 800 1000 1200 1400 1600 1800

PSer396 tau (ng/ml) (SNS fraction) by ELISA

Fig. 3 Biochemical analysis of total tau and phosphorylated tau
(monomeric and oligomeric) species in the SNS compartment by
WB (a-d) and of Pser396 tau by ELISA (e). Representative images
of total tau (a) and phosphorylated tau (c) content in SNS fractions
by WB and across different Braak stages [2] in EC, STS and VC cor-
tex are shown for comparison. A significant correlation was observed
between [F-18]-AV-1451 autoradiographic binding and levels of
monomeric and oligomeric tau (R? = 0.50, p < 0.0001 and R? = 0.72,
p < 0.0001, respectively) (b), and monomeric and oligomeric phos-

Discussion

We have evaluated the potential usefulness of novel tau
PET tracer [F-18]-AV-1451 to quantify pathological tau
burden and track the stereotypical spatiotemporal progres-
sion of NFT pathology in the human AD brain. Our obser-
vations are derived from [F-18]-AV-1451 autoradiography,
detailed stereologically based counts of NFTs and quanti-
fication of AB-plaque burden on immunostained sections,
and biochemical analysis of tau content by WB and ELISA
in 22 autopsied brains representing the entire spectrum of

phorylated tau (R* = 0.80, p < 0.0001 and R?> = 0.76, p < 0.001,
respectively) (d). A significant correlation was also observed between
[F-18]-AV-1451 autoradiography binding and pSer396 tau levels
in the SNS fraction as measured by ELISA (R> = 0.76, p < 0.0001)
(e). EC entorhinal cortex, ELISA enzyme-like immunosorbent assay,
NFT neurofibrillary tangle, p-tau hyperphosphorylated tau, SNS syn-
aptoneurosome, ST superior temporal sulcus, VC visual cortex, WB
western blot

AD progression (Braak NFT staging), from Braak stages
I-1II (entorhinal) to stages V-VI (isocortical). Our data indi-
cate that [F-18]-AV-1451 binding faithfully correlates with
the distribution and progressive accumulation of NFTs and
the aberrant accrual of tau species in synapses that char-
acterize the different stages of AD progression. Altogether
our findings suggest that this tau PET tracer holds promise
for the in vivo estimation of pathological tau burden and
Braak staging.

Our previous observations suggested that
[F-18]-AV-1451 exhibits high binding affinity for tau
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aggregates in the form of NFTs and paired helical filament-
tau-containing neurites in AD but does not bind to a sig-
nificant extent to tau inclusions mainly made of straight
tau filaments in non-AD tauopathies [13, 14], although the
latter remains controversial [11, 17, 30]. Importantly, we
observed a robust off-target binding of AV-1451 to neu-
romelanin- and melanin-containing cells; a finding that
has proven very relevant for the accurate interpretation of
[F-18]-AV-1451 in vivo retention patterns. Other authors
have made similar observations [12, 26, 34]. Accordingly,
in vivo imaging studies have shown that patients clinically
diagnosed with MCI and AD dementia exhibit significantly
higher retention of this tracer in brain regions that are
expected to harbor neurofibrillary tau pathology when com-
pared to aged-matched cognitively normal subjects [10].
Of note, emerging data also suggest that the in vivo reten-
tion patterns of [F-18]-AV-1451 correlate with clinical dis-
ease severity and seem to match the predicted topographic
Braak staging of NFTs in AD [27, 28, 33]. It is now crucial
to confirm these observations. In the present study, we have
taken a first step to demonstrate that [F-18]-AV-1451 can
serve as a surrogate biomarker for accurately quantifying
tau burden and tracking the progression of AD over time
(Braak staging) in the human living brain.

Taking advantage of the large collection of well-charac-
terized legacy postmortem tissue samples in our MADRC
Neuropathology Core, we selected a series of 22 brains from
subjects representing the entire spectrum of Braak stag-
ing [2]. We selected blocks containing three brain regions
(EC, the cortex lining the STS and the VC) to illustrate the
progressive accumulation and predicted spreading of NFTs
from transentorhinal/entorhinal cortices to limbic structures
and isocortical areas. Our results from phosphor-screen auto-
radiography confirmed that [F-18]-AV-1451 avidly bound
to PHF-tangle containing slices demonstrating very low
nonspecific binding to the whiter matter. [F-18]-AV-1451
binding was confined to the EC in cases with low Braak
stage (I-II) reflecting the presence of incidental age-related
NTFs in these subjects, progressing to the STS in subjects
with intermediate Braak stage (III-IV), and extending to the
VC in subjects with high Braak stage (V-VI). In agreement
with our previous observations [14], the laminar autoradio-
graphic pattern of distribution of [F-18]-AV-1451 revealed
a strong labeling in particular of layers III and V, matching
the preferential laminar distribution of NFTs on adjacent
immunostained sections. These data strongly suggest that
[F-18]-AV-1451 is a very promising surrogate marker for
estimating in vivo Braak staging; something that may prove
to have important practical implications. As it has been
recently suggested, knowledge of the in vivo Braak stag-
ing using tau PET imaging could be particularly valuable to
stratify participants in clinical trials into more homogeneous
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groups, improving the power of the trial and reducing the
required sample size [22]. It could also be useful in helping
patients and caregivers understand the likely rate of disease
progression over time and develop a plan of care.

Importantly, [F-18]-AV-1451 binding not only precisely
matched the regional pattern of distribution of NFTSs in the
different Braak stages, but also very closely correlated with
stereologically based counts of total number of NFTs and
with synaptic content of total tau and phosphorylated tau
species, as reported by WB and sensitive ELISA, in the
regions of interest. Of note, we have recently reported that
aberrant accrual of oligomeric phosphorylated tau species
in the synaptic compartment is a very proximate correlate
to cognition and neuronal cell loss in AD [20]. These find-
ings further suggest that [F-18]-AV-1451 may not only
allow in vivo Braak staging but also a reliable quantifica-
tion of the pathological tau load; something that may be
especially valuable for assessing the response to tau-tar-
geted therapies.

In conclusion, our results suggest that [F-18]-AV-1451
holds great promise as a surrogate marker for the in vivo quan-
tification and staging of tau pathology in AD brains. Future
imaging-pathological correlation studies conducted on mate-
rial from individuals scanned while alive at different stages
will provide additional information for the reliable interpre-
tation of change of tau pathology burden in AD and its rela-
tionship with clinical progression of the disease, and for the
potential use of this PET tracer to test interventions aimed at
decreasing NFT burden or halting spreading of tau pathology.
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