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Abstract

Quantifying antigens in formalin-fixed tissue is challenging and limits investigation in population-
based studies of brain aging. To address this major limitation, we have developed a new technique
that we call “Histelide”: immunohistochemistry (HIST-) and ELISA (-EL-) performed on a glass
slide (-IDE). We validated Histelide in sections of prefrontal cortex from 20 selected cases: 12
subjects with clinically and neuropathologically diagnosed Alzheimer’s disease (AD), either
autosomal dominant or late-onset forms, and 8 clinical and neuropathologic Controls. AD cases
had significantly increased amyloid beta (AB) peptide and paired helical filament— (PHF-) tau per
area of neocortex that was proteinase K-sensitive, and significantly decreased amount of
synaptophysin. We next investigated prefrontal cortex from 81 consecutive cases of high cognitive
performers from the Adult Changes in Thought (ACT) study, a population-based study of brain
aging and incident dementia. As expected, latent AD was common in this group; however, our
results quantified widely individually-varying levels of Ap peptides and PHF-tau among these
high cognitive performers. This novel approach obtains quantitative data from population-based
studies, and our initial studies with high cognitive performers provide important quantitative
insights into latent AD that should help guide expectations from neuroimaging and prevention
studies.

INTRODUCTION

First described by Dr. Alzheimer, the histologic hallmarks of the disease that bears his name,
neuritic plaques (NPs) and neurofibrillary tangles (NFTs), are key to the neuropathologic
diagnosis of this most common cause of dementia (15). Indeed, there has been an evolution
of diagnostic criteria for the neuropathologic diagnosis of Alzheimer’s disease (AD) over
the last thirty years that now relies on histologic estimates of the amount or anatomic
distribution of these two abnormal structures (1, 6, 15). Although imperfect, these and other
studies provide overwhelming observational data to support the use of these histologic
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assessments of NP and NFT accumulation in the diagnosis of AD as distinct from other
causes of dementia. Further advantages of histologic assessments are obvious since they
provide localizing information and build on over a century of experience in recognizing and
classifying a broad range of diseases. However, these classic histologic features developed
to diagnose AD also have limitations; notable, it is now clear that NPs represent only one
form of amyloid beta (Ap) peptides (11, 38), and there is more PHF-tau in tissue than is
represented by NFTs (26).

Many, including us, have used these diagnostic criteria as tools for estimating the burden of
NPs or NFTs in observational research attempting to correlate the level of these diagnostic
markers with the extent of cognitive impairment, behavioral change, environmental factors,
or drug exposures (28, 32, 36, 39).

Here the limitations are more severe. A theoretical limitation is that NPs are largely
characterized by the presence of PHF-tau-immunoreactive processes and so the extent to
which NP score provides disease information independent of NFTs is not clear. A practical
limitation is that these diagnostic criteria are not quantitative measures but rather ordered
rankings. Quantitation denotes measurement that has a demonstrated limit of detection, a
dynamic range that can be captured in an equation, and an assay that can be standardized.
The quantitative limitations of the diagnostic criteria for AD are in fact well recognized and
have led many labs to develop assays for Ap peptides or PHF-tau that use homogenates
from fresh or frozen brain (12, 17, 22, 40). However, this approach has limitation of its own
since not all of the pathologic forms of A peptides (41) or PHF-tau (19) can be extracted
from tissue for biochemical analyses, and since only a subset of cases will have tissue
collected in a manner compatible with these assays.

This last point about a subset of tissue collected appropriately for biochemical extraction and
quantitative analysis is especially germane to large research-, community-, or population-
based studies. For example, the National Alzheimer’s Coordinating Center records that 72%
of brain autopsies from research centers have at least some frozen tissue. In addition, the
Adult Changes in Thought (ACT) study, a population-based study in Seattle, has one of the
highest percentages of frozen brain samples among population-based studies, yet only about
one-half of cases are collected with time between death and autopsy short enough to remove
concern about post mortem biochemical changes in lipids and protein (35). Although there
are multiple reasons for not obtaining frozen tissue, having only a subset of cases for
quantitative analysis raises vexing statistical issues concerning potential bias and
generalizability of results (13). Given the humbling commitment by subjects who participate
in these longitudinal studies and the extensive resources dedicated to obtaining highly
annotated clinical data, it seems to us a tragic loss not to be able to extract robustly
quantitative data on AP peptides and PHF-tau from fixed and processed tissue.

Several groups have attempted to address this issue of quantifying AP peptides and PHF-tau
in fixed and processed tissue. For example, some groups use computer-assisted assessment
of NPs and NFTs revealed by histochemical stains (29) or of AB- and PHF-tau-
immunoreactive structures (7, 26), although this is less common with human tissue than with
mouse models. While this approach provides a more comprehensive assessment, it is limited
by non-standardized observer-determined image threshold, the observer’s judgment as to
whether an abnormal immunoreactive structure is a “real” plaque or tangle and should be
included or not, and the well-known non-quantitative features of immunohistochemistry as
commonly performed (9). Others have developed a technique called “PET blot” where tissue
sections are adhered to membrane, probed, and then developed by techniques similar to a
Western blot. This approach does have advantages for quantification but carries the serious
sacrifice of greatly limited microscopic evaluation of the tissue section (33). Still others
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have developed an approach called the “Midwestern assay” or the “microtiter
immunocytochemical ELISA” (MICE); however, neither were demonstrated to be robustly
quantitative in human brain sections and in aggregate have been used to evaluate A
peptides and PHF-tau in an unspecified region of two cases of AD (10, 31). We have
developed a technique that maintains the strengths of histologic assessment while also
providing quantitative measure of AR peptides and PHF-tau in human brain samples that
have been fixed and processed by standard protocols. Our method is a combination of
histologic evaluation and ELISA performed on a standard glass slide (“histelide™). Here we
describe our new technique and apply it to 101 cases: eight selected clinical and pathologic
controls, six cases of autosomal dominant AD, six late-onset AD (LOAD), and the initial 81
consecutive ACT cases who had high cognitive function within two years of death.

Subjects and Materials

This study was approved by the University of Washington Institutional Review Board. All
cases were from the Neuropathology Core of the University of Washington that serves both
the AD Research Center (ADRC), ACT study, and the National Prion Pathology
Surveillance Center. In our initial studies we selected the 20 cases shown in Table 1. Eight
cases were Controls from ACT who were individuals diagnosed as “not dementia” by DSM-
IV criteria and who scored in the upper four quintiles on the Cognitive Assessment
Screening Instrument (CASI) within two years of death, and who by neuropathologic
examination had Braak stage Il or below for NFTs (6) and absent or sparse NP score based
on Consortium to Establish a Registry for Alzheimer's Disease (CERAD) (25). We also
selected 12 cases of AD from our ADRC. Six of these were individuals with LOAD who did
not have a family history of AD, who were diagnosed with dementia, and who by
neuropathologic examination had a high probability that their dementia was caused by AD
according to consensus criteria (15). Individuals in this group younger than 65 years of age
were tested for known disease-causing autosomal dominant mutations; none were identified.
Another 6 individuals had a family history of dementia, had inherited a known autosomal
dominant AD-causing mutation in PSENI or PSENZ, had been diagnosed with dementia,
and had intermediate or high probability that their dementia was caused by AD. The 12 AD
cases had Braak stage 1V, V or VI and moderate or frequent NP scores. All 20 selected cases
had two or fewer cerebral microinfarcts (35) and no Lewy body disease (21). Post-mortem
interval was less than six hours for all 20 selected cases. In addition to these selected cases,
we also analyzed the initial 81 consecutive autopsies from ACT participants who were last
evaluated clinically within two years of death and who at that time were “not dementia” by
DSM-IV criteria and who also performed in the upper four quintiles on CASI; average PMI
was 5 hr with no case exceeding 8 hr PMI. These 81 ACT high cognitive performers were
not further selected by neuropathologic features. These 81 subjects (46 women) were 83 £ 7
years-old at time of death and had the following neuropathologic findings (mode, range):
Braak stage (I, none to V1), CERAD neuritic plaque score (sparse, none to frequent),
cerebral microinfarcts (1, 0 to 3); one case had neocortical Lewy body disease.

Middle frontal gyrus (MFG, Brodmann area 9) was evaluated in these 101 cases. In addition
to these, we selected at random three cases of rapidly progressive dementia that were
diagnosed as sporadic Creutzfeldt-Jakob disease (CJD) for evaluation of Proteinase K (PK)
digestion. Because of limited tissue, some samples used for PK digestion used superior and
middle temporal gyri (SMTG) rather than MFG.
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Histelide method

All tissue except CJD cases was processed by usual methods of immersion fixation in
formalin for two to three weeks. Cases of CJD were processed according to established
protocols that minimize transmissibility (2). All tissue was dissected, embedding in paraffin,
and cut at 5pm thick sections on a microtome. Tissue sections were placed in a water bath,
collected on charged microscope slide or nitrocellulose membranes (5.0 pm pore size,
Sterlitech Corporation, Kent, WA), and dried for at least 2 hours at 65°C. Duplicate sections
from two blocks were processed for each antibody: two consecutive sections were from
blocks that contained cortical gyri with some underlying white matter and two consecutive
sections were from blocks of only white matter immediately adjacent to the cortical block.

Slides containing tissue sections were deparaffinized and rehydrated by standard means:
xylene (4 times, 10 min each), followed by 1:1 mixture of xylene and 100% isopropanol (2
times, 5 min each), 100% isopropanol (2 times, 5 min each), 96% isopropanol in water (3
min), 70% isopropanol in water (3 min), 50% isopropanol in water (3 min), followed by two
5 min washes with TBST (10 mM Tris-HCI pH 7.8 + 100 mM NaCl + 0.05% Tween), and
then pre-treated as described in Table 2. All of the following steps (Figure 1A) were carried
out in 5-slide mailer plastic containers. Slides were washed with TBST 3 times for 10 min,
and incubated in blocking solution (5% normal goat serum, 2% bovine serum albumin,
0.25% triton in TBST) overnight at 4°C. Slides were then incubated with primary antibody
(see Table 2 for details on antibodies) for 8 hours at room temperature, washed three times
for 10 min each in blocking solution, and then incubated with alkaline phosphatase—
conjugated goat anti-mouse or anti-rabbit (as appropriate) 1gG (Jackson Immunoresearch
Laboratories, West Grove, PA) overnight at room temperature. Incubation with the
secondary antibody was followed by three 15 min TBST washes. Omission of secondary
antibody yielded no signal so efforts to block endogenous phosphatase activity were not
pursued.

Determining soluble alkaline-phosphatase reaction product using p-
nitrophenyl phosphate (PNPP)—To measure PNPP absorbance, slides were first
washed with diethanolamine (DEA) solution (10 mM diethanolamine and 0.5 mM MgCls,
pH 9.5) for 5 min. Afterwards, each slide was placed in a 2-slide mailer filled with 5 ml of
PNPP solution (Sigma-Aldrich or Thermo Scientific, Waltham, MA), placed on a rocker,
and allowed to rock for 2—4 hours, depending on the rate of PNPP development. One
hundred microliters of the PNPP solution were drawn at 60, 80, 100, and 120 minutes and
transferred into wells of a 96-well plate filled with 100uL of 1M NaOH. The plate was then
read at 405 nm. At that point, if the absorbance reading of the well containing the 80-min
draw reached or exceeded 0.5, the slides were taken out of the PNPP solution. Otherwise,
the slides were allowed to rock for another 2 hours, and 100uL of the solution were drawn at
180, 200, 220, and 240 min. In our early experiments, replacing the withdrawn volumes did
not alter the outcomes or the linearity of results, and so we did not include this step.

Visualizing precipitated alkaline-phosphatase reaction product 5-Bromo-4-
chloro-3-indolyl phosphate (BCIP)—After the slides were removed from PNPP
solution, they were again washed with TBST, for 10 min, and NTM solution (100 mM Tris-
HCI pH 9.5 + 100 mM NaCl + 50 mM MgCly), 2 times for 5 min. The slides were then
placed into NBT/BCIP solution (Sigma-Aldrich) for 30 min at 4°C, after which they were
washed with PBS (pH 7.4) and water, 15 min each, dried at room temperature, and cover
slipped with Clear Mount mounting medium (Electron Microscopy Sciences, Hatfield, PA).

Area and length measurements—After the slides were cover slipped and dried
overnight, gray and white matter were traced separately under a microscope, and respective
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areas were calculated. Average thickness of cerebral cortex was estimated in the same
section by measuring depth of the cortical gray matter at 3 randomly selected points, and the
results averaged. Nikon 90 microscope and Stereo Investigator software (MBF Bioscience,
Williston, VT) were used for all measurements.

Data analysis—All absorbance data was between 0.5 and 2.5 absorbance units to
maximize linearity of signal. The average signal of PNPP solution at the 100 min time point
(PNPP1qp) was determined by averaging the absorbance measured at 80, 100, and 120 min
time points, provided that the signal at all three time points was above 0.5. Otherwise,
PNPP1gg Was calculated by averaging absorbance at 200, 220, and 240 min time points and
dividing by 2.2 (220 min/100min = 2.2) (Figure 1B). Because tissue section size varied
among cases, PNPP1qg had to be normalized to the area of tissue on the slide. Also, because
we were interested in measuring the signal coming from gray matter, but all of the tissue
blocks used in the study contained some white matter as well, the signal coming from white
matter had to be subtracted from the total signal. To achieve these goals, for each case, we
first determined the PNPP1q signal per cm? of the “white matter only” section (Figure 1C,
Step 1), multiplied this value by the area of white matter on the “gray and white matter”
slide, and then subtracted this product from the total signal to obtain PNPP1qq for gray
matter; this was then divided by the area of the gray matter on the slide to determine the
gray matter signal unit intensity (Figure 1C, Step 2). For the three antibodies used in this
study, we assumed that immunoreaction that we observed in the white matter was the result
of non-specific binding of antibodies or non-specific chromogen product generation
(“background™). Because background varied substantially among cases, our final result was
calculated by subtracting the background unit signal from the gray matter unit signal, and
expressed as Signal Intensity for Gray Matter, Slgy, in units of absorbance/per cm? gray
matter (Figure 1C, Step 3).

Determining the relationship between the amount of antigen and absorbance
measurements

To determine the relationship between the amount of antigen present in a tissue section and
the corresponding signal intensity, we determined absorbance values for ¥4, %, 1, 2, and 4
tissue sections, which reflected a 16-fold range of values, processed simultaneously as
described above.

Tissue digestion with PK

These experiments used tissue blocks of superior and middle temporal gyri (SMTG) from a
subset of the twenty cases in Table 1 because we were exhausting the MFG blocks. After
deparaffinization, rehydration, and pretreatment (Table 2), slides were incubated with 1 mg/
mL PK (Sigma) in buffer (10 mM Tris-HCI pH 7.8 + 100 mM NaCl + 0.1% Brij35 (Sigma),
a nonionic polyoxyethylene surfactant) or buffer only at 60°C for 48 hours. The solution was
renewed twice during the incubation time. For each case, we processed 4 pairs of slides: 2
pairs were digested with PK, while the other 2 were incubated with buffer only. After
digestion, slides were washed three times with TBST, and 1 pair of slides from each group
(digested and undigested) was processed as described above, while the remaining slides
(digested and undigested) were processed without primary antibody. For each slide,
PNPP1qq signal per slide was averaged for the pair, and the signal obtained from those
incubated without primary antibody was subtracted. Since accurate area measurements could
not be performed on digested tissue, we compared PNPP1q values instead of calculating

Slgm.
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Statistical analysis

All data were expressed as mean + SEM. Data were analyzed by using unpaired one-tailed
Student’s t-test and one-way ANOVA. Correlations were evaluated by calculating Pearson’s
correlation coefficient, and linearity was assessed by linear regression. Alpha was set at
0.05.

Our goals in developing this new technique were to devise a method that yields robustly
quantitative data while still providing high quality histologic assessment of formalin-fixed
paraffin-embedded tissue blocks. Our first step was to determine whether the relationship
between the amount of antigen present on the slide or a membrane and PNPP signal was
linear. To accomplish this, we determined absorbance values for different amounts of a
given tissue section(s): ¥4, %2, 1, 2, or 4, which were placed on a slide processed
simultaneously. In parallel, we performed the same experiment using blotting membrane
instead of glass slides to complement the PET blot technique (33). Figure 2 shows the 5-
point curve between amount of tissue over a 16-fold range and PNPP1qq for synaptophysin
when tissue was adhered to glass slides or membranes (linear regression had R2 = 1.00 for
both). The inset to Figure 2 presents these same data in an alternative format that does not
require extrapolation to PNPP4gq for some of the data points; it plots the time to achieve
absorbance = 1.0. Again, these 5-point curves were nearly perfectly linear (R? = 1.00)
whether tissue was adhered to membranes or glass slides. Since glass slides and membranes
yielded comparably robust quantitative data from our modified antibody capture ELISA and
because glass slides were much more easily integrated into standard histologic protocols, all
future studies focused on the use of our novel Histelide technique.

We compared levels of the presynaptic vesicle protein synaptophysin in the frontal cortex of
patients with LOAD, autosomal dominant AD caused by mutations in PSENZ (PSEN1-AD)
or PSENZ (PSEN2-AD), and Control subjects (Table 1). As expected, immunoreactivity as
revealed by precipitated NBT was localized to gray matter (Figure 3A), and had a
characteristic dot-like appearance when observed using standard light microscopy (Figure
3B). We did not observe a significant difference in Slgy between AD and Control groups
(0.60 + 0.03 vs. 0.53 + 0.05, Figure 3C); however, it is critical to stress that Slgy is
absorbance per area of gray matter. Next we measured average cortical thickness in each
tissue section, and as expected it was significantly lower in AD patients than Control
subjects (0.22 £ 0.01 cm vs. 0.32 £ 0.01 cm, p <0.0001, Figure 3D). We multiplied Slgy, for
each tissue section by average cortical thickness to yield a product that had units of
absorbance per length of cortical gray matter for each section; these values were
significantly lower in AD than Control subjects (0.13 £ 0.01 vs. 0.17 £ 0.02, p < 0.05,
Figure 3E). Since we were exhausting tissue in frontal lobe blocks, data for Figure 3F came
from a corresponding subset of SMTG sections. Our primary objective was to demonstrate
that PNPP signal for synaptophysin in both AD and Controls could be ablated by digestion
with PK; extensive digestion was required to accomplish this in formalin-fixed paraffin-
embedded tissue sections (1mg/mL for 48 hours). Using lower concentrations of PK (0.5
mg/ml) or shorter incubation time (24 hours) yielded incomplete tissue digestion (not
shown). PK digestion decreased PNPPqq to background levels for Controls (from 1.60 +
0.12 to 0.10 £ 0.01 absorbance units) and AD (from 1.23 + 0.55 to 0.12 + 0.01 absorbance
units). These data demonstrate that PNPP4gq derived almost exclusively from molecules that
were sensitive to PK digestion. Our results demonstrated the utility of Histelide in
quantifying widely distribute antigens, like a presynaptic protein, and although in a
relatively small number of cases, indicate that the amount of synaptophysin
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immunoreactivity in AD cerebral cortex varies widely and is related mostly to cortical
atrophy.

There are inherent limitations in quantifying a molecule that is decreasing in amount, like
synaptophysin in MFG of AD. So, next we used Histelide to measure accumulation of PHF-
tau, a component of NPs, neuropil threads, and neurofibrillary tangles (NFTs) in AD.
Immunoreactivity for PHF-tau revealed the typical “ribbon” of superficial and deep deposits
in MFG in AD subjects (Figure 4A), while no such staining was present in Control subjects
(Figure 4D). Higher magnifications of NBT-stained sections revealed multiple PHF-tau
immunoreactive structures (Figure 4B) including a classic NFT (Figure 4C). As expected,
we observed that MFG from AD subjects had significantly higher average Slgp for PHF-tau
compared to Controls (0.004 + 0.003 vs. 0.318 + 0.054, p <0.0001, Figure 4E). Interestingly,
while all PSEN1-AD or PSEN2-AD cases had MFG PHF-tau Slgy, greater than Controls,
two LOAD cases had PHF-tau Slgp, that was near Control values. Indeed, on inspection,
these two cases did harbor a few isocortical NFTs but they were not in MFG. Using SMTG
sections from the same subset of cases as above, we demonstrated that PHF-tau Slgy could
be ablated by PK digestion, decreasing PNPP1gq from 0.12 + 0.05 to 0.05 £ 0.01 in
Controls, and from 1.44 + 0.20 to 0.04 = 0.01 in AD; no PHF-tau immunoreactive structures
remained on the slide following PK digestion (not shown). Next, we plotted MFG PHF-tau
Slgm Vs. Braak stage for all 81 ACT high cognitive performers, as well as the 12 selected
AD cases for comparison (Figure 4F), and observed a significant increase in signal with
increasing Braak stage among the 81 ACT high cognitive performers (P < 0.05), and
between AD and ACT cases with Braak NFT stage Il or IV (P < 0.001). Interesting, the two
cases from among the ACT high cognitive performers who had high Braak stage showed
low MFG PHF-tau Slgp signal similar to Controls.

We next used Histelide to quantify accumulation of Ap peptides. Deposition of NBT in
MFG sections from AD subjects revealed plaque-like deposits localized to the cortical gray
matter as well as deposits in the subarachnoid space (Figure 5A). Minimal, if any,
immunoreactivity was observed in Control subjects (Figure 5D). Low power microscopic
examination of AD cases showed amyloid angiopathy as well as multiple plaques in gray
matter (Figure 5B), some of which showed dense amyloid deposits (Figure 5C). Slgp for
AP was significantly greater among patients with AD compared to Controls (0.39 + 0.05 vs.
0.14 + 0.03, p<0.0002, Figure 5E). As a result of digestion with proteinase K, PNPP1qq
decreased from 0.07 + 0.02 to 0.01 £+ 0.01 for Control SMTG sections, and from 0.30 + 0.11
to 0.01 £ 0.01 for AD cases; no Ap immunoreactive structures remained on the slide
following PK digestion (not shown). We plotted MFG A Sl Vvs. Braak stage for all 81
ACT high cognitive performers, as well as the 12 selected AD cases for comparison (Figure
5F), and observed a no significant change in signal with increasing Braak NFT stage among
the 81 ACT high cognitive performers; however, MFG AR Slgwm Was significantly greater in
AD than ACT cases with Braak NFT stage 111 or IV (P < 0.001).

It is important to realize that our PK digestion protocol to ablate PNPP1qq for Ap and PHF-
tau in formalin-fixed paraffin-embedded tissue is more intense than what is recommended
for reducing transmissibility of CJD; however, the latter is meant for fresh tissue. To
determine if prion protein would be relatively resistant to our PK digestion protocol for
fixed and embedded tissue, we performed the exact same procedure on sections of MFG
(Supplemental Figure) of three randomly selected cases of sporadic CJD. Our results
showed that while most PrP-immunoreactive material was sensitive to digestion, a
component of PrP-immunoreactivity in CID plaques was resistant to our PK digestion
protocol. Thus A and PHF-tau in AD cases were completely ablated, while PrP was
relatively resistant, to our PK digestion protocol.
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As noted, our goal was to obtain robustly quantitative data from formalin-fixed paraffin-
embedded tissue sections for evaluation of burden of AD pathologic changes. Therefore, we
plotted MFG Slgy for PHF-tau vs. Slgw for AB for all 101 individuals in this study (Figure
6). Control cases formed a tight cluster with low Slgp, for both PHF-tau and Ap. In contrast,
AD cases varied widely from partial overlap with selected Controls values to wide
dispersion along both axes. Not unexpectedly, ACT high performers formed a continuum
between selected Controls and AD cases. Interestingly, correlation between MFG Sigm
PHF-tau and AP was significant for the 8 selected Controls (Pearson r =0.90, p<0.002), but
not (P > 0.05) for the 81 ACT cases or the 12 AD cases, perhaps a reflection of the proposed
maximum accumulation of Ap early in the course of AD (16).

We attempted to adopt other commonly used antibodies to Histelide, specifically a different
antibody to tau protein, which recognizes both phosphorylated and non-phosphorylated
form; antibodies to a postsynaptic protein, drebrin, and alpha-synuclein, another presynaptic
protein that accumulates in Lewy bodies and abnormal neurites (Table 2). Staining with the
antibody to tau produced results very similar to those obtained when using the antibody to
PHF-tau (data not shown). With other antibodies, although we were able to observe
immunoreaction in the appropriate structures, it was difficult to obtain a reliable Slgm
because of high and variable signal in white matter (drebrin) or very low signal overall
(alpha-synuclein). While these results do not disqualify the use of other antibodies to
quantify these proteins by Histelide, they do highlight the dependence of this approach on
relatively abundant antigens with signal localized to gray matter.

DISCUSSION

Here we describe the development and initial application of Histelide, a method to obtain
robustly quantitative data on antigens while maintaining high quality histologic assessment
in the evaluation of neurodegenerative diseases. There are several advantages to our
approach that we think will provide new opportunities for molecular analyses of human
neurodegenerative diseases. These include improved analytical performance over current
commonly used methods, optimization for use with formalin-fixed paraffin-embedded
tissue, and seamless integration into conventional immunohistochemical approaches.

Histelide is designed to quantify antigens in paraffin-embedded tissue sections of cortical
gray matter. By applying this technique to varying amounts of tissue, we demonstrated that
the measurements were almost perfectly linear over a 16-fold dynamic range. Due only to
physical limitations of how much tissue can be applied to a slide and dissecting very small
pieces of tissue, we were not able to test for a broader range of linearity. Proteins from
human brain commonly are quantified by extraction of fresh or frozen tissue followed by
western blots. While this method allows quantification of different forms of the same
antigen which have different physical properties, commonly used detection such as
chemiluminescence is well-known not to produce a linear response and has a dynamic range
of approximately one order of magnitude (14). More advanced detection systems are more
reliable and allow a greater dynamic range (24).

In addition to superior analytical performance, an enormously helpful feature of Histelide is
that it was designed to use formalin-fixed paraffin-embedded tissue sections. This key
feature obviates the previous necessity for fresh or rapidly frozen tissue in order to perform
quantitative molecular analyses. While dependence on fresh or frozen tissue has worked
well in research centers, it has severely limited quantitative molecular analyses of brains
collected in other settings, such as from individuals with rare genetic variants who reside at
sites remote from academic medical centers, e.g., the PSEN2-AD cases presented here, or
from individuals enrolled in large population-based studies with autopsy endpoint that are
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precluded logistically from routine collection of frozen tissue (32, 36, 39). We initially
developed our method using nitrocellulose membranes, similar to the PET blot technique
(33), but discovered that using glass slides instead of membranes was superior in three
aspects. First, in contrast to glass slides, nitrocellulose membranes produced a relatively
strong background signal (data not shown), which was likely due to nonspecific binding of
antibodies to the membrane itself, making it more challenging to interpret the results. Also,
membranes could not be examined under a traditional non-dissecting microscope, which
made area measurements difficult to obtain. Finally, use of glass slides allows ready
incorporation into the traditional workflow of an anatomic pathology laboratory.

There are potential limitations to Histelide that mostly revolve around fixation and
processing. Formalin-fixation and paraffin-embedding alters antigens and can influence
binding by primary antibody. Pathologists who perform immunohistochemistry as part of
their clinical duties are very familiar with this issue and a variety of methods exist to
mitigate these effects or “retrieve” antigens. Indeed, we observed that older cases (= 8 years
or older) generally showed higher background white matter signal compared to more recent
cases (< 3 years). To determine if not correcting for variation in background would alter
results, we compared our Control and AD group using gray matter unit signal instead of
Slgm. For synaptophysin, PHF-tau, and A, omitting background increased the variance of
each (data not shown). While extraction of fresh or rapidly frozen tissue circumvents these
potential problems that derive from fixation, it has unique problems of its own, such as
proteolysis following tissue homogenization, liberation of competing substances following
extraction, and incomplete extraction. The last is an especially difficult problem when trying
to assess PHF-tau and AR accumulation in human brain samples.

One of the goals of developing Histelide was to obtain quantitative data on antigens that are
widely dispersed and so challenging to other quantitative methods, like stereological
counting. For this goal we selected synaptophysin, a presynaptic protein expressed
throughout the cerebral cortex, because it has been used extensively as a marker of synapse
loss in AD, although many other measures also have been used including postsynaptic
proteins and ultrastructural analysis. Literature reports concerning levels of synaptophysin in
cerebral cortex of patients with AD are conflicting with virtually every possible outcome
observed, likely due to methodological differences. For example, Mukaetova-Ladinska and
colleagues used ELISA on extracted tissue to assess the levels of synaptic proteins in frontal
cortex, and reported a transitional increase in synaptophysin in the frontal cortex at Braak
stage |1, but no significant difference at later stages (27). Others using immunoblotting with
chemiluminescence of extracted tissue, observed a significant decrease in synaptophysin in
frontal cortex in AD (30), while still others, who used a similar technique, observed no
significant difference between controls and AD (8). Rather than using extracted tissue,
others have used immunohistochemistry with densitometry. Some have reported that
synaptophysin immunoreaction in frontal cortex is not significantly different between
control and AD subjects (20), while others have reported that synaptophysin staining is
decreased (23). When we examined levels of synaptophysin in MFG, we did not observe a
significant difference in Slg) between the Controls and AD patients. However, Slgy is
normalized to area of tissue. When we multiplied synaptophysin Slgy by the MFG
thickness to account for cortical atrophy in AD, the difference between groups was
statistically significant. Although we cannot resolve the conflicts in the literature, our
Histelide results suggest that patients with AD have reduced MFG synaptophysin that
parallels cortical atrophy, and that the amount of synaptophysin per remaining unit area of
MFG in AD is not significantly different from Controls. We hasten to add that cortical
atrophy may be due to synapse loss, that our results are from a relatively small group of
patients and focused on MFG, and that our limited analysis of SMTG with our PK digestion
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experiments suggested that synaptophysin loss may vary substantially among regions of
cerebral cortex.

We also examined neocortical Ap and PHF-tau burden in AD and Control cases. As
mentioned previously, AB and PHF-tau accumulate in tissue in a variety of forms or
structures, and it is important to realize that these are transparent to the approach developed
here, e.g., signal generated from Histelide does not distinguish between AP deposited in
plaques and cerebral amyloid angiopathy. On average, AD patients showed significantly
higher levels of both proteins than Controls. When A and PHF-tau values were plotted
together (see Figure 6), Controls formed a cluster in the lower left corner of the graph (low
AP and low PHF-tau Slgpy), with the exception of case # 4 (indicated by an arrow).
Interestingly, case #4 also had CASI score of 93; while still interpreted as cognitively
normal, it was, interestingly, the lowest CASI score is our Control group. Moreover, even
though staining for AP did not reveal any plaque-like deposits in MFG of case #4, we did
observe a distinct diffuse immunoreaction throughout gray matter. Unlike the Control group,
AD cases demonstrated a wide dispersion of MFG PHF-tau and Ap accumulation. Cases
#15 (Braak stage 1V) and #17 (Braak stage V), designated by a filled or open arrowhead,
respectively, both showed low MFG PHF-tau Slgp. This is expected in MFG for a Braak
stage 1V case. PHF-tau-stained sections from case #17 revealed two NFTSs in parietal cortex,
consistent with both Braak stage V and low MFG PHF-tau Slgy. Interestingly, PSEN1-AD
and PSEN2-AD cases formed a “horizontal” cluster with relatively uniform PHF-tau Sigp
but varying levels of AB Slgp; indeed, the three highest Slgy measurements for AP were
from inherited forms of AD. In contrast, LOAD cases formed a more “vertical” cluster with
relatively constant Ap Slgwm but varying PHF-tau Slgp; the greatest PHF-tau Slgy was a
LOAD case. Although these potential clusterings are speculative, our results do at least
suggest a non-uniform relationship between MFG PHF-tau and AP accumulation among
individuals with LOAD vs. PSEN1-AD or PSEN2-AD.

We chose to focus on ACT cases from cognitive high performers because of intense interest
in latent AD (37). Our results showed wide variance among AP and PHF-tau burden in
MFG among these cases that spanned from selected Controls to AD. Moreover, MFG PHF-
tau burden progressively increased with Braak stage, even at stages where neocortex is not
involved by neurofibrillary tangles, likely a reflection of accumulating PHF-tau in
dystrophic neurites prior to widespread appearance of neurofibrillary tangles. In contrast,
MFG Ap burden did not increase with increasing Braak stage among the ACT high
performers, perhaps reflecting maximum accumulation of A in MFG early in the course of
AD (16). While fitting these quantitative data into a broader image of AD awaits results on
ongoing Histelide of other brain regions, these outcomes in MFG underscore the highly
individually-varying levels of Ap and PHF-tau in cognitively normal individuals. Although
there were only two individuals in among the 81 ACT high cognitive performers with Braak
stage V or VI disease, each had MFG PHF-tau burden that was similar to selected Controls
and much lower than the average for AD cases with comparable Braak stage. Re-evaluation
of these cases confirmed their Braak stage, suggesting that while they had neurofibrillary
tangles somewhere in neocortex, the burden of PHF-tau in MFG was like other Controls and
not like AD. While we are limited by a small number of observations and evaluation of
MFG only, these unusual cases suggest that Braak stage may be an imperfect surrogate for
PHF-tau burden in specific neocortical regions, similar to AD case #17 discussed above.
These results might be helpful when interpreting pending neuroimaging studies that may
soon probe for PHF-tau in older cognitively normal individuals (4).

Histelide is a novel approach to obtain rigorous quantification of antigens in formalin-fixed
paraffin-embedded tissue while maintaining high quality immunohistochemical results
within the traditional workflow of an anatomic pathology laboratory. Because our interests
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lie in the field of neurodegenerative diseases, we concentrated on antigens of high
importance to this area of research. However, we think Histelide may be successfully

applied to other areas of histopathology, for example, surgical pathology of neoplasia, where

quantification of an antigen has a clinical significance, such as Ki-67 antigen in a variety of
neoplasms and HER2 in breast carcinoma. We have shown that Histelide is a new tool to
obtain quantitative data about molecular pathologic changes of AD in formalin-fixed
paraffin-embedded tissue. Our method will permit robust quantitative investigation of full
tissue archives from community- and population-based studies that up to now has been
limited to fresh or frozen samples only. Moreover, our results quantify the highly individual
nature of neocortical A and PHF-tau burden in cognitively normal older adults, and these
should guide planning of and expectations for prevention trials and neuroimaging studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Histelide method

A. 1 - Formalin-fixed, paraffin-embedded tissue was cut, mounted on glass slides, and
deparaffinized; 2 — Slides were washed with TBST and incubated overnight in the blocking
solution; 3 — Incubated with primary antibody in blocking solution, followed by washes with
blocking solution; 4 - Incubated with secondary antibody in blocking solution, then washed
with TBST and DEA solution; 5 - Incubated in the PNPP solution; 100 pL of the solution
collected at predetermined intervals, and absorbance read at 405 nm; 6 — Slides were washed
with TBST and NTM, incubated in BCIP solution for 30 min, and then washed in PBS and
water, dried, coverslipped, and examined by light microscopy. B. PNPP1g was determined
by averaging absorbance values at 80, 100, and 120 min of incubation if all three values
were = 0.5. If absorbance values at these time points were < 0.5, then PNPP1gg was
calculated by averaging absorbance at 200, 220, and 240 min time points and extrapolating
to 100 min. C. Signal Intensity for gray matter, Slgy, was calculated as the difference
between the gray matter unit intensity (gray matter signal per cm? of tissue) and background
unit intensity; we assumed that any signal from pure white matter section for synaptophysin,
PHF-tau, or AR was background immunoreactivity. Gray matter unit intensity was obtained
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by subtracting white matter signal from PNPPqq for the entire section that was composed of
gray and white matter (Step 2).
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Figure 2. Quantification of synaptophysin signal

Plot of PNPP1g absorbance values and best fit line from linear regression. PNPP1qg
absorbance values for %4, %2, 1, 2, or 4 sections of a given tissue block that were adhered
either on glass slides (@, Case 5 in Table 1,) or nitrocellulose membranes (l, Case 18 in
Table 1,) and processed simultaneously. Linear regression showed a near perfect linear
relationship (R2=1.00) for both glass slides and membranes over this 16-fold range. Insert:
Incubation time in PNPP solution for ¥4, ¥, 1, 2, or 4 tissue sections to reach absorbance =
1.00 also was linear (R2=1.00) for tissue on both slides and membranes.
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Figure 3. Synaptophysin Histelide

A. Section of middle frontal gyrus (MFG) from a Control case using Histelide technique.
BCIP deposits are localized to gray matter. B. Gray matter (x400) from panel A showing the
characteristic dot-like pattern of synaptophysin immunoreactivity with neuron soma and
axons in relief. C—E. Scatterplots for sections of MFG from Control (@), late-onset AD (W),
and autosomal dominant AD (A) cases. Average (—) and SEM (T) are indicated. C.
Synaptophysin Slgp was not statistically different between Control and AD groups. D.
Average thickness of MFG cortical gray matter in MFG sections was significantly less in
AD than Control groups (P < 0.0001). E. Synaptophysin Slgy multiplied by average MFG
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cortical thickness was significantly less in AD than Control groups (P < 0.05). F. Scatterplot
of PNPPqg values from temporal cortex (SMTG) sections. Predigestion with proteinase K
(open symbols) completely ablated the PNPP4gq signal compared to no pre-digestion (closed
symbols). Note that one AD case had very low SMTG synaptophysin PNPP1qg and
correspondingly very thin SMTG gray matter (not shown).
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Figure 4. Paired helical filament— (PHF-) tau Histelide

A. Section of middle frontal gyrus (MFG) from a late-onset AD (LOAD) case using
Histelide technique. BCIP deposits reveal the typical “ribbon” of superficial and deep PHF-
tau accumulation in cortical gray matter. B. Light microscopy showed abundant
neurofibrillary tangles (NFTs) and neuropil threads (x100). C. Higher magnification (x400)
revealed a classic NFT. D. Section of MFG from a Control case; BCIP deposits are absent
from cortical gray matter. E—F. Scatterplots for PHF-tau Slgy in sections of MFG from
Control (@), late-onset AD (M), autosomal dominant AD (A), and ACT high cognitive
performer (+) cases. Average (—) and SEM (T) are indicated. E. Average PHF tau Slgm
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was significantly greater in both LOAD and autosomal dominant AD cases (n=12)
compared to Controls (n=8, P < 0.0001). F. PHF-tau Slgy increased significantly with
increasing Braak NFT stage among the ACT high performers (n=79, P < 0.05), and was
significantly greater in AD cases (n=12) compared to ACT cases with Braak NFT stage 1lI
or IV (P < 0.0001).
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Figure5. Amyloid (A) B Histelide

A. Section of middle frontal gyrus (MFG) from a late-onset AD (LOAD) case processed
using Histelide technique. BCIP deposits reveal plaque-like structures in cortical gray matter
as well as deposits in the subarachnoid space. B. Light microscopy showed amyloid
angiopathy and numerous senile plaques in gray matter (x100). C. Higher magnification
(x400) showed a dense amyloid deposit. D. Section of MFG from a Control case; BCIP
deposits are absent from cortical gray matter. E—F. Scatterplots for AR Slgp in sections of
MFG from Control (@), late-onset AD (H), autosomal dominant AD (A), and ACT high
cognitive performer (+) cases. Average (—) and SEM (T) are indicated. E. Ap Slgp was
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significantly greater in both LOAD and autosomal dominant AD cases (n=12) compared to
Controls (n=8, P < 0.001). F. Ap Slgm did not change significantly across Braak NFT
stages among the ACT high performers (n=79). However, AR Slgp was significantly
greater in AD cases (n=12) compared to ACT cases with Braak NFT stage Ill or IV (P <
0.0001).
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Figure 6. Scatterplot of Sl for paired helical filament— (PHF-) tau vs. amyloid (A) B
Scatterplot of all cases studied for PHF-tau Slgwm vs. Ap Slgm in MFG. Symbols represent
Control (@), late-onset AD (M), autosomal dominant AD (A), and ACT high cognitive
performer (+) cases. Arrow points to Control case # 4, open arrowhead points to LOAD case
# 17, filled arrowhead points to LOAD case # 15.
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Table 2
Antibodies and pretreatments.
ANTIBODY PRETREATMENT

PROTEIN MANUFACTURER, SPECIFICITY

PRODUCT NUMBER,

TYPE,

DILUTION
Synaptophysin Novus Biologicals NB300-653 Epitope: amino acids 41-62 of human Boil in 0.1M citrate buffer (pH

Rabbit polyclonal 1:300

synaptophysin. Does not cross-react
with other synaptic vesicle proteins,
such as synaptotagmin, GAP45, and
SNAP25 proteins.

6.5) in a water bath for 20 min

Amyloid beta (AB)

Covance Research Products,
S1G-39320 (6E10), Mouse
monoclonal 1:4000

Eptitope: amino acids 3-8 of AB;_16
(18). Reacts with the abnormally
processed isoforms, as well as precursor
forms.

88% formic acid for 10 min

Paired helical filament-tau

Thermo Scientific, MN1020
(Clone AT8), Mouse
monoclonal 1:100

Epitope: Serl99-Ser202 region;
depends on the phosphorylation of one
or both of these two serines (5). Binds
to PHF-tau doubly phosphorylated at
Ser202 and Thr205, and cross-reacts
with tau doubly phosphorylated at
Ser199/202 and Ser205/208. Does not
bind the six human isoforms of non-
phosphorylated tau.

88% formic acid for 5 min

Drebrin

MBL International, D029-3,
(Clone M2F6) Mouse
monoclonal 1:100, 1:200, 1:500,
1:1000

Immunogen: purified chicken drebrin E
(34). Reacts with drebrin E and drebrin
A

Boil in 0.1M citrate buffer (pH
6.5) in a water bath for 20 min,
or 88% formic acid for 5 min, or
no pretreatment

Alpha-synuclein

Invitrogen, 18-0215, Mouse
monoclonal 1:100, 1:300

Immunogen: Lewy bodies purified from
patients (3). Reacts with human alpha-
synuclein and partially truncated forms
of alph-synuclein. Does not react with
beta-synuclein.

Boil in 0.1M citrate buffer (pH
6.5) in a water bath for 20 min
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