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Abstract

Psychosis occurs in 40-60% of Alzheimer's disease (AD) subjects, is heritable, and indicates
amore rapidly progressive disease phenotype. Neuroimaging and postmortem evidence support an
exaggerated prefrontal cortical synaptic deficit in AD with psychosis. Microtubule-associated
protein tau is a key mediator of amyloid-p-induced synaptotoxicity in AD, and differential
mechanisms of progressive intraneuronal phospho-tau accumulation and interneuronal spread of
tau aggregates have recently been described. We hypothesized that psychosis in AD would be
associated with greater intraneuronal concentration of phospho-tau and greater spread of tau
aggregates in prefrontal cortex. We therefore evaluated prefrontal cortex phospho-tau in a cohort
of 45 AD cases with and without psychosis. Intraneuronal phospho-tau concentration was higher
in subjects with psychosis, while a measure of phospho-tau spread, volume fraction, was not.
Across groups both measures were associated with lower scores on the Mini-Mental State
Examination and Digit Span Backwards test. These novel findings indicate that tau
phosphorylation may be accelerated in AD with psychosis, indicating a more dynamic,
exaggerated pathology in AD with psychosis.
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Introduction

Alzheimer's disease (AD) is a common dementia characterized by insidious decline in
cognition and function. The presence of psychotic symptoms in AD (AD+P) is associated
with worse cognitive impairment, and portends a more severe trajectory of decline and
greater likelihood of institutionalization [1, 2]. Psychotic symptoms are likely not just an
epiphenomenon of more advanced AD, as they occur in only 40-60% of subjects with AD
[3-6] and aggregate within families [7, 8]. The estimated heritability of any psychotic
symptom in AD is 30%, and increases to 61% for multiple and/or recurrent psychotic
symptoms [9]. These findings all suggest a distinct neurobiological basis for the
development of AD+P.

Evidence is accumulating that cortical synapses in AD+P are more vulnerable to the
pathological factors of AD, which contributes to the development of psychotic symptoms, or
at least more pronounced cognitive impairments [10, 11]. This is congruent with findings
that synapse loss is the strongest correlate of cognitive decline in AD [12-14]. Support for
this hypothesis includes findings from neuroimaging studies, which have pointed to
exaggerated neocortical dysfunction in AD+P (reviewed in [11]). SPECT studies comparing
AD+P to AD without psychosis (AD-P) have described hypoperfusion in frontal,
dorsolateral prefrontal cortex (DLPFC), and parietal regions in AD+P [15-17]. Positron
emission tomography studies have found reduced frontal lobe metabolism in AD+P [18, 19],
and Bruen et al. identified reduced frontal and parietal gray matter density in AD+P, but no
difference in medial temporal atrophy compared to AD-P [20].

Support for this synaptic vulnerability hypothesis of AD+P also stems from postmortem
studies, which have correspondingly described worse neocortical pathology in AD+P [21,
22]. Recently we determined that kalirin, a protein essential for cortical dendritic spine
maintenance and growth [23], is reduced in AD+P DLPFC [22]. An earlier study in our
laboratory found increased membrane breakdown products in several cortical regions,
including DLPFC but not medial temporal lobe, in a comparison of AD+P and AD-P
subjects [21]. Thus it appears that in AD+P at least the postsynaptic components of cortical
synapses are less sustainable, and loss of cortical synapses is accelerated.

The classical view of AD pathology, which focused on the aggregation of amyloid-p (Ap)
into neuritic plaques and the aggregation of microtubule associated protein tau into
neurofibrillary tangles (NFTSs), has evolved into a more dynamic view of how Ap and tau
contribute to synaptic impairments and cognitive decline. Studies are highlighting that
soluble oligomeric forms of Ap are primary contributors to synaptic dysfunction in AD [24,
25]. In fact, neuritic plagues may serve as reservoirs of A oligomers [26], existing in
equilibrium with the surrounding soluble AP species. Tau may also be essential to the
cascade of synaptic pathology induced by soluble A, as tau knockout transgenic models
fail to show AB-induced neurite degeneration [27], Ap-induced impairment of long-term
potentiation [28], or Ap-induced cognitive deficits [29].
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It has been known for some time that hyperphosphorylated tau (pTau) deposits in the AD
brain in a characteristic regional progression associated with disease severity [30]. Tau is
also phosphorylated in AD in a progressive manner, with different phosphorylation sites
corresponding to different degrees of cytopathology, from intraneuronal tau inclusions to
ghost tangles [31]. Recent work in animal models with localized high levels of expression of
mutant tau found that regions monosynaptically connected to the site of expression
subsequently demonstrated pathologic tau, indicating that misfolded and/or pTau may
actually spread across synapses [32, 33]. This suggests that the hierarchical pattern of tau
deposition may reflect direct interneuronal spread of tau aggregates, although such
spreading has not been shown to occur in humans. These important findings underscore the
possibility that the regional spread of pTau and its intraneuronal accumulation are distinct
phenomena that could contribute in different ways to disease phenotype.

In keeping with the view of soluble AR as a key driver and pTau as a mediator of synaptic
toxicity in AD, we found that the soluble AB1.42/AP1-40 ratio is increased in AD+P DLPFC
[22]. Two studies of tau, that did not differentiate phosphorylation from regional spread,
similarly identified differences. Farber and colleagues found a greater area density of NFTs
in AD+P in multiple neocortical regions compared to AD-P [5]. Mukaetova-Ladinska and
colleagues found increased paired helical filament tau protein (PHF tau) in cortical gray
matter extracts of AD+P subjects [34]. These findings all suggest that the effects of soluble
AP and pathological tau in the progression of AD may be accelerated in individuals who
develop psychosis during AD.

In the present study, we examined two complementary measures of pTau in AD+P and AD
—P subjects: mean immunoreactive fluorescence intensity (MI), a measure of local pTau
concentration, and volume fraction (Vy, the fraction of the gray matter consisting of pTau),
a measure of the extent of local spread of pTau pathology. Vy, can be understood to result
from increased spread of pTau within individual neurons (which is likely to be closely
related to MI) and/or from development of pTau pathology in additional neurons in the
region. We focused our investigations on DLPFC, a region implicated as affected in AD+P
by neuroimaging studies [11], by evidence of greater impairments of executive function and
working memory [35, 36], and in which we previously identified altered AB1.42/AB1-49 ratio
and kalirin levels [22]. We hypothesized that both Vy, and MI would be associated with
Braak stage, and that these measures would be higher in AD+P DLPFC. Greater Vy, and Ml
of pTau in the DLPFC could lead to the more severe cognitive dysfunction and rapid decline
associated with the development of psychasis in AD.

Material and Methods

Subjects

Forty-five subjects (Table 1) underwent neurologic, neuropsychologic, and psychiatric
diagnostic evaluations as part of their participation in the Clinical Core of the Alzheimer
Disease Research Center (ADRC) at the University of Pittsburgh [3, 22, 37]. Psychiatrists
with specialized training in geriatric psychiatry conducted semi-structured examinations,
and the patient, primary caregiver, and all other available informants were interviewed. As
part of the semi-structured examinations, the presence or absence of hallucinations and
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delusions was determined and rated on the Consortium to Establish a Registry for
Alzheimer's Disease (CERAD) Behavioral Rating Scale [38]. Hallucinations were defined as
sensory perceptions with no basis in reality. Delusions were defined as a false belief based
on incorrect inference about reality and not attributable to membership in a social or cultural
group. Psychosis was the presence of hallucinations or delusions at any visit [21, 22].
Subjects with psychosis occurring solely during an episode of delirium were not rated as AD
+P [3]. No patient had a history of schizophrenia, schizoaffective disorder, or other
idiopathic psychosis. Dates of death ranged from January 2000 to December 2003.

A neuropathological diagnosis of AD was made at postmortem examination [39]. At the
time of brain removal, the postmortem interval in hours was recorded, and the brain was
removed intact, examined grossly, and divided in the midsagittal plane. The left hemibrain
was immersion fixed in 10% buffered formalin for at least one week, sectioned into 1.0-2.0
cm coronal slabs, and sampled according to CERAD protocol for neuropathological
diagnosis [39]. Samples from the midfrontal cortex, cingulate gyrus and caudate nucleus,
hippocampus at the level of the lateral geniculate nucleus, inferior parietal lobule, superior
and middle temporal cortex, primary visual cortex, amygdala, and transentorhinal cortex
were stained using the Bielschowsky technique according to the Yamamoto and Hirano
modification [40]. Samples from amygdala, midbrain, pons, and medulla were
immunostained for ubiquitin and a-synuclein, and Lewy body pathology was rated [41, 42].
If any of these sections were positive, sections from cortex, hippocampus, and remaining
brainstem were also stained for a-synuclein. Neuritic plaques were semiquantiatively scored
according to CERAD criteria [39]; plaque density per 100x microscopy field was rated as
“none,” “sparse,” “moderate,” or “frequent,” with most subjects scored as “frequent”. Braak
staging was done on Bielschowsky stained sections of mesial temporal lobe (hippocampus
with entorhinal, transentorhinal, and inferior temporal lobe cortex), mid-frontal, inferior
parietal, superior temporal gyri, and occipital lobe containing the primary visual cortex and
adjacent cortex [30].

A single coronal block, ~1.5 cm thick, at the level of the genu of the corpus callosum, was
cut through the left hemibrain (or, in 10 subjects, the right hemibrain) at the time of autopsy.
This block was placed in 4% paraformaldehyde at 4°C for 48 hours, after which fixation was
terminated by transfer through a series of progressive sucrose gradients. The block was then
stored in cryoprotective solution at —30°C until tissue sectioning (Fig. 1). The middle frontal
gyrus was dissected from the block and 50 um thick coronal sections were cut using a
cryostat and stored in cryoprotectant solution at —30°C [43].

Immunohistochemistry

For each subject, a section was randomly selected from the first 20 sections, and a second
section was pulled with a separation of 3000 um. To minimize effects of interassay
variability, subjects were grouped into sets, stratified on psychosis presence. Subjects within
sets were matched to the extent possible on age and Braak stage. Sections within sets were
assayed together in the same wellplate for each run.

The AT8 antibody (Pierce, Rockford, IL, USA; product #MN1020) was used to label pTau;
AT8 recognizes the pathological tau phosphorylation epitope of serine 199/serine 202/
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threonine 205 [44, 45]. Using a variation of a previously described methods [46], free-
floating sections were rinsed in phosphate buffered saline (PBS) and incubated in 1%
NaBH, for 30 minutes to reduce autofluorescence. Following additional PBS rinses,
sections were incubated in PBS containing 0.3% Triton X-100 for 30 minutes, followed by
incubation in PBS containing 20% normal human serum, 20% normal goat serum, 1%
bovine serum albumin (BSA), 0.1% lysine, and 0.1% glycine for 150 minutes. Sections were
then incubated for 24 hours in PBS containing 5% normal human serum, 5% normal goat
serum, 1% BSA, 0.1% lysine, and 0.1% glycine (incubation buffer), and a 1:1000 dilution of
AT8 at 4°C. Sections were rinsed then incubated for 24 hours at 4°C in incubation buffer
with a 1:500 dilution of goat anti-mouse secondary antibody conjugated to Alexa Fluor®
488 (Invitrogen, Carlsbad, CA, USA). Sections were rinsed, mounted on gelatincoated
slides, dried, rehydrated, and coverslipped with Vectashield hard set mounting medium
(Vector Laboratories, Burlingame, CA, USA) using #1.5 (0.17 mm) coverslips (Brain
Research Laboratories, Newton, MA, USA).

Spinning disc confocal imaging was conducted using an Olympus BX51 W1 upright
microscope (Center Valley, PA, USA) equipped with an Olympus DSU, Olympus
UPlanSApo 10X 0.40 N.A. air objective, and Olympus PlanAPO N 60X SC 1.40 N.A. oil
immersion objective. Additional equipment included an ORCAR2 camera (Hamamatsu,
Bridgewater, NJ, USA), MBF CX9000 front mounted digital camera (MicroBright-Field
Inc., Natick, MA, USA), BioPrecision2 XYZ motorized stage with linear XYZ encoders
(Ludl Electronic Products Ltd., Hawthorne, NY, USA), excitation and emission filter wheels
(Ludl Electronic Products Ltd., Hawthorne, NY, USA), Sedat Quad 89000 filter set (Chroma
Technology Corp., Bellows Falls, VT, USA), and a Lumen 220 metal halide lamp (Prior
Scientific, Rockland, MA, USA). Software included Slidebook 5.27 (Intelligent Imaging
Innovations Inc., Denver, CO, USA) and Stereo Investigator (Micro-BrightField Inc.,
Natick, MA, USA).

On each section, the entire mantle of the middle frontal gyrus grey matter was outlined using
Stereo Investigator software. A sampling grid was generated, with grid size calculation
based on the outlined grey matter area for the two sections from the individual, to target 10
sampling sites per individual (Fig. 1). The grid was randomly rotated over the contour, and
sampling sites were identified at each intersection between the grid and the contour. At each
site, Slidebook was used to collect 3-D image stacks consisting of a series of 2-D images of
512 x 512 pixels (3057.6 um?) separated by 250 nm in the z-axis, and beginning 12 pm
below the tissue surface closest to the coverglass.

Image acquisition was carried out with the following filters and exposure times: AT8
immunoreactivity was captured using 490/20 nm excitation, 525/36 nm emission with a 25%
neutral density filter and exposure time of 300 ms; 645/30 nm excitation, 705/72 nm
emission was used to record autofluorescence signal for removal from our analyses, with an
exposure time of 1500 ms and no neutral density filter.
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Image processing

Images were processed using Slidebook 5.27. Image stacks were deconvolved using the no
neighbor (subtraction constant = 1 with no edge padding) and constrained iterative
algorithms (maximum 20 iterations with 3-D frequency filtering). Object masks for AT8
immunoreactivity were generated on the no neighbor-deconvolved image using a variation
of our iterative approach [47]. Briefly, the initial intensity threshold was set to 20 gray
levels, and subsequent iterations were increased until a threshold value of 500 was reached.
After each iteration, mask operations were used to combine object masks with minimum
volumes of 20 voxels (Fig. 2). A mask was also generated for autofluorescence, and mask
operations were used to subtract the autofluorescence mask from the AT8 mask (Fig. 3).
This method of autofluorescence removal was piloted extensively for the current
application. In a random subsample of imaging sites, the AT8 mask volume was reduced by
only 1.5% after subtraction of the autofluorescense mask. The resultant mask was copied to
the constrained iterative deconvolved image for quantification of AT8 fluorescence intensity
levels.

Image stacks were cropped to 492 x 492 pixels (2823.4 pm?) to provide a guard zone for
edge artifacts, and a single plane was then selected 2.5 um below the section surface in each
of the deconvolved stacks. The V\, was estimated using the mask objects of the no neighbor
deconvolution within the selected plane. The ratio of the mask area to the selected plane area
(Ap, for a plane intersecting an object within a larger structure) is an estimator of Vy,, the
fraction of the total structure consisting of the contained object [48], which in this case is the
fraction of gray matter containing AT8 immunoreactive structures. The Ml of AT8
immunoreactivity was extracted from the mask objects of the constrained iterative
deconvolution within the selected plane.

Statistical analyses

Analysis of variance (ANOVA), t-tests, and ;(2 tests were used to evaluate demographic,
clinical, and pathologic variables between groups. The response variables for our main
analyses were the AT8 Vy, and MI. Linear mixed models were employed, with psychosis,
postmortem interval, and assay run as fixed effects, set assignment as a random effect, and
sections within subject as repeated measures. To evaluate how DLPFC Vy, and Ml related to
different aspects of cognition, we examined the most recent scores of our subjects on the
MMSE, a global measure of cognition that is consistently lower in AD+P relative to AD-P.
We further evaluated whether DLPFC pathology may relate to Digit Span Backwards
(DSB), a test of executive function that depends in part on DLPFC function. Analysis of
covariance (ANCOVA) tests were used to examine the relationships between tertiles of V,,
and MI and these two cognitive measures, with the time lag between most recent test and
death as covariate. Post-hoc comparisons used the Tukey Honest Significant Difference test,
for which only p values are reported.

All tests were 2-tailed with a = 0.05.
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We assessed how well-matched the groups (AD+P and AD-P) were on relevant clinical and
pathologic variables. Groups did not differ with regard to gender or age. There was no
difference with regard to Lewy body stage, neuritic plaque ratings, or Braak stage.
Postmortem interval was different, but only slightly, with means of 4.58 hours for AD—P
and 6.08 for AD+P. Overall use of antipsychotics was low (1 out of 19 in AD-P, 6 out of 26
in AD+P), and did not differ between the groups (Exact p = 0.111). Use of cognitive
enhancers did not differ between groups (12 of 26 in AD+P, 9 of 19 in AD-P, /1/21 =0.007,
p = 0.936).

with Braak stage

Our measures of Vy and MI were significantly correlated with each other (r = 0.570, p <
0.001, Supplementary Fig. 1). V\, was significantly correlated with Braak stage (rg= 0.758,
p < 0.001), as was MI (rs = 0.491, p < 0.001) (Fig. 4). As expected, Vv and MI did not differ
due to a-synuclein pathology (F(1, 43) = 0.521, p=0.597; F(1, 43) = 0.870, p = 0.427)
because the groups were matched for Lewy body stage.

The Vy, was not significantly different between AD+P and AD-P (F(1, 31.984) = 3.225, p =
0.082). However, MI was 35.9% higher in AD+P (AD+P Est. Marginal Mean (SEM) 314.9
(22.2), AD-P 231.5 (24.9), F(1, 30.873) = 8.782, p = 0.006) (Figs. 4 and 5). These studies
were conducted on two separate occasions, with one section per subject assayed, imaged,
and processed in each experiment. In addition to our main analyses, where section was
treated as a repeated measure, we also analyzed the results of each section assay
independently to assess the reproducibility of our fluorescence imaging and analysis
approach. The results were the same: Vy, was not significantly different between AD+P and
AD-P in either experiment, but MI was significantly higher in AD+P in both experiments.
Finally, because Vy may in part depend on processes affecting M, an interpretation
supported by our finding that the two measures are correlated, we repeated our primary
analysis of psychosis with Vy,, adding a fixed effect of MI. Once again, V\, was not
significantly different between AD+P and AD-P, and now without any evidence of a
possible trend toward association (F(1, 40.580) = 0.190, p = 0.665).

We further evaluated the association of Vy, and MI with psychosis after accounting for other
possible confounding variables. Entering Lewy Body Stage and the interaction of Lewy
Body stage with Psychosis as fixed effects in our model did not alter the results. AD+P
remained significantly associated with MI (F(1, 27.399) = 4.697, p = 0.039), but not with
Vv (F(1, 28.925) = 2.774, p = 0.107). Moreover, Vy, and MI were not significantly
associated with Lewy Body Stage (MI: (F(2, 29.251) = 0.709, p = 0.5), Vy: (F(2, 30.839) =
0.511, p = 0.605), nor with the interaction of Lewy Body Stage with Psychosis (MI: (F(2,
31.020) = 0.1.816, p = 0.180), Vy: (F(2, 32.220) = 0.345, p = 0.711). Similarly, results were
not changed after entering the most recent MMSE score and the time from MMSE testing to
death as fixed effects in our model. AD+P remained significantly associated with MI (F(Z1,
27.853) = 8.362, p = 0.007), but not with Vy/ (F(1, 28.317) = 2.241, p = 0.145).
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Association with cognition

MMSE—The most recent available MMSE score was influenced by Vv, (F(2, 42) = 3.799, p
= 0.030), with scores in subjects in the highest V\, tertile 43.3% lower than scores in
subjects in the lowest Vy, tertile (p = 0.024). Ml also significantly influenced MMSE (F(2,
42) =5.803, p = 0.006): compared to subjects in the lowest M tertile, scores in subjects in
the middle Ml tertile were 41.7% lower (p = 0.015), and 42.1% lower in subjects in the
highest Ml tertile (p = 0.014) (Fig. 6). In both diagnostic groups, MMSE score was strongly
correlated with Braak stage. In AD+P, rg = —0.389, p = 0.049. In AD-P, rg=-0.482, p=
0.037.

DSB—DSB test scores were influenced by Vv, (F(2, 42) = 5.507, p = 0.008), with scores in
subjects in the highest V\, tertile 75% lower than scores in subjects in the lowest Vy, tertile
(p =0.005). Ml also influenced DSB score (F(2, 42) = 4.789, p = 0.013), with scores in
subjects in the middle Ml tertile 56.6% lower than scores in subjects in the lowest Ml tertile
(p =10.036), and scores in subjects in the highest Ml tertile were 60.8% lower than those in
subjects in lowest tertile (p = 0.022) (Fig. 6).

Discussion

In this study we examined Vy, as an index of the extent of local pTau spread, and M, as an
indicator of local intraneuronal concentration of pTau, in the DLPFC to determine how they
relate to psychosis, Braak stage, and cognition. We found that M1 of pTau, but not Vy, was
higher in AD+P. Both pTau Vy and M1 were strongly correlated with Braak stage, with Vy,
more so than MI. Both Vy, and MI were associated with MMSE and DSB tests.

Tau phosphorylation is accelerated in AD+P DLPFC

The elevated DLPFC pTau Ml we found in AD+P compared to AD-P subjects matched for
duration of disease, neuritic plaque ratings, and Braak stage, points to an accelerated process
of tau phosphorylation in AD+P that may be distinct from the propagation of pTau
throughout the brain. The increased MI could reflect enhanced kinase and/or inhibited
phosphatase activity, and as a result more of a phosphorylational drive, which occurs as an
accompaniment to regional spread. While our findings are consistent with the possibility that
greater intraneuronal pTau concentration may contribute to the risk of psychosis in AD, we
also found that pTau concentrations in low Braak stage AD+P subjects were not above
levels observed in AD—P subjects at later Braak stages. This latter observation suggests that
either greater intraneuronal pTau concentration is not itself sufficient to cause psychosis in
AD, or may be a correlate of the underlying process that leads to the more severe AD+P
phenotype.

There have been prior findings of elevated numerical density and protein levels of tau
aggregates reported in AD+P, although they are somewhat inconsistent. Farber et al. found
that NFT density, measured as average number per square millimeter, is higher across the
neocortex in AD+P including in DLPFC [5]. While providing evidence of increased tau
pathology in AD+P, their approach, using a modified Bielschowsky method, evaluated
fibrillar tau spread and not pTau directly. Although NFT area density measurements
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generate counts weighted by object volume [48], and therefore can be seen as a measure of
tau spread by confounding NFT number and size, they do not account for the large
contribution of tau aggregates confined to neurites. Mukaetova-Ladinska and colleagues
presented similar findings with increased PHF-tau in AD+P using an enzyme-linked
immunosorbent assay [34]. However, their use of total cortical extracts yields a measure that
also confounds spread and PHF-tau concentration. In contrast, previous work in our lab
using semiquantitative ratings of regional NFTs found no association with psychosis [3], a
discrepancy that could be due to differences in methodology or subjects. It could also reflect
the difficulty in detecting a small elevation in spread of pTau aggregates in AD+P. The
present study clearly differentiates pTau spread and intraneuronal pTau concentration. In
agreement with the majority of previous studies, we found evidence for increased pTau
pathology in AD+P, but this was limited to greater cortical tau phosphorylation and not
greater pTau spread.

Since the strongest correlate of cognitive impairment in AD is the loss of synapses [12-14],
the more severe trajectory of cognitive decline in AD+P could reflect an exaggerated
disruption of cortical synapses. There is neuroimaging and biochemical evidence to support
this model [18, 20, 21]. Excess synaptic disruption in AD+P could stem from more severe
pathological processes, whether by increased activity of AB and/or its downstream effectors,
due to genetic factors or otherwise. Indeed the increased soluble Ap1.42/AB1-49 ratio in AD
+P cortex [22] may thereby promote greater synaptotoxicity [49]. However, while it is
appreciated that A drives missorting and phosphorylation of tau [50] and that reducing tau
mitigates effects of AP [29], it is unclear how the ratio of AP isoforms may influence tau
pathology.

A recent genome-wide association study identified serine/threonine kinase 11 (STK11), also
known as liver kinase B1 (LKB1), as a possible candidate gene in AD+P [51]. LKB1
signaling triggers phosphorylation of tau [52], and ABPP overexpression promotes tau
phosphorylation in an LKB1-dependent manner [53]. These findings may provide a
mechanism downstream of Ap that could lead to exaggerated tau phosphorylation in AD+P
through LKB1. However, whether LKB1 expression is altered in AD+P is not currently
known, and it is not known whether other pathways that phosphorylate tau downstream of
AB [54] may be altered in AD+P. Certain tau phosphorylation sites that promote
detachment from microtubules, such as Ser214, may actually inhibit the assembly of tau into
paired helical filaments when phosphorylated [55]. Any slowed or disrupted progression of
pTau to argyrophilic inclusions would likely increase pTau concentration. Aside from
mechanisms of phosphorylation, the reduction of microtubules in AD independent of tau
[56], along with detachment and missorting of tau [50], could influence the relative
concentration of pTau.

DLPFC pTau is associated with Braak stage and related to cognitive decline

The strong correlations of Braak stage with our measures of DLPFC pTau, both AT8 Ml and
Vy, support the validity of these measures as they relate to progression of disease. While
DLPFC Vy, was more strongly associated with Braak stage, which shows that localized
DLPFC pTau Vy continues to increase as tau pathology spreads throughout the brain,
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intraneuronal pTau in DLPFC also increases in concentration as Braak stage progresses. We
found DLPFC pTau in Braak stages 111 and IV cases (Fig. 5), stages which precede the
appearance of neocortical NFTs [30]. The presence of these immunoreactive threads in the
DLPFC, which are likely non-argyrophilic pTau [57], demonstrate pTau is spreading
regionally even early in disease progression. We observed a clear distinction between Braak
stages V and VI in the severity of cortical tau pathology, at least with regard to the DLPFC.
Although these stages both represent neocortical infiltration, there may be regional
differences in magnitude of tau load between these two stages. This is consistent with other
data indicating substantial differences in degree of cognitive impairments between
individuals at Braak stage V and VI [58]. Although neuropathologic diagnostic criteria
emphasize combining these two stages [59, 60], for more subtle clinical pathologic
correlations they are probably best analyzed separately.

Since MMSE score is strongly associated with the regional appearance of neurofibrillary
pathology, both by discrete NFT counts [61] and by Braak stage stratification [58], we were
interested in how our measures of DLPFC pTau might relate to global and regionally
specific cognition. The MMSE score encapsulates a measure of overall cognitive function
[62], and both Vy, and M1 affected the scores. This finding is not surprising since it is well
established that the MMSE score declines as the disease progresses [63]. Similarly, the DSB
test, a measure of working memory or executive function, was also correlated with both
pTau Vy and MI. These findings provide a connection between tau pathology and cognitive
decline, and show a relationship of DLPFC pTau with both global and executive domains of
cognition.

We chose to focus our observations on the DLPFC, based on multiple lines of evidence that
it was likely to be affected in AD+P. However, our findings should not be interpreted as
indicating that exaggerated tau pathology in AD+P is selective for DLPFC, as there is
evidence for exaggerated tau pathology in AD+P across the neocortex [5, 34]. Similarly,
psychotic symptoms are likely to reflect disturbances across a neocortical network, and not
result solely from DLPFC pathology. Although postmortem interval was slightly longer in
the AD+P group, the AT8 epitope undergoes a rapid initial dephosphorylation during the
postmortem interval [64], thus increased MI could be even more pronounced in AD+P than
what we report. While a direct, linear relationship specifically between Ml and pTau
concentration has not been firmly established, we have previously shown that detected
fluorescence intensity is directly related to the intensity of fluorescent microspheres
embedded in thick sections [47], and can be used to accurately measure protein
concentration [47, 65, 66]. Since our findings were based on AT8 immunoreactivity, and
pathological phosphorylation of tau obviously occurs at sites beyond those assayed by AT8,
other tau phosphorylation states and conformations could be differentially associated with
AD+P. Additionally, as time progresses and tau deposits transition to late extracellular ghost
tangles, AT8 immunoreactivity diminishes [67-70], potentially affecting our measure of MI.
Several factors may contribute to Vy, of pTau. For example, increased intraneuronal
generation of pTau as described above for Ml could lead to increased intraneuronal pTau
volume and, consequently, increased Vy,. Alternatively, Vy, may increase due to
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development of pTau pathology in additional neurons in the region. This latter process could
result from spread of an upstream source of pTau (e.g., more widespread Ap pathology) or,
as suggested by recent studies, by synaptic spread of pathologic tau itself. It must be noted,
however, that as yet the evidence in support of the existence of synaptic spread of pathologic
tau comes from animal models, and not from human studies. Although we failed to detect a
difference in Vy, between diagnostic groups, the potential confounding of these independent
contributions to Vy, could possibly differentially influence our Vy, findings. The range in
days between last neuropsychological assessment and death was large, 1,358 + 1161.4 days,
but did not differ between groups (p = 0.114) and was taken into account as a covariate in
our statistical tests.

Conclusions

The concentration of pTau is increased in AD+P DLPFC, potentially a sign of elevated
kinase activity and consequent tau phosphorylation. This could reflect an enhanced
sensitivity to factors that drive tau phosphorylation and highlights a network of more
dynamic, exaggerated tau pathology in AD+P.
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Fig. 1.

Tizsue processing and sampling. A) 1.5 cm thick coronal block at the level of the genu of the
corpus callosum was cut through the left hemibrain in most subjects. B) The middle frontal
gyrus (box) was dissected from the block and cut into 50 pm thick sections. C) The gray
matter mantle was outlined in Stereolnvestigator and a random sampling grid was generated,
with 5 sites per section.

J Alzheimers Dis. Author manuscript; available in PMC 2015 January 01.



1dussnuein Joyny vd-HIiN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Murray et al. Page 17

Fig. 2.
Image processing and masking. A) Raw image capture in grayscale. B) Same image as a

pseudocolor heatmap. C) Raw image was deconvolved using the no-neighbors
deconvolution deblurring algorithm, which attenuates lower intensities in the image and
preserves spatial fidelity. D) No-neighbors deconvolved image was masked using our
iterative masking approach (white outlines). E) Raw image was deconvolved using the
constrained iterative deconvolution algorithm, which accurately restores the signal source in
the image using the point-spread function for our imaging system. F) Mask generated in D
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overlaid on the constrained iterative deconvolved image. Adjacent color bars reflect
grayscale levels images captured at 60x magnification.
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Fig. 3.
Removal of autofluorescence from the AT8 mask. A) A no-neighbors-deconvolved

grayscale image of AT8 signal. B) The same image, shown overlaid by an interative
intensity and morphologic mask. C) A no-neighbors-deconvolved grayscale image of
intraneuronal lipofuscin accumulation. D) Lipofuscin, similarly overlaid by an interative
intensity and morphologic mask. E) The combined image with AT8 in green and
autofluorescence in red. F) The resulting mask of autofluorescence subtracted from the AT8
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mask. Arrows highlight autofluorescence signal under the AT8 mask and show this signal
has been eliminated from the final subtracted mask in F.
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Association of Vy and mean AT8 intensity with Braak stages. A) Vy, increased with Braak
stage, but did not differ between AD+P and AD-P. B) Mean AT8 fluorescence intensity
increased with Braak stages, and was consistently higher in AD+P.
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Fig. 5.
Representative images demonstrating the difference in mean AT8 intensity between AD-P

(A, C) and AD+P (B, D) in subjects at Braak stages characterized by lower (stage IV; A, B)
and higher (stage VI; C, D) degrees of pTau burden. These images were deconvolved using
the no-neighbors algorithm. Adjacent color bars reflect grayscale levels.
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Fig. 6.
Measures of cognitive function by Vy, and mean AT8 intensity tertiles. A) Scores on the

MMSE were significantly higher in the lowest Vy, tertile compared to the highest, and in the
lowest mean intensity tertile compared to the middle and highest tertiles. B) Scores on the
Digit Span Backwards test were significantly higher in the lowest Vy, tertile compared to the
highest, and in the lowest mean intensity tertile compared to the middle and highest tertiles.
*p < 0.05.
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Descriptive information of the subjects involved in the study

Murray et al.
Variable AD-P AD+P; p
n=19 n=26
Age, y 804+89 814+81 0691
Age of onset, y 69.7+10.0 71.2+94 0.629
Duration of illness, y 106+45 102+51 0.813
Gender 0.436

Male 11 (58) 12 (46)

Female 8 (42) 14 (54)
Postmortem interval, h 46+1.3 6.1+24 0.018
Lewy body stage 0.580
Negative 11 (58) 11 (42)

0-6 4(21) 7(27)

7-10 4(21) 8(31)

Braak 0.276

m 4(21) 14

v 3(16) 3(12)

\Y/ 4(21) 6 (23)

Vi 8 (42) 16 (62)

MMSE 146+7.2 99+6.4 0.026
DSB 22621 158+19 0.259

Mean values + SD or number of subjects with percentage of total in parentheses. AD-P, Alzheimer's disease without psychosis; AD+P,
Alzheimer's disease with psychosis; MMSE, Mini-Mental State Examination; DSB, Digit Span Backwards test.
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