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Abstract
Alzheimer’s disease (AD) manifests with progressive memory loss and decline of spatial
awareness and motor skills. Neurofibrillary tangles (NFTs) represent one of the pathological
hallmarks of AD. Previous studies suggest that the enzyme prolyl-peptidyl cis–trans isomerase
PIN1 [protein interacting with NIMA (never in mitosis A)-1] recognizes hyperphosphorylated tau
(in NFTs) and facilitates its dephosphorylation, thereby recovering its function. This study aims to
determine the frequency, severity and distribution of PIN1 immunoreactivity and its relationship
to NFTs and other neuropathological markers of neurodegeneration such as amyloid-β (Aβ)
plaques and transcription-responsive DNA-binding protein of Mr 43 kDa (TDP-43).
Immunohistochemical analysis of 194 patients (46 with AD, 43 with Parkinson’s disease/dementia
with Lewy bodies, 12 with progressive supranuclear palsy/corticobasal degeneration, 36 with
frontotemporal lobar degeneration, 21 with motor neuron disease and 34 non-demented (ND)
individuals) revealed an increased frequency and severity of PIN1 immunoreactive inclusions in
AD as compared to all diagnostic groups (P < 0.001). The hippocampal and cortical distribution of
PIN1 granules was distinct from that of NFTs, Aβ and TDP-43 pathologies, though the frequency
of neurons with PIN1 immunoreactivity increased with increasing NFT pathology. There was a
progressive increase in PIN1 changes in ND individuals as the degree of AD-type pathological
changes increased. Present findings indicate that PIN1 changes are a constant feature of AD
pathology and could serve as a biomarker of the onset or spread of AD neuropathology
independent of tau or Aβ.
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Introduction
Alzheimer’s disease (AD) manifests as an impairment of memory with progressive loss of
spatial awareness and ability to perform previously learnt motor skills. About 5% of people
older than 65 years are diagnosed with AD [8], accounting for up to two-thirds of all cases
of dementia [21, 42]. Dementia with Lewy bodies (DLB) and fronto-temporal lobar
degeneration (FTLD) are also common causes of primary degenerative dementia. In FTLD,
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the pathology is most often confined to the frontal and anterior temporal lobes bilaterally
[13, 35, 37], and about 45% of cases show a pathological accumulation of tau proteins, in
the form of Pick bodies or neurofibrillary tangles (NFTs) [43], the latter being
immunohistochemically similar to those in AD. Therefore, much attention has been focused
on investigating the distribution and mechanism of formation of NFTs, which are considered
by many to precede the loss of nerve cells in these disorders.

The assembly of microtubules from tubulin is a prerequisite for the normal neuronal
cytoskeleton, which in turn supports synaptic extensions and maintains cellular polarity and
axonal transport of micromolecules and organelles. The microtubule-associated protein tau
regulates the polymerization of tubulin and maintains microtubule stability in vitro [11]. The
stability of microtubules is associated with normal tau binding affinity, which is regulated
by reversible phosphorylation [40]. In AD, tau becomes abnormally hyperphosphorylated [6,
18] and forms insoluble filamentous aggregates termed paired helical filaments (PHFs) [1].
Hyperphosphorylation of tau reduces microtubule binding in vitro with loss of microtubule
stability and buildup of NFTs [30]. Western blot analysis of AD brain shows an eightfold
increase in phosphorylated tau, as compared to age-matched controls [24]. High levels of
abnormal tau protein correlate with poor clinical outcome with the number of NFTs in
cerebral cortex being associated with increasing cognitive impairment [3]. In addition,
studies in transgenic mice bearing the substitution of proline for leucine at amino acid 301
(P301L) (the most common MAPT mutation in FTLD) showed motor and behavioural
impairment with a gene dose-dependent progressive accumulation of phosphorylated tau in
the form of PHFs [19, 26].

In 1999, Lu and colleagues [30] described a post-phosphorylation regulatory mechanism of
tau phosphorylation mediated by the peptidyl-prolyl isomerase (PPIase) PIN1 [protein
interacting with NIMA (never in mitosis A)-1]. PIN1 catalyses the isomerization of
phosphorylated serine (Ser) and threonine (Thr) residues preceding proline (Pro) motifs
(Ser/Thr-Pro) from cis to trans isomers [4]. It consists of two domains including an N-
terminal WW domain, which binds substrates specifically at phosphorylated Ser/Thr-Pro
motifs, and a C-terminal PPIase domain catalysing the cis/trans isomerization of these
motifs to regulate protein function through conformational change [29]. This step has been
shown to be crucial for the recognition of phosphorylated tau by conformational-specific
phosphatases such as PP2A, which binds to the trans isomer of phosphorylated Ser/Thr-Pro
[30].

In AD brain extracts, PIN1 has been shown to co-purify with PHFs [30]. An interaction
between tau and PIN1 is thought to facilitate the dephosphorylation of hyperphosphorylated
tau in vitro by PP2A, restoring the ability of tau to bind microtubules and promote
microtubule stability. A deficiency of PIN1 expression has been postulated to impair tau
dephosphorylation leading to aberrant tau hyperphosphorylation and formation of NFTs in
hippocampal and cortical neurons.

In this study, we have determined the relative frequency, severity and distribution of PIN1
immunoreactivity in the brains of patients with AD and other neurodegenerative disorders,
and in non-demented individuals. The aim was to determine the impact of PIN1 expression
on the distribution and abundance of NFT pathology and whether the absence or presence of
other pathological features of AD, such as amyloid-β (Aβ) plaques or transcription-
responsive DNA-binding protein of Mr 43 kDa (TDP-43) inclusions, influenced these
disorders.
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Materials and methods
Cases

Formalin-fixed, paraffin-embedded sections (6 µm) of frontal and temporal cortex with
hippocampus were available from 194 cases, with or without neurodegenerative disease,
drawn from the Manchester Brain Bank. All tissues had been collected through appropriate
consenting procedures with ethical approval. The study population consisted of 46 patients
with AD, 43 patients with Lewy body disease (LBD) [34 patients with Parkinson’s disease
(PD) and 9 with DLB], 36 patients with FTLD, 9 patients with progressive supranuclear
palsy (PSP), 3 patients with corticobasal degeneration (CBD) and 21 patients with motor
neuron disease (MND). The FTLD group comprised 7 with FTLD-TDP type 1, 7 with
FTLD-TDP type 2, 11 with FTLD-TDP type 3, 2 with FTLD-FUS, 4 with FTLD-tau with
Pick bodies, 4 with FTLD with MAPT gene mutations (3 with N297K, 1 with exon 10 + 16
mutation) and 1 with FTLD-ni (no inclusions) (classification according to recent consensus
criteria [32, 33]).

In addition, 34 non-demented (ND) cases comprising 31 cases without any history of
cognitive or psychiatric disorders prior to death and 3 cases with mild cognitive impairment
(MCI) were investigated. The ND group included seven cases with no evidence of NFT and
Aβ plaque pathologies. Of these 34 cases, 12 were obtained from Thomas Willis Brain
Bank, Department of Neuropathology, University of Oxford. Again, these had been
collected through appropriate consenting procedures with ethical approval. Selected
demographic details are provided in Table 1.

Postmortem delay times were widely variable, though usually removal of the brain and its
placement into formalin fixative was accomplished within 24–48 h.

Immunohistochemistry
Paraffin sections cut at 6 µm thickness were immunostained for PIN1 using three
commercially available goat polyclonal antibodies (A-20 and C-20 (sc-7409), Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA and SAB2500793, Sigma–Aldrich, Poole, Dorset,
UK), all at a dilution of 1:200. All three antibodies are affinity purified and detect a single
band of ~ 17 kDa corresponding to MW of PIN1. The Santa Cruz antibodies have been
extensively used and validated by others [19, 23, 39]. A standard immunostaining procedure
was followed [12, 13]. Briefly, all sections underwent antigen retrieval with microwave
heating at 0.1 M citrate buffer, pH 6.0, for 10 min. In order to quench endogenous
peroxidase activity, slides were incubated in 0.3% peroxide in methanol for 30 min. Using
VECTASTAIN ABC kit (Vector Laboratories, Peterborough, UK), sections were incubated
for 1 h or overnight (at 4°C) in blocking buffer to mask non-specific binding sites, followed
by 1-h immunostaining with anti-PIN1 antibody. Following 5-min PBS washes, incubation
in biotinylated secondary antibody and avidin–biotin complex were performed for 30 min
each. The reaction was visualized using 3,3′-diaminobenzidine (DAB) (Sigma, Poole,
Dorset, UK). Sections were lightly counterstained with haematoxylin and dehydrated
sequentially through a series of alcohol and xylene solutions.

Adjacent sections of frontal and temporal cortex from all 194 cases were immunostained for
tau [using AT8 antibody (Innogenetics, Antwerp, Belgium 1:750)], Aβ [using 4G8 antibody
(Covance Research Products Inc., Dedham, MA, USA, 1:3000)] and TDP-43 (using either a
phospho-independent (AP10782-2-AP, Proteintech, Manchester, UK, 1:1000) or a phospho-
dependent [pS409/410-2 antibody (Cosmo Bio Co., Ltd, Tokyo, Japan, 1:3000) antibody].
Double labelling immunofluorescence was not performed (see “Discussion”).
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Pathological assessment
The severity of PIN1-positive inclusions affecting the pyramidal neurons of CA regions of
hippocampus, subiculum, entorhinal cortex, frontal and temporal neocortex and granular
neurons of dentate gyrus was graded semi-quantitatively on a five-point scale. The scoring
system required counting the number of PIN1-positive neurons at 200× magnification in
each anatomical region using the following definitions for each stage;

0 = absent

1 = mild (1 positive neuron/1 field at least)

2 = moderate (>1 positive neuron/2 fields at least)

3 = severe (≥4 positive neurons/2 fields at least)

4 = very severe (>10 positive neurons/2 fields at least)

Neurons were counted as positive irrespective of the actual number of PIN immunoreactive
granules present, or whether the PIN1 granules were diffusely and apparently freely present
throughout the neuron or whether they were associated with a surrounding vacuole in the
form of GVD.

The same scoring system was used to assess the frequency of NFT pathology for the purpose
of direct comparison with the frequency of PIN1 immunoreactivity. Ten anatomical
subregions of the hippocampal formation (as defined by Price et al. [39]) were graded,
including CA4/5, CA3, CA2, CA1, subiculum/presubiculum and entorhinal cortex, and also
within the fusiform gyrus, inferior and middle temporal gyri, mid frontal gyrus and primary
visual and visual association (occipital) cortex (layer II) (where available). The overall
severity score per case for PIN1 or NFTs (0–40) was obtained by summing all subregional
scores. Results are expressed as means of overall severity scores per cases ±standard
deviation (SD) for each group. The high number of samples and the many immunostains
used in the present study made it impractical to employ a stereological methodology to
assess the frequency of affected neurons.

The Braak staging system [9] for assessment of NFT pathology was applied to the AD, PD/
DLB and ND groups.

Statistical analysis
All data analysis was performed using SPSS v 16.0. Differences of proportions of cases with
PIN1 changes and its association with AD neuropathology across different diagnostic
categories were assessed with Pearson chi-square test. To determine which proportion of
diagnostic cases accounts for a significant result, post hoc analysis with a critical value of
±1.93 was applied. Kolmogorov–Smirnov (for n > 50) or Shapiro–Wilk (for n < 50) tests
were used to determine whether data were normally distributed. For normally distributed
data, two-sample Student’s t test for independent samples or one-way ANOVA were applied
in comparing means of PIN1 overall severity scores per cases between two or more groups,
respectively. Alternatively, for non-normally distributed data, Kruskal–Wallis analysis of
variance with post hoc Mann–Whitney U test was used. Similarly, when testing the
correlations between overall severity scores and age at death, Spearman’s first rank
correlation or Pearson’s correlation tests were used as appropriate. All levels of significance
were two tailed and set at P < 0.05.
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Results
The frequency and severity of PIN1 immunoreactive granules in AD compared to other
diagnostic groups

PIN1 immunoreactivity occurred in hippocampal and/or cortical pyramidal neurons, but
particularly in those of areas CA2/3 and CA1 of the hippocampus. As described previously
by Holzer et al. [23] and Ramakrishnan et al. [40], PIN1 immunoreactivity was mostly seen
as well-defined, spherical, punctuate and densely staining cytoplasmic granules, evenly
distributed throughout the cell soma, and irrespective of cell type in which they occurred.
On other occasions, the granules occurred within well-defined vacuoles, resembling the
pathological change known as granulovacuolar degeneration (GVD) (Fig. 1a). When
present, the granules bore the same morphological appearance and intracellular distribution
in all diagnostic groups (Figs. 1, 2). There were no obvious differences in either staining
intensity or intracellular distribution of PIN1 immunoreactive granules in any of the 3 PIN1
antibodies (not shown); however, because the C-20 antibody showed no background
staining, it was decided to use this antibody for all subsequent work. The PIN1 granular
staining was easily distinguished from any pale, hazy yellow, nonspecific staining of
lipofuscin.

PIN1 immunoreactivity occurred in hippocampal pyramidal neurons and/or cortical neurons
in 72.2% (n = 140) of all cases. All AD cases (48/48, 100%) contained hippocampal and/or
cortical neuronal PIN1 granules as compared to fewer PD/DLB (34/43, 79.1%), FTLD
(16/36, 44.4%), PSP/CBD (8/12, 66.7%), MND (66.7%) and ND (20/34, 58.8%) cases
(Table 2). Chi-square analysis showed a statistically highly significant difference in the
proportion of PIN1-positive cases between the different diagnostic groups (χ2 = 3.68, P <
0.001). Post hoc analysis revealed that more AD cases, and fewer FTLD cases, with PIN1
granules than expected were responsible for this significant difference.

Furthermore, we determined PIN1 overall severity scores in all diagnostic groups (Fig. 3).
By Kruskal–Wallis analysis of variance, there was a highly significant difference in PIN1
overall severity scores between groups (H = 94.9, P < 0.001). Post hoc Mann–Whitney U
comparison between pairs of groups showed that AD cases were affected more severely than
PD/DLB, FTLD, PSP/CBD, MND and ND groups (post hoc Mann–Whitney U test, 11.4 ±
4.0 [AD] vs. 2.2 ± 2.0 [PD/DLB], 1.4 ± 2.3 [FTLD], 2.8 ± 2.5 [PSP/CBD], 2.4 ± 2.4 [MND]
or 4.0 ± 4.5 [ND], all P ≤ 0.001). The mean PIN1 overall severity score in the ND group
was significantly higher than that of the FTLD (P < 0.001), but not significantly different
from that in PD/DLB, PSP/CBD and MND (P > 0.05). Although the PD/DLB group had a
significantly higher mean PIN1 overall severity score than the FLTD group (P = 0.021),
there was no significant difference between PD/DLB, PSP/CBD (P = 0.521) and MND
groups (P = 0.942). In addition, there was no significant difference between FTLD, MND
and CBD/PSP groups (P = 0.07). According to this analysis, the following ranking orders of
PIN1 severity could be obtained;

AD > PD/DLB, FTLD, PSP/CBD, MND and ND groups

ND and PD/DLB > FTLD

FLTD = MND = PSP/CBD

There were no significant differences in PIN1 severity scores between the different FTLD
histological subtypes (Fig. 4).
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The presence of PIN1 granules is independent of age at death
There was a significant difference in mean age at death between the disease groups (H =
30.3, P < 0.001). Although there were no significant differences in the age at death between
PIN1-positive and PIN1-negative cases within AD, PD/DLB and FLTD groups (P > 0.05),
PSP/CBD and ND cases with PIN1 immunoreactivity were significantly older than the
PIN1-negative cases (P = 0.016 and P = 0.003, respectively) (Table 3). There were no
significant correlations between age at death and PIN1 overall severity scores for all
diagnostic groups (P > 0.05), except for the PSP/CBD (P = 0.002) and ND groups (P <
0.001). The difference in PIN1 overall severity scores among diagnostic groups cannot be
explained by the differences in age at death alone, because although there was no significant
difference in age between the AD and ND groups (P = 0.162), mean PIN1 overall severity
score was significantly higher in AD cases as compared to ND cases (P < 0.001). By
contrast, patients with PD/DLB were significantly older than patients with AD (P = 0.008)
in whom PIN1 overall severity scores were higher than those in the PD/DLB cases,
suggesting that high PIN1 severity is not related per se to increasing age in these groups. In
addition, whereas the PSP/CBD group was significantly older than the FTLD group (P =
0.009), there was no significant difference in PIN1 severity scores between the PSP/CBD
and FTLD groups.

The topographic distribution of PIN1 granules
The distribution of PIN1 granules followed a specific topographic pattern in all groups. In
AD, hippocampal regions of CA1, CA2 and the subiculum were most frequently involved
with up to 98% of AD cases having PIN1 granules in these regions (Fig. 5a). The frequency
of PIN1 granules was very severe in CA1 in about 10% of cases, severe in 36%, moderate in
26% and mild in 24%, but absent in 4.0% of AD cases. Only 2.0% of AD cases had no PIN1
granules in CA2 subfield, with 46% of cases having severe involvement and 2.0% having
very severe involvement. The subiculum was involved in 87% of AD cases with parallel
severity scores. Involvement of the dentate gyrus (DG), CA4 and CA3 subfields occurred in
72–92% of AD cases, with the majority of these cases having mild severity scores. In
contrast to hippocampal subareas, cortical regions either lacked PIN1 granules in 34–68% of
AD cases or had minimal involvement, with the entorhinal cortex being most severely
involved.

A similar distribution pattern of neuronal PIN1 granules occurred in the PD/DLB, PSP/
CBD, FTLD and MND cases, but with a lower frequency (Figs. 5b, 6). The majority of
cases had only a mild involvement by PIN1 granules, with fewer cases (than in AD) having
severe or moderate involvement, and no cases with very severe involvement, except for the
ND group (see below). In PD/DLB cases, CA2, CA1 and the subiculum were most severely
involved in up to two-thirds of cases, as compared to less severe involvement of the DG,
CA3 and CA4 subfields in less than quarter of the cases (Fig. 5b). PIN1 granules were
absent in the temporal cortex and fusiform gyrus and could be detected in only 2.0% of
cases in the entorhinal cortex. Similarly, more PSP/CBD cases had higher severity scores in
CA2, CA1 and subiculum (Fig. 6b), as compared to the DG, CA4 and CA3 subfields.
Whereas PD/DLB cases had almost no cortical involvement, up to 18% of PSP/CBD cases
had PIN1 granules in the fusiform gyrus and entorhinal and temporal cortices.

While the distribution of PIN1 granules mirrored that in the PSP/CBD cases with somewhat
similar severity scores (Fig. 6c), the FTLD cases, in contrast to all other diagnostic groups,
had only very mild severity scores of PIN1 granules across all regions with no apparent
preferential distribution (Fig. 6a).
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The subregional severity scores of PIN1 granules in the ND cases were intermediate
between AD and all other disease groups (Fig. 6d). CA1 and the subiculum had higher
severity scores in the majority of cases. In contrast to AD, a greater cortical involvement
was observed in the ND cases, whereas fewer cases had PIN1 granules in the DG, CA4 and
CA3 subfields.

The topographic relationship between of PIN1 granules and NFTs
To ascertain the topographic relationship between the distribution patterns of PIN1 granules
and NFTs, adjacent sections from 12 AD and 43 PD/DLB cases were separately stained for
PIN1 and tau (NFTs) (Fig. 5). The topographic distribution of PIN1 granules across the
different subfields of the hippocampus and adjoining neocortical regions demonstrated no
consistent inverse or direct association with the distribution of NFTs. For instance, PIN1
granules occurred most severely in CA2 and CA1 regions and less severely or absent in the
DG and cortical areas, whereas NFTs occurred most severely in CA1 subfield and in cortical
areas, but less severely in the CA2 region (Fig. 5a).

In the 34 PD and 9 DLB cases, there was also no clear association between the distribution
of NFTs and PIN1 granules (Fig. 5b). When present, NFTs occurred in CA1 subfield, the
subiculum and entorhinal cortex with highest severity scores. This pattern shows no obvious
inverse or direct subregional relationship with PIN1 granules affecting CA2, CA1 and the
subiculum most severely, and NFTs occurring most severely in CA1 and subiculum, but not
in the CA2 subfield. In addition, NFT-rich entorhinal and temporal cortices were nearly
always lacking in PIN1 granules.

To test whether the overall severity score of PIN1 granules was related to that of NFTs,
correlation tests in 12 AD, 43 PD/DLB and 12 MND cases were performed (Table 4). There
was no significant relationship between the degree of severity of the two proteinopathies,
except for a marginally significant association in the MND group (P = 0.044).

The relationship between PIN1 granules and AD-type pathological changes
Based on the Braak staging system on the distribution of NFT pathology [9], ND cases were
subdivided into four groups including cases with Braak stage 0 (n = 7), stage I–II (n = 14),
stage III–IV (n = 13) and stage V–VI (n = 2) (Fig. 7). The mean PIN1 overall severity score
was significantly different across groups (P < 0.001). PIN1 mean overall severity score in
ND cases with Braak stage 0 was significantly lower than cases with advanced Braak stages
including stages III–IV (P = 0.017) and V–VI (P < 0.001), but not stage I–II (P = 0.154).
There was no significant difference between cases with stage III–IV and V–VI (P = 0.058),
but both groups of cases with stages III–IV and V–VI had higher scores than less advanced
cases with stage I–II (P < 0.001 and P = 0.017, respectively). In this study, all AD cases had
advanced Braak stages V–VI, which have a mean PIN1 overall severity score significantly
higher than ND cases with Braak stage 0 (P < 0.001), I–II (P < 0.001) and III–IV (P =
0.003), but not different from ND cases with stage V–VI (P = 0.727) (Fig. 7). Therefore, the
ranking order for PIN1 severity based on the degree of spread of NFTs pathology across
different brain regions is: AD > ND (III–IV) > ND (I–II).

In PD/DLB, although those cases with higher Braak stages [9] did show numerically higher
PIN1 severity scores, overall there were no significant differences in PIN1 severity scores
between cases with different Braak stages (P = 0.427) (Fig. 8). There were insufficient
FTLD and MND cases with Braak stages greater than zero for meaningful statistical analysis
of PIN1 severity scores.

Tissue sections from 36 PD/DLB cases, 36 FTLD cases, 12 PSP/CBD cases and 29 ND
cases were stained for Aβ plaques and PIN1 granules separately (Table 5). There were no
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significant differences in the mean PIN1 overall severity scores between Aβ-positive and
Aβ-negative cases in any of the diagnostic groups (P > 0.1), except for the ND group (P =
0.006).

Finally, we asked whether the severity of PIN1 changes across all diagnostic groups apart
from AD was associated with the presence of Alzheimer’s disease pathology, a positive case
in this respect being defined as one with positive NFTs or/and β-amyloid plaques. By this
analysis, the severity of PIN1 pathological changes in these other diagnostic groups was
significantly related to the presence of AD pathological changes (χ2 = 6.5, P < 0.001). Post
hoc analysis attributes this statistical significance to a higher (than expected) proportion of
PD/DLB cases with PIN1 and AD-type changes. In addition, there was a significantly
greater (than expected) proportion of FTLD cases without PIN1 and AD-type change (and
therefore significantly fewer cases of FTLD with both PIN1 and AD-type changes), and a
greater proportion of FTLD cases with PIN1 changes alone.

These data therefore only partially support the hypothesis that PIN1 is exclusively
associated with AD-like change in other diagnostic groups.

The relationship between PIN1 granules and TDP-43 pathology in AD
A total of 32 AD cases were stained for TDP-43 pathology and PIN1 granules separately.
The severity of PIN1 granules was unrelated to the presence or absence of TDP-43
pathology [11.6 ± 4.9 (TDP-43-positive) versus 11.3 ± 3.7 (TDP-43-negative), P = 0.838].
Moreover, the topographical distribution of PIN1 and TDP-43 pathological changes were
almost mutually exclusive with TDP-43 changes being encountered in DG, entorhinal
cortex, fusiform gyrus and temporal neocortex with only rare TDP-43 positive neurons
being seen within the CA regions and subiculum (Fig. 9) (see above for topographic
distribution of PIN1 changes).

Discussion
This is the first study comparing the degree of expression of the peptidyl-prolyl cis–trans
isomerase PIN1 in hippocampal and cortical neurons in brains of patients with AD, other
neurodegenerative disorders and ND cases. A large proportion of total study cases (75.0%)
stained positive for PIN1 granules with FTLD and MND cases showing significantly fewer
PIN1 granules, both in terms of the proportion of cases affected and the severity of
involvement in individual cases. Visualization of PIN1 immunoreactive changes was
consistent with previous reports describing well-defined, dark, punctate granules
occasionally found within vacuoles of the cytoplasm of pyramidal and granular neurons,
resembling GVD in such instances [23, 40]. GVD is characterized morphologically by the
presence of discrete 0.5–5 µm basophilic granules, each within a clear vacuole, in the
perikaryal cytoplasm of pyramidal neurons [34]. The granules contain an electrondense core
surrounded by a translucent matrix on ultrastructural analysis [22]. The dense core has been
shown to contain epitopes for a wide range of proteins including neurofilament protein,
phosphorylated-tau, ubiquitin [15] and the mitosis-specific phospho-specific MPM-2 [45].
Indeed, Holzer et al. [23] noted that the majority of PIN1 granules were immunoreactive
with an antibody to MPM-2. It is therefore possible that the high concentrations of PIN1 in
GVD are due to PIN1 sequestration by phosphorylated proteins in GVD, given that PIN1
binds to many MPM-2 antigens.

Lipofuscin is a pale, naturally yellow–brown pigment universally accumulating in ageing
post-mitotic cells including neurons, and is diffusely present in the cytoplasm of many
neurons in tauopathies and non-tauopathies. Although in the present study (see results
section) and that by Holzer et al. [23], the robust dark C-20 immunostaining of PIN1
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granules was clearly differentiated from the pale yellow–brown lipofuscin ‘staining’, other
investigators have regarded this latter pale staining as representing PIN1 immunostaining—
an interpretation that might lead to the false-positive characterization of PIN1 granules [28,
40]. This similar, ill-defined ‘staining’ was observed with a different commercial anti-PIN1
antibody (A-20) [40] suggesting that such ill-defined inclusions might represent an early
stage of PIN1 granular aggregation, or support an association between PIN1 granules and
lipofuscin granules. The latter argument is supported by an immunogold-labelling study
showing co-localization of PIN1 granules within lipofuscin granules in an ageing brain [19].
These authors speculated that PIN1 binding to lipofuscin might contribute towards a
depletion of soluble PIN1 neuronal reserves. However, there are no studies that tested this
hypothesis in AD.

Although an invariable accompaniment to AD [5, 44], GVD is generally excluded from case
assessments using standardized pathological criteria for diagnosis of AD, due to its frequent
presence as an ‘incidental finding’ in controls—a property that coincidentally is shared with
both senile plaques and NFTs.

PIN1 granules occurred in a large proportion of cases across all groups within the
hippocampal regions of CA2, CA1, subiculum and presubiculum, with minimal occurrence
or complete absence in the entorhinal and temporal cortices. Involvement of other
hippocampal regions such as the dentate gyrus, CA4 and CA3 was variable in the different
groups, being intermediate between cortical areas having scarce PIN1 granules and regions
of CA2, CA1 and subiculum having a more severe involvement. These observations lead to
the question as to whether PIN1 pathology is indeed GVD with the scattered intracellular
distribution of small, apparently non-membrane bound granules representing a ‘pathological
forerunner’ of the larger obviously membrane-bound granules residing within vacuoles, the
latter being perhaps derived from a gradual fusion and coalescence of the smaller individual
granules into the vacuolated structure.

The pathogenic significance of GVD has been addressed only superficially, and are
considered ‘autophagic lysosomal structures’ (autophagic vacuoles) in which cytoskeletal
and many other proteins are degraded [14]. Present observations accord with such a
viewpoint. Interestingly, it has recently been reported [10] that GVD contain
phosphorylated-S6 protein, a marker of stress granules, suggesting a relationship between
this and oxidative damage or changes in RNA metabolism, leading to neurodegeneration in
AD. Furthermore, early studies noted the presence of GVD within hippocampal neurons in
Pick’s disease [22], and the present findings of PIN1 pathology, but of less severe degree
than usually associated with AD, in cases of FTLD-tau and FTLD-TDP would accord with
such observations.

Although the distribution of PIN1 granules was largely uniform across different brains
despite the presence of different co-existing pathologies such as NFTs, Aβ plaques and
TDP-43 inclusions, PIN1 granules were observed in all AD cases with a much higher
severity score compared to all other groups ranging between 8.2- and 1.7-fold greater than in
FTLD cases (with lowest PIN1 severity) and ND cases (with highest PIN1 severity after
AD), respectively. These results imply that AD represents the main scenario for PIN1
granules, showing a similar topographic distribution in all other groups (except FTLD) to
that seen in AD, but at a lower frequency and severity.

PIN1 has been shown to co-purify with phosphorylated tau in the form of PHFs extracted
from AD brains as compared to the absence of PIN1 in PHFs from age-matched normal
brains [30]. Up to date, a number of reports have been published to evaluate the association
between PIN1 and NFTs in vivo. Holzer et al. [23] performed double labelling
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immunofluorescence on hippocampal tissue sections from AD cases using four different
antisera directed against PIN1, including two commercially available goat anti-PIN1
antibodies (C-20 and N-19, both 1 in 50) and two synthetic rabbit anti-PIN1 antibodies
(PinA and PinB, both 1 in 2000). A range of different antibodies recognizing tau was used to
test PIN1 co-localization to phosphorylated (AT8, AT180, AT270, PHF1 antibodies) and
unphosphorylated tau (BR134, BR 135, BR189, Tau-2 and HT7 antibodies) epitopes.
Although PIN1 immunoreactive granules were stained intensely in the cytoplasm of CA1
and CA2 regions, no co-localization could be detected between PIN1 granules and tau
aggregates. In addition, Ramakrishnan and colleagues [40] tested co-localization of NFTs
and PIN1 in AD and other tau-rich disorders (tauopathies) including FTLD and PSP. The
authors used two different goat anti-PIN1 antibodies (C-20 and A-20, 1:200) and one mouse
anti-phosphorylated-tau antibody (TG3, 1:25) but likewise could not detect co-localization
between neurofibrillary lesions and PIN1 granules. On the other hand, both studies [22, 40]
detected a very occasional co-localization between PIN1 and phosphorylated tau when
representing pre-tangles, rather than classic tangles, of AD.

In this study, we examined the relationship between the frequency and distribution of PIN1
and NFTs in different diagnostic groups. The subregional distribution of PIN1 granules in
the hippocampus and cortical areas was independent of that of NFT pathology in AD and
PD/DLB. Furthermore, bivariate correlation test failed to detect any significant association
between the overall severity scores of PIN1 and NFTs in three separate disease groups
including AD, PD/DLB and MND, suggesting that the frequency of NFT pathology was
independent of that of PIN1 granules. Interestingly, the PIN1 severity score was greater in
the ND cases with advanced Braak stages III–IV and V–VI as compared to Braak stage I–II.
In other words, while the degree of PIN1 severity in advanced tauopathy in AD and ND
cases with Braak stage V–VI tends to be higher, cases where the tauopathy is limited to the
transentorhinal and entorhinal regions, CA1 and CA2 hippocampal subfields (Braak stage I–
II) are more likely to have a lower PIN1 severity score, as compared to cases where NFT
pathology has spread more widely into the fusiform and neocortical association areas (Braak
stages III–IV) and primary and secondary neocortical areas of the occipital and frontal lobes
(Braak stages V–VI). These findings are in agreement with a previous study reporting the
absence or a very low frequency of PIN1 granules in five normal brains with NFT pathology
limited to the entorhinal cortex only [38]. In addition, Holzer et al. [23] described a very low
frequency of PIN1 granules in the subiculum, CA1, CA2 and CA3 subfields in five normal
controls; however, the authors described their control cases as having ‘no pathological signs’
without clearly defining the presence of any NFT pathology. Nonetheless, the very low
severity of PIN1 granules in ND brains with NFT pathology restricted to the entorhinal and
CA1/2 regions or complete absence of PIN1 granules in ND cases free of any NFT
pathology suggests that increased frequency of PIN1 granules requires, or at least associates
with, an advanced and a widely spread tauopathy. This dichotomy between the distribution
and spread of PIN1 and tau changes in AD and ND cases raises the question as to the role
PIN1 changes play in the pathogenesis of AD, when according to Braak staging [9] the
entorhinal cortex is the earliest site of tau involvement, and the temporal neocortex that of
Aβ plaque deposition. Such observations further the argument that PIN1 pathological
changes develop independently of tau and Aβ plaques, but their role in triggering or
progressing the course of AD remains unclear.

Western blot analysis of whole brain homogenates has demonstrated a reduction of the
soluble form of PIN1 as compared to an increased detection of its insoluble form in AD
brain [27]. Because PIN1 binds phosphorylated tau (p-tau) in vitro, it has been hypothesized
that aggregated tau might sequester and trap soluble PIN1 depleting its neuronal reserves
(for reviews, see Refs. [4, 23]). Lack of evidence of co-localization of PIN1 granules to
NFTs in AD as described by previous studies (see above) and absence of a direct
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relationship between the severity of PIN1 granules and NFTs, with lack of overlapping
distribution patterns of the two proteinopathies, do not support this viewpoint. Furthermore,
Lu et al. [30] showed that addition of non-mutated PIN1 to a mixture of monomers of
tubulin and p-tau increased the rate of tubulin polymerization and its assembly into
microtubules, as compared to tubulin alone or tubulin with mutated PIN1. In addition, mice
with PIN1 knockout develop age-dependent motor deficits, with accumulation of neuronal
p-tau aggregates in the hippocampus in 66.6% of PIN1−/− mice [28]. Therefore, these
authors suggested that an increased expression of PIN1 could be inversely associated with
NFTs. Although the present study consistently shows an absence or a minimal frequency of
neuronal PIN1 granules in cortical areas where NFT pathology is prominent, such a
relationship dissociates in the hippocampal subfields of CA1 and subiculum where PIN1
granules and NFT pathology are equally prominent. The lack of direct evidence of co-
localization, and of any significant association between the frequency and subregional
distribution patterns of PIN1 and NFTs, does not support the notion of a major ‘de-tangling’
role of PIN1. However, such a hypothesis could be appropriately examined by testing
whether the overexpression of PIN1 reduces NFTs in a cell culture or animal model of
tauopathies.

The transcription-responsive DNA-binding protein of Mr 43 kDa (TDP-43), which is a
nuclear protein involved in transcriptional repression and alternative splicing, forms a major
pathological component of ubiquitin-positive and tau-negative inclusions in FTLD with
ubiquitin inclusions and in amyotrophic lateral sclerosis [2, 36]. TDP-43 inclusions also
occur in AD, affecting 34.4% of AD cases in this study. The presence or absence of TDP-43
pathology had no impact on the frequency of PIN1 granules. Furthermore, in PD/DLB and
PSP/CBD cases, the presence or absence of Aβ plaques, which constitute a prominent
extracellular pathological hallmark in AD, also had no impact on the frequency of PIN1
granules. Together, these findings indicate that the incidence of PIN1 granules represents a
universal feature of AD that is independent of the frequency and distribution of NFT
pathology, presence or absence of Aβ and TDP-43 pathologies, with PIN1 frequency
increasing in more advanced NFT pathology.

In addition, we have reported for the first time PIN1 cytoplasmic inclusions in MND cases.
MND is a progressive fatal neurodegenerative disease, which manifests clinically as
progressive weakness, muscle wasting and spasticity resulting from selective loss of upper
and lower motor neurons [38]. Two types of ubiquitinated aggregates have been reported in
MND containing superoxide dismutase (SOD1) or TDP-43 [2]. Whether PIN1 granules play
any role in MND pathogenesis through an interaction with NFTs, SOD1 or TDP-43
inclusions remains to be investigated.

Although we observed a positive relationship between age at death and absence/presence of
PIN1 immunoreactivity or degree of PIN1 severity in ND cases, this can be explained by the
fact that younger ND brains, which lack evidence of disease-like pathology such as NFTs
and Aβ plaques, are also more likely to be free of PIN1 immunoreactive granules. Similarly,
CBD/PSP cases with PIN1 immunoreactivity were significantly older than the PIN1-
negative cases. It is presumed therefore that, as with normal people, those with
neurodegenerative diseases other than AD, such as PSP/CBD, as they get older, become
more likely to suffer/become susceptible to those processes that result in AD-associated
pathologies as plaques and tangles, and consequently PIN1 changes likewise.

The principal clinical implication of this present study directs that PIN1 could serve as a
potential biological marker of AD in plasma or cerebrospinal fluid, possibly distinguishing it
from other neurodegenerative dementias, particular those in which phosphorylated tau is
accumulated in the brain, as suggested by the highest frequency and severity of PIN1
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granules in AD as compared to other disease groups. We have shown that in younger brains
with no evidence of NFT pathology or Aβ plaques, there is no PIN1 immunoreactivity or
very mild PIN1 severity. Together, these findings and the increased severity of PIN1
granules in ND cases with higher Braak stages suggest that PIN1 might serve as an early
marker of Alzheimer-like pathology or could be useful in monitoring the development or
progression of disease.

Current leading cerebrospinal fluid (CSF) biomarkers for AD are amyloid-β peptide with 42
amino acid mutation (Aβ1-42) [16, 17], total tau and tau phosphorylated at Thr 181 (p-
tau181) [7, 45, 47]. The CSF ratio of p-tau181p/Aβ1-42 has been found to predict
longitudinal cognitive decline in 84 individuals with mild cognitive impairment (MCI) [25].
Combined analysis of t-tau and Aβ1-42 improves diagnostic accuracy with 86% sensitivity
and 97% specificity [31]. It can be postulated that PIN1 levels in the CSF, or plasma, might
correlate with the presence or severity of its expression in the brain and could serve as a
biomarker independent of tau or Aβ.

In summary, the enzyme prolyl-peptidyl isomerase PIN1 has been implicated in the
pathogenesis of AD by interacting with tau inclusions. The role of PIN1 as a neuroprotective
agent ameliorating NFT pathology requires further investigation. Its granular expression
represents a constant feature of AD, with severity and distributional patterns independent of
tau, Aβ and TDP-43 pathologies. It is suggested that changes in PIN1 evidence and parallel
the onset and progression of Alzheimer’s disease process, and may have potential utility as a
biomarker if PIN1 can be detected in CSF or plasma. This could aid in early identification of
ongoing AD-type pathology in individuals with suspected cognitive impairment, and
distinguish AD from other neurodegenerative dementias. Future research will investigate
whether PIN1 can indeed be detected in CSF, or even plasma, and whether levels of PIN1
correlate with AD neuropathology, or with disease progression and cognitive function.
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Fig. 1.
Morphological appearance of PIN1 granules in AD. Characteristic cytoplasmic granules
contained within vacuoles are reminiscent of GVD (a). PIN1 granules occur more severely
in CA1 (b) and CA2 (c), but also affect other regions such as the dentate gyrus (d). Scale
bars a, c, d 20 µm, b 100 µm
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Fig. 2.
PIN1 granules in other disorders and in ND cases. The appearance of PIN1 granules is
consistent in different groups and similar to those in a (a–d), except in FTLD cases where
PIN1 granules show weaker immunoreactivity (c). There is preferential involvement of CA2
in PSP (a), FTLD (c) and PD (d). b PIN1 granules in CA4 in MND. e Involvement of CA1
in ND cases. All scale bars 20 µm
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Fig. 3.
Box–whisker plots for the overall severity scores of PIN1 granules in the different
diagnostic groups. The length of each box represents the interquartile range (75–25%) of the
sample, the solid line drawn across the box the median and the dashed line the mean
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Fig. 4.
Box–whisker plots for the overall severity scores of PIN1 granules in the different FTLD
subgroups. The length of each box represents the interquartile range (75–25%) of the
sample, the solid line drawn across the box the median and the dashed line the mean
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Fig. 5.
The distribution of PIN1 granules and NFTs in AD (a) and in PD/DLB (b). PIN1 granules
occur more severely in CA1 and CA2 subfields and the subiculum in AD (a) but less so in
cortical regions; a topographical pattern was also reflected in PD/DLB cases, though much
less severely so (b). NFT distribution is independent of the distribution of PIN1 granules
with NFT pathology occurring less severely in CA2 subfield and more frequently in cortical
regions. Results are expressed as percentages of cases. DG dentate gyrus, Sub/Presub
subiculum/presubiculum, ENC entorhinal cortex, FG fusiform gyrus, TC temporal cortex
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Fig. 6.
The distribution of PIN1 granules in FTLD (a), PSP/CBD (b), MND (c) and ND cases (d).
Results are expressed as percentages of cases affected. DG dentate gyrus, Sub/Presub
subiculum/presubiculum, ENC entorhinal cortex, FG fusiform gyrus, TC temporal cortex
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Fig. 7.
Box–whisker plots for overall severity scores of PIN1 granules in AD and ND cases, the
latter being grouped according to Braak stages 0, I–II, III–IV and V–VI. The length of each
box represents the interquartile range (75–25%) of the sample, the solid line drawn across
the box the median and the dashed line the mean
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Fig. 8.
Box–whisker plots for overall severity scores of PIN1 granules in PD/DLB cases grouped
according to Braak stages 0–II, III–IV and V–VI. The length of each box represents the
interquartile range (75–25%) of the sample, the solid line drawn across the box the median
and the dashed line the mean

Dakson et al. Page 24

Acta Neuropathol. Author manuscript; available in PMC 2011 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
The distribution of TDP-43 pathological changes in AD. Results are expressed as
percentages of cases affected. DG dentate gyrus, Sub/Presub subiculum/presubiculum, ENC
entorhinal cortex, FG fusiform gyrus, TCX temporal cortex
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Table 2

Proportion of cases affected by PIN1 granules in the different diagnostic groups

Diagnostic group Present % (n)

AD (48) 100.0 (48)

PD/DLB (43) 79.1 (34)

FTLD (36) 44.4 (16)

PSP/CBD (12) 66.7 (8)

MND (21) 66.7 (14)

ND (34) 58.8 (20)
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Table 4

Correlations between the severity of PIN1 granules and NFTs in AD, PD/DLB and MND cases

Correlation coefficient P value

AD (n = 11) 0.590 0.056*

PD/DLB (n = 43) 0.276 0.073Ψ

MND (n = 12) 0.589 0.044*

*
Pearson’s correlation test

Ψ
Spearman’s first rank correlation test
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Table 5

Analysis of PIN1 mean overall severity scores in PD/DLB, FTLD, PSP/CBD and ND groups with (+ve) or
without (−ve) amyloid-β (Aβ) plaque pathology

N Aβ +ve Aβ −ve P value*

PD/DLB 36 2.6 ± 3.4 2.2 ± 1.8 0.828

FTLD 36 3.3 ± 3.8 0.9 ± 1.2 0.115

PSP/CBD 12 3.8 ± 2.5 1.7 ± 2.1 0.131

ND 29 5.3 ± 4.8 0.7 ± 1.7 0.006

*
P values calculated using either Student’s t test or Mann–Whitney U test
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