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Abstract Neurofibrillary pathology as found in Alzhei-
mer’s disease (AD) is also found in the normal elderly,
suggesting that these changes may be part of the aging
process. In this study, we assessed the densities and distri-
bution of structures recognized by the monoclonal anti-
body (mAb) to phosphorylated tau (AT8) in the hip-
pocampal formation and media temporal isocortex of 19
centenarians. Of these, 4 cases were demented and 15
non-demented. AT8 immunoreactivity correlated with the
global deterioration scale (GDS). The density of both in-
traneuronal neurofibrillary tangles (I-NFTs) and neuritic
clusters (NCs) significantly correlated with the GDS in
the layer 1l of the entorhinal cortex (r = 0.66, P = 0.005
and r = 0.611, P = 0.01, respectively). Density of I-NFTs
in the subiculum (r = 0.491; P = 0.034) aso correlated
significantly. No other area was found to be statistically
significant. Importantly, no correlation was found when
demented and non-demented centenarian cases were ana-
lyzed separately, suggesting that the difference marks a
fundamental shift between AD and non-demented indi-
viduals. This assertion is supported by the significantly
higher densities of I-NFTs and NCs in the transentorhinal
(P =0.043 and P = 0.011, respectively) and layer Il of the
entorhinal cortex (P = 0.02 and P = 0.007, respectively),
and I-NFTs in the subiculum (P < 0.001) and CAl (P =
0.011) in the demented group when compared with the
non-demented cases. Granular diffuse deposits, an early
stage parameter of the neurofibrillary pathology involving
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accumulation of non-fibrillar abnormally phosphorylated
tau protein did not correlate with the GDS or between
the two groups studied. This study, combining morpho-
metric and confocal analyses, not only provides further
evidence that, in the brains of patients with AD, the per-
forant pathway is highly sensitive to tau pathology but
also that involvement is distinct from the changes of nor-
mal aging, even of the oldest old.
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Introduction

Alzheimer’s disease (AD) is histopathologically charac-
terized by the presence of neuritic plagues (NPs), neu-
rofibrillary tangles (NFTs) and neuropil threads (NTs) dis-
tributed along transentorhinal and entorhinal cortices, the
hippocampal formation and the isocortex. Similar patho-
logical changes are also found in normal elderly subjects
[17, 26, 32, 37], although in lesser amounts than in AD.

The distribution of fibrillar and non-fibrillar pathology
in isocortical areas has been considered a major criteria
for the accurate diagnosis of AD [16, 27] since it is not
severly affected in aging. On the other hand, neurofibril-
lary changesin the entorhinal cortex and hippocampus are
often present in non-demented elderly people. For this
reason, the histopathological changes in these areas have
not been considered diagnostic for AD [3, 16, 27]. Deter-
mining if the range of neuropathologica and clinica
changes described in the elderly [1, 6, 17, 26, 32, 37] ac-
tually represent pre-clinical stages of AD or are alter-
ations merely related to normal aging is a major issue in
understanding AD. In this study, we address this issue by
studying the histopathology in the hippocampus of a co-
hort of centenarians with the goal of determining if the
changes of AD are distinct from aging.

Abnormally phosphorylated microtubule-associated tau
protein is a conspicuous component of the paired helical
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filaments (PHFs) which accumulate in degenerating neu-
ronsin AD [12, 15, 28]. Phosphorylation of serines 199,
202 and threonine 205 in the PHF-associated tau protein
is specifically recognized by the monoclonal antibody
(mAb) AT8 [4, 20, 21]. Nevertheless, phosphorylated tau
protein is also found by immunoblotting in both AD and
control individuals aged over 70 years [39].

Previous analyses of very old normal subjects showed
that neurofibrillary changes, while present, were less fre-
guent than in AD cases[25]. In agroup of demented cen-
tenarians, neurofibrillary changes were distributed in the
CAL1 of the hippocampus as well as the neocortex, an area
preserved at the earliest stages of AD in younger cases
[18, 19].

In the present study, using conventional and confocal
microscopy we immunocytochemically assessed the den-
sities and distribution of AT8-immunoreactive (IR) struc-
tures in the hippocampal formation and superior tempora
isocortex of 19 centenarian cases. The quantitative data
were correlated with the global deterioration scale (GDS)
aclinical parameter of cognitive state. Our findings sup-
port a distinct increase in neurofibrillary pathology with
onset of dementia.

Material and methods
Cases

Clinical and neuropathological data for the 19 centenarian cases
studied have been previously reported [13, 14, 24]. The severity of
the mental deterioration was retrospectively staged according to
the GDS. The series included 15 cases classified as non-demented
(GDS < 3), and 4 demented cases; 1 affected with AD and 3 with
mixed dementia (combined vascular and AD changes). Brains
were fixed in formalin and embedded in paraffin. Adjacent sec-
tions, 7 um thick, from the superior temporal gyrus, hippocampal
formation and entorhinal cortex were obtained and used for im-
munocytochemistry with mAb AT8.

Immunocytochemistry

Prior to the immunolabeling, deparaffinized sections were incu-
bated in 0.5% hydrogen peroxide-phosphate buffered saline (PBS)
to inactivate endogeneous peroxidase. Specimens were then incu-
bated with the primary mAb AT8 (I :500) diluted in PBS contain-
ing 0.2% Triton X-100, for 1 h at room temperature. A goat anti-
mouse immunoglobulin horseradish peroxidase conjugate (HRP)
was used as secondary antibody for 1 h. Bound peroxidase was re-
vealed by the addition of 0.06% diaminobenzidine and 0.01% hy-
drogen peroxide in PBS (pH 7.4). When the reaction was com-
pleted slides were washed by immersion in PBS. For morphometry
sections were counterstained with hematoxylin, then dehydrated
and mounted in DPX.

Morphometry and statistics

Counts of AT8-IR structures were performed blindly to the clinical
diagnosis. The density of NFTs in the hippocampal formation and
entorhinal cortex was established by counting three adjacent fields
per section randomly chosen in each sub-area. For the superior
temporal gyrus, the measurements were made in six fields in
the vicinity of the sulcus. Identification and counting of AT8-IR
structures were made using x 25 and x 40 objective lens. The den-

sity of IR structures was expressed as the number of structures per
mm? [33]. Correlations between the density of the IR structures in
different areas with the GDS were determined by Spearman’sr co-
efficient. Comparisons between the demented and non-demented
groups were made using the non-parametric test of Mann-Whitney.

Confocal microscopy

Selected samples were double labeled with the mAb AT8 and
the dye thiazin red (TR; Fluka, Busch); after mAb AT8 incubation
for 1 h, sections were incubated with fluorescein isothiocyanate
(FITC)-tagged goat anti-mouse 1gG for 1 h, and washed with PBS-
0.2% Triton X-100. Sections were counterstained with TR (0.01%
in water) for 5 min, then washed and mounted in an anti-quench-
ing media (Vectashield, Vector Labs). TR isared fluorescence dye
which differentiates between non-fibrillar and fibrillar state of ag-
gregation of tau antigens associated with the PHFs [30]. Double-
immunolabeled sections were viewed with a x 60 (N. A. 1.4) ail
immersion objective on an epi-fluorescence Nikon microscope
with attached confocal system (Bio-Rad MRC 600, Watford, UK).
From each area, 10-15 optical Z-sections (around 0.2-0.5 pm
thick) were scanned using the dual channel imaging system of the
laser confocal microscope. When both channels were merged, the
correspondent pseudocolors green for FITC, red for TR and yellow
for colocalization were displayed at the monitor screen.

Results

Distribution of AT8-IR structures
in demented and non-demented cases

In all the centenarian cases mAb AT8 identified intracel-
lular tangles (I-NFTs), granular diffuse deposits (GDD) in
the cytoplasm, as well as neuritic clusters (NCs) and neu-
ritic plaques (NPs) (see Fig.3A-H). For morphometry,
NPs and NCs were considered together. Neuropil threads
were also immunolabeled with mAb AT8, but were not
considered in the morphometrical analysis.

When all the cases were analyzed together, layer |1 of
the entorhinal cortex, the subiculum and CA1l areas
showed the highest number of AT8-IR structures (Fig. 1).
In each region, the number of I-NFTs was significantly
higher than any other AT8-IR structure (P < 0.05), with
the exception of the superior temporal isocortex (Fig. 1).

Correlations between the densities of AT8-IR structures
and the GDS

When all the areas were considered together, the density
of AT8-IR I-NFTs correlated significantly with the GDS
(r =0.547, P = 0.016; Table 1), while no significant cor-
relation of the GDS was found with the other two AT8-IR
structures (GDD and NC).

Additionally, when each area was analyzed separately,
a significant correlation between the densities of AT8-IR
I-NFTs and the GDS was found in layer 11 of the entorhi-
nal cortex (r = 0.66, P = 0.005) and the subiculum (r =
0.491, P = 0.034), but not in CA1, regardless of the high
number of AT8-IR structures present in this area (Table
1). The density of AT8-IR NCs correlated with GDS in
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Fig.1 Regiona distribution of AT8-IR structuresin agroup of de-
mented and non-demented centenarians. Six brain regions were as-
sessed: superior tempora isocortex (ST), transentorhinal (TR),
layer 11 of the entorhinal cortex (ERC 1), layer 1V of the entorhi-
nal cortex (ERC 1V), subiculum (SUB), and CA1. Three different
lesions were quantified: I-NFTs, GDD, NC. Density of lesions cor-
responds to the average of 19 cases. Lesions are found most fre-
quently in CA1, ERC Il and SUB. For each region the statistical
significance of differences between the three lesions are indicated
with asterisks (Student-Newman-Keuls: *P < 0.05) (IR immunore-
active, |-NFTs intracellular tangles, GDD intracellular granular
diffuse deposits, NC neuritic clusters)

layer Il of the entorhinal cortex (r = 0.611, P = 0.01), but
not in the other regions (Table 1).

Correlation between the density of AT8-IR structures
and the GDS among demented
and non-demented centenarians

To distinguish the effects of aging and AD we separated
the centenarians into demented and non-demented groups.
None of the previous correlations between the densities of
these structures and the GDS were obtained when the de-

Table 1 Correlations between the density of AT8-IR structures
and the mental deterioration scale (GDS) (IR immunoreactive, ST
superior temporal isocortex, TR transentorhinal, ERC 11/IV layer
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mented and non-demented centenarian cases were sepa-
rated (data not shown).

Density of AT8-IR structures
in the demented and non-demented groups

Considering al the areas together, the densities of AT8-IR
I-NFTs and NCs were significantly higher in the de-
mented group than in the non-demented one (P < 0.006
for I-NFTsand P < 0.001 for NCs) (Table 2, Fig. 2). When
the different areas were analyzed separately, the number
of AT8-IR I-NFTs was significantly higher in the de-
mented than in the non-demented group in the transen-
torhinal (P = 0.043), the layer Il of the entorhinal cortex
(P = 0.02), the subiculum (P < 0.001) and CAl (P =
0.011). In addition, the number of AT8-IR NCs was sig-
nificantly higher in the demented group than in non-de-
mented individuals in the transentorhinal region (P =
0.011) and layer |1 of the entorhinal cortex (P = 0.007). In
constrast, the density of cells with AT8-IR GDD was not
significantly different between the two groups (Table 2).

Double labeling with AT8 and TR

For some cases, sections immunolabeled with mAb AT8
were counterstained with the red fluorescent dye, TR, to
monitor the state of assembly of abnormally phosphory-
lated tau protein in both I-NFTs and NCs, using confocal
mi croscopy.

AT8-IR structures of various types were observed
mainly in the CA1 area of the hippocampus. These AT8-
IR structures displayed differential labeling with TR. The
AT8-IR GDD appeared to be an earlier stage of neurofib-
rillary pathology since they were not detected by TR
when they were present in neurons devoid of NFTs (Fig. 3
A). Similar results were obtained by confocal microscopy
after immunolabeling with the mAb 423 [30, 31], which
recognizes a C-terminal truncation at Glu-391 of the tau
protein [35]. Asshownin Fig.3A, the AT8-IR GDD were
distributed throughout the soma and the proximal den-
drites. The green immunolabeling was also present in the
perikarya. Optical sections through the nuclear area
demonstrated that the immunolabeling was associated

11/1V of the entorhinal cortex, SUB subiculum, I-NFT intracellular
neurofibrillary tangles, GDD intracellular granular diffuse deposits,
NC neuritic clusters

Structure ST TR ERCII ERC IV SUB CAl All areas
I-NFTs 0.264 0.392 *0.660 0.404 *0.491 0.347 *0.547
0.299 0.107 0.005 0.106 0.034 0.143 0.016
GDD 0.321 -0.121 0.012 -0.242 -0.159 —-0.402 -0.304
0.205 0.627 0.959 0.342 0.508 0.088 0.203
NC 0.334 0.405 *0.611 0.468 0.270 0.296 0.430
0.188 0.094 0.010 0.059 0.259 0.214 0.066

For each pairwise comparison the correlation coefficient r (upper) and the significance value P (below) are given.

* Significant correlation values
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Table2 Comparison of the density of AT8-IR structures between
demented and non-demented cases. Analysis by area (ns not sig-
nificant)

Structure ST TR ERC ERC SUB CA1 All

I v areas
I-NFTs ns 0.043 0.02 ns <0.01 0011 0.006
GDD ns ns ns ns ns ns ns
NC ns 0011 0007 ns ns ns < 0.001

P values obtained by non-parametric statistics
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Fig.2 Density of AT8-IR structures in demented and non-de-
mented cases. The densities of I-NFTs and NC are significantly
higher in the demented group than in the non-demented cases
(*P =0.006, **P < 0.001). See the legend for Fig. 1 for the codes

with the nuclear envelope and absent inside the kario-
plasm (not shown). GDD were not labeled with TR. The
earliest evidence of phosphorylated tau aggregation was
observed in both the somata and the proximal dendrites
(Fig.3B, C). These structures took the form of doubly la-
beled “pre-mature tangles’ in the somatic compartment
varying in number from a single (Fig.3B) to severa de-
posits (Fig.3C). These AT8-IR fibrillar aggregates were
characteristically associated with the GDD when present
in the same cell (arrowhead, Fig.3B). In a number of
AT8-IR cells, aggregates were observed in the soma that
were AT8-IR, while “tufts’ were observed in the proximal
neuritic tree. That the mgjority of “tufts’ were double im-
munolabeled by mAb AT8 and TR (arrows, Fig.3D) sug-
gested a state of assembly similar to that observed in the
soma. The adjacent neuritic processes remained unde-
tected by TR (arrowhead, Fig.3D). Typical AT8-IR I-
NFTs were characteristically labeled by TR (arrow Fig. 3
E). Some tangle-like structures detected by TR in the red
channel were not labeled by mAb AT8 (Fig.4C, D). Aut-
ofluorescent lipofuscin deposits were located in the soma
and displayed a granular appearance in the red channel

(arrowhead, Fig.3E). AT8-IR I-NFTs mingled with lipo-
fuscin granules were a common finding (Fig.4A, B).

AT8-IR NCs were found either associated with amy-
loid-f3 deposits (Fig.3F) or as compact clusters without
amyloid-3 in the vicinity (Fig.3G). Interestingly, con-
trasting with the neurites present in the vicinity of the
amyloid-f3 fibrils, which were labeled by the two markers,
some compact clusters were labeled by mAb AT8 and dif-
ferentially by TR, suggesting a differential aggregation
state of phosphorylated tau protein in this lesion (arrows,
Fig.3G). A common finding was extracellular tangles la-
beled by TR (arrows, Fig. 3H) whose associated enlarged
neurites were labeled by the mAb AT8 aswell as TR (ar-
rowhead, Fig.3H).

Discussion

There has been considerable controversy regarding the re-
lationship of cognitive dysfunction and neurofibrillary
changes occurring in the elderly. In the elderly, the neu-
ropathological changes of amyloid-3 plaques and I-NFTs
are more confined to the entorhinal cortex and hippocam-
pus rather than spread throughout the neocortex asin AD
[5, 8, 36]. However, the usefulness of these findings is
limited by the fact that most studies lacked a history of a
cognition prior to death [11, 29, 38]. In contrast, those
clinicopathological studies that contained the results of
prior cognitive testing showed that neuropathological
changes in the hippocampus are correlated with cognitive
loss [7]. In the present immunocytochemical study, we
guantitatively analyzed AT8-IR structures present in the
hippocampal formation and the superior temporal isocor-
tex of agroup of French centenarians, who have been well
documented in previous publications, both for their clini-
cal and neuropathological features [13, 14, 24].

In the present study, we show that layer Il of the en-
torhinal cortex, the subiculum and CA1 contain the high-
est densities of AT8-IR I-NFTs. The density of I-NFTs
was the only parameter that significantly correlated with
cognition defined by the GDS (Table 1). I-NFT density in
layer 11 of the entorhinal cortex correlated better with the
stage of the mental decline than did I-NFT density in the
other regions. In addition, in the same region, the number
of AT8-IR NCsalso correlated with GDS (Table 1). Taken
together, these data support the high vulnerability of layer
Il entorhinal cortex neurons. Vulnerability of this area to
develop NFTs both in the elderly and in AD has been pre-
viously reported [10, 22, 23]. In this cohort of centenari-
ans, composed of normal and demented individuals, our
results suggest that the extent of neurofibrillary pathology
parallels incrementally impairment of cognition.

Most studies have correlated the severity of cognitive
impairment in AD with development of NFTs and NPsin
the neocortex [1, 3, 16, 27, 34] and not in the entorhina
cortex or hippocampus. The latter regions are less studied
for clinicopathological correlation since NFTs are present
in normal aging [3, 10, 16, 27]. In the centenarian cases
analyzed in this study, the number of AT8-IR NFTsin de-
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Fig.3A-H Double immunolabeling with mAb AT8 and TR. In
merged images, colocalization of AT8-IR (green) and TR labeling
(red) is seen as a yellow pseudocolour. A GDD in the cytoplasm,
nuclear membrane and proximal dendrites in a pathological cell
(arrows). Autofluorescent lipofuscin with a granular appearance is
commonly found in the red channel (arrowhead). B In some cells,
besides the presence of GDD (arrowhead), “pre-mature tangles’
(arrow) are also present in the cytoplasm. C In the same cell ava-
riety of immunoreactive structures are seen which may correspond
to “pre-mature tangles’ and distributed toward the nucleus (ar-
rows). D In some cells, “tufts’ in the proximal neuritic tree were
double labeled by mAb AT8 and TR (arrows). An adjacent neu-

ritic process is aso detected in the green channel (arrowhead). E
Double labeling with mAb AT8 and TR of an intracellular tangle
(arrow). Autofluorescent granules are detected only in the red
channel (arrowhead). F Typically, the neuritic clusters associated
with B-amyloid deposits are double labeled with mAb AT8 and TR
(arrows). G Some neurites of the compact clusters not associated
with amyloid-p deposits, were labeled by mAb AT8 but not by TR
(arrows). H Extracellular NFTs (arrows) lose mAb AT8 im-
munoreactivity (green) but preserve binding sitesto TR (red). The
neurites present in the vicinity are double labeled by the two mark-
ers (arrowhead) (TR thiazin red). Bars A—H = 10 pm



Fig.4A-D Double immunolabeling with mAb AT8 and TR. A, B
mAb AT8-IR NFT detected in the green channel (A) is mingled
with autofluorescent of lipofuscin deposits fluorescing in the red
channel (arrowsin B). C, D Some NFTs and dystrophic elements
which are detected by TR (arrows in D) are not immunolabeled
with mAb AT8 (C). Bars= 10 um

mented cases was significantly higher in the subiculum,
layer Il of the entorhinal cortex, transentorhinal cortex
and CA1, when compared with the same regions in non-
demented cases (Table 2). Similar differences were found
for the density of NCsin layer |1 of the entorhinal cortex
and transentorhinal area. No neuropathological difference
between both groups was found in the superior temporal
isocortex. These findings support the view that even with
substantial cortical involvement, the key to dementia is
involvement of the perforant pathway.

I-NFT formation appears to be preceded by accumula-
tion of abnormally phosphorylated tau protein in anon-as-
sembled state [2, 7], suggesting that this process is one of
the earliest cytoskeleton abnormalities. Similar IR pat-
terns have been observed in normal non-demented cases
using mAb 423 [31], which identifies a truncation at the
Glu-931 of the PHF-associated tau protein [35].

TR labeling demonstrated differential states of aggre-
gation of abnormally phosphorylated tau protein in neu-
rons. In particular, the “pre-mature’ tangles (Fig.3B, C)
appear to originate in more than one site in the soma. In
later stages, the smaller tangles appear to have fused and
form the typical I-NFT (Fig.3E). “Pre-mature” tangles
may correspond to the group 2 of Braak in which the same

mAb AT8 was employed [7]. The observation of AT8-IR
NFTs mingled with the granular deposits of lipofuscin
suggests that lipofuscin may contribute to NFT formation
(Fig.4A, B). AT8-IR was also seen in a perinuclear loca-
tion in some cells lacking binding sites to TR, suggesting
a non-fibrillar state. A previous study has described the
presence of tau immunoreactivity inside the nucleus
rather than on the outer membrane [9]. It certainly sug-
gests that perinuclear tau accumulation can act as an or-
ganizing “center” for the assembly of “pre-mature tan-
gles’ that subsequently progressto I-NFTs.

Double labeling with mAb AT8 and TR for extraneu-
ronal NFTs (Fig. 3H) shows they have lost all AT8-IR, as
aresult of extracellular proteolysis, while they are still de-
tected by TR (adye with high affinity for 3-pleated-sheet-
assembled structures). Similar results were found in a
population of dystrophic neurites, aso suggesting their
extracellular nature (Fig.4C, D).

In general, these findings using double labeling confo-
cal microscopy indicate that abnormally phosphorylated
tau protein is present in different stages of assembly in
both tangles and neurites.

In summary, our study of centenarians shows that the
density of neurofibrillary structuresin the hippocampus of
demented cases was significantly higher than in the non-
demented individuals. Strikingly, neurons from the per-
forant pathway showed the greatest increase in demented
versus non-demented cases. These findings support the
view that the dementia of AD marks a clear departure
from normal aging even in the oldest old. In addition, our
results show that tau deposits in a non-fibrillar state did
not correlate significantly with dementia status as tangles
do.
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