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Senile plaques are a prominent pathological feature
of Alzheimer’s disease (AD), but little is understood
about the association of glial cells with plaques or
about the dynamics of glial responses through the
disease course. We investigated the progression of
reactive glial cells and their relationship with AD
pathological hallmarks to test whether glial cells are
linked only to amyloid deposits or also to tangle de-
position, thus integrating both lesions as a marker of
disease severity. We conducted a quantitative stereol-
ogy-based post-mortem study on the temporal neo-
cortex of 15 control subjects without dementia and 91
patients with AD, including measures of amyloid load,
neurofibrillary tangles, reactive astrocytes, and acti-
vated microglia. We also addressed the progression of
glial responses in the vicinity (=50 pum) of dense-core
plaques and tangles. Although the amyloid load
reached a plateau early after symptom onset, astrocy-
tosis and microgliosis increased linearly throughout
the disease course. Moreover, glial responses corre-
lated positively with tangle burden, whereas astrocy-
tosis correlated negatively with cortical thickness.
However, neither correlated with amyloid load.
Glial responses increased linearly around existing
plaques and in the vicinity of tangles. These results
indicate that the progression of astrocytosis and
microgliosis diverges from that of amyloid deposi-
tion, arguing against a straightforward relationship
between glial cells and plaques. They also suggest
that reactive glia might contribute to the ongoing
neurodegeneration. (4m J Pathol 2011, 179:1373-1384%
DOI: 10.1016/j.ajpath.2011.05.047)

Activated glia is a prominent feature of Alzheimer’s dis-
ease (AD) neuropathological features, with both reactive
astrocytes and activated microglia clustering around and
within dense-core amyloid plaques (ie, thioflavin-S—pos-
itive plaques).” A better understanding of how these reac-
tive glial cells accrue during the disease course and how
they relate to the classic AD pathological hallmarks [ie,
amyloid plaques and neurofibrillary tangles (NFTs)] is cru-
cial for the following reasons: i) a body of preclinical evi-
dence implicates these glial cells in AD pathophysiological
features; ii) new positron emission tomographic (PET) radio-
tracers for amyloid plaques, NFTs, and, particularly, acti-
vated glial cells are being developed as diagnostic and
progression biomarkers; and iii) clinical trials with anti-in-
flammatory therapies, ranging from nonsteroidal anti-inflam-
matory drugs (NSAIDs) to i.v. g, are under development.
In a previous gquantitative neuropathological study,? we
observed a positive linear correlation between astrocytosis
in the temporal neocortex, as measured with a glial fibrillary
acidic protein (GFAP) enzyme-linked immunosorbent as-
say, and the duration of the disease from the onset of
cognitive symptoms, despite the plaque burden remaining
stable throughout the course of the disease. We hypothe-
sized that a certain threshold of amyloid burden might be
needed to trigger glial responses within a particular region
of the cortex and that, once triggered, glial responses would
reflect a pathogenic cascade increasingly independent of
plagues. In the present study, we sought to extend that
observation and test the hypothesis that, although initially
linked to plagues, glial responses increasingly reflect the
widespread ongoing neurodegenerative process. We
quantified the number of reactive astrocytes and activated
microglial cells in the temporal neocortex of a large cohort of
controls without dementia and subjects with AD at different
stages of the disease and investigated both their apparent
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progression throughout the disease course and their relation
to the local burden of amyloid plagues and NFTs. Although
glial association with amyloid plagues has long been as-
sumed, we found a dissociation between these pathological
features, with a linear increase of reactive glia despite a rela-
tively stable plaque burden. The magnitude of these glial
changes correlated with the burden of NFTs. A closer analysis
in a subset of subjects with AD revealed that reactive glial cells
increased both in the proximity of dense-core plaques and
near NFTs, thus supporting a previously not described asso-
ciation between glial responses and neurofibrillary degenera-
tion.

Materials and Methods

Brain Specimens and Immunohistochemical
Studies

Formalin-fixed, paraffin-embedded tissue specimens from
the temporal association isocortex (Brodmann area 38) of
91 patients with AD and 15 controls without dementia were
obtained from the Massachusetts Alzheimer Disease Re-
search Center Brain Bank. They were consecutively selected
by tissue availability. All of the study subjects or their next of kin
gave written informed consent for the brain donation, and the
Massachusetts General Hospital Institutional Review Board
approved the study protocol. The demographic characteris-
tics of both groups are depicted in Table 1. All of the patients
with AD fulfilled the National Institute of Neurological and Com-
municative Disorders and Stroke—Alzheimer's Disease and
Related Disorders Associations criteria for probable AD® and
the National Institute on Aging—Reagan criteria for high likeli-
hood of AD.* Cases with cerebrovascular disease considered
severe enough to contribute to the dementia syndrome were
excluded because cerebrovascular disease is a major cause
of focal gliosis. Cases with Lewy body pathological features
were also excluded. Sections (8-um thick) were deparaffinized
for immunohistochemistry by standard methods. Primary and
secondary antibodies, pretreatments for antigen retrieval, and
visualization strategies are summarized in Table 2. For stereo-
logical quantitative studies, immunostained sections were de-

veloped with 3,3'-diaminobenzidine (Vector Laboratories, Bur-
lingame, CA), lightly counterstained with Mayer’'s hematoxylin,
dehydrated with increasing concentrations of ethanol, cleared
with xylene, and cover-slipped with Permount mounting media
(Fisher Scientific, Fair Lawn, NJ). Nearly adjacent temporal
sections from a subset of 40 subjects with AD and six controls
without dementia were immunostained using fluorescently la-
beled secondary antibodies, counterstained with 0.05% thio-
flavin-S (Sigma, St Louis, MO) in 50% ethanol for 8 minutes,
and cover-slipped with Vectashield mounting media with 4',6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories).

Quantitative Neuropathological Analyses

We took advantage of stereology tools to perform unbi-
ased quantitative neuropathological studies in these
brain specimens. All analyses were conducted blinded to
disease status.

Cortical Thickness

Cortical thickness was measured in sections stained with
Luxol fast blue H&E, as previously described.® Briefly, the
image analysis software CAST (Olympus, Copenhagen,
Denmark), mounted on an upright BX51 Olympus micro-
scope (Olympus) and coupled with a motorized stage
and a charge-coupled device camera, was used to ran-
domly sample the cortex of the entire section and mea-
sure the thickness of the full cortex. The measurements of
full cortical thickness in 20 random sites were averaged.

Amyloid Load and Number of Total Amyloid Plaques

Amyloid load and stereology-based studies on 3,3'-di-
aminobenzidine sections were conducted in an upright
Leica DMRB microscope (Leica, Wetzlar, Germany)
equipped with a motorized stage and a charge-coupled
device camera (model DC330; DAGE-MTI, Inc., Michigan
City, IN) and coupled with the software BIOQUANT NOVA
PRIME, version 6.90.10 (MBSR, Nashville, TN). Amyloid
load was measured as the percentage of total surface

Table 1. Demographic Characteristics of the Cohorts without Dementia and with AD and Their Corresponding Subsets Included in the

Quantitative Neuropathological Study

Control cohort AD cohort Control subset AD subset
Characteristics (n = 15) (n=091) P value (n=6) (n = 40) P value
Age at death (years)* 79.9 £ 13.3 79.0+7.8 NS 83.7 £ 14.0 776 +86 0.0429
Female sex’ 10 (66.7) 58 (63.7) NS 4(66.7) 26 (65.0) NS
Disease duration (years)* NA 9.8 (6.8-13.7) NA NA 9.9 (56.4-15.5) NA
APOE genotype’
APOEe4 carriers 4(26.7) 59 (64.8) 0.0090 2(33.3) 21(52.5) NS
APOEe4 alleles’® 4(13.3) 70 (38.5) 0.0070 2(16.7) 25(31.2) NS
Post-mortem interval (hours)* 223+ 128 13.9+ 9.1 0.0085 21.0 = 11.1 141 +6.2 NS

Information about cause of death was available in only 44 of the 91 subjects with AD because nursing homes are the main source of our brain donation
program. Patients with protracted death (mostly aspirative pneumonia and cancer, n = 31) did not differ from patients with sudden death (mostly pulmonary
emboli and myocardial infarction, n = 13) regarding their age at death (P = 0.2261), disease duration (P = 0.9898), or amount of astrocytosis (P = 0.1870)
and microgliosis (P = 0.9180). Statistically significant P values are boldfaced.

*Data are given as mean = SD. P values were obtained using the two-tailed Mann-Whitney U-test.

TData are given as number (percentage) of each group. P values were obtained using the two-tailed x? test with Fisher’s exact test.

*Data are given as median (interquartile range).

S$To obtain percentages, the denominators for this row were doubled.

NA, not applicable; NS, not significant.
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Table 2. Antibodies, Antigen Retrieval Protocols, and Visualization Strategies Used in the THC Studies

Primary antibody Host Dilution

Antigen retrieval*

Secondary antibody’ Visualization strategy

10D5 (Elan Pharmaceuticals, Ms  1:50

Citrate buffer + MW

HRP anti-Ms (1:200) DAB (Vector Laboratories)

Inc.) and 90% formic acid

for 5 minutes
Citrate buffer + MW

PHF1 (gift from Dr. Peter Ms  1:200
Davies)

GFAP (catalogue no. G9269; Rb  1:1000 Citrate buffer + MW

Sigma)

CD68 (catalogue no. M0814; Ms  1:100
Dako, Glostrup, Denmark)

Ibal (catalogue no. Rb  1:250
019-19741; Wako)

NAB61 (gift from Dr. Virginia  Ms  1:500 None
Lee)

Citrate buffer + MW

Citrate buffer + MW

Biotin anti-Ms (1:200) ABC kit + DAB (Vector
Laboratories for both)

i) Biotin anti-Rb i) ABC kit + DAB (Vector

(1:200) and Laboratories for both) and ii)
i) Cy3 anti-Rb none
(1:200)

Biotin anti-Ms (1:200) ABC kit + DAB (Vector
Laboratories for both)
Cy3 anti-Rb (1:200)  None

Biotin anti-Ms (1:200) ABC kit (Vector Laboratories) +
streptavidin-Cy3 (1:200)
(Invitrogen)

*Citrate buffer + MW indicates 0.01 mol/L citrate buffer (pH 6.0) with 0.05% Tween 20 in a microwave oven at 95°C for 20 minutes.
TAll secondary antibodies were obtained from Jackson ImmunoResearch Labs (West Grove, PA).
ABC, avidin-biotin complex; DAB, 3,3'-diaminobenzidine; HRP, horseradish peroxidase; Ms, mouse; Rb, rabbit.

stained by the N-terminal-specific anti-amyloid 8 (AB) anti-
body 10D5 (Elan Pharmaceuticals, Inc., Dublin, Ireland) in a
full-thickness strip of cortex (approximately 1-cm long) us-
ing the optical threshold application of the software. The
total number of amyloid plaques in a 1-cm-long strip of
cortex was calculated by dividing the total number of par-
ticles higher than the threshold by the area analyzed (both
parameters provided by the software) and then correcting
the resultant density by the cortical thickness.

Stereology-Based Quantitation of NFTs,
Astrocytes, and Microglia

Paired helical filament 1—positive NFTs, GFAP-positive as-
trocytes, and CD68-positive microglial cells were counted
with the optic dissector technique,® using either 100 cells or
1000 optical dissectors as the end point. The objective/
dissector size used in each case was 40/150 X 150 um for
paired helical filament 1—positive neurons, 40/50 X 50 um
for GFAP-positive astrocytes, and 100/20 X 20 wm for
CD68-positive microglial cells. Intraneuronal and extracel-
lular ghost tangles were not distinguished. Because differ-
ent pathological features tend to accumulate in specific
layers of the cortex (ie, reactive astrocytes in layer | and
NFTs in layers Il and V), care was taken to cover all of the six
cortical layers in the systematic random sampling to avoid
selection bias. As with the amyloid plagues, the densities of
NFTs, astrocytes, and microglial cells were calculated by
dividing the number of cells counted in single sections by
the total area of the dissectors analyzed. To avoid any
overestimation of densities because of disease-related cor-
tical atrophy, these densities were then corrected by the
cortical thickness to estimate the total number of cells within
a full-thickness 1-cm-long strip of cortex.

Stereology-Based Quantitation of Oligomeric
AB-Positive and Dense-Core Plaques

We performed additional quantitative studies in a subset of
40 AD cases selected from the original AD cohort on the

basis of a wide range of disease duration and in a subset of
six controls without dementia (ie, those with enough dense-
core plaques). These subsets were representative of their
corresponding cohorts in demographic characteristics, and
the AD subset was also comparable to the entire AD cohort
in neuropathological quantitative measures (Table 1; see
also Supplemental Table S1 and Figure S1 at http./ajp.
amjpathol.org). To study the progression of compact and oli-
gomeric species of AB, we quantified the number of dense-
core plaques and oligomeric AB-positive plaques in sections
doubly stained with thioflavin-S and NAB61 antibody. The
NAB61 antibody was provided by Dr. Virginia Lee (University
of Pennsylvania, Philadelphia) and has been previously char-
acterized. It is a conformation-specific anti-AB mouse mono-
clonal antibody that binds to AB dimers, small oligomers, and
higher-order AB assemblies and stains a subset of mature
dense-core plaques.” Virtually no thioflavin-S-negative plagque
was immunoreactive for NAB6G1. In this study, 100 dense-core
plaques per case were randomly sampled, as previously de-
scribed, and their positivity for NAB61 was qualitatively as-
sessed. The densities of dense-core plagues and NABG1-
positive plagues obtained were corrected by the cortical
thickness to calculate total numbers of plaques within a 1-cm-
long full-thickness strip of cortex.

Spatial Relationships of Dense-Core Plaques,
NFTs, Astrocytes, and Microglia

Single sections from the subset of 40 AD cases were
also doubly stained with thioflavin-S and GFAP or Iba1l
to investigate the spatial relationship between glial re-
sponses and dense-core plaques and NFTs along the
course of the disease. Optimal fluorescent immunola-
beling of activated microglia was achieved with anti-
body Ibal (Wako, Osaka, Japan), another marker
widely used for activated microglia. Sections were
placed on the motorized stage of an upright BX51
Olympus microscope equipped with CAST stereology
software. One hundred GFAP-positive astrocytes or
Iba1-positive microglial cells per section were ran-
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Figure 1. Progression of cortical atrophy and amyloid deposition in the temporal neocortex in AD (see also Table 3). A: Cortical thickness decreased linearly,
along with the symptomatic disease duration, indicating that this is a reliable proxy of disease severity. Amyloid burden (B) and total number of plaques (C)
increased during the first years of the clinical course of the disease but reached a plateau soon after.

domly selected under the X20 or the X40 objective, were considered. Astrocytes and microglial cells were
respectively, and their distance with respect to the classified into three categories: i) close to plaques, if
closest dense-core plaque or NFT was measured with located =50 um from the edge of a plaque (regardless
the appropriate tool of the software. For consistency, of the presence of an NFT within this boundary); ii)
only cells with a visible nucleus in the DAPI staining close to NFTs, if located =50 um from an NFT but far

Table 3. Summary of the Results from the AD and Control Cohorts

AD + CTRL with plaques

AD cohort (n = 91) (n = 101) AD + all CTRL (n = 106)
One-phase One-phase One-phase
Variable Linear exponential Linear exponential Linear exponential
Cortical thickness (um)
AAICc 1.804 NA NA
Probability (%) 71.13 28.87 100 Not converged 100 Not converged
Goodness (R?) 0.1797 0.1831 0.2130 NA 0.2296 NA
Slope # 07? (P) <0.0001 NA <0.0001 NA <0.0001 NA
Spearman’s r -0.3977 NA —0.4523 NA —0.4649 NA
Spearman’s P <0.0001 NA <0.0001 NA <0.0001 NA
Amyloid burden (%)
AAICc 4.347 10.83 18.23
Probability (%) 10.22 89.78 0.44 99.56 0.01 99.99
Goodness (R?) 0.0657 0.1093 0.2317 0.3099 0.3117 0.4205
Slope # 07 (P) 0.0142 NA <0.0001 NA <0.0001 NA
Total amyloid plaques
AAICc 1.761 11.96 21.72
Probability (%) 29.31 70.69 0.25 99.75 <0.01 >99.99
Goodness (R?) 0.0391 0.0575 0.2101 0.2983 0.2952 0.4258
Slope # 07? (P) 0.0602 NA <0.0001 NA <0.0001 NA
Total astrocytes
AAICc 0.7545 3.005 3.953
Probability (%) 59.32 40.68 81.80 18.20 87.83 1217
Goodness (R?) 0.1951 0.1884 0.2433 0.2204 0.2705 0.2428
Slope # 07 (P) <0.0001 NA <0.0001 NA <0.0001 NA
Spearman’s r 0.4070 NA 0.5037 NA 0.5471 NA
Spearman’s P <0.0001 NA <0.0001 NA <0.0001 NA
Total microglia
AAICc 5.171 33.18 42.25
Probability (%) 92.99 7.01 >99.99 <0.01 >99.99 <0.01
Goodness (R?) 0.0960 0.0431 0.1728 —0.1489 0.2109 -0.1755
Slope # 07? (P) 0.0028 NA <0.0001 NA <0.0001 NA
Spearman’s r 0.3545 NA 0.4326 NA 0.4728 NA
Spearman’s P 0.0006 NA <0.0001 NA <0.0001 NA

The probability of being correct and the goodness of fit (R?) of both the linear regression and the one-phase exponential association models (or decay,
in the case of cortical thickness) are shown for the main neuropathological measures in the AD cohort alone, the AD cohort plus the controls without
dementia and with plaques, and the AD cohort plus the entire control cohort. The best-fit model is boldfaced. In the linear regression model, P indicates
whether the slope is significantly different from 0. When the linear regression model was the preferred-fit model, the correlation coefficient and the P value
from the Spearman’s rank correlation test are also shown. For the amyloid burden and the total number of amyloid plaques, the nonlinear model remains
the best fit, despite the linear fit yielding a straight line with a slope significantly different from O (because of the anchoring effect of controls close to 0).
Also, the R? of the one-phase exponential association model is negative for some neuropathological measures, indicating that the best-fit curve fits the data
even worse than a horizontal line. Statistics in Materials and Methods provides further details.

AAICc, magnitude of the difference between both fit models; CTRL, control without dementia; NA, not applicable.



(>50 wm) from dense-core plaques; and iii) far from
plagques and NFTs, if the closest plaque and NFT to the
glial cell were located >50 um. Densities of glial cells
in each of these categories were obtained as previ-
ously described.

APQE Genotyping

The APOE genotype was determined in all of the study
subjects by restriction fragment length polymorphism
analysis, as previously described.®

Statistics

Statistics were performed, and graphs were obtained with
GraphPad Prism software for Mac, version 5.0. The normality
of data sets was tested with the D’Agostino-Pearson omnibus
test. For correlations of cortical thickness, amyloid load, and
total number of astrocytes/microglia with disease duration, two
different fit models were examined using the least-squares
fitting method: linear regression versus one-phase exponential
association (or decay in the case of cortical thickness). The first
model assumes a linear increase of the pathological features
over time, whereas the second model consists of an initial
increase followed by a plateau. Next, these two fit models were
compared using the Akaike’s Informative Criteria method with
no constraints, and the model most likely to have generated
the data was selected based on the magnitude of the differ-
ence between both fit models, the probabilities of the models
being correct (as calculated by the statistical software), and
their goodness of fit (R?). When the straight-line model was
preferred, a P value indicating whether the slope of the straight
line is significantly different from O and both the correlation
coefficient (r) and the P value of Spearman’s rank correlation
test were also reported. Because none of the data sets was
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normally distributed, cross correlations between these patho-
logical quantitative measures were investigated with the
Spearman’s rank correlation test. The significance level was
set at a two-sided P < 0.05 in all statistical analyses.

Results

Disease Duration Is a Reliable Proxy of Disease
Severity

We have previously used disease duration (defined from
the onset of cognitive symptoms) as a proxy of disease
severity to avoid the floor effects of neuropsychological
tests in patients with advanced dementia, who are typically
not testable. More important, the three major pathological
correlates of cognitive decline (ie, NFT burden, neuron loss,
and synaptic loss) also correlated with disease duration in
our previous quantitative post-mortem studies®®'° on the
temporal neocortex. Herein, we measured the cortical thick-
ness of the temporal neocortex specimens from the AD
cohort as an index of synaptic, dendritic, and neuronal
integrity. We found a significant negative correlation be-
tween cortical thickness and symptomatic disease duration,
further validating the use of disease duration as a surrogate
of disease severity (r = —0.3977, P < 0.0001) (Figure 1A
and Table 3).

Progression of Amyloid Deposition in the
Temporal Neocortex

Next, we traced the progression of amyloid deposition
and patterns of glial immunostaining throughout the
clinical disease course. Amyloid burden, determined
as the percentage of cortical surface immunoreactive

Figure 2. Progression of fibrillar and oligomeric
AB burden in the temporal neocortex (see also
Table 4). A and C: Only the AD subset is shown
(open circles, n = 40). B and D: The highly se-

0
DNLB KD 01 D A/IMLIOIMDIPPMY  lected subset of controls without dementia and

with dense-core plaques is also included, with a
disease duration of 0 years (dark gray circles, n =
6). In A and B, a small increase in the number of
dense-core plaques was only detectable during
the first years after the onset of cognitive symp-
toms. In C and D, the number of NAB61-positive
oligomeric AB-enriched plaques remained un-
changed after symptom onset.

Disease duration (y)
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Table 4. Summary of the Results from the AD and Control Subsets Concerning Fibrillar and Oligomeric AB Burden

AD subset (n = 40)

AD + CTRL with dense-core
plagues (n = 46)

Variable Linear One-phase exponential Linear One-phase exponential
Total dense-core plagues
AAICc 0.2525 1.833
Probability (%) 46.85 53.15 28.57 71.43
Goodness (R?) 0.0248 0.0310 0.1297 0.1637
Slope # 07 (P) 0.3313 NA 0.0140 NA
Total NAB61 + plaques
AAICc NA NA
Probability (%) 100 Not converged 100 Not converged
Goodness (R?) 0.0002 0.0361
Slope # 07? (P) 0.9313 0.2060
Spearman’s r —0.0037 NA 0.2267 NA
Spearman’s P 0.9816 NA 0.1298 NA

The AAICc represents the magnitude of the difference between the two fit models compared. The best-fit model is boldfaced. In the linear model, P
indicates whether the slope is significantly different from 0. When the linear regression model was the preferred-fit model, the correlation coefficient and
the P value from the Spearman’s rank correlation test are also shown. The nonlinear model is the best fit for total dense-core plaques in the AD + CTRL
analysis, despite the linear fit yielding a straight line with a slope significantly different from 0O (likely because of the anchoring effect caused by the controls).

Statistics in Materials and Methods provides further details.

AAICc, magnitude of the difference between both fit models; CTRL, control without dementia; NA, not applicable.

for the anti-AB antibody 10D5, reached a plateau early
after symptomatic onset and remained relatively stable
thereafter (Figure 1B and Table 3). An analysis of total
number of plaques yielded similar results (Figure 1C
and Table 3). Like 10D5-immunoreactive plaques in
the original AD cohort, the number of dense-core
plagues determined in a subset of 40 AD cases re-
mained relatively stable throughout the disease clinical
course after an initial increase (Figure 2, A and B, and
Table 4). Last, the amount of NAB61-positive oligo-
meric AB-enriched plaques also remained constant
throughout the disease clinical course (Figure 2, C and
D, and Table 4).
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Progression of Glial Responses and
Relationship to AD Pathological Hallmarks

Despite being traditionally regarded as plaque-associ-
ated pathological features, the progression of astro-
cytic and microglial responses differed from that of
amyloid plaques both qualitatively and quantitatively.
Both reactive glial cell types increased linearly through
the entire clinical course of the disease, even when the
amyloid burden was no longer increasing [r = 0.4070
(P < 0.0001) and r = 0.3545 (P = 0.0006) for astro-
cytes and microglia, respectively]. The inclusion in
these analyses of either controls without dementia who

Figure 3. Progression of glial responses in the
temporal neocortex (see also Table 3). A and C:
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91). B and D: The controls without dementia and
with plaques are also included, with a clinical
disease duration of 0 years (dark gray circles, n =
10). Both astrocytosis (A and B) and microgliosis
(C and D) significantly increased in a linear fash-
ion, along with disease progression.
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had plagques (n = 10) or all controls (n = 15) further
accentuated the difference in the patterns of progres-
sion of amyloid burden and glial responses (Figure 3,
A-D, and Table 3). Indeed, neither astrocytosis nor
microgliosis correlated with the amyloid burden [r =
—0.0963 (P = 0.3637) and r = 0.0062 (P = 0.9538),
respectively] or the total number of plaques [r =
—0.0774 (P = 0.4660) and r = 0.1124 (P = 0.2888),
respectively] (Figure 4, A-D).

Unlike the measures of amyloid deposition, both as-
trocytosis and microgliosis correlated positively with
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the NFT burden [r = 0.3419 (P = 0.0009) and r =
0.4635 (P < 0.0001) respectively]. Also, astrocytosis,
but not microgliosis, correlated negatively with cortical
thickness [r = —0.4647 (P < 0.0001) and r = —0.0199
(P = 0.8517), respectively] (Figure 5, A-D), further

arguing that the relationship between reactive glia and
amyloid plaques might not be as straightforward as
previously thought. Last, astrocytosis and microgliosis
tightly covaried together (r = 0.3377, P = 0.0011) (data
not shown).
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tween the extent of microgliosis and cortical thick-
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The APOE genotype did not affect the magnitude of
astrocytosis or microgliosis and did not significantly in-
fluence the progression of glial responses (see Supple-
mental Figure S2 at http://ajp.amjpathol.org).

Spatial Relationships between Glial Responses
and Amyloid Plaques/NFTs

It is well established that activated glial cells are associated
with individual senile plaques. In an attempt to better un-
derstand the previous results, we examined reactive glia in
the microenvironment near plaques and tangles. We com-
pared the progression of plaque-associated reactive glial
cells with NFT-associated reactive glial cells and reactive
glial cells in the neuropil not close to either a plaque or a
tangle in the subset of 40 AD cases using the stereology-
based procedures described in Materials and Methods.
We observed a significant increase in the density of
reactive astrocytes and, to a lesser extent, activated
microglia in the proximity of dense-core plaques, along
with disease progression [r = 0.6275 (P < 0.0001) and
r =0.3073 (P = 0.0538), respectively] (Figure 6, A, D,
G, and J). We also observed a significant, although
weaker, linear increase of astrocytosis and, particu-
larly, microgliosis in the vicinity of NFTs as the disease
progresses [r = 0.3125 (P = 0.0497) and r = 0.3586
(P = 0.0231), respectively] (Figure 6, B, E, H, and K),
suggesting that a causal link underlies the positive
correlations between accumulation of reactive glia and
NFT burden previously shown. By contrast, the density
of astrocytes and microglial cells not associated with
either dense-core plaques or NFTs (ie, free in the neu-
ropil) did not significantly correlate with the progres-
sion of the disease [r = 0.1883 (P = 0.2447) and r =
0.0921 (P = 0.5720), respectively] (Figure 6, C, F, |,
and L).

Discussion

Much evidence from previous clinicopathological stud-
ies®'® has established that the NFT burden and both neu-
ronal and synaptic loss, but not amyloid plaque burden,
correlate with the severity of cognitive impairment in AD.
However, despite invariably accompanying these classic
hallmarks, particularly amyloid plaques, these previous re-
ports have not addressed the progression of glial re-
sponses in AD. Although post-mortem studies are inher-
ently cross-sectional and, therefore, any longitudinal
extrapolation should be interpreted with caution, quantita-
tive unbiased stereology-based analysis in a large cohort of
subjects with a broad range of disease duration enabled us
to track the progression of amyloid deposition, NFTs, and
glial responses within the AD temporal neocortex and to
investigate their relationships. Our findings can be summa-
rized as follows: i) astrocytosis and microgliosis occur both
around dense-core plaques and in the proximity of NFTs; ii)
astrocytosis and microgliosis increase linearly with disease
duration, despite amyloid burden reaching a plateau early
in the clinical course of the disease; iii) astrocytosis and
microgliosis covary with the burden of NFTs through the

entire clinical course of the disease. Taken together, the
number of reactive astrocytes and activated microglial cells
tracks better with tangles than with plaques (Figure 7).

Dynamics of Amyloid Deposition in the
Temporal Neocortex

Previous post-mortem studies®°~'® have established that
the amyloid burden remains relatively stable after the first
stages of AD dementia and, thus, does not correlate with
the severity of dementia. The inclusion of controls without
dementia and with AD pathological changes and, particu-
larly, of patients with AD who died shortly after the clinical
onset enabled us to trace the natural history of brain g-am-
yloidosis as a continuum between normal aging and AD.
Taken together, our analyses of amyloid deposition support
a saturation model in which most amyloid accumulation
occurs in the earliest phases, after which there is little or no
further accumulation of total amyloid burden in a particular
brain region (Figure 7). The pace at which this pattern of
deposition and plateau occurs may well play out at different
rates or times, depending on the brain region, as suggested
by the hierarchical distribution of amyloid deposits previ-
ously described.®'6~'® The type of amyloid plagque did not
vary substantially once plaques were deposited. The natu-
ral history of fibrillar (thioflavin-S—positive) amyloid deposi-
tion paralleled that of total (10D5-immunoreactive) amyloid
deposition, also in keeping with our previous results.? Inter-
estingly, NABG61-positive oligomeric AB was readily ob-
served in association with the dense-core plaques through-
out the disease course.

Implications for the Role of Reactive Glial Cells
in AD

Because the increase in reactive glial cells cannot be
attributed to a progressive buildup of plague burden, we
reasoned that it might be explained by either the same
original plaques accumulating more reactive glial cells as
the disease advances or the reactive glial cells spreading
throughout the neuropil, perhaps contributing to neuronal
dysfunction and neurodegeneration as additional neuro-
nal lesions and synaptic loss accrue. Both explanations
are supported by our results. On one hand, we observed
a progressive increase in the density of reactive astro-
cytes and activated microglial cells in the proximity (=50
um) of dense-core plaques, indicating that AB plaques
are permanently recruiting and activating glial cells. On
the other hand, both astrocytosis and microgliosis cova-
ried with the number of NFTs and increased in their
proximity, and astrocytosis also correlated negatively
with cortical thickness, suggesting a partial emancipation
of glial cells from amyloid plaques. Whether the increas-
ing number of reactive glial cells is responding to the
ongoing neurodegenerative process (and, thus, a surro-
gate marker of neurodegeneration) or actively contrib-
utes to neurodegeneration cannot be determined by
cross-sectional human neuropathological studies. How-
ever, along this line, astrocytosis was the best correlate of
neuron loss and cognitive deficits in an AB precursor
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Figure 6. Spatial relationship of glial responses and dense-core plaques and NFTs. A—C: Photomicrographs of triple staining for GFAP (red), thioflavin-S (ThioS;
green), and DAPI (blue) in an AD case. GFAP-positive reactive astrocytes (arrowhead) cluster in the vicinity (=50 um) of dense-core plaques (A), but they can
also be seen in close association to NFTs (B, arrows) and free in the neuropil (C). Scale bar = 20 um. The density of reactive astrocytes increased linearly in
the proximity of dense-core plaques (D) and close to NFTs (E); by contrast, reactive astrocytes did not increase far (>50 wm) from dense-core plaques and NFTs
(F). G-I: Photomicrographs of triple staining for Ibal (red), ThioS (green), and DAPI (blue) in an AD case. Ibal-positive activated microglial cells (arrowheads)
cluster in the vicinity (=50 um) of dense-core plaques (G), but they can also be found near NFTs (H, arrows) and free in the neuropil (I). Scale bar = 20 wm.
Microgliosis increased linearly close to both plaques (J) and NFTs (K), but no significant increase in the number of activated microglial cells was observed far (>50

um) from dense-core plaques and NFTs (L).

protein/T double-transgenic mouse model that closely re-
capitulates the pathological features of human AD."® In
addition, recent experimental studies with in vitro and
mouse models of AD have linked both astrocytes and
microglia to neurodegeneration®®~2° and have shown
that activated microglia can lead to T hyperphosphoryla-
tion and aggregation.?®:2”

The idea of reactive glia as a hostile environment for
neurons in the context of neurodegeneration has been

recently proposed by elegant studies®®2° on amyo-
trophic lateral sclerosis and tauopathy mouse models. If
this idea proves to apply to AD, an increasing number of
reactive glial cells around dense-core plagues might well
contribute to their local toxicity by releasing soluble bio-
logically active toxic molecules, such as pro-inflamma-
tory cytokines and reactive oxygen species. These toxic
biomolecules, together with soluble AB oligomers exist-
ing around the plaques, might account for the plaque-
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Figure 7. A model of the progression of AD-related pathological features in
the temporal neocortex based on the present results. The regression lines for
each of the pathological measures were plotted within a single graph. For
clarity purposes, the regression line for cortical thickness was linked to the y
axis with a different scale (right). Amyloid deposition reaches a plateau early
after the onset of cognitive symptoms, whereas reactive astrocytes, activated
microglial cells, and NFTs keep accumulating as the cortical mantle atrophies
through the disease course. Remarkably, the slopes indicate that, within a
reference area of 1-cm-long full-thickness temporal neocortex, activated
microglia and reactive astrocytes accumulate at a strikingly similar average
rate of 270 and 275 cells per year, respectively, which is >10-fold higher than
the rate of neurofibrillary degeneration (average, 18 tangles per year). Last,
cortical thickness decreased at an average rate of 37 um/year.

associated neurodegenerative changes, including neu-
ritic dystrophies, an increased neurite curvature ratio,
and synaptic and neuron loss, which might be slowly
progressive.

Diagnostic and Therapeutic Implications

Follow-up PET studies using the fibrillar amyloid-specific
radiotracer Pittsburgh compound B (PiB) have yielded
conflicting results regarding the progression of amyloid
deposition in vivo in patients with AD-type dementia, with
some studies®>3" reporting little or no increase in PiB
uptake over time and other studies®*3? describing a sig-
nificant increase in patients with dementia. Technical is-
sues inherent to PET, such as test-retest reliability or a
dynamic range of detection, might account for these di-
vergent findings to some extent. Our post-mortem anal-
yses argue against a marked increase in PiB uptake in a
region with established amyloid deposition (eg, the tem-
poral neocortex) once the dementia syndrome is overt.
However, PiB might be useful to track the spreading of
amyloid deposition to additional cortical areas in vivo in
elderly controls without dementia, patients with mild cog-
nitive impairment, and perhaps patients with mild demen-
tia. It is also possible that regions of interest with later
amyloid deposition, such as the occipital cortex, might
still show increasing PiB uptake in patients with estab-
lished dementia.®® Longer serial PET studies,®* com-
bined with serial cognitive assessments in larger samples
of elderly controls and patients with mild cognitive impair-
ment and AD, will determine whether PiB PET is useful as
a surrogate biomarker of progression at each stage of the
disease. The current post-mortem quantitative analysis

suggests that imaging some sort of glial marker might
also be a useful approach to track the progression of AD
in vivo. A positive glial PET might also add diagnostic and
prognostic specificity to a positive amyloid PET study at
the preclinical and mild cognitive impairment phases of
the disease. Our results predict that the pattern of glial
radiotracer uptake would closely match those of PiB up-
take and cortical atrophy. However, the first PET studies
using [11C]-(R)-PK11195, a radiotracer for the peripheral
benzodiazepine receptor expressed by activated micro-
glia, have reported contradictory results: although the
original study®® described an abnormal uptake in vulner-
able cortical regions of patients with mild AD but not in
controls without dementia, more recent studies®® 2 have
reported a great overlap between both groups and no
correlation between [11C]-(R)-PK11195 uptake and se-
verity of cognitive decline. Novel radioligands targeting the
same receptor in microglia have recently proven to track
considerably better with -induced neurodegeneration in
mice overexpressing mutant human = than with amyloid
burden in animals modeling AB plague deposition.>°

If glial responses become partially independent from
amyloid plagues and their contribution to neurodegen-
eration is relevant, then removal of amyloid plagues with
anti-AB-directed therapies, such as passive or active im-
munization, might not be sufficient to block this neurotox-
icity. In this scenario, the transient microglial response
triggered by anti-Ap immunization might have deleterious
effects on the neuropil, even though there is an overall
decrease in gliosis on clearance of amyloid plagques.*°#!
Glia-mediated inflammation has already been consid-
ered as a therapeutic target. NSAIDs became promising
agents after the first large epidemiological studies**“3
revealed that a long-term treatment substantially reduced
the risk of AD. Preclinical research** has demonstrated
that NSAIDs can decrease AB,, levels by modulating the
activity of the y-secretase complex, independently from
their inhibitory effect on the pro-inflammatory cyclooxy-
genase and peroxisome proliferator-activated receptor-y
pathways. However, the clinical trials** with NSAIDs
completed thus far have failed to delay the progression of
cognitive decline in AD or the conversion from mild cog-
nitive impairment to AD, and recent epidemiological stud-
ies have suggested that NSAIDs might have no effect on
the risk of AD*® or might even increase it.*® Moreover, two
neuropathological studies*>*” found an increased bur-
den of AD pathological features, particularly amyloid
plagues, in NSAID users compared with nonusers. Other
molecular targets involved in the first steps of glial acti-
vation, rather than in the production of singular pro-in-
flammatory cytokines, remain to be explored. Recently,
the activation phenotype of both astrocytes and micro-
glial cells was reported to be largely mediated through
the calcineurin—nuclear factor of activated T cells path-
way.*®49 Fiprillar and particularly oligomeric A8 can ab-
errantly activate this molecular signaling pathway in glial
cells*®>° and neurons, causing the morphological triad of
dystrophic neurites, dendritic simplification, and loss of
dendritic spines, subsequently leading to cognitive im-
pairment.®>'~5® More important, Food and Drug Adminis-
tration—approved and available calcineurin inhibitors,



such as cyclosporine and FK-506 (tacrolimus), can revert
these AB-related pathological changes both in vitro and in
vivo and ameliorate both the neuropathological features
and the memory deficits of AD mouse models.26:51-53

In summary, our findings indicate a major role of gliosis
in the pathophysiological features of both amyloid
plaques and NFTs, suggesting that glial cells might be
proactive players linking AB with downstream neurode-
generative events beyond their role in the initial steps of
the amyloid cascade. The implications of these results for
the development of imaging biomarkers and disease-
modifying drugs encourage further research.
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