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Abstract

Increase in human life expectancy has resulted in the rapid growth
of the elderly population with minimal or no intellectual deteriora-
tion. The aim of this stereological study of 10 structures and 5 subdi-
visions with and without neurofibrillary degeneration in the brains
of 28 individuals 25-102-years-old was to establish the pattern of
age-associated neurodegeneration and neuronal loss in the brains
of nondemented adults and elderly. The study revealed the absence
of significant neuronal loss in 7 regions and topographically selec-
tive reduction of neuronal reserve over 77 years in 8 brain structures
including the entorhinal cortex (EC) (—33.3%), the second layer of
the EC (—54%), cornu Ammonis sector 1 (CA1) (—28.5%), amyg-
dala, (—45.8%), thalamus (—40.5%), caudate nucleus (—35%), Pur-
kinje cells (—48.3%), and neurons in the dentate nucleus (40.1%). A
similar rate of neuronal loss in adults and elderly, without signs of
accelerating neuronal loss in agers or super-agers, appears to indi-
cate age-associated brain remodeling with significant reduction of
neuronal reserve in 8 brain regions. Multivariate analysis demon-
strates the absence of a significant association between neuronal loss
and the severity of neurofibrillary degeneration and B-amyloidosis,
and a similar rate of age-associated neuronal loss in structures with
and without neurofibrillary degeneration.
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INTRODUCTION

The increase in life expectancy at birth from 47 years in
1900 to 77 years in 2000 has been associated with fast growth
of the population 65 years of age and older. In the United
States, this population is expected to grow from 35 million in
2000 to 72 million in 2030 (1). The classification of people 65
and older as elderly and the subclassification of elderly as
young-old (65-74 years), middle-old (75-84), and oldest-old
(85 and older) reflects the chronological staging of a biologi-
cal process. The oldest-old population is growing faster than
the other age groups, both internationally and nationally, and
has increased in the United States to ~1.9 million (2). The
estimated 300—450 individuals older than 110 years of age of
the more than 7 billion people alive (3) delineates the current
limits of the oldest-old.

While a great deal of attention has focused on the impact
of advanced aging on old-age associated decline, another con-
sequence is an expanded population of individuals experienc-
ing successful aging, defined as aging that is free of chronic
disease with few or no physical or intellectual limitations (4).
Although aging per se is obligatorily normal, biological aging
is associated with the accumulation of deleterious changes in
cells and tissues (5), and it is of great importance to understand
how these changes unfold over time and how to distinguish
them from disease-related pathological processes.

The most prevalent age-associated pathology is neurofi-
brillary degeneration, detected even in some individuals
younger than 30 years of age (6). Neurodegeneration in the
transentorhinal-entorhinal region begins during early adult-
hood and progresses throughout life, as demonstrated in Braak
and Braak (7) staging. In Braak stages I and II, neurofibrillary
degeneration develops in the entorhinal-perirhinal cortex, and
in stages III and IV, in the hippocampus, amygdala, and mag-
nocellular basal complex (MBC). In stages V and VI, neurofi-
brillary degeneration spreads to all neocortical subdivisions
(8), and the majority of the elderly with stages V and VI are
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diagnosed with Alzheimer disease (AD). After the age of 65
years, the incidence of dementia doubles every 5 years (9),
and the prevalence of dementia increases to 88% in those 100
years of age and older (10).

However, the association between Alzheimer-type path-
ology and dementia weakens in 75- to 95-year-old subjects
(11) and in “supernormal centenarians” (12—15). In a study of
individuals 90 years of age and older, 22% of participants with
dementia did not have sufficient AD pathology to account for
their cognitive loss (16). The correlation between AD and
ApoE4 in younger subjects with AD but the lack of this associ-
ation in centenarians indicates another aspect of the dissocia-
tion of AD from aging (17). Although the pathological process
underlying AD does not inevitably lead to dementia (18, 19),
AD remains the most common (61%) underlying pathology of
dementia in the oldest-old (20).

Functional assessments reveal that performance in nor-
mal aging declines over time, however, the performance of
some elderly individuals is distinctly above the normative
range. Preserved cognitive function in the elderly with a wide
range of Braak scores and with an amyloid load similar to that
detected in prodromal AD (21) suggests there may be an as yet
to be discovered mechanism contributing to brain resilience,
which conserves the neuronal reserve and cognitive function
in the oldest-old population (22-24).

The broad spectrum of neurodegenerative changes
(25-27) and of clinically missed changes that are neuropatho-
logically difficult to identify (28, 29) contribute to multire-
gional neuronal losses. One may expect that in the majority of
the elderly, erosion of brain/cognitive reserve is a cumulative
product of brain aging and diverse insults resulting in a global
pattern of neuronal loss with regional subpatterns and signifi-
cant interindividual differences.

The overall goal of this study of the brains of 28 nonde-
mented individuals 25-102 years of age with unbiased stereo-
logical methods was to establish a pattern of neurodegeneration
and neuronal loss within cognitively normal adults and the eld-
erly. The specific aims of the study of 10 brain regions and their
5 subdivisions were to: (1) establish a global pattern of neurofi-
brillary degeneration, 3-amyloidosis, and neuronal loss in non-
demented adults (2563 years of age), elderly (69-102 years of
age) and combined adult and elderly subjects; (2) estimate neu-
ronal populations’ susceptibility to age-associated neuronal
loss; (3) determine the rate of age-associated neuronal loss in
structures with and without neurofibrillary degeneration; (4)
determine whether neurofibrillary degeneration and/or B-amy-
loidosis have a significant association with age-related neuronal
loss; and (5) estimate brain structure-specific reduction of the
number of neurons in nondemented adults and the elderly.

MATERIALS AND METHODS

Materials

The brains of 28 subjects without records of cognitive
decline or dementia, including 15 males and 13 females;
25-102 years of age, were examined (Table 1). The cause of
death was determined as respiratory system disorder, heart
disorder, cancer, sepsis, intraabdominal hemorrhage, and

440

traumatic injuries. In 3 cases, cause of death was not estab-
lished. The postmortem interval corresponding to the period
between death and autopsy, ranged from 3 to 48 hours (15 hours
on average, SE * 2.5). Brains were removed using standard
techniques, weighed, and were sagittally cut through the corpus
callosum and brainstem. In 21 subjects, the left hemisphere, and
in 7 subjects, the right hemisphere was examined. The mean
brain weight at autopsy was 1230 g (SE = 29), and brain weight
decreased significantly with age (r = —0.67; p < 0.0001).

This study was performed using anonymized, coded
brain tissue samples. The brains were obtained from the Brain
Bank for Developmental Disabilities and Aging at the NYS
Institute for Basic Research in Developmental Disabilities
(IBR), Alzheimer’s Disease Research Center at New York
University, and the University of Miami Brain Endowment
Bank. In each case, diagnostic tissue blocks from 1 brain
hemisphere were used for neuropathological evaluation and
the second intact hemisphere was preserved for morphometric
studies. The protocol of this study was approved by the institu-
tional review board at IBR.

Neuropathological and Clinical Exclusion
Criteria

The diagnostic criteria developed at a consensus confer-
ence organized by the National Institute on Aging and the
Reagan Institute (30) was applied. Cases with a clinical diag-
nosis of dementia, including AD and Parkinson disease, were
excluded, as were cases with brain tumors, metastases, hemor-
rhages, multiple small infarcts, and gross traumatic insult. The
absence of Parkinson disease pathology was evaluated by
immunostaining for the presence of Lewy bodies and Lewy
neurites (monoclonal antibody [mAb] VP-A-106 detecting
a-synuclein; Vector Laboratories, Burlingame, CA).

Tissue Processing, Embedding, Sectioning,
Staining, and Immunostaining

After at least 6 weeks of fixation in 10% buffered for-
malin, 1 brain hemisphere from each of the examined subjects
was cut coronally into 1-cm-thick slabs by using a brain macro-
tome that provides a consistent plane of hemisphere dissection
and uniform slab thickness. The tissue blocks were dehydrated
in ethyl alcohol (5 days in 70%, 6 days in 80%, and 6 days in
96%), infiltrated with polyethylene glycol 400 (PEG, Sigma,
Saint Louis, MO) for 6 days, and with PEG 1000 for another 6
days, embedded in fresh PEG 1000, cut serially into 50-pm-
thick numbered sections, and stored in 70% ethyl alcohol (8).

Free-floating serial sections were stained with cresyl
violet to determine the borders of the examined structures and
their subdivisions (nuclei, layers, or sectors), to measure the
area of region of interest, and to calculate the volume of the
examined structures. The number of neurons was evaluated in
cresyl violet-stained sections.

Both staging and morphometric estimates of neurofibril-
lary degeneration were based on immunostaining with the
mAD Tau-1 following the staging criteria of Braak et al (31).
Neurons with neurofibrillary changes were detected with mAb
Tau-1 (1:100000). This antibody recognizes an epitope
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TABLE 1. Clinical and Postmortem Characteristics of Examined Subjects Including Braak & Braak Stage of Neurofibrillary

Degeneration and p-Amyloidosis

# Case # Sex Age (y) Cause of Death PMI (h) Hem Brain Weight (g) NFTs AB
1 17-07 F 25 Not established 26 L 1402 0 0
2 4-12 F 31 Traumatic injuries 17 L 1354 0 0
3 291-00 M 32 Heart failure 14 R 1540 I 0
4 212-98 F 33 Bronchopneumonia 6 L 1180 0 0
5 38-98 F 43 Sepsis 10 L 1260 0 0
6 200-96 M 43 Pulmonary embolism 8.5 L 1380 1 0
7 457-96 M 47 Myocardial infarct 24 L 1500 1 0
8 63-96 F 47 Pneumonia 9 L 1220 1 0
9 64-96 F 52 Pneumonia 4 R 1140 I 0
10 44-96 F 53 Pulmonary embolism 20 R 1180 1 0
11 25-98 M 56 Heart failure 14 L 1430 I B
12 458-96 M 58 Lung carcinoma — R 1290 1T A
13 42-96 M 61 Pneumonia — R 1400 1 0
14 380-01 M 61 Pulmonary embolism 4 L 1380 I C
15 9-07 F 63 Not established — R 994 1 A
16 459-96 F 69 Pulmonary edema 48 L 1320 1I A
17 129-98 M 72 Myocardial infarct 3 L 1200 v C
18 456-96 M 73 Heart failure 48 L 1200 I A
19 199-96 M 77 Intra-abdominal hemorrhage 19 L 1270 I A
20 402-00 F 78 Lymphoma 4 L 980 111 A
21 115-00 M 80 Lymphoma 7 L 1120 I C
22 113-00 M 82 Bronchopneumonia 7 L 1140 v C
23 361-99 M 83 Heart failure 7 L 1200 II A
24 114-00 F 85 Coronary artery disease 6 L 1060 I A
25 191-02 M 85 Heart failure 27 R 1080 111 0
26 362-99 F 87 Brest cancer 23 L 1120 1I B
27 293-00 M 90 Pneumonia 6 L 1120 11 A
28 449-02 F 102 Not established 10 L 984 1 A
Average and standard error () 15+25 1230 = 29

Correlation between age and brain weight

~0.67 (p=0.0001)

NFT, neurofibrillary tangle; PMI, postmortem interval in hours (h). Hem, hemisphere; L, left or R, right.

between amino acids 189 and 207 of the human tau sequence
(32). To obtain optimum staining with Tau-1, sections were
treated with alkaline phosphatase (Sigma, Type VII-L,
400 pg/ml in PBS, pH 7.4, 0.01% H,0,) (33). This process
enables identification of neurons in all stages of progression of
neurofibrillary changes including pretangles (neurons with
scattered Tau-1-positive granules in the cell body), early tan-
gles (neurons with rod-shaped immunopositive inclusions in
the neuronal cell body), mature tangles (neurons with cyto-
plasm filled with Tau-1-positive bundles of fibers and a
shrunken and usually dislocated cell nucleus), and the end
stage tangles (neurons with the cell soma entirely filled with
Tau-1-positive bundles of fibrils, which mask the cell nucleus)
(34). Ghost tangles, which are loosely arranged bundles of
fibers released after neuronal death, were not included in this
morphometric study.

Amyloid deposits were immunolabeled with mAb 4G8.
This antibody recognizes an epitope between amino acids 17
and 24 of the AB-peptide (35) (provided by Dr. Richard Kasc-
sak from IBR). To enhance staining, sections were pretreated
with 88% formic acid for 30 minutes (36). The endogenous

peroxidases were blocked with 0.2% hydrogen peroxide in
methanol. To block unspecific binding, sections were treated
with 10% fetal bovine serum in phosphate buffer solution for
30 minutes. The primary antibody was diluted 1:3000 with
10% fetal bovine serum in PBS, and sections were incubated
with mAb 4G8 overnight at 4 °C. The sections were washed
and treated for 30 minutes with biotinylated sheep antimouse
IgG antibody diluted 1:200. Then the sections were treated
with an extravidin conjugate (1:200) for 1hour, and the
reaction product was visualized with diaminobenzidine
(0.5mg/mL with 1.5% hydrogen peroxide in PBS). After
immunostaining, some sections were counterstained with cre-
syl violet, whereas noncounterstained sections were used to
show the undisturbed pattern of B-amyloidosis and neurofi-
brillary degeneration.

Delineation of Regions of Interest for
Stereological Studies

The study included: (1) the entorhinal cortex ([EC];
layers I, II1, V, and VI); (2) the pyramidal layer in 4 sectors of
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the Ammon’s horn (cornu Ammonis, CA1-4); (3) and in the
subiculum proper; (4) 4 nuclei (basal, accessory basal, lateral,
and central) in the amygdala; (5) all subdivisions of the thala-
mus; (6) the caudate nucleus; (7) the substantia nigra; (8) 4
subdivisions (Ch1-Ch4) in the MBC; (9) the cerebellum
(molecular, granule layer, and the white matter and the num-
ber of Purkinje cells); and (10) the dentate nucleus. The ana-
tomical boundaries of 10 examined brain structures and their
cytoarchitectural subdivisions were described in detail in our
previous reports (37, 38). Briefly, in the amygdala, the boun-
daries of the lateral, basal, accessory basal, and central nuclei
were delineated by using the cytoarchitectural criteria applied
by Schumann and Amaral (39). Division of the Ammon’s
horn, subicular complex, and EC into layers and sectors was
based on the anatomical and cytoarchitectural criteria of Lor-
ente de No (40), Duvernoy et al (41), Amaral and Insausti
(42), Insausti et al (43), and Rosene and Van Hosen (44) with
distinction of the CA4, which is the hilar part of the CA3. The
borders of 4 cellular layers (I, III, V, and VI) in the EC were
established by using of Amaral and Insausti (42) criteria. Neu-
rons were counted within 4 layers of the EC (Brodmann area
28), including large modified pyramidal and stellate neurons
in layer II separated from layer III by an acellular gap. A broad
layer III built up of medium-sized pyramidal neurons is sepa-
rated from layer V by the lamina dissecans (labeled as layer
IV). Layer V was distinguished by the large size of pyramidal
neurons in contrast to the small pyramidal neurons in layer VI
(42). In the MBC, 4 subdivisions were distinguished according
to the anatomical criteria of Vogels et al (45), including the
CHI1 (medial septal nucleus), CH2 (vertical limb nucleus of
the diagonal band of Broca), CH3 (horizontal limb nucleus
of the diagonal band of Broca), and CH4 (nucleus basalis of
Meynert). In the substantia nigra, the pars reticulata and pars
compacta were examined, including all subdivisions of the
dorsal and ventral tiers and a lateral part identified by Fearnley
and Lees (46, 47). In the caudate nucleus, the number of small
neurons was estimated. Because Purkinje cells are located
within a border between the molecular and granule layers of
the cerebellar cortex, the numerical density and number of
Purkinje cells were determined per molecular and granule
layers combined.

Stereological Analysis

The volume and numerical density of neurons, and the
total number of neurons with and without neurofibrillary tan-
gles (NFTs), as well as the B amyloid load, were estimated
with unbiased stereological methods (48) by using a worksta-
tion consisting of an Axiophot II light microscope (Carl Zeiss,
Gottingen, Germany) with Plan-NEOFLUAR objectives:
1.25x (numerical aperture, N.A., 0.035), 2.5x (N.A. 0.075),
20x (N.A. 0.5), and 40x (N.A. 0.75); a specimen stage with a
3-axis, computer-controlled stepping system (Ludl Elec-
tronics, Hawthorne, NY); a CCD color camera (CX9000,
MicroBrightfield Bioscience, Inc., Williston, VT); and stereol-
ogy software (Stereo Investigator, MicroBrightfield Bio-
science). The stereological parameters and procedures applied
to estimate the volume of brain subdivisions and the number
of neurons and NFTs are listed in Table 2.
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To determine the volume of examined structures and
their subdivisions (layers, sectors, nuclei), the cross-sectional
area of the structure was measured at various low magnifica-
tions providing the best anatomical delineation of the region
of interest, including 1.25x (47x final magnification), 2.5x
(95%), or 5x (190x). The number of neurons and NFTs was
estimated by using a 40x lens (final magnification, 1450x),
but the number of Purkinje cells was estimated by using a 20x
lens (final magnification, 720x). The numerical density of
Purkinje cells (n/mm>) was estimated in the molecular and
granule cell layers in the cerebellar cortex. An optical fractio-
nator systemic random sampling scheme supported by Stereo
Investigator was applied. The number of equidistant serial sec-
tions used for neuronal counts matched the size and complex-
ity of the examined regions and was large for sectors CA1-4
and the subiculum (n=12), caudate nucleus and MBC
(n= 13), Purkinje cells (n= 16), and dentate nucleus (n= 18),
whereas for smaller and more compact structures, the number of
sections examined was reduced to 9 in the substantia nigra and
thalamus, and to 8 in the amygdala and EC. The distortion in the
results of analysis related to sectioning defects was reduced by
the application of 5-um-wide top and bottom guard zones.

The size of the grid and of the virtual counting space
was adjusted to the size and shape of the examined structures
and the spatial distribution of neurons. The number of virtual
counting spaces ranged from 111 in CA2 to 656 in the EC.
The mean number of counted neurons per case was high for 3
structures—the EC (1223), dentate nucleus (1407), and Pur-
kinje cells (1449)—whereas for other regions it ranged from
212 (islands of stellate cells in the entorhinal cortex) to 781
(amygdala). The applied procedures resulted in a sufficiently
low average predicted Schaeffer coefficient of error of the
neuronal count (0.03-0.09).

Statistical Analysis

The results of examination of 10 brain regions and their
5 subdivisions are presented as mean volume per case, mean
number of neurons with and without NFTs per region, numeri-
cal density of neurons (n/mm?), and amyloid load (% of brain
region volume occupied by mAb 4G8-positive  amyloid
deposits). Spearman rank correlations of the Braak stages of
neurofibrillary degeneration and -amyloidosis with age were
performed in 2 age groups: 15 subjects 25-63 years of age
(adults) and 13 subjects 69-102 years of age (elderly)
(Table 3). Spearman rank correlations were used to estimate
the association between the Braak stage of neurofibrillary
degeneration and the number of NFTs. Pearson correlations
were used to estimate the association between age and the
number of NFTs and amyloid load, the number of neurons and
age, the mean volume of examined regions and age and the
numerical density of neurons and age. In structures demon-
strating a significant correlation between age and number of
neurons, regression analysis (49, 50) was applied to establish
mean neuronal loss per day. Estimates of the total number of
lost neurons and the percentage of lost neurons were calcu-
lated as 2 measures of neuronal reserve in nondemented
elderly, with the total number of neurons in young adults serv-
ing as the denominator.
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TABLE 2. Stereological Parameters and Procedures Applied

Structures and Mean Number Obj. (Vol.) Obj. Grid Test Area Mean Number Mean Number CE*
Their Subdivisions of Examined (Numb.) Size (um) Frame x of Counting of Counted
Sections (per case) Height (nm)  Spaces (per case) Neurons (per case)
Entorhinal c. (All layers) 8 5x 40x 600 x 600 60 x 60x30 656 1223 0.04
Entorhinal c. (Islands) 8 5x 40x 400 x 400 60 x 60x30 147 212 0.09
CAl 12 5x 40x% 800 x 800 60 x 60x30 226 601 0.05
CA2 400 x 400 60 x 60x30 111 378 0.07
CA3 400 x 400 60 x 60x30 131 328 0.07
CA4 600 x 600 100 x 100x30 138 467 0.07
Subiculum 12 5x 40 % 600 x 600 60 x 60%30 219 467 0.05
Amygdala (4 nuclei) 8 1.25% 40x% 1600 x 1600 80 x 80x30 215 781 0.04
Thalamus 9 1.25% 40x% 1600 x 1600 80 x 80%30 459 721 0.04
Magnocellular basal 13 2.5% 40% 500 x 500 80 x 80x30 445 586 0.04
comple x (Ch1-Ch4)
Caudate nucleus 13 2.5% 40x 1400 x1400 60 x 60x30 360 779 0.03
(small neurons)
Substantia nigra 9 2.5x% 40x 500 x 500 80 x 80x30 336 498 0.05
(pigmented neurons;
pars comp. and ret.)
Cerebellum volume, 16 2.5x% 20x 1800 x 1800 180 x 180x30 651 1449 0.06
Purkinje cell number
Dentate nucleus 18 2.5x% 40x 1000 x 1000 180 x 18030 561 1407 0.04

Number of sections examined = mean number of equidistant sections examined per structure/case. Obj. (Vol.) = Objective lens (1.25x, 2.5 or 5x) used to provide final magni-

fication for planimetry and volumetry.

Obj. (Numb.) = Objective lens (40x or 20x) used for fractionator to estimate neuronal density and total number of neurons.

*CE = the average predicted Schaeffer coefficient of error of the neuronal counts.

TABLE 3. Spearman Rank Correlations Between Age and Stage
of Neurofibrillary Degeneration and B-Amyloidosis in Adults
(25-63 Years of Age) and Elderly (69-102 Years of Age)

explained (R?) due to NFTs of about the same magnitude,
21%, using a 0.05 significance criterion (alpha). As the object
in these analyses was to ascertain whether the effect of NFTs
on neuronal loss disappeared once the effect of age was con-

Correlations Between Age: 25-63y Age: 69-102y  trolled, we wished to minimize the possibility of missing an
(n=15) (n=13) effect (a Type II error) and accordingly did not adjust p values
Age and stage of neurofibrillary 0.83; p=0.0001 ns for multiple comparisons.
degeneration
Age and stage of B-amyloidosis 0.67; p=0.0066 ns RESULTS
Stage of neurofibrillary degeneration 0.73; p=0.0030 ns

and B-amyloidosis

p values incorporate adjustment to set false discovery rate at 0.05.

We have computed p values for the analyses above
using the False Discovery Rate (51) to adjust for multiple
comparisons, taking the set of tests over all structures for each
parameter tested (neuronal count, structure volume, etc.) as
the basis for determining the number of multiple comparisons.

Multiple regression was used to determine the signifi-
cance of the associations between the percentage of neurons
with NFTs and neuronal loss and between amyloid load and
neuronal loss controlled for the effect of age. In connection
with this analysis a post hoc power analysis was applied to
determine what level of effect of NFTs on neuronal counts
could be detected. On average, age predicted roughly 20% of
the variance in neuronal count. With an N of 25 cases we had
power (1-beta) of 80% to detect an increment to the variance

Topographic Pattern of Neurofibrillary
Degeneration and B-Amyloidosis in
Nondemented Adults and Elderly

The expansion of neurofibrillary degeneration detected
with mAb Taul followed Braak and Braak staging but was
restricted to stages I-IV. In stage I, neurofibrillary degenera-
tion appears in the transentorhinal region with NFTs detected
sporadically in the EC. In stage II, neurofibrillary degenera-
tion extends from the transentorhinal region to the EC, particu-
larly to the islands of the stellate neurons and then to deeper
layers of the EC, as well as to sectors CA1 and CA2. In stage
III, pathology spreads to sectors CA3 and CA4, the amygdala,
and the parahippocampal gyrus. In 2 cases, the expansion of
neurofibrillary degeneration to the subiculum, thalamus, infe-
rior and middle temporal gyrus, and insula was consistent with
stage IV, but the examined nondemented subjects did not
develop pathology corresponding to stage V or VI.

Topographic expansion of neurodegeneration was asso-
ciated with the progression of neurofibrillary degeneration and
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an increase in the number of neurons with NFTs and Tau-1-
positive neuritic plaques. In stage III, neurofibrillary degener-
ation was more severe in the structures affected in stage I and
II, whereas in stage 1V, the severity of neurofibrillary degener-
ation increased in sites affected in stage III. A few neuritic pla-
ques appeared in stage III, but they were a common finding in
the EC, amygdala, and temporal inferior and middle gyrus in 2
cases in stage IV. Results of neuropathological staging based
on Braak et al (31) criteria are summarized in Table 1. Two
groups were distinguished on the basis of age: subjects 25-63
years of age (adults) and those 69-102 years of age (elderly).
In the first group, 4 subjects were free of NFTs (stage 0), 8
developed neurofibrillary degeneration corresponding to stage
I, and 3 to stage II. In this cohort, the oldest subject with stage
I (63 years of age) marked the borderline between adults and
the elderly. A characteristic feature of the elderly group of 13
nondemented subjects 69—102 years of age was the absence of
stages 0 and I, but an increase in the prevalence of stage II
(n=35; 39%), stage III (n=06; 46%), and stage IV (n=2;
15%). In spite of their long lifespans, no elderly case devel-
oped neocortical neurofibrillary degeneration corresponding
to stage V or VI. These latter findings indicate a 33-year-long
period of absence of topographic expansion of neurofibrillary
degeneration within this population.

The first amyloid plaques were found in a 56-year-old
subject. Among amyloid-positive cases 56—102 years of age,
stage A was most common (63%), whereas stages B and C
were found in only 12% and 25% of cases, respectively.

Association Between Age and the Stage of
Neurofibrillary Degeneration and B-Amyloidosis
The symbols 0, A, B, and C (8) were replaced by the
ordinary numbers 0, 1, 2, and 3 to estimate the correlation
between the stage of B-amyloidosis and age. To compare the
pattern of changes in adults and the elderly, the Spearman
rank correlation between age and the stage of neurodegenera-
tion and B-amyloidosis was applied (Table 3). A significant
correlation between the stage of neurofibrillary degeneration
and age (p=0.83; p=0.0001) in adults reflects the transition
from stage O to I and II. A significant correlation between the
stage of B-amyloidosis and age in 25- to 63-year-old adults
(p=0.67; p=0.0066) reflects a transition from stage 0 to A,
B, or C. The absence of significant correlations between the
stage of neurofibrillary degeneration and age, the stage of -
amyloidosis and age, and the stage of neurofibrillary degener-
ation and the stage of B-amyloidosis in 69- to 102-year-old
subjects reflects a plateau in the staging of neurofibrillary
degeneration and B-amyloidosis in examined elderly.

Regional Differences in the Number and
Percentage of Neurons With NFTs

Braak and Braak staging (8) provides a global view of
the topographic expansion of neurodegeneration and the
regional progression of neurofibrillary degeneration and
B-amyloidosis during aging and AD. To detect regional differ-
ences in the progression of neurofibrillary degeneration,
the number and percentage of Tau-1-positive NFTs was
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determined in 10 brain regions and their subdivisions in 25- to
102-year-old subjects. The percentage of neurons with NFT's
(Table 4) was highest in the 4 structures/subdivisions that
were affected in younger cases, including the islands of stel-
late neurons in the entorhinal cortex (15.5%), EC (9.1%), CA1
(7.0%), and amygdala (6.3%), but the rate of involvement in
neurofibrillary degeneration was much less in the structures
affected later, including CA2 (3.2%), CA4 (3.6%), the subicu-
lum (3.9%), the substantia nigra (3.5%), and the MBC (2.6%).
The percentage of affected neurons was very low in CA3
(1.7%), the thalamus (0.3%), and the caudate nucleus (0.1%).
After adjustment to set the false discovery rate at 0.05, the
Pearson correlation between the number of NFTs and age was
significant only in sector CA1 (r=0.61; p=0.042).

Correlation Between Stages I-1V and Increasing
Number of Neurons With NFTs

Spearman rank correlations reveal that the number of
neurons with NFTs correlates significantly with the stage of
neurofibrillary degeneration in the structures affected early
and severely, including the EC, islands of stellate neurons in
the EC, CA1, CA2, CA4, subiculum, and amygdala (Table 5).
The progression of neurofibrillary degeneration might be illus-
trated by changes in 3 large structures: the increase in the num-
ber of NFTs in the entire EC from 98795 (stage 1) to 1.9
million in stage IV, in the CA1 (from 67 550 to 1.3 million); or
in the amygdala (from 55000 to 1.5 million). Figure 1 illus-
trates the relationship between the percentage of neurons with
NFTs and the Braak and Braak stage. These patterns are not
detectable in structures where neurofibrillary degeneration
occurs at later ages, structures with a low percentage of neu-
rons with NFTs, including the MBC or thalamus, or in struc-
tures with a very low percentage of affected individuals, such
as the substantia nigra.

Amyloid Load

In comparison to neurofibrillary degeneration, the age
of onset of amyloid plaques in the aging population was
delayed to the fifth and sixth decades, and the percentage of
amyloid-positive subjects was low, with 28% developing amy-
loid plaques in the EC, 24% in CA1 and the subiculum, 29% in
the amygdala, 28% in the MBC, 22% in the caudate nucleus,
and 20% in the thalamus (Table 4). The amyloid load (the per-
centage of structure volume occupied by mAb4GS8-positive
B amyloid) was the highest in the EC (5%) and in the caudate
nucleus (6.4%), but amyloid load in 8 other regions was in
range from 0.03% to 3.9% (second layer of the EC, CA1, CA3,
CA4, subiculum, amygdala, thalamus, magnocellular basal
complex, caudate nucleus, and substantia nigra).

Estimates of Neuronal Loss in 15 Brain
Structures and Their Subdivisions in
Nondemented Subjects From 25 to
102 Years of Age

To determine neuronal loss in different age groups, the
number of neurons was estimated in the 38-year-long period
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TABLE 4. Onset and Prevalence of Neurofibrillary Degeneration and f-Amyloidosis in 14 Brain Regions and Their Subdivisions

Structures and

Neurofibrillary Degeneration (mAb Tau-1)

Amyloid Plaques (mAb 4G8)

Their Subdivisions

Percentage of =~ Number of  Percentage of Pearson Percentage of Amyloid Pearson
Subjects Neurons Neurons Correlation Subjects with ~ Load (%)* Correlation
with NFTs with NFTs* with NFTs* Between Number Plaques Between
of NFTs and age* Amyloid
load (%) and age*

Entorhinal c. (All layers) 80 874152 9.1 ns 28 5.0 ns
Entorhinal c. (Islands) 76 105 449 15.5 ns 20 0.03 ns
CAl 84 755068 7.0 0.61; p=.0420 24 2.8 ns
CA2 64 51713 32 ns — — —
CA3 60 19970 1.7 ns 12 0.3 ns
CA4 68 48994 3.6 ns 8 2.4 ns
Subiculum 68 155418 39 ns 24 39 ns
Amygdala 71 662323 6.3 ns 29 3.6 ns
Thalamus 20 62711 0.3 ns 20 39 ns
MBC 64 25184 2.6 ns 28 3.1 ns
Caudate n. 4 39781 0.1 ns 22 6.4 ns
Substantia nigra 7 19373 35 ns 4 0.41 —
Purkinje cells 0 0 0 — NA NA NA
Dentate nucleus 0 0 0 — 0 0 NA

*NFTs or amyloid load calculated only for pathology-positive cases.
p values incorporate adjustment to set false discovery rate at 0.05.

TABLE 5. Correlation Between Braak and Braak Stage of Neurofibrillary Degeneration and Number of Neurons With NFTs

Structures and Spearman rank

Mean Number and Percentage of Neurons with NFTs

Their Subdivisions Correlation Between

Stage and Number of NFTs Stage I Stage 11 Stage III Stage IV
Number % Number % Number % Number %
Entorhinal cortex (All layers) 0.64; p=0.0054 98795 0.8 1010427 9.3 979209 11.2 1906012 18.1
Entorhinal cortex (Islands) 0.60; p=0.0124 13745 1.4 116572 15.2 124368 21.4 176453 28.1
CAl 0.82; p=0.0001 67550 0.6 849 647 8.3 1449347 13.8 1360737 13.2
CA2 0.62; p=0.0148 1041 0.0 33629 2.4 77365 4.5 120296 7.1
CA4 0.56; p=0.0219 6176 1.2 49191 3.7 57615 4.2 79751 5.6
Subiculum 0.75; p=0.0018 6088 0.1 122675 3.0 283857 7.4 238290 54
Amygdala 0.49; p=0.0482 55558 0.2 561393 4.7 825333 8.9 1518203 14.5

p values incorporate adjustment to set false discovery rate at 0.05.

between 25 and 63 years of age, the 33-year-long period
between 69 and 102 years of age, and the 77-year-long period
between 25 and 102 years of age. To estimate the contribution
of neurofibrillary degeneration to age-associated neuronal loss
and reduction of neuronal reserve in nondemented subjects, 15
brain regions and their subdivisions were examined, including
structures with early and late onset of neurofibrillary degener-
ation and structures free of neurofibrillary degeneration
(Table 6; Fig. 2). Pearson correlation was applied to detect
structures with significant neuronal loss and to estimate the
rate of neuronal loss per day.

Surprisingly, in a group of 13 successfully aging elderly
69-102 years of age, in none of 15 regions did neuronal loss
reach a significant level when an adjustment to set the false

discovery rate at 0.05 was applied. Similar analysis in 15
adults 25-63 years of age revealed a significant neuronal loss
of 650 neurons per day in the thalamus only. However, esti-
mates in 28 subjects 25-102 years of age revealed significant
neuronal loss in 8 of 15 regions examined.

The mean total number of neurons in the EC decreased
from 11.7 million in 25- to 63-year-old subjects to 9.7 million
in 69- to 102-year-old subjects. In 25- to 102-year-old sub-
jects, the decrease in the number of neurons correlated with
age (r=-0.72; p=0.0002). Regression-based estimates
reveal a loss of 154 neurons per day.

The mean total number of stellate neurons in the second
layer of the EC decreases from 970 thousand in adults to 672
thousand in the elderly group. The Pearson correlation
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FIGURE 1. Graphs illustrate the increase of the percentage of neurons with NFTs in nondemented adults and elderly in Braak and
Braak stages I-1V. The percentage of neurons with NFTs correlates (p < 0.05) with stages in the entorhinal cortex; islands of the
stellate neurons in the entorhinal cortex, sectors CA1, 2; the subiculum; the amygdala; and CA4 (not shown).

between age and the number of neurons is significant in 25- to
102-year-old subjects (r=—0.80, p=0.0002), reflecting a
loss of 21.8 neurons per day. The decrease in the mean number
of neurons in CAl from 11.9 to 10.2 million corresponds to
loss of 132 neurons per day. A similar pattern was observed in
the amygdala, with a decrease in the number of neurons from
13.6 to 10.2 million and a loss of 258 neurons per day in sub-
jects 25-102 years of age. Significant neuronal loss was
detected in 2 structures with a low percentage of neurons with
NFTs: the thalamus (0.3%) and small neurons in the caudate
nucleus (0.1%). The total number of neurons in the thalamus
decreased from 27.8 to 22.6 million or 464 neurons per day,
whereas the number of small neurons in the caudate nucleus
decreased from 42.3 million 32.3 million or 566 per day. The
number of neurons also decreased significantly in 2 neuronal
populations free of neurofibrillary degeneration. The mean
number of Purkinje cells decreased from 17.3 to 13.1 million
(349 per day). The number of neurons in the cerebellar dentate
nucleus decreased from 1.4 to 1.1 million (23 per day).

After adjustment to maintain False Discovery Rate of
0.05 the decrease in the number of pigmented neurons in the
substantia nigra from 778062 in adults to 657482 in the
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elderly was slightly short of significance (p = 0.0525) and was
considered a trend towered age-associated neuronal loss.

To compare neuronal loss in structures with enormous
differences in the total number of neurons, ranging from 0.7 in
the substantia nigra to 24 million small neurons in the caudate
nucleus in adult subjects, the neuronal loss was requantified as
number of neurons lost per 1 million per day. The index of
neuronal loss was comparable (Table 6; Fig. 3) in structures
with significant neurofibrillary degeneration (14 neurons per
million per day in the EC, 26 in the second layer of the EC, 12
in CA1l, and 21 in the amygdala), as well as in structures with
a few NFTs (18 neurons in the thalamus and 15 in the caudate
nucleus), and in neuronal populations free of NFTs (23 Pur-
kinje cells and 18 neurons in the dentate nucleus).

Figure 4 illustrates the difference in the number of neu-
rons at 25 and 102 years of age, and conversely, the number of
neurons lost in 8 brain structures, varying from 0.61 million in
the second layer of the EC to 15.9 million in the caudate
nucleus. While these findings suggest a differential effect of
several orders of magnitude, the estimated percentage of neu-
rons lost actually reveals that losses occur in a relatively
narrow range across different neuronal circuits, different
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TABLE 6. Estimated Total Number of Neurons and the Rate of Age-Associated Neuronal Loss in Examined Structures and Their

Subdivisions in 1 Brain Hemisphere

Structures and Age: 25-102y Age: 25-63 y Age: 69-102 y
Their Subdivisions
Number of Pearson *Neuronal = Number of Pearson *Neuronal = Number of Pearson  *Neuronal
Neurons (£ SE) Correlation Loss Neurons (= SE) Correlation Loss Neurons (+ SE) Correlation Loss
with Age with Age with Age
Entorhinal c. (All layers) 10725576 -0.72 —154/d 11676477 ns — 9695433 ns —
+ 305963 p=0.0002 —14/10%d + 304548 361079
Entorhinal c. (Islands) 827145 —0.80 —21.8/d 970287 ns — 672074 ns —
+ 38699 p=0.0002 —26/10%d + 35738 + 31778
CAl 11198419 —0.65 —132/d 11955648 ns — 10234672 ns —
+ 285346 p=0.0011 —12/10%d + 335529 + 303305
CA2 1433640 ns — 1329799 ns — 1565802 ns —
+ 52860 + 69450 + 64358
CA3 1211225 ns — 1218610 ns — 1201826 ns —
+ 50488 + 66843 + 80594
CA4 1444831 ns — 1536529 ns — 1328125 ns —
+ 56909 + 90869 + 39640
CAl1-4 15288115 —0.61 —137/d 16 040 586 ns — 14330425 ns —
+ 314613 p=0.0024 —9/10%d + 352488 + 412972
Subiculum 4077064 ns — 4165571 ns — 3964418 ns
+ 103929 + 125618 + 174762
Amygdala (4 nuclei) 12009 682 —0.67 —258/d 13665457 ns — 10226541 ns
+ 526713 p=0.0002 —21/10%d + 626372 + 526071
Thalamus 25243680 —0.78 —464/d 27888720 —0.87 —650/d 22598 640 ns
+ 957265 p=0.0002 —18/10%d + 988340 p=0.015 —23/10%d *+1156514
Magnocellular 912440 ns — 904 645 ns — 922362 ns
basal complex + 34601 + 47885 +52143
Caudate nucleus 37551200 —0.53 —566/d 42322527 ns — 32346117 ns
+1755654 p=0.0155 —15/10%d +1880800 *+2177370
Substantia nigra 722080 ns — 778 062 ns 657485 ns
+ 35467 + 37695 + 59449
Purkinje cells 14968 857 —0.80 —349/d 17291977 13068 122 ns —
+ 730213 p<0.0002 —23/10%d +1015345 + 603632
Dentate nucleus 1263661 —0.71 —23/d 1404414 1087720 ns
+ 45941 p<0.0002 —18/10%d + 52141 + 42823

*Estimated rate of neuronal loss per day (/d), and per 1 million neurons per day (/10%/d).

p values incorporate adjustment to set false discovery rate at 0.05.

neurotransmitter systems, and structures affected and unaf-
fected by neurofibrillary degeneration and B-amyloidosis.
Losses of neurons over this 77-year period ranging from
28.5% in CA1 to 54% in the second layer of the EC and 48.3%
of Purkinje cells in subjects without records of cognitive dete-
rioration may correspond to neuronal reserve in human brain.
This study of 15 regions identifies also 7 regions without stat-
istically significant neuronal loss, suggesting their relative
resistance to mechanisms leading to age associated neuronal
loss.

Association Between Number of Neurons,
Neurofibrillary Degeneration, and (-
Amyloidosis

Multivariate regressions were performed to determine
the contribution of neurofibrillary degeneration and amyloid

deposits to neuronal loss in each examined region once the
effect of age-related loss was accounted for. Table 7 summa-
rizes regressions of neuronal counts on age, NFTs, and age
and NFTs together for the structures with the highest per-
centage of neurons with NFTs. There was no significant
association between the number of neurons and the percent-
age of neurons with neurofibrillary degeneration in these
structures, including the entorhinal cortex, islands of the
stellate neurons in the EC, CA1 and the amygdala; structures
with a few NFTs (thalamus and caudate nucleus; not shown),
or in neuronal populations free of neurofibrillary degenera-
tion (Purkinje cells and neurons in the dentate nucleus; not
shown). Similar analysis revealed also that the number of
neurons was not significantly associated with B-amyloid
load in the 15 regions examined or their subdivisions in
adults and elderly once the effect of age was controlled (not
shown).
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FIGURE 2. Regression analysis reveals comparable correlation between age and the number of neurons in nondemented subjects
in 4 structures/regions affected early by neurofibrillary degeneration (the entorhinal cortex, islands in the entorhinal cortex, CA1,
and the amygdala); in 2 regions with neurofibrillary degeneration affecting only a very few neurons and in only a few subjects
(the thalamus and caudate nucleus), and 2 neuronal populations free of neurofibrillary degeneration (Purkinje cells and neurons
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FIGURE 3. In 8 brain regions, daily neuronal loss varies from 22 in the islands (Isl) of stellate neurons in the entorhinal cortex to
566 neurons in the caudate nucleus. However, the estimated neuronal loss per 1 million neurons per day is strikingly similar in all
examined regions, including 4 structures affected early by neurofibrillary degeneration and characterized by a relatively high
percentage of neurons with NFTs (the entorhinal cortex, EC; Islands, Isl; cornu Ammonis CA1; and the amygdala, Amy); in 2
regions with neurofibrillary degeneration affecting only a few neurons and in only a few subjects (the thalamus, Th, and small
neurons in the caudate nucleus, CNs); and in 2 neuronal populations free of neurofibrillary degeneration (Purkinje cells, PC, and

neurons in the dentate nucleus, DN).

Brain Region-Specific Volume Loss

The evaluation of the entire cohort 25-102 years of age
revealed a significant decrease in the volume of the EC
(r=-0.53; p=0.022), the second layer in the entorhinal
cortex (r=-—0.57; p=0.015, the thalamus (r=—0.78,
p=0.0015), and the dentate nucleus (r=—0.54; p=0.015)
(Table 8). The observed pattern suggests a similar reduction in
the volume of some brain structures with and without neurofi-
brillary degeneration.

Numerical Density of Neurons

The numerical density of neurons (N/mm?®) reflects
changes in the number of neurons and the volume in the region
of interest. The significant decrease in brain structure volume
in parallel with the loss of neurons in the EC, CA1, thalamus,

substantia nigra, and dentate nucleus seemed to account for a
lack of significant change in neuronal density with aging
(Table 9). However, where there were disproportional changes
in volume and neuronal loss, detectable reductions in neuronal
density were observed. This was the case for the caudate
nucleus (r = —0.62, p=0.0012), and in the numerical density
of Purkinje cells (r= —0.68, p=10.012), but only in the entire
cohort 25-102 years of age.

DISCUSSION

Our results support and expand earlier studies suggest-
ing brain resilience that allows some elderly individuals to
withstand the impacts of significant neurofibrillary degenera-
tion and B-amyloidosis and delay or avoid substantial cogni-
tive decline and dementia (7, 22, 52-60). This stereological
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FIGURE 4. Regression-based estimates of the number of
neurons at 25 years of age (light blue) and 102 years of age
(dark blue) allow evaluation of neuronal loss in 8 brain regions
(millions) and the percentage of lost neurons during 77 years
of life of adults and elderly. The percentage of lost neurons is
similar in the islands in the EC (54%) with the earliest onset of
neurofibrillary degeneration and in Purkinje cells (48.3%) free
of neurofibrillary degeneration.

study of 15 brain regions and their cytoarchitectonic subdivi-
sions in 28 nondemented individuals 25-102 years of age
suggests that the pattern of structural changes in the brains of
adults and the elderly can be characterized as (1) age-
associated brain remodeling with reduction of the number of
neurons in 8 of 15 brain regions, ranging from 28.5% in CA1
to the 54% loss of stellate neurons in the second layer of the
EC and 48.3% loss of Purkinje cells; (2) a 77-year period of
non-symptomatic reduction of neuronal reserve with a similar
rate of neuronal loss in adults and the elderly, without signs of
accelerated neuronal loss in agers or super-agers; (3) an
absence of topographic expansion of neurofibrillary degenera-
tion to the neocortex; (4) a similar rate of age-associated
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neuronal loss in structures with and without neurofibrillary
degeneration; and (5) the absence of a significant association
between age-related neuronal loss and the severity of neurofi-
brillary degeneration and -amyloidosis.

Three Decades of Absence of Topographic
Expansion of Neurofibrillary Degeneration in
Aging

Several arguments support the key role of the arrest of
expansion of neurofibrillary degeneration to the neocortex in
successful aging. The ranking by Ohm et al (61) of progres-
sion of neurofibrillary degeneration in 887 brains obtained
from routine autopsy revealed an increase in the relative pro-
portion of the lower stages of neurodegeneration beyond the
age of 90 years and a small number of individuals devoid of
neurofibrillary degeneration, suggesting that among aged
adults, there is a subpopulation of individuals resistant to AD.
A similar prevalence of stages 0-IV in cognitively normal
subjects in our study (57% stage I and II, 21% stage III, and
7% stage 1V) and in a study of 39 cognitively normal subjects
74-95 years of age examined by Knopman et al (57) (56%
with stage I or II, 28% with stage III, and 13% with stage 1V)
indicates that the absence of topographic expansion of neurofi-
brillary degeneration is typical for nondemented elderly
individuals.

Neurofibrillary pathology in the neocortex is a key event
associated with cognitive decline (29, 62, 63). The absence of
expansion of neurofibrillary degeneration to the neocortex in
individuals with successful aging is supported by clinical (64)
and neuropathological (29) studies. Structural MRI of the
brains of “SuperAgers”, that is, individuals who were 80 years
of age or older and had episodic memory scores at the level of
individuals 20-30 years younger, revealed a significantly
thicker cerebral cortex than in 50- to 65-year-old healthy
adults, which may be a proxy measure of preserved cortical
neuronal integrity. Our and others’ results (29, 57, 61, 64) sug-
gest that the absence of the progression to the neocortex of
neurofibrillary degeneration and NFT-related neuronal loss is a
key factor related to preservation of cognition. The correlation
between age and stages I and II in adults up to 63 years of age
but the lack of correlation between age and stages II-IV in 69-
to 102-year-old individuals appears to be another sign of the
disruption of the progression of neurofibrillary degeneration in
people who do not develop Alzheimer-type neurodegeneration
and cognitive impairment in the next 3 decades of life.

Perhaps most importantly, this study contributes to
growing evidence that AD is not a consequence of advanced
brain aging but, instead, a distinct pathological process
(58, 65). Identification of the mechanisms that prevent the
topographic expansion of neurofibrillary degeneration in suc-
cessfully aging individuals might be helpful for research
aimed at the prevention of AD.

Comparable Rate of Age-Associated Neuronal
Loss in Adults and Elderly

The most striking feature of neuronal loss in the 28
subjects examined (25- to 102-years-old) was the lack of a
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TABLE 7. Multivariate Regression of Neuronal Count on Age and Percentage of NFTs

Structures F df p adj. R2 B t p
Entorhinal c. (All layers)

Age (univariate) 24.19 1,23 0.0001 0.4914 —56160.43 —4.92 0.0001
Percent NFTs (univariate) 5.18 1,23 0.0325 0.1483 —1.01 x 107 —2.28 0.0325
Overall age + NFTs model 11.90 2,22 0.0003 0.4760

Age —62359.24 -3.92 0.001
Percent NFTs 2719916 0.57 ns
Entorhinal c. Islands

Age (univariate) 41.64 1,23 0.0001 0.6287 —7963.411 —6.45 0.0001
Percent NFTs (univariate) 26.79 1,23 0.0001 0.5180 —1126262 —5.18 0.0001
Overall age + NFTs model 25.39 2,22 0.0001 0.6702

Age —5640.406 —3.41 0.003
Percent NFTs 505291.5 —-1,97 ns
CAl

Age (univariate) 16.59 1,23 0.0005 0.3937 —48319.07 —4.07 0.0005
Percent NFTs (univariate) 9.11 1,23 0.0061 0.2525 —1.00 x 107 —-3.02 0.006
Overall age + NFTs model 8.53 2,22 0.0018 0.3856

Age —39339.59 —2.45 0.023
Percent NFTs —3614970 —0.83 ns
Amygdala

Age (univariate) 15.34 1,22 0.0007 0.3841 —83251.04 —3.92 0.0007
Percent NFTs (univariate) 3.82 1,22 ns 0.1093 —1.31 x 107 —1.96 ns
Overall age + NFTs model 7.69 2,21 0.0031 0.3677

Age —76167 -3.16 0.005
Percent NFTs —4141917 —0.65 ns

The dependent variable for all regressions is the number of neurons in the structure.

TABLE 8. Estimated Mean Volume (mm3 = SE) of Examined Structures and Cytoarchitectonic Subdivisions in 1 Brain Hemisphere

and Correlation Between Volume and Age

Structures and Age: 25-102 Age 25-63 Age 69-102
Their Subdivisions
Volume Pearson Volume Pearson Volume Pearson
Correlation Correlation Correlation
with Age with Age with Age

Entorhinal c. (All layers) 593 =23 —0.53; p=0.022 650 = 32 ns 531 £ 24 ns
Entorhinal c. (Islands) 352 —0.57; p=0.015 40 =2 ns 20+ 1 ns
CAl 423 + 14 ns 450 = 16 ns 389 *+ 21 ns
CA2 36+ 1 ns 34 +2 ns 392 ns
CA3 452 ns 45+12 ns 45+3 ns
CA4 1055 ns 110 =7 ns 100 £ 6 ns
CA (1-4) 610 = 18 ns 639 = 21 ns 572 = 28 ns
Subiculum®* 188 =8 ns 194 £ 10 ns 180 = 12 ns
Amygdala’ 446 =15 ns 470 =15 ns 420 = 20 ns
Thalamus 3023 = 122 —0.78; p=0.0015 3406 = 114 ns 2640 = 130 ns
Magnocellular basal complex* 128 =4 ns 134 =5 ns 1205 ns
Caudate nucleus 1975 =59 ns 2018 =93 ns 1929 = 71 ns
Substantia nigra§ 90 *£5 ns 97+ 6 ns 826 ns
Cerebellum 24514 ns 25451 = 1618 ns 23747 = 1438 ns
Dentate nucleus 323 =14 —0.54; p=0.015 364 = 14 ns 271 = 15 ns

Volume (mm3), total volume calculated using mounted section thickness.
:"Subiculum, total volume of the subiculum proper.

Amygdala, total volume of lateral, basal, accessory and central nuclei.
‘Magnocellular basal complex: total volume of Ch1-4.

$Substantria nigra, total volume of the pars compacta and reticulata.

p values incorporate adjustment to set false discovery rate at 0.05.
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TABLE 9. Estimated Numerical Density of Neurons (N/mm3)

Structures and Their Subdivisions Age: 25-102 y Age: 25-63 y Age: 69-102 y
Neuronal Pearson Neuronal Pearson Neuronal Pearson
Density Correlation Density Correlation Density Correlation
with Age with Age with Age
Entorhinal c. (All layers) 18370 = 469 ns 18326 = 719 ns 18416 = 624 ns
Entorhinal c. (Islands) 24100 = 769 ns 25070 = 1200 ns 23050 = 892 ns
CAl 26876 = 761 ns 26793 + 839 ns 26980 = 1411 ns
CA2 39882 = 1198 ns 39416 = 1408 ns 40475 £ 2119 ns
CA3 27201 = 906 ns 27410 = 1275 ns 26934 + 1331 ns
CA4 14113 = 561 ns 14332 £ 699 ns 13833 + 945 ns
All sectors (CA1-4) 25437 = 727 ns 25341 = 812 ns 25560 = 1338 ns
Subiculum 22187 = 671 ns 22003 = 1008 ns 22421 = 873 ns
Amygdala (4 nuclei) 27194 = 1190 ns 27334 = 1430 ns 24888 = 1228 ns
Thalamus 8410 = 215 ns 8228 =270 ns 8592 * 340 ns
Magnocellular basal complex 7179 *= 226 ns 6771 = 290 ns 7697 + 303 ns
Caudate nucleus 19045 = 732 —0.62; p=0.012 21114 = 689 ns 16788 + 957 ns
Substantia nigra (pigmented neurons) 8067 * 234 ns 8146 * 353 ns 7977 = 310 ns
Purkinje cell (density per 618 = 27 —0.68; p=0.012 691 *= 44 ns 558 =23 ns
molecular and granule cell layers)
Dentate nucleus 3984 + 114 ns 3909 *+ 168 ns 4076 £ 149 ns

p values incorporate adjustment to set false discovery rate at 0.05.

significant correlation between age and number of neurons in
the 15 subjects 25-63 years of age as well as in the 13 subjects
69-102 years of age, though the correlation between age and
number of neurons was significant in the 28 subjects taken as a
whole. This pattern could explain why many reports of aged
subjects failed to detect age associated neuronal loss. The asso-
ciation between age and neuronal loss in 25- to 102-year-old
subjects also reveals that neuronal loss in adults is comparable
with neuronal loss in the elderly, including super agers, which
is conflict with expectations that neuronal loss is accelerated in
the elderly. These data support the view that aging is not a
pathological process but rather an age-associated process of
brain remodeling in adults and the elderly. The absence of sig-
nificant neuronal loss in 7 of 15 brain structures or their subdivi-
sions distinguishes brain structures and neuronal populations
resilient to aging-associated remodeling from 8 regions with
age-associated neuronal loss. Neuronal loss appears to be strik-
ingly different in different brain structures when loss is calcu-
lated per structure, but estimates of neuronal loss per million
neurons per day indicate that the rate of neuronal loss is rather
similar across structures, ranging from 12/million/day in the
CAL1 with early onset of neurofibrillary degeneration to 23/mil-
lion/day among Purkinje cells free of neurofibrillary
degeneration.

Lack of Significant Association Between
Neurofibrillary Degeneration and B-Amyloidosis
and Neuronal Loss in Aging

In 25- to 102-year-old subjects, estimates of neuronal

loss revealed very similar loss in structures with neurofibrillary
degeneration (EC, 33.3%; second layer of the EC, 54%; CAl,
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28.5%; and amygdala, 45.8%), in structures with mild neurofi-
brillary degeneration (thalamus, 40.5%; caudate nucleus, 35%),
and in neuronal populations free of NFTs (Purkinje cells,
48.3%, and neurons in the dentate nucleus, 40.1%). These data
indicate that regional neurofibrillary degeneration-associated
neuronal loss is not a predictor of age-associated neuronal loss.
The limited contribution of neurofibrillary degeneration
to neuronal loss in aging has been shown in other studies. The
study by Von Gunten et al (66) of a cohort of 34 subjects
74-102 years of age with a high prevalence of demented sub-
jects and only rare cases of questionable or very mild dementia
revealed that NFT numbers predict only 38% of the neuron
number variability in layer II of the EC and 55% in CA1. Also,
in AD, neuronal loss correlates with, but exceeds, the number
of NFTs (67). Testing the hypothesis that NFT formation
accounts for all of the CA1 pyramidal neuronal loss observed
in AD revealed that NFTs accounted for only a small propor-
tion (8.1%) of the ~60% of the neuronal loss observed in AD
(68). A study by Hof et al (69) of the second layer of EC and
CAI1 revealed that large numbers of neurons with intracellular
NFTs may persist until late stages of AD progression. Morsch
et al (70) models estimated that CAl neurons containing
NFTs may survive for ~20 years. The present study extends
these findings to a population experiencing successful aging
and strengthens the suggestion that in adults and the elderly
mechanisms distinct from neurofibrillary degeneration and
-amyloidosis influence neuronal loss and brain function.
Several previous studies have demonstrated that NFT den-
sities are closely associated with cognitive status, whereas amy-
loid deposits are more closely related to brain aging (62, 71-73).
Amyloid deposition is common in older individuals with intact
cognitive function (74-75). However, studies of nonagenarians
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and centenarians have documented significantly slower progres-
sion of neurofibrillary degeneration and f-amyloidosis compared
to younger cases (76). The lack of amyloid plaques in 8% of non-
demented subjects 69—102 years of age, including an 85-year-old
individual; stage A of brain amyloidosis in 61% of subjects
including 90- and 102-year-olds; stage B in 8%, and stage C in
23%; the only 3.5% average amyloid load in 9 amyloid-positive
regions; and the lack of correlation between the stage of amyloi-
dosis and age suggest that in successful aging, inhibition of neu-
rofibrillary degeneration coincides with prominent inhibition of
-amyloidosis. The lack of significant association between the
number of neurons and the number of NFTs or amyloid load
once the effect of age in the nondemented cohort was controlled
indicates subthreshold neurofibrillary degeneration and B-amy-
loidosis without an effect on cognition.

The presence of neurofibrillary degeneration in all
adults older than 43 years of age and evidence that this pathol-
ogy causes neuron death clearly shows that NFTs contribute
to neuronal loss throughout later adulthood. However, the spa-
tial pattern of neuronal loss described here shows comparable
neuronal loss in NFT-free brain structures and neuronal popu-
lations. Several nonAlzheimer neurodegenerative pathologies,
including a-synucleinopathy (26, 27) and TDP-43 deposition
(25, 77), are known to contribute to neuronal loss. Lewy body
pathology has been found in 26.9% of 98- to 107-year-olds
(77). TDP-43 pathology has also been found in the hippocam-
pus and in other brain structures in 80% of nondemented eld-
erly cases. In 21% of these elderly, the hippocampal sclerosis
was reported to coexist with widespread arteriosclerosis out-
side of the hippocampus (77). Longitudinal MRI studies of
age-associated pathology reveal shrinkage not only of the hip-
pocampus and EC but also of the caudate nucleus, cerebellum,
and several neocortical regions (78-80). A broader view of
neuropathology in aging suggests the combined contribution
to neuronal loss of regional neuropathology and the global
effects of vascular pathology and hypertension (79, 80). These
studies suggest that even after application of clinical and neu-
ropathological exclusion criteria the examined adults and
elderly might be affected by undetected low range common
cerebral morbidities contributing to regional and interindivid-
ual differences in the reduction of neuronal reserve.

Brain Aging and Primary Age-Related
Tauopathy

In examined adults and elderly with no records of
cognitive decline, the topographic pattern of neurofibrillary
degeneration and 3 amyloidosis matches primary age-related
tauopathy (PART) diagnosed in very old subjects with mainly
allocortical neurofibrillary pathology (Braak stages IV or
below) and without or with few AP deposits (81). The rela-
tionships between age-related tauopathy and AD are a matter
of discussion reflected in 2 recommendations: to consider
PART as a distinct age-associated tauopathy that does not
meet the morphological criteria for sporadic AD (82), or to
consider PART as a part of AD due to partial overlap between
age- and AD-associated stages of neurofibrillary degeneration
and phases of A deposition (83). Aging per se is not consid-
ered pathology whereas PART is defined as a neuropathologi-

cal process. This study demonstrates a topographically
selective but rather uniform rate of neuronal loss per day in
adults and the elderly, without acceleration of neuronal loss in
the elderly and without cognitive decline. Neuronal loss is the
principal sign of an age-associated process, potentially over
more than 70 years, which appears to be brain remodeling
rather than disease. Multivariate analysis demonstrates no sig-
nificant association between the number of neurons, the num-
ber of NFTs, and amyloid load in nondemented adults and the
elderly, and suggests that these forms of neurodegeneration
coexist with but are not a sine qua non component of age-
associated brain remodeling.

Multiregional Decrease of Neuronal Reserve in
Nondemented Adults and Elderly With
Unspecified Age-Associated Functional Decline

Cognitive reserve and brain reserve have been postu-
lated to make independent and interactive contributions to pre-
serving functions with advanced adult aging and when the
brain is exposed to injury (84, 85). According to proponents of
the cognitive reserve concept, preexisting cognitive process-
ing approaches or enlisting of compensatory approaches are
used to cope with the detrimental effects of aging (85). In con-
trast, the original concept of a brain reserve was more focused
on quantitative characteristics of brain structure and consid-
ered expanded numbers of neurons and synapses as protective
factors. Consistent with this concept, the brain tolerates some
pathology before it reaches a critical threshold for clinical
symptoms to appear (84, 86). A measure of neuronal reserve
might be the loss of neurons without a loss of specific function
of affected brain structures and neuronal circuits. This study
provides measures of the decrease in neuronal reserve in non-
demented adults and elderly with some age-associated func-
tional decline. Neuronal loss is characterized in (1) 3 subdivi-
sions of the limbic system composed of disparate anatomical
units (the EC, hippocampus, and amygdala) united by a major
role in the memory system and the early onset of neurofibril-
lary degeneration in aging; (2) the thalamus and caudate
nucleus, with minimal neurofibrillary degeneration, but early
and severe neuronal loss in aging; and (3) Purkinje cells and
neurons in the dentate nucleus free of neurofibrillary
degeneration.

In nondemented subjects the estimated number of neu-
rons in the EC decreased by 4.3 million (from 12.9 to 8.6 mil-
lion; 33.3%) over the years between 25 and 102. In the study
of nondemented subjects 60-90 years of age by Price et al
(87), the number of neurons was reduced by 21%. In a group
with very mild AD, the number of neurons was reduced by
35% in the EC, by 50% in layer II, and by 46% in CAl. In
examined nondemented subjects the estimated number of neu-
rons in the second layer of the EC was reduced by 54% (from
1.13 million at age of 25 years to 0.52 million at age of 102
years). For our adult group (25- to 63-year-olds), the estimated
numbers of neurons were 11.9 million (CAl), 2.5 million
(CA2 and CA3), and 1.5 million (CA4), whereas in the study
by Korbo and West (88) of 21- to 56-year-old control subjects,
the numbers of neurons were 14.7 million (CA1), 2.7 million
(CA2 and CA3), and 2.7 million (CA4). Estimates of the num-
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ber of neurons in CA1 in several studies of the elderly show a
broader range of differences, from 16.0 million in 47- to 85-
year-olds (48), to 6.2 million in 72- to 96-year-olds (89), and
to 10.2 million in our group 69—-102 years of age. While multi-
ple factors might be contributing to this variation in findings,
including hippocampal vascular fibrosis and calcification
(90), vascular brain pathology, cardiovascular disorders, and
ischemia (28), there is consistency with respect to the direction
of the effects of aging, per se, and the regional neuronal loss in
the aging human hippocampus is fundamentally different
from the pattern associated with AD (91).

The amygdala is involved in emotional and motivational
behavior, including emotional memory (92, 93) and learning
(94), recognition of emotions and facial expression (95), and
fear responses (96), which are disturbed in individuals with
dementia (97). The amygdala is affected by neurofibrillary
degeneration in AD (8) and by Lewy body degeneration in
presymptomatic (27) and symptomatic Parkinson disease (98).
In the examined nondemented individuals, the amygdala was
affected by neurofibrillary degeneration early (Braak and
Braak stage III) and consistently. The total number of neurons
in the amygdala of our 69- to 102-year-old cases (10.2 million
in 1 hemisphere) is comparable to the number of neurons in
the left (10.7 million) and right (9.8 million) hemispheres
reported by Vereecken et al (99) in control cases of similar
age (62-93 years). Regression analysis-based estimates pre-
dict a decline in the number of neurons in 4 examined nuclei
by 7.2 million in nondemented cases between 25 and 102
years of life and suggest that a 45.8% loss of neurons corre-
sponds to loss of a part of the amygdala neuronal reserve.

The functions of the basal ganglia, including the nigros-
triatal system, are motor planning and motor learning, regula-
tion of posture, automatic movements, and ramp signals for
smooth guided movements (100). These capabilities are
known to deteriorate with age and in individuals diagnosed
with Parkinson disease. The estimated decrease in the number
of pigmented neurons from 860000 at 25 years of age to
580000 at 102 years of age (by 280000, or 32%) detected in
this study of the substantia nigra is similar to the age-
associated neuronal losses reported in other studies, including
28.3% (101), 33% (47), 36% (102), and 48% (103). After
adjustment of significance levels to maintain a False Discov-
ery Rate of 0.05 for the 15 areas examined, the results for the
substantia nigra were slightly short of significance
(p=0.0525) and were considered a trend towered age-
associated neuronal loss. The neuronal loss in the substantia
nigra is associated with decreases of about 10% (104) to
13% (105) in the level of striatal dopamine per decade of age.
These data consistently document a prolonged presympto-
matic phase, with clinical signs appearing only when 50% of
nigral neurons and 80% of striatal dopamine are lost (106),
and suggest that the estimated neuronal reserve in the substan-
tia nigra is ~50%. These studies of the dopaminergic system
revealed the complex deterioration in neuronal reserve with
cognitively healthy aging, increasing the risk of clinical
decline and Parkinson disease.

The rate and range of neuronal loss in structures free of
neurofibrillary degeneration are similar to those detected in
the limbic system and basal ganglia of nondemented adults
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and elderly. In the examined cohort a 48.3% loss of Purkinje
cells was seen over the age range of 25-102 years. A signifi-
cant, that is, 30%—40%, loss of Purkinje cells was reported in
the first morphometric studies of the cerebellum in 40- to 90-
year-old individuals (107). A similar, 40% loss of Purkinje
and granule cells and 28% loss of volume of the cortex was
found in the anterior lobe in 19- to 84-year-old individuals
examined with current stereological standards (108). The den-
tate nucleus, which is the relay center for fibers coming from
the cerebral cortex (109), loses 40.1% of neurons, whereas the
thalamus, which is the target of dentate nucleus axons consti-
tuting the dentate-thalamic tract, is affected by the same
40.5% loss of neurons.

The anterior part of the cerebellum regulates motor
function, posture, muscle tone, and gait, which are often
affected by aging. The posterior lobe is more involved with
cognitive functions, including working memory, implicit and
explicit learning, memory, and language (110, 111). The
unique susceptibility of Purkinje cells to brain ischemia and
hypoxia (112) suggests that brain hypoperfusion observed in
the elderly might be a significant contributor to Purkinje cell
loss. The approximately 40% reduction in the neuronal reserve
in the cerebellum and thalamus appears to be a reflection of
the reduced adaptive coordination of movements that occurs
with age, and even in a subclinical range this may impose lim-
its on everyday performance.

Study Limitations and Closing Remarks

The present study has 2 significant limitations. First, a
lack of in-depth neuropsychological evaluations prior to
death allows for the presence of subtle cognitive declines that
cannot be ruled out, although all cases were clearly free of
dementia. Second, the large range in age and overall sample
size limited the number of cases within subsamples defined
by age and severity of neuropathology. However, in spite of
these limitations, the examined elderly reveal basic features
of successful aging, including the absence of neurofibrillary
degeneration expanding into the neocortex reported in large
cohorts with cognitive assessment studies. A review of 11
studies comprising 555 nondemented individuals revealed
that only 12 cases (2.2%) were classified as Braak stage V,
and only 0.5% (3 subjects) were stage VI (63). These data and
the evidence that the highest amounts of neocortical NFT
pathology were never observed in the brains of individuals
who were cognitively intact (29, 113) support the hypothesis
that the key component of aging without cognitive impair-
ment is the lack or limited expansion of neurofibrillary neuro-
degeneration to the neocortex.

The results of this study of adults and elderly without
indications of dementia representing a wide range of chrono-
logical age suggest that a significant contributor to successful
aging is absence of the topographic expansion of neurofibril-
lary degeneration to the neocortex and the limited progression
of neurofibrillary degeneration in structures affected early.
However, unbiased morphometric methods still demonstrated
significant neuronal loss in 8 of 15 brain regions and their sub-
divisions and a surprisingly similar rate of neuronal loss in
structures with and without neurofibrillary degeneration. No


Deleted Text: 91
Deleted Text: 90
Deleted Text: -
Deleted Text: &ndash;
Deleted Text: -
Deleted Text: ,
Deleted Text: ,
Deleted Text: ,
Deleted Text: -
Deleted Text: i.e.

J Neuropathol Exp Neurol ® Volume 76, Number 6, June 2017

Age-Associated Reduction of Brain Neuronal Reserve

significant association was seen between neuronal loss, the
number and percentage of neurons with NFTs, or amyloid
load and age-related neuronal loss. Identification of the mech-
anisms limiting topographic expansion and preventing neo-
cortical neurofibrillary degeneration and neuronal loss for sev-
eral decades may help in the design of treatments preventing
the transition from preclinical pathology to AD. Measures of
significant multiregional neuronal loss indicate that aging is
associated with a reduction of brain reserve capacity, increas-
ing the risk of crossing a threshold between nonsymptomatic
and symptomatic pathology when the brain is exposed to addi-
tional pathology. The reduction of neuronal reserve by age-
associated nonneurofibrillary neuronal loss appears to be an
underestimated subcomponent of neuronal loss reported in
subjects diagnosed with AD.
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