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Abstract In Alzheimer’s disease (AD), neurofibrillary
degeneration of neurons starts in the transentorhinal cor-
tex and spreads in a time-dependent manner to the en-
torhinal cortex, which provides a mgjor input to the hip-
pocampus — a key structure of the memory system. People
with Down’'s syndrome (DS) develop neurofibrillary
changes more than 30 years earlier than those with spo-
radic AD. To characterize AD-related pathology in the en-
torhinal cortex in DS, we examined seven subjects with
DS of 60-74 years of age who died in the end stage of
AD, and four age-matched control subjects. The volume
of the entorhinal cortex in brains of subjects with DS was
42% less than that in control cases, however, the tota
number of neurons free of neurofibrillary changes was re-
duced in DS by 90%: from 9,619,000 + 914,000 (mean +
standard deviation) to 932,000 + 504,000. The presence
of 2,488,000 + 544,000 neurofibrillary tangles in the en-
torhinal cortex of people with DS, the prevalence of end-
stage tangles, and the significant negative correlation be-
tween the total number of intact neurons and the percent-
age of neurons with neurofibrillary changes indicate that
neurofibrillary degeneration is a major cause of neuronal
loss in the entorhinal cortex of people with DS. The rela-
tively low amyloid load (7 + 1%) and lack of correlation
between the amyloid load and the volumetric or neuronal
loss suggest that the contribution of (-amyloid to neu-
ronal loss in the entorhinal cortex is unsubstantial.
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Introduction

Subjects with Down’s syndrome (DS) are especially
prone to develop Alzheimer-type pathology. The presence
of diffuse B-amyloid (AB) plagues has been demonstrated
in some DS subjects in the second decade of life [75],
wheresas the first neurofibrillary tangles (NFTS) appear in
the third decade of life [68] — some 30 years earlier than
in the normal population [40]. Virtually al individuals
with DS older than 35 years of age develop Alzheimer-
type pathology, and the numerical density of NFTs and
neuritic plagues increases with age [45, 68, 78]. Neurofib-
rillary pathology, accumulation of A3, and neuronal loss
result in early loss of adaptive abilities [59, 79] and lead
to severe dementia [20, 73, 80], which occurs in 55% of
DS subjects between 50 and 59 years of age and in 75%
of DS subjects older than 60 years [42, 66].

The transentorhinal/entorhinal region is the brain area
known to be affected the earliest by Alzheimer-type
pathology [11]. Profound neuronal loss has been demon-
strated in the entorhinal cortex (EC) in the very early
stage of Alzheimer disease (AD) [25]. Thislossis consid-
ered an anatomical substrate of memory and learning im-
pairment, which isthefirst clinically manifested symptom
of AD [17]. The EC is a mesocortical area, significantly
reduced in primates and human, which serves as an inter-
face between the association cortex and the hippocam-
pus — the central structure in the memory system. The su-
perficial layers of the EC receive information from many
association cortical areas and relay it to the hippocampus
[36, 61]. The sources of projection are mostly stellate neu-
rons of layer Il and to alesser degree, neurons of layer 111
[58, 76, 77]. The hippocampus sends recurrent connec-
tions via the subicular complex to the deeper layers of the
EC [6, 7, 21, 22], which relay them back to the cortex
[37]. This unique position of the EC between the hip-



pocampus and the association areas make obvious why
damage to the EC can result in the appearance of symp-
toms of memory impairment and learning disturbances
[32, 33, 65].

We hypothesize that the EC in DS subjects can be af-
fected early and severely by AD pathology, as takes place
in AD patients with normal genotype. The severe damage
to the EC caused by Alzheimer-type pathology could con-
tribute significantly to the deterioration of mental status
observed clinically in DS individuals during the process
of aging. Because some studies indicate that in AD, neu-
rofibrillary pathology is the mgjor cause of neuronal loss
in the hippocampus [8, 9, 16], EC [25], and temporal cor-
tex [26], we aso hypothesize that NFTs can be a major
cause of neuronal degeneration in the EC in DS subjects.

The aim of this study isto characterize the type, distri-
bution, and range of pathological changes in the entorhi-
nal cortex of people with DS in the end stage of AD. Be-
cause in atrophic structures, relative measures such as nu-
merical density of NFTs or neurons might be biased, the
study is focused on absolute measures of the volume of
the EC and the total number of neurons and NFTs.

Materials and methods

The study was performed on the EC of seven subjects with DS
from 60 to 74 years of age and four age-matched control subjects
(Table 1). Clinical records of al DS subjects under study showed
a gradual loss of adaptive abilities over the last two decades of
their life. At the time of demise, al of them were severely de-
mented, immobilized, and bedridden and were being tube-fed.
Severity of dementia was evaluated by means of Global Deteriora-
tion Scale [54] as corresponding to final stage 7. All DS cases ful-
filled the clinical and postmortem criteria for diagnosis of AD.
Controls had no history of long-term illness, dementia, or neuro-
logical disease, and none of these subjects had met CERAD crite-
riafor diagnosis of AD [47].

After at least 6 weeks of fixation in 10% buffered formalin,
brain hemispheres were dissected coronally into 4.8-mm-thick
slabs, processed, and embedded in paraffin. Slabs were cut serially
into 8-um-thick sections. Every tenth section was stained with cre-
syl violet. Every 50th section was immunostained with mono-
clonal antibodies (mMAbs) Tau-1 and 3-39 to detect neurofibrillary
pathology, or with mAb 4G8 against AB. The Tau-1 mAb was
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raised against abnormally phosphorylated tau protein and detects
an epitope located between amino acid residues 189 and 207 of the
human tau sequence. 3-39 mAb was raised against ubiquitin and
detects an epitope located between amino acid residues 50 and 65
of ubiquitin as well as epitopes on ubiquitinated paired helical fil-
aments [5]. Immunostaining with Tau-1 was preceded by the pre-
treatment of sections with alkaline phosphatase (Sigma Type VII-L,
400 pg/ml in PBS, pH 7.4) at room temperature. Overnight incu-
bation with a mixture of primary antibodies (Tau-1 1:50,000, and
3-39 1:10,000) was followed by 2-h incubation at room tempera-
ture with the secondary antibody — biotinylated anti-mouse immu-
noglobulin from sheep (1:200, Amersham) and 1-h incubation
with extravidin-horseradish peroxidase complex (1:200, Sigma).
The reaction was visualized by means of 3,3'-diaminobenzidine
(DAB), and sections were counterstained with cresyl violet.

4G8 mAb was raised against the 17—-24 amino acid sequence of
the AP protein. To enhance staining, the sections were pretreated
with 88% formic acid for 30 min. A 1:50,000 dilution of mAb
4G8 was used. All subsequent steps of the procedure were similar
to those with staining with mAbs Tau-1 and 3-39.

In our study, we followed the pattern of EC lamination pro-
posed by Amaral and Insausti [1], who distinguished six layers:
four cellular (11, I, V, VI) and two acellular (I, I'V-lamina disse-
cans). No divisions of the EC into subregions were taken into ac-
count. The planimetry was performed on serial sections stained
with cresyl violet, 800 pm apart. Using a Documator DL-2 (Zeiss,
Jena Germany), a picture of the histological specimen was en-
larged 28 times, and the outlines of the EC and its layers were
traced. The cross-sectional area of the EC and its layers was mea-
sured with a Sigma-Scan (Jandel Scientific Corp., San Rafael,
Calif.) morphometric program, and the total volume of the struc-
tureV (mm3) was cal culated using the DeVito formula, which con-
tains a correction factor for differences in area between two con-
secutive sections [18]:

V=3V,

where V, = the subvolume of the structure between two serial sec-
tions having areas A, and A,+1 (mm?) separated by the distance Z
(inour study, 0.8 mm). V, was calculated from the following equa-
tion:

V, =

% x (An + An+1 + \/An + An+1)

The total numbers of intact neurons and NFTs were calculated for
layersll, I11,V, and VI. Five stages of NFT development were dis-
tinguished in sections stained with mAbs Tau-1 and 3-39 and
counterstained with cresyl violet [5]. Pretangles (stage 0) are neu-
rons with a scattered, granular immunopositive reaction within the
perikaryon. Early tangles (stage 1) are neurons with fibrillar or
rod-shaped immunopositive inclusions within a perikaryon. In im-

Table 1 Characteristics of

control and DS cases Group Case no Age (years) Sex v|_\|/g8|h stp(r;]esre Cause of death
(DS Down’ s syndrome)
Control 1 57 M 720 Sepsis
2 59 F 560 Cardiac arrest
3 61 M 710 Pneumonia
4 68 F 625 Retroperitoneal bleeding
DS 1 60 M 430 Pneumonia
2 62 M 515 Pulmonary edema
3 62 F 400 Cardiac arrest
4 63 M 420 Bronchopneumonia
5 63 M 485 Pulmonary edema
6 64 F 420 Cardiac arrest
7 74 M 345 Congestive heart failure
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mature tangles (stage 2), the cytoplasm isfilled partially or entirely
with dense immunopositive bundles, and the nucleus is shrunken
and dislocated. In end-stage tangles (stage 3A), the entire perikary-
on isfilled with dense immunopositive material and the nucleusis
not discernible. Ghost tangles (stage 3B) are extracellular bundles
of loosely arranged filaments that are labeled poorly with mAb
Tau-1 but strongly with 3-39. Stages 0, 1, and 2 are considered liv-
ing neurons with neurofibrillary changes. Stage 3A corresponds to
dead cells, whereas stage 3B represents cell remnants. The numer-
ical density of intact neurons and of NFTs at particular stages was
evaluated at x 820 magnification by means of a Pictoval projective
microscope (Zeiss). The systematic random sampling scheme was
applied [27, 69]. Thefirst test areawas selected, and the next areas
were taken in the raster pattern from the starting point. The coeffi-
cient of error, as ameasure of the sampling accuracy [25, 69], was
calculated for each case and each layer separately, and it was
found to be less than 0.06. The density of objects per cubic mil-
limeter and the total number of objects were calculated according
to the following equations, respectively [28]:

- N
Yoo (t+d-2k) x A
where N, = number of objects per mm3; N = number of objectsin
the test area; t = section thickness (mm); d = mean diameter of ob-
ject (mm); k = the correction factor (mm); and A = test area (mn?).

N, = Vx Ny

where N, is the total number of objects. To calculate the density of
intact neurons and neurons with NFTs per cubic millimeter, the
mean diameter of nucleolus was used as the parameter d. ASNFTs
in stage 3A by definition do not have a discernible nucleus, and
those in stage 3B are extracellularly located bunches of loosely
arranged filaments, for those objects, the d value was evaluated
from the tangle profile [8, 9, 16]. The d value was calculated for
each case and each layer of EC separately and was on average 3.4
um for the nucleolus and 15.7 um for the tangle profile. The cor-
rection factor k, which adjusts N,, to compensate for those small
cut cups of the objects that lie inside the section and cannot yet be
discriminated visually, was cal culated according to the method de-
scribed by Konigsmark et al. [41]. The thickness of the section (t)
was controlled by focusing a x 100 oil objective throughout the

section and measuring the distance between the first and last object
(nucleus of oligodendrocyte or ependymocyte) that came into fo-
cus. The measurements were made using a Digimatic Indicator IDF-
150E (Mitutoyo Corp. Osaka, Japan), which registers every move-
ment of microscope stage along the z axis with an accuracy of 0.5 pm.

The amyloid load, i.e., the percentage of EC occupied by AR
deposits detected with mAb 4G8, was quantified using the
“C IMAGING” (COMPIX, Cranberry Township, Pa) image
analysis system. A gray level threshold was set separately for any
analyzed section to discriminate AR deposits from the background.
The coefficient of error was calculated for amyloid load measure-
ments, as it was for neuron and NFT densities, and was less than
0.06.

The shrinkage factor, a measure of distortions of the tissue that
take place during histological processing, was calculated for each
studied case [55]. Because the shrinkage in the histological proce-
dure varied significantly among the brains studied (range
0.25-0.59; P < 0.05, analysis of variance [ANOVA]), the volume
and the numerical density of objects were corrected by the shrink-
age factor and presented in the corrected version, which refers to
values of fixed, unprocessed tissue.

Statistical analysis was performed using the independent t-test
and Pearson’s correlation coefficient. Differences in the magnitude
of the shrinkage factor among studied cases were evaluated by
means of ANOVA.

Results
Volume of the EC

The decrease in the total volume of the EC from 1,330 +
250 mm3 (mean + standard deviation) in the control group
to 770 + 320 mm?3 in aged subjects with DS gives a 42%
volumetric loss (P < 0.05; Table 2). The most prominent
decrease was observed in the islands of stellate neurons of
layer 11, where the volume was 69% smaller than that of
the controls (P < 0.01). In DS, volumes of layers 111 and
IV were 55% and 62%, respectively, smaller than those in
controls (P < 0.05 and P < 0.01, respectively). Volumetric

Table 2 Volume of the EC and its layers (mm?) (EC entorhinal cortex, SD standard deviation)

GI’OUp Case no. EC Layer

[ I I i IV Vv VI
(total) (islands)

Control 1 1430 231 161 97 555 39 167 277
2 1070 154 119 69 403 29 182 181
3 1620 201 189 112 612 45 294 280
4 1180 138 116 65 525 36 169 199
Average 1330 181 146 86 524 37 203 234
sD 250 43 35 23 88 7 61 51
DS 1 990 135 108 44 201 11 249 204
2 640 67 55 17 196 11 163 149
3 1330 165 109 46 427 21 340 268
4 370 36 21 11 113 4 % 101
5 860 154 108 M 249 16 165 168
6 540 67 41 14 170 26 143 92
7 640 79 48 13 185 10 160 154
Average 770 100 70 27 233 14 187 162
sD 320 50 37 16 103 8 82 60




lossin layers | and VI (44% and 31%, respectively) was
less but was still significant (P < 0.05); however, the 7%
reduction in volume of layer V in DS subjects was not sig-
nificant.

Numerical density of neurons

In control cases, the numerical density of intact neurons
ranged from 87.1 + 22.7/mm? in layer Ill to 122.6 +
18.0/mm?in layer 1l (Table 3). In DS subjects, the numer-
ical density of neurons was significantly reduced in any
layer of the EC. In four of seven examined DS cases, no
intact neurons were found in layer 1. In three other cases,
their density ranged from only 0.1/mm? to 3.8/mmZ. In
layers |1l and V, the numerical densities were 89% and
83%, respectively, fewer than those in the control group
(P < 0.01). The least, but still severe reduction in the nu-
merical density of intact neurons (67%) was noticed in
layer VI (P < 0.01).

Total number of neurons and neuronal |oss

In control cases, there were on average 9,619,000 +
914,000 intact neuronsin the whole EC. The sum of intact
neurons and NFT-bearing neurons was calculated to be
9,647,000 £ 911,000 (Table 3). The total number of intact
neurons in EC in DS subjects was on average 932,000 +
504,000, whereas the total number of all neurons, includ-
ing neurons with neurofibrillary pathology, was 1,816,000 +
664,000. These give the difference in the total number of
intact neurons, 90% and 81% in the total number of all
neurons. The most remarkable reductions were noticed in
layer 11 (99.9% of intacts and 98% of all neurons), and in
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layer 111 (96% of intact neurons and 98% of all neurons)
(P <0.01). InlayersV and VI, the total numbers of intact
neurons were 86% and 79% fewer than those in the con-
trols, respectively, whereas the total number of all neurons
was decreased by 70% and 71%, respectively (P < 0.01).

Numerical density and total number of NFTs

A small number of neurons with neurofibrillary changes
were found in al control cases in all four cellular layers
with remarkable interindividual and laminar variations.
The estimated average of total number varied from 12,300
in layer |1 to about 600 in layer VI (Table 4).

Severe neurofibrillary pathology was found in all DS
casesand in al cellular layers, and the difference in com-
parison to the control group was significant (P < 0.01).
The largest numerical density of NFTs was found in lay-
ersV and Il, 67.9 £ 22.7/mm? and 53.7 + 19/mm?, re-
spectively. The NFT densities of layers |1l and VI were al-
most twofold smaller, and were calculated to be 38.6 +
14/mm? and 32.5 = 14.1/mm?, respectively.

The total number of NFTs in the DS group, both in the
whole EC (2,489,000 + 545,000) and in particular layers,
was significantly larger than that in the control group (P <
0.01). The largest number of NFTs was found in layers V
(1,201,000 £ 270,000) and 111 (787,000 + 232,000). There
were 479,000 + 209,000 NFTsin layer VI and 121,000 +
50,000 in layer II.

Types of NFTs

In the control group, stages 0 and 1 of NFTs prevailed and
constituted together 61.6% of the whole NFT population

Table3 Numerical density and total number of intact neuronsin the EC and its layers (EC entorhinal cortex, SD standard deviation)

Group Case no. Numerical density (N/mm?) Total number (x 109)
1 11 \Y \ EC 1 11 \Y% \
Control 1 99.8 67.9 106.0 87.2 8610 931 3640 1706 2332
2 143.1 110.8 1155 119.1 9380 959 4311 2025 2088
3 127.7 67.5 113.9 815 10810 1385 3988 3237 2204
4 119.6 102.3 108.3 102.7 9670 747 5187 1768 1970
Average 122.6 87.1 110.9 97.6 9620 1006 4281 2184 2148
SD 18.0 22.7 4.5 16.9 910 270 663 716 155
DS 1 0.0 1.3 6.2 9.2 370 0.0 37 148 181
2 3.8 28.7 42.0 43.2 1830 6.3 543 663 621
3 0.1 39 13.7 14.9 990 0.3 162 450 385
4 0.0 2.1 18.3 24.2 420 0.0 23 160 236
5 0.0 57 13.6 33.0 890 0.0 137 217 536
6 0.0 21.0 24.9 62.4 1250 0.0 346 345 556
7 0.1 1.2 11.3 38.8 770 0.2 22 175 578
Average 0.6 9.1 18.6 32.2 930 1.0 181 308 442
SD 14 111 11.9 18.1 500 2.3 197 192 176




160

Table4 Numerical density and total number of NFTs in the EC and its layers (NFTs neurofibrillary tangles, EC entorhinal cortex, SD

standard deviation)

Group  Caseno. Numerical density (N/mm2) Total number (x 10°)
I Il \ 2 EC I Il \ 4
(total)
Control 1 31 0.5 0.4 0.0 59 29 25 6 0.0
2 0.4 0.0 0.0 0.0 3 2 0.0 0.0 0.0
3 16 0.1 0.8 0.1 48 18 6 22 2
4 0.0 0.0 0.6 0.0 9 0.0 0.0 9 0.0
Average 13 0.1 0.4 0.0 30 12 8 10 0.6
SD 14 0.2 0.3 0.0 28 13 12 9 1
DS 1 32.6 255 311 174 1950 139 718 747 342
2 67.8 28.9 72.6 19.6 2080 111 547 1146 282
3 36.9 23.4 45.2 331 3470 166 963 1487 856
4 50.5 50.6 93.0 59.0 1990 52 553 812 575
5 48.7 46.3 65.8 25.7 2770 193 1113 1049 418
6 88.4 60.3 78.8 325 2490 120 992 1092 290
7 51.1 34.9 88.8 40.0 2660 66 624 1376 596
Average 537 38.6 67.9 325 2490 121 787 1101 480
SD 19.0 14.0 22.7 14.1 540 51 232 270 209

Table 5 Staging of NFTs (%) in control and DS subjects (NFTs
neurofibrillary tangles, DS Down'’s syndrome)

Stage0 Stagel Stage2  Stage3A  Stage 3B
Control 229 38.7 315 6.9 0.0
DS 18 41 294 41.9 228

Table6 Staging of NFTs (%) per laminain DS (NFTs neurofib-
rillary tangles, DS Down'’s syndrome)

Layer StageO Stage 1 Stage 2 Stage3A  Stage 3B
I 0.1 0.2 115 45.4 42.8
11 28 5.0 34.0 39.7 185
\% 11 2.8 26.9 39.5 29.7
VI 2.7 6.0 30.1 52.8 8.4

(Table 5). In this group, NFTs in stage 2 constituted
31.5%, but NFTs in stage 3A only 6.9%. No NFTs were
observed in stage 3B in the controls. In the group of aged
subjects with DS, the proportions of various stages of
NFTswere reversed. Stages 0 and 1 constituted only 5.9%
of the whole NFT population in this group, whereas
stages 3A and 3B altogether constituted 64.7%.

There were significant differences in occurrence of
various types of NFTs among particular layers in the DS
group. The highest percentage of late-stage NFTs (3A and
3B) was found in layer Il. They constituted together
88.2% of al NFTs in this layer, and NFTs 3B aone con-
stituted 42.8% (Table 6). Layer V was characterized by
dlightly less advanced neurofibrillary pathology. NFTs in
stages 3A and 3B constituted 69.2% in this layer, and
NFTs in stage 3B aone, 29.7%. Layers |1l and VI aso
showed a high percentage of late-stage NFTs (58.2 and
61.2%, respectively) but the 3B NFTs constituted in these
layers only 18.5 and 8.4%, respectively.

Correlations between neuronal 1oss
and neurofibrillary pathology

The relationship between neuronal loss and neurofibril-
lary pathology was examined. The total number of intact
neurons in the entire EC showed a strong negative corre-
lation with the percentage of neurons involved in neu-
rofibrillary pathology (percentage of NFTs-bearing neu-
rons among all neurons; r = 0.89, P < 0.01).

B-Amyloid

AP plagues were absent in three of four control cases. In
the oldest control case, amyloid occupied 3.5% of the EC.
The amyloid load in DS cases was relatively small and
ranged from 5.2 to 8.6% (on average 7 = 1.1%). Most A
plaques were classified as either primitive or diffuse.
Classical plagues occurred relatively rarely. There was no
significant correlation between amyloid load and age, vol-
umetric loss in the EC, total number of neurons, total
number of intact neurons, neuronal loss, or total number
of NFTs.

Discussion

The volume of the EC of subjectswith DSin the end stage
of AD was reduced by 42% in comparison to the age-
matched control group. An almost identical volumetric
loss was found in sporadic AD [25], despite significant
differences in the time of onset of Alzheimer-type pathol-
ogy and the age at the time of demise in the studied DS
group and in sporadic AD. The volume lossin AD results
directly from neuronal loss, which is an anatomical sub-
strate of dementia. The neuronal loss in AD is known to



be both regional and laminar specific [12, 15, 31, 48]. The
significant 90% deficit in the total number of neurons that
was found in AD subjects with DS was larger than one
could expect from 42% atrophy. The magnitude of neu-
ronal deficit was larger than that found in the EC [25], in
the hippocampal formation [8, 46, 70], and in the neocor-
tical areas [13, 30, 46, 48, 64] in advanced AD subjects
who showed a profound disturbance of memory and se-
vere dementia. Particular layers of the EC showed various
degrees of neuronal loss. Layer |l was the most severely
affected. In four of seven studied cases, virtually no intact
neurons existed, and in the other three cases, their number
ranged between 200 and 6,300. This means an amost
100% neuronal lossin this layer. Layer |l is considered to
be of critical importance for functioning of the memory
system as neurons of this layer give rise to the perforant
pathway —amajor afferent pathway of the hippocampus —
which reaches the outer two-thirds of the dentate gyrus
molecular layer. It has been shown that a 57% loss of the
neurons in layer 11 in the early stage of AD is associated
with memory impairment [25]. Subjects in advanced
stages of AD show an 87% neuronal lossin thislayer, and
laminar spongiosis in the molecular layer of the dentate
gyrus as a result of degeneration of the perforant pathway
axons [19]. However, an 87% neuronal loss is still less
than that observed in DS individuals with AD. Layer |11
was less affected than layer 11, but 97% neuronal loss also
means total destruction of this layer. Neuronal deficits of
86% and 79% in layers V and VI, respectively, can be
considered as dlightly smaller, but they are larger than
those in advanced AD cases, where layer V demonstrates
69%, and layer VI, 63% neuronal deficits, respectively
[25]. Although layers 11, V, and VI are considered to be
of less physiological importance than layer |1, their de-
struction also severely compromises the function of the
EC as an important link between the association cortex
and the hippocampus. Layer |11 givesrise to the perforant
pathway as layer |l does, and together with layers V and
VI, receives back input from the hippocampus and redis-
tributes it to the association cortex. The profound neu-
ronal lossin the EC in AD subjects with DS indicates that
the function of the EC is severely impaired, contributing
to impairment of cognition and symptoms of dementia.
All analyzed DS cases showed very advanced neu-
rofibrillary pathology. The number of tangles exceeded
the number of living neurons, and most NFTs represented
the end stage of NFT evolution. Among al EC layers,
layer 11 was the most susceptible to neurofibrillary pathol-
ogy. Almost 90% of NFTs in this layer were classified as
either NFT 3A or NFT 3B, both of which are recognized
as dead neurons. Virtually no early stages of NFTs or in-
tact neurons occur in this layer. This suggests that in DS
with AD, asin AD in non-DS, neurofibrillary pathology
startsin layer 11 in the very early stage of disease[11] and
is responsible for neuronal loss. In DS with AD subjects,
layer V was the layer of the EC that was the second most
affected by neurofibrillary pathology. Observations per-
formed on AD subjects and on aged healthy individuals
show that layer V follows layer 11 in susceptibility to neu-
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rofibrillary pathology [11]. Also, in our controls, NFTs
occurred in layer V more frequently and in higher num-
bers than in other layers except layer I1. Layers il and VI
also showed very advanced neurofibrillary pathology, and
the percentage of late NFT stages was higher than that in
immobile patients in the end stage of AD [8]. These ob-
servations point out that the pattern of laminar suscepti-
bility to neurofibrillary pathology in DS subjects is simi-
lar to that in normal populations, but the advancement of
pathology is greater than in the end stage of AD.

Apart from NFTs, 3-amyloidosis is the other hallmark
of AD pathology. In DS subjects, as aresult of triplication
of chromosome 21, which harbors the amyloid precursor
protein gene, AP is detectable in the brain parenchyma at
as early as 21 weeks of gestation [63], and the first A
plaques form in the second decade of life [74, 75]. Several
studies reported avery high number of AB plaquesin var-
ious brain regions [29, 75]. Their number exceeded the
number of AR plaques found in analogous regions in AD
[29, 34]. Surprisingly, our study revealed relatively low
amyloid load in the EC of DS subjects with AD. Simi-
larly, Giannakopoulos et al. [24] did not find statistically
significant differences in the numerical density of senile
plaques in the EC between normal subjects with AD and
non-demented age-matched controls. They also demon-
strated that the density of senile plaguesin the EC in AD
subjects was markedly lower than that in neocortical ar-
€eas.

The role of B-amyloidosis in disease progression and
its impact on neuronal loss in AD are under discussion.
Although both neuropathological observations and cell
culture studies support a causal role of AP in the degener-
ation and death of neurons in AD [14, 23, 44, 50, 51],
most morphometric studies imply that B-amyloidosis has
much less impact on neuronal loss and clinical progres-
sion of the disease than neurofibrillary pathology. So far,
several reports have clearly demonstrated a significant
correlation between advancement of neurofibrillary
pathology and neuronal loss [25, 26], atrophy of a struc-
ture [8], or duration and severity of AD [4]. All of these
reports simultaneously showed a lack of correlation be-
tween the number of AR plaques and neuronal loss, atro-
phy, or severity of symptoms. However, these studies did
not differentiate between diffuse and neuritic plaques and
neuronal loss and dementia.

In our study, the neuronal deficit in the EC correlated
with the percentage of NFT-bearing neurons, which
means that the greater the number of neurons that are in-
volved in neurofibrillary pathology, the more neuronal
loss is observed. Simultaneously, amyloid load did not
show correlations with age, atrophy of EC, or neuronal
loss. These observations implicate neurofibrillary pathol-
ogy, but not B-amyloidosis, as a mgjor cause of neurona
lossinthe ECin DS.

When the sums of total numbers of intact neurons, neu-
rons with NFTs, and extracellular NFTs were compared,
they were apparently lower in the DS group than in
the control group. It ranged among studied DS from
2,320,000 to 4,460,000 compared with the range from
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8,669,000 to 10,858,000 among the controls. In sporadic
AD, a similar deficit was noticed in the temporal cortex
by Gomez-Islaet al. [26] but not in the subiculum by Cras
et al. [16]. However, Cras et a. [16] calculated and added
only the numerical densities of neurons and tangles and
did not take into consideration the apparent atrophy of the
subiculum [8]. In contrast, our study and that of Gomez-
Isla et al. studies were based on the total number of ob-
jectsintotal and reference volumes, respectively. This ap-
parent deficit of number of NFTs and neurons between
DS subjects with AD and the controls has three possible
causes. (1) extracellular NFTs are cleared without leaving
the trace, (2) some neurons in the EC die not developing
NFTs, and (3) the EC has primarily trisomy 21-related
neuronal deficit. The extracellular NFTs show relative in-
solubility and are characterized by extensive protein
cross-linking [56, 57], and they are known to reside in the
brain parenchyma for along time. However, they are also
infiltrated and dispersed by reactive astrocytes [52, 78]
and are surrounded by activated microglial cells [49],
which suggests that they are finally cleared. Some authors
[16] suggest that NFTs cannot be removed, but this notion
remains unfounded.

Although low amyloid load and lack of correlation
with severity of neuronal loss do not favor 3-amyloidosis
as amagjor cause of neuronal loss in the EC, they aso do
not exclude that some neurons may die as a result of the
toxic effect of fibrillar AB. Possibly, A3 angiopathy may
also contribute to neurona loss;, however, studies of
Bobinski et al. [8] did not show a correlation between the
density of affected vessels and neuronal loss.

Causal factors of neuronal death in AD other than neu-
rofibrillary pathology and (-amyloidosis are under con-
sideration. They include deficit of trophic factors, loss of
cholinergic input from the Meynert basal nucleus com-
plex [67, 71], and noradrenergic input from the locus
coeruleus [10, 38]. However, the EC is known to be af-
fected at the beginning of the disease process [11, 25],
whereas neuronal loss in cholinergic and noradrenergic
areas was demonstrated in advanced cases [10, 71]. In-
creased density of neurons with DNA fragmentation
[2, 43] and altered expression of apoptosis-related genes
[2, 3, 60] suggest that the apoptosis may be another patho-
logical phenomenon leading to neuronal loss in AD.
However, so far this theory has not been proved defini-
tively [3]. Although all the above-mentioned factors can
be considered causes of neuronal loss in AD, advanced
neurofibrillary pathology is a remarkable feature of AD
pathology in the EC from the beginning to the end stage
of the disease [11, 35].

Thethird possible cause of the discrepancy in the num-
ber of intact neurons and NFTs between DS subjects with
AD and the controls, is neuronal deficit related to chro-
mosome 21 trisomy. If indeed DS subjects had a neuronal
deficit in the EC initially, then in thefinal stage of AD, the
number of remaining neurons and NFTs should be lower
than the number of neurons in age-matched but geneti-
cally normal controls. Several studies of the brain cortex
of DS subjects indicate regional and laminar neuronal

deficit [62, 72]. Although there are no studies regarding the
total number of neuronsin the EC in young individuals with
DS without AD, magnetic resonance imaging demonstrated
that the volume of the parahippocampal gyrus, which har-
bors the EC, is larger than that in normal subjects [39, 53].
In contrast, image studies revealed marked atrophy of the
cornu Ammonis [39, 53], for which histological investiga-
tion indicates a marked loss of neuronal density [62].

This study demonstrates a significant neuronal deficit
in the EC of aged DS subjects with AD. This deficit indi-
cates that EC function is severely compromised, which
can contribute to clinically observed dementia. The high
number of NFTs, the significant percentage of NFTs in
their end stage, the significant correlation between ad-
vancement of neurofibrillary pathology and neuronal |oss,
and, in contrast, the low AP load and lack of correlation
between the load and neuronal loss indicate that neurofib-
rillary pathology, and B-amyloidosis, is a major cause of
neuronal loss in the EC in DS subjects with AD.
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