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The presenilins (PSs) are components of large molecu-
lar complexes that contain f3-catenin and function as
y-secretase. We report here a striking correlation be-
tween amyloid angiopathy and the location of mutation
in PS-1 linked Alzheimer’s disease. The amount of amy-
loid 8 protein, Af,,.43,, but not Af,, deposited in the
frontal cortex of the brain is increased in 54 cases of
early-onset familial Alzheimer’s disease, encompassing
25 mutations in the presenilin-1 (PS-1) gene, compared
to sporadic Alzheimer’s disease. The amount of A, in
PS-1 Alzheimer’s disease varied according to the copy
number of €4 alleles of the Apolipoprotein E gene. Al-
though the amounts of AB,, and A, 5, deposited did
not correlate with the genetic location of the mutation
in a strict linear sense, the histological profile did so
vary. Cases with mutations between codon 1 and 200
showed, in frontal cortex, many diffuse plaques, few
cored plaques, and mild or moderate amyloid angiopa-
thy. Cases with mutations occurring after codon 200
also showed many diffuse plaques, but the number and
size of cored plaques were increased (even when €4
allele was not present) and these were often clustered
around blood vessels severely affected by amyloid angi-
opathy. Similarly, diverging histological profiles,
mainly according to the degree of amyloid angiopathy,
were seen in the cerebellum. Mutations in the PS-1 gene
may therefore alter the topology of the PS-1 protein so
as to favor Af formation and deposition, generally, but
also to facilitate amyloid angiopathy particularly in
cases in which the mutation lies beyond codon 200.
Finally we report that the amount of A, deposited
in the brain correlated with the amount of this pro-
duced in culture by cells bearing the equivalent muta-
tions. (Am J Pathol 2001, 158:2165-2175)

Approximately half of all cases of early onset familial
Alzheimer’s disease (AD) are associated with a mutation
in a gene located on the long arm of chromosome 14,
termed the presenilin-1 (PS-1) gene. More than 70 dis-
ease-causing mutations in this gene have so far been
identified (http://www.alzforum.org/members/resources/
pres_mutations/psi1/presitable.html), although the pre-
cise manner in which these influence the pathological
cascade remains uncertain.

In the central nervous system, PS-1 protein is princi-
pally located in the perikarya and dendrites of neurones,
particularly pyramidal cells of the cerebral cortex and
hippocampus and magnocellular basal forebrain neu-
rones, within the Golgi apparatus and smooth endoplas-
mic reticulum.1-3 No differences in the distribution or
amount of immunocytochemically detectable PS-1 pro-
tein®~® or its message’ have been observed between AD
(including cases of PS-1 AD) and control patients. None-
theless, cell lines and transgenic mice bearing PS-1 [and
presenilin-2 (PS-2)] mutations produce more amyloid B
protein (AB), particularly AB,,4sy than those carrying
wild-type PS-1.8-"3 Moreover, fibroblasts from human
carriers of PS-1 mutations produce more AB,543, in cul-
ture’ and plasma levels of this are likewise elevated in
affected individuals.''® At autopsy, cerebral cortical
deposition of A, particularly AB,s s, is often high.'¢-2°
Mutations in the PS-1 gene may therefore confer a met-
abolic defect that modifies y-secretase catabolism of
APP along pathways that favor the production of ApB,
especially AB,o 4z,

Recent evidence has indicated that both PS-1 and
PS-2 are novel membrane-associated aspartyl pro-
teases,?’ consistent with the long-suspected idea that
they regulate the catabolic activity of y-secretase and
might even be y-secretase itself. PS-1 knockout mice
show normal a- and B-secretase activity, although the
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activity of y-secretase and the production of AB,_,, and
AB, 4o is decreased.?® Site directed mutagenesis of the
aspartate residues of PS-1 reduces y-secretase cata-
lyzed processing of APP within its transmembrane do-
main.?' Immunodepletion of PS-1 from solubilized
y-secretase causes a reduction in +y-secretase activity
and solubilized +y-secretase activity co-migrates with
PS-1 during gel exclusion chromatography.?® Crossing
linking experiments using inhibitors of y-secretase, di-
rected to the active site of an aspartyl protease, label
PS-1 (and PS-2)2%24 and strongly suggest that PS-1 (and
PS-2) contain the active site of y-secretase.?® However,
PS-1 (and PS-2) are probably contained in a large func-
tional complex with other proteins.?"22:24

Studying factors that might influence variability in dis-
ease onset, progression, or pathology in AD can be
confounded by the heterogeneous basis of the disease,
eg, genetic (ApoE €4 allele) or environmental (head in-
jury) causes. To avoid such difficulties and therefore
increase the power of this type of study, we have inves-
tigated a large group of patients with AD because of the
same definable cause, ie, those with PS-1 mutations. To
determine the biological effects of mutations in the PS-1
gene in the human situation, we have characterized the
extent and the morphological features of AB deposition in
54 cases of PS-1 AD from 25 separate mutations cover-
ing the length of PS-1. Deposition of AB,, and AB,x(4z) @S
plaques and amyloid angiopathy, was assessed in frontal
cortex and cerebellum and quantified by image analysis,
and related to mutation position in PS-1.

Materials and Methods

Formalin-fixed blocks of frontal cortex (Brodmann area
8/9) were obtained from 54 cases, and cerebellar cortex
in 48 of these cases, from 28 families with proven chro-
mosome 14-linked AD; 25 separate PS-1 mutations were
present in these. Details of these cases are given in Table
1. These tissues were kindly donated by colleagues
throughout the world for this particular project and no
tissue blocks from other regions of cerebral cortex, or
noncortical areas, were available to us to study. Tissue
blocks from a similar area of frontal cortex were also
available from 25 cases of sporadic AD (SAD) with onset
of disease before 70 years of age, matching (proportion-
ately) the cases of PS-1 AD for Apolipoprotein E geno-
type (ApoE). All tissue blocks were similarly and routinely
processed into paraffin wax and consecutive sections,
cut at a thickness of 6 um, were mounted onto 3-amin-
opropyltriethoxysilane (APES)-coated slides.

Sections of frontal cortex and cerebellum were immu-
nostained®® using the end-specific monoclonal antibod-
ies BCO5 and BA27, to selectively demonstrate AB pep-
tide species AB,ou4s and AR,y respectively within
plaques and blood vessel walls. BC05- and BA27-immu-
nostained sections of frontal cortex were subjected to
computerized morphometry using an Olympus Image
Analysis System (SP500, Model 1500 C2; Olympus
Corp., Tokyo, Japan).?® The numerical density of AB,o-
and AB,o43)-containing plaques and the area proportion

(amyloid load) of each was determined. The ratio be-
tween AB4o- and AB,,43)-CoNtaining deposits was calcu-
lated on both a numerical density and an area proportion
basis.

In histological sections the extent of AB,, and AB,o(a
deposition within plaques (cerebellum only), or as amy-
loid angiopathy (frontal cortex and cerebellum), was
rated semiquantitatively by an experienced neuropathol-
ogist (DMAM) according to the following protocol. Rating
of plaques was: 1 = few; 2 = moderate; 3 = many; 4 =
very many. The presence of subpial or white matter de-
posits was noted. Rating of amyloid angiopathy was: 1 =
few leptomeningeal vessels weakly or patchily stained;
2 = few leptomeningeal vessels, strongly or evenly
stained, with mild intracortical vascular involvement; 3 =
many leptomeningeal and intracortical vessels patchily or
strongly stained; 4 = many leptomeningeal and intracor-
tical vessels strongly or evenly stained, with dyshoric
angiopathy.

Results

Relationship Between AB 4o and AB4ous)
Deposition and Site of Mutation

There was much variation in the amount of AB 5,3y de-
posited as plaques within the frontal cortex between
cases of different PS-1 mutation, and sometimes within
cases of the same mutation (Figure 1A). On average,
some mutations were associated with a very heavy
ABaoasy deposition, some 2 to 3 times the amount of that
in others in which deposition was within the usual range
(for SAD)?” with <10% of tissue area occupied. There
was no obvious clustering of mutations associated with
high, intermediate, or low AB deposition at any site(s) (in
a strict linear sense) within the PS-1 gene. More impor-
tantly, there was no apparent clustering of high- or low-
AB.xazy-depositing mutations around the active site as-
partyl residues at codon 257 and 385, or around codon
298 where PS-1 is cleaved.?® Nonetheless, present find-
ings clearly imply that some mutations are much more
aggressive than others, at least in terms of the extent of
tissue deposition of AB, 43y they elicit.

Deposition of AB,, was likewise highly variable, al-
though cases showing a heavier deposition tended to be
those in which the mutation was located after codon 200
(Figure 1B). There was no correlation between the
amounts of AB,, and AB 443y Within plagues across the
54 cases.

Comparisons with Sporadic AD

The area proportion of tissue occupied by AB,o43)-CON-
taining plaques was overall significantly (P < 0.001)
higher in PS-1 AD compared to SAD (13.6 = 5.9% versus
7.6 = 2.3%, respectively). However, the area occupied
by AB.o in PS-1 AD did not differ overall from that in SAD
(2.5 = 3.7 versus 2.2 = 2.2, respectively). Such data
extend previous studies based on small series of patients
or on individual cases.'®~2° They are also consistent with
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Table 1. Clinical and Genetic Details on 54 Cases of Alzheimer’s Disease Because of Mutations in PS-1 Gene

Patient PS-1 Age at Age at Brain ApoE
Case code mutation Sex onset death Duration weight genotype Additional clinical features
1 6866 T116R M 35 43 8 n.a. E3/E4 Nil
2 22290 E120D M 53 62 9 1239 E3/E3 Language loss
3 22466 E120D M 34 51 17 1206 E3/E3 Seizures, rigidity, negative
cogwheel
4 A74/93 E120K M 36 44 8 548* E3/E3 Nil
5 A141/93 AE4 M 36 54 18 963 E3/E3 Myoclonus
truncation
6 A293/94 M139V M 36 42 6 1080 E3/E4 Myoclonus, seizures, RTA
with loss of
consciousness at 28
years
7 176/81 M139V F 43 53 10 922 E3/E4 Myoclonus, seizures
8 734 M139l M 38 41 3 553" E2/E3 Seizures
9 773 M139I M 38 43 5 1210 E3/E3 Nil
10 A236/91 [143F F 55 61 6 510* E3/E3 Nil
11 4434 [143T F 34 39 5 n.a. E3/E3 Myoclonus, epilepsy, toxic
hepatitis
12 4268 M146] M 43 51 8 n.a. E3/E3 Anxiety
13 95-124 M146L M 45 51 6 840 E3/E3 Delusions, myoclonus,
hallucinations,
Parkinsonism
14 V1501-92 M146V F 39 43 4 n.a. E3/E3 Myoclonus, seizures
15 178 H163R M 40 44 4 1200 E3/E3 Nil
16 313 H163R F 43 48 5 370** E3/E4 Nil
17 3098 H163R F 51 62 11 790 E3/E3 Nil
18 A77 H163R M 50 65 15 1080 E3/E3 Language loss, seizures,
quadriplegia
19 A80 H163R F 38 62 24 n.a. E3/E3 Language loss, clumsiness
20 97/19 S169L F 32 38 6 910 E3/E3 Myoclonus, seizures
21 12829 G209V M 39 45 6 1150 E3/E3 Myoclonus, seizures,
language loss
22 14338 G209V M 39 49 10 940 E2/E3 Myoclonus, seizures,
language loss
23 20399 G209V F 45 50 3 1146 E3/E3 Myoclonus, language loss
24 22129 G209V F 36 55 10 770 E3/E3 Seizures
25 22203 G209V M 56 40 4 1179 E3/E3 Seizures
26 X97-63 M233T F 31 39 8 n.a. E3/E4 Seizures
27 305 A246E M 54 60 6 950 E3/E4 Nil
28 306 A246E F 50 56 6 800 E3/E4 Nil
29 593 A246E M 55 70 15 1290 E3/E3 Nil
30 95-9 A246E M - 65 - 880 E3/E3 Nil
31 40-95 A246E F 43 66 23 800 E3/E3 Partial complex seizures
since 26 years, language
loss
32 L971 A246E F 52 67 15 850 E3/E4 Nil
33 183/89 L2508 F 56 63 7 n.a. E3/E4 Myoclonus, language loss,
hallucinations, visual
agnosia
34 14/95 L250S F 49 55 6 n.a. E3/E4 Myoclonus,
ophthalmoplegia,
extrapyramidal signs
language loss, visual
agnosia
35 19582 A260V F 38 55 17 323** E3/E3 Myoclonus, seizures,
language loss
36 22239 A260V F 41 60 19 372~ E3/E3 Bilateral spasticity,
language loss
37 3650 P264L M 34 49 15 1300 E3/E3 Myoclonus, rigidity,
language loss
38 45643 R269H M 46 55 9 1180 E4/E4 Myoclonus, hallucinations
39 2968 E280A F 48 58 10 900 E3/E3 Seizures, early gait
disturbance
40 2965 E280A M 54 62 8 900 E3/E3 Abnormal reflexes,
pyramidal signs
41 2761 E280A M 50 55 5 1000 E3/E3 Pyramidal signs
42 2786 E280A F 39 48 9 1020 E3/E4 Myoclonus, seizures,
tremor, dystonia
43 3396 E280A F 41 44 3 1100 E3/E3 Myoclonus, seizures,
pyramidal signs
44 2970 E280A F 53 61 8 940 E3/E3 Nil
45 3156 E280A F 55 61 6 1020 n.a. Nil
46 3153 E280A F 54 61 7 800 E4/E4 Nil
47 269/81 E280G F 48 53 5 762 E3/E3 Seizures
48 C32 G384A M 36 48 12 n.a. E3/E3
49 6531 L286V M 53 61 8 1200 E3/E3 Nil
50 1963 c410Y F 45 60 15 840 n.a. Parkinsonism
51 L929 c410Y M 42 47 5 1300 E3/E3 Parkinsonism
52 193127 c410vY F 56 81 25 850 E3/E3 Parkinsonism
53 18926 c410Y M 46 55 9 980 E2/E3 Parkinsonism
54 L933 C410vY M 51 59 8 980 E3/E3 Myoclonus, hallucinations

*Denotes weight of half-brain only.
**Denotes weight of half-hemisphere only.
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Figure 1. Mean percentage area of frontal cortex occupied by AB 43, (A)
and AB,, (B) in 54 cases of PS-1 AD, plotted against mutation site.

experimental studies using cell lines and transgenic
mice,®~'® or fibroblasts from human carriers' showing
that the PS-1 mutations result in an increased production
of AB,zas) but not AB,,, compared to wild-type PS-1.

Relationship between AB Deposition and ApokE
Genotype

We stratified the PS-1 and SAD cases according to ApoE
genotype, grouping into €4 and non-e4 allele bearers.
The area proportion of tissue occupied by AB,z43, Was
significantly greater in PS-1 AD, compared to SAD, for
both non-e4 (13.2 + 6.5 versus 8.1 = 2.9, respectively;
P < 0.01) and €4 (14.9 = 4.8 versus 7.2 = 1.6, respec-
tively; P < 0.001) allele bearers. Area measures for AB,q
did not however differ from those of SAD, either for non-e4
(1.8 = 2.9% versus 1.1 = 0.9%, respectively) or €4 (4.1 =
5.3% versus 3.2 * 2.7%, respectively) allele bearers.
Nevertheless, as we?” and others®® have reported previ-
ously for SAD, the area proportion of tissue occupied by
AB,o, but not AB,5 43, Was greater (P < 0.05) in cases of
PS-1 AD in the presence of €4 allele (with €4 4.1 = 5.3%
versus 1.8 = 2.9% without €4). Such data imply that the
presence of E4 protein isoform in the brain in PS-1 AD
may, as in SAD, lower the threshold to fibrillization of
AB.o, thereby promoting its deposition on pre-existing
ABaz4z)-CoONtaining plaques.

Relationship between AB Deposition and A3
Production

We correlated the mean amount of AB, 5,3y deposited in the
frontal cortex in 19 of the PS-1 mutations with the amount of
AB4_4» secreted in culture by Green monkey kidney cells
(COS-1 cells) bearing the same mutations. This latter data®°
was obtained with permission from Professor T. lwatsubo,
University of Tokyo. We found a significant (r = 0.789, P <

y=64.9315x-0.7086
r=0.7883

% area

AR, in tissue ¥

10 4

54

T T T T
0.1000 0.2000 0.3000 0.4000
cell line AB,,

Figure 2. Correlation between the mean percentage area of frontal cortex
occupied by AB,43, from patients with various PS-1 mutations and the
amount of AB,, produced by cell lines bearing the equivalent mutations. The
cell line AB,, value is expressed as a ratio of the total AB produced to
normalize against variations in expression. Mutations compared are E120K,
M1391, M139V, [143F, I143T, M146L, M146V, H163R, A246E, L250S, A260V,
P204L, E280G, 1286V, G384A, and C410Y.

0.001) correlation between the amount of tissue deposition
in human brain and secretion of AB in culture for each PS-1
mutation (Figure 2). This indicates that variations in the
amount of AB deposited in the tissue reflect differences in
the level of production of AB. Tissue deposition of AB can
therefore be viewed as an index of tissue secretion. More-
over, these results reinforce the utility of cell lines for inves-
tigating the effects of PS-1 mutations in vivo.

Correlations with Amyloid Angiopathy

As has been observed previously,'®™'® amyloid angi-
opathy was particularly prominent within the frontal
cortex of many of the present cases, this involving both
intraparenchymal, as well as leptomeningeal, vessels
with a dyshoric change being commonplace (Figure 3,
c and d). Indeed, a particularly heavy AB,, deposition,
in the form of large plaques clustered around affected
vessels, was seen in cases with severe amyloid angi-
opathy, especially when dyshoric angiopathy was
present (Figure 3d). Variations in plague AB4 (but not
AB.s43y deposition) correlated (Rs = 0.672; P < 0.001)
with the rating for amyloid angiopathy. These observa-
tions suggest a possible hematogenous source for at
least some of the AB,, with plasma AB,, leaking
across damaged blood vessels and seeding on local
pre-existing AB4o4zy-containing deposits.  Although
some cases with severe amyloid angiopathy were
bearers of ApoE €4 allele, there was no correlation
between possession of this and the extent of amyloid
angiopathy across the 54 cases (data not shown).

The distribution of amyloid angiopathy with respect to
mutation site revealed an uneven distribution (Figure 4)
with most of those cases showing heavier pathology (ie,
grade 2 and above) (27 of 34) occurring after codon 200.
This differed significantly (chi-square = 15.4; P < 0.001)
from that proportion (5 of 20) of cases with heavy pathol-
ogy occurring before codon 200.

Histological Patterns of AB Deposition

We then examined the overall pattern of plaque and
vessel AB deposition in the 54 cases of PS-1 linked AD. It
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Figure 3. Type 1 and type 2 histologies in frontal cortex in PS-1 AD. In type 1 histology (for example, case 4 with E120K mutation), there are numerous deposits
of AB4,43, in the form of both diffuse and cored plaques (a). A, deposits are sparse and amyloid angiopathy is mild (c). In type 2 histology (for example, case
49 with G384A mutation), there are again numerous deposits of AB,43, in the form of both diffuse and cored plaques (b), but AB,, deposits are likewise frequent
(d) and amyloid angiopathy is severe (b and d). a and b: BCO5 immunoperoxidase-hematoxylin. ¢ and d: BA27 immunoperoxidase-hematoxylin.

was strikingly clear that there were two distinct topo-
graphical profiles, defined as type 1 and type 2.

Type 1

In this pattern of pathology BCO5 (AB45(43,) immuno-
staining revealed many diffuse and cored plaques, fairly
evenly distributed along the whole of the gyral length
(Figure 3a). Usually, more plagues were present in cor-
tical layers Il and upper Ill, where diffuse deposits pre-
dominated, than in layers V and VI where cored plaques
were more frequent. Cored plaques were also more fre-
quent at the depths of the cortical sulci (Figure 3a).
Relatively few subpial deposits were seen and only oc-
casional white matter plaques were present. In BA27
(AB.o) immunostaining either a few, or a moderate num-
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Figure 4. Variations in extent of amyloid angiopathy in 54 cases of PS-1 AD,
plotted against mutation site. Note, 1143F, M146L, and S169L have a rating of
zero.

ber of, small cored or compacted deposits were fairly
evenly spread along cortical laminae (usually in layers |l
and Ill) but often concentrated at the depths of the cor-
tical sulci (Figure 3b). A few subpial deposits were
stained and occasional white matter plaques were
present. In both BCO5 and BA27 immunostaining, amy-
loid angiopathy was mild or moderate (or sometimes
absent) and confined mostly to leptomeningeal arteries,
with only occasional intraparenchymal arteries being in-
volved.

Type 2

In this pattern of pathology, BCO5 immunostaining re-
vealed a similar number and distribution of diffuse and
compacted or cored plaques as in type 1 pathology,
except these tended to be very large and concentrated
around amyloidotic arteries, especially at the depths of
sulci (Figure 3c). In BA27 immunostaining many of the
diffuse plagues were weakly immunoreactive, although
often there were many, very large, cored plaques clus-
tered, as large conglomerates, around the amyloidotic
arteries (Figure 3d). Amyloid angiopathy was nearly al-
ways severe, involving both leptomeningeal and intrapa-
renchymal arteries, and dyshoric change was frequent
(Figure 3, c and d).

The distribution of type 1 and type 2 histologies within
frontal cortex of individual cases, with respect to mutation
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Figure 5. Distribution of cases of PS-1 AD with type 1 or type 2 histologies
within frontal cortex (bottom) and cerebellum (top), according to mutation
site.

site, is given in Figure 5. Sixteen of 21 cases with type 1
histology occurred before codon 200 whereas 29 of 33
cases with type 2 histology occurred beyond codon 200.
These distributions of pathological subtype either side of
codon 200 were, in both instances, highly significantly
different (chi-square = 22.6, P < 0.001).

However, whereas in the majority of instances the type
1 and type 2 profiles did not co-exist within cases of those
mutations where multiple (family) members were repre-
sented, there was some overlap in others. For example, in
the case of H163R mutation, one member showed type 1
histology, whereas four members showed type 2. How-
ever, these five cases comprised of two members of an
American pedigree (Table 1) and three from a Japanese
pedigree. All three members of the Japanese pedigree
had type 2 histology, whereas one of the American cases
had type 1 histology whereas the other, a bearer of ApoE
€4 allele, had type 2 histology. Similarly, of the six bearers
of A246E mutation, three had type 1 histology and were
all bearers of ApoE €3/e3 genotype whereas the other
three were bearers of ApoE €4 allele and had type 2
histology. In contrast, of the five bearers of the G209V
mutation, one had type 1 histology and four had type 2
histology, yet all bore the ApoE €3/e3 genotype.

Comparisons between Type 1 and Type 2
Histologies

Comparing the mean age at onset (=SD) between type 1
(n=21;415=* 7.7 years)and type 2 (n = 32; 46.7 = 6.6
years) histologies, we found that type 1 cases had a
disease onset (P = 0.012) on average 5 years before
type 2 cases. A similar trend was also observed for
disease duration with type 1 cases (n = 21; 7.9 + 4.6)
being 2.4 years shorter (P = 0.081) than type 2 cases
(n = 32; 10.3 £ 5.6 years). Furthermore, there was a near
significant difference (P = 0.067) in the mean percentage
area occupied by AB,o.43 (type 1, n = 21, 16.3 * 6.5%;
type 2, n = 33, 12.4 = 5.4%). The opposite trend was
observed with the mean percentage area occupied by
AB4o with type 2 (n = 33, 2.9 = 3.4%) having significantly

more (P = 0.009) than type 1 (n = 21, 1.8 + 4.1%) cases.
Moreover, 5 of 21 type 1 cases had AB,, levels >2% (1
of 21 >3%), whereas 11 of 33 cases with type 2 histology
had AB, levels >2% (9 of 33 >3%). Thus although only
1 of 21 cases with type 1 histology had high (ie, >3%)
levels of AB.o, 9 of 33 cases with type 2 histology had
AB.,o levels above this (chi-square = 4.3; P < 0.05). Thus
there was an overall tendency for AB,o deposition to be
greater, and to occur more frequently in type 2 histology
cases, although this association was far from perfect. The
differences in AB,, and AB,543), deposition between type
1 and 2 histologies were independent of ApoE gene
effects as similar numbers of €4 allele bearers were
present in each group (type 1, 6 of 21; type 2, 8 of 31;
chi-square = 0.05; P > 0.05). Indeed, among those
cases with type 2 histology, the average rating for amy-
loid angiopathy in bearers of €4 allele (2.5) was similar to
that in nonbearers (2.54).

Changes in the Cerebellum

We next examined the patterns of histological change
within the cerebellum of 48 of the 54 cases where this
region was also available. AB deposition, both as
plaques and as amyloid angiopathy, was seen in all
cases, although only trace amounts of amyloid angiopa-
thy were seen in two cases. Again, two distinct histolog-
ical patterns of AB deposition were seen.

Type 1 Histology

In BCO5-immunostained sections either a moderate
number of, or many, diffuse plagues were seen in the
molecular layer, some of which contained areas where
the amyloid was more compacted (Figure 6a). Cored
plaques, similar to those typically seen in the cerebral
cortex, were also occasionally seen in the molecular
layer. In most instances a few or a moderate number of
cored, or more often irregular-shaped, coarse amyloid
deposits were usually present in the Purkinje cell layer or
granule cell layer (Figure 6a). Amyloid angiopathy was
mild, moderate, or severe, sometimes affecting intracor-
tical, as well as leptomeningeal, vessels (Figure 6a) and
occasionally with dyshoric change.

In BA27-immunostained sections, the diffuse plaques in
the molecular layer were nearly always unstained with only
rare patches of immunoreaction in some of the more com-
pacted regions (Figure 6b). The cored plaques in the Pur-
kinje and granule cell layers were nearly always BA27 im-
munoreactive, usually strongly so (Figure 6b). Amyloid
angiopathy distribution was as seen in BCO5 immunoreac-
tion, although usually more strongly staining (Figure 6b).

Type 2 Histology

In BCO5-immunostained sections there were usually
fewer diffuse plagues (than in type 1 histology) (Figure
6c) and often none at all. Well-defined cored plaques
were always present in all layers and in many instances
were much more numerous than in cases with type 1
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Figure 6. Type 1 and type 2 histologies in cerebellum in PS-1 AD. In type 1 histology (for example, case 12 with M1461 mutation), there are numerous deposits
of AB.sc43, in the molecular layer in the form of diffuse plaques and (in some instances, as illustrated here) cored deposits in the Purkinje cell layer (a). AB4,
deposits are sparse and confined to the cored deposits, and amyloid angiopathy is mild (¢). In type 2 histology (for example, case 48 with L286V mutation), there
are numerous deposits of A, and AB,,43, but only in the form of cored plaques, chiefly within the Purkinje cell layer, and amyloid angiopathy is severe (b and
d). a and b: BCO5 immunoperoxidase-hematoxylin. ¢ and d: BA27 immunoperoxidase-hematoxylin.

histology, especially within the granule cell layer. Coarse,
irregular deposits were more common than the discrete
cored plagues in some instances and these were partic-
ularly numerous within Purkinje and granule cell layers
(Figure 6c¢).

In BA27-immunostained sections only rare patches of
immunoreaction were seen in compacted regions of the
diffuse plaques (Figure 6d). However, the cored and
coarse deposits in the molecular, Purkinje (Figure 6d),
and granule cell layers were always strongly immunore-
active. Amyloid angiopathy was generally more severe
(Figure 6, c and d). In most instances intracortical, as well
as leptomeningeal, vessels were affected, sometimes
with dyshoric change.

The distribution of cerebellar type 1 and type 2 histol-
ogies within individual cases with respect to mutation site
is given in Figure 5. Fourteen of 24 cases with type 1
histology occurred before codon 200 whereas 22 of 24
cases with type 2 histology occurred beyond codon 200.
These distributions of histological subtype either side of
codon 200 were again, in both instances, highly signifi-
cantly different (chi-square = 13.5; P < 0.001).

Correlations between type 1 and type 2 histologies in
frontal cortex and cerebellum (Figure 5) in the 48 cases in
which both regions were available for study revealed a
coincidence of histological type in 42 of the cases. There
was only one case (case 12 with M146] mutation) with

type 1 histology in the frontal cortex that did not also have
type 1 histology in the cerebellum. Conversely, there
were five cases (two with G209V mutation and three with
E280A mutation) with type 2 histology in the frontal cortex
that did not also have type 2 histology in the cerebellum.

Discussion

In this present study we have shown that the histopatho-
logical profile of Alzheimer-type changes in cases of PS-1
AD is not uniform, with two distinct phenotypes being
present. The type 1 pattern of histology in frontal cortex
and cerebellum is entirely typical of that usually seen in
sporadic AD,?® whereas the type 2 histology is unusual
and is distinguished mainly from type 1 histology by the
excessive amyloid angiopathy both in the cerebral cortex
and cerebellum. Although average plaque AB,q levels,
and proportion of cases with high plaque AB,,, were
greater in type 2 cases, this is not a good discriminant of
histological subtype as the severity of amyloid angiopa-
thy. Many type 2 cases with severe amyloid angiopathy
show low (normal) levels of plagque AB,q

It is common, indeed usual, to find marked anatomical
variations in the distribution and severity of the charac-
teristic pathological changes of AD (ie, amyloid plaques,
amyloid angiopathy, and neurofibrillary tangles) through-
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out the brain. However, because the histological distinc-
tions seen in the frontal cortex also occur in the cerebel-
lum of the same cases, we feel that this pattern of
pathology would be similarly mirrored in other topograph-
ical brain regions. Unfortunately, no other brain regions
were available to us for this present study, and clearly this
is an issue that will require further study.

A severe involvement of the cerebellum in PS-1 AD by
AB deposition (plaque formation) has been noted on
previous occasions in respect of particular mutations (eg,
E280A," 1143T,3" M139vV,'6:32:3% G209V '63334) " Find-
ings reported here are consistent with these previous
descriptions, although this present study has extended
the range of PS-1 mutations examined, allowing compar-
isons to be made between many more of the mutations
associated with this form of AD. In sporadic AD, cored
and coarse AB deposits in the cerebellum, of the kind
described here in PS-1 AD, are rare.®>~2® However, the
high presence of these is not specific to PS-1 AD and
such deposits can be found in the brains of elderly pa-
tients with Down’s syndrome®°-37:39-41 and AD because
of APP717 mutation.*® The observation'” of an especially
high PS-1 mRNA expression in PS-1 AD (E280A) com-
pared to sporadic AD may have relevance to the unusu-
ally severe cerebellar pathology seen in this particular
mutation, and perhaps others. However, it may just be
that PS-1 mutations, like the APP717 mutations and the
trisomy of Down’s syndrome, have such a devastating
effect on the brain that the pathology progresses more
severely into peripherally affected regions, like the cere-
bellum, when compared to sporadic AD.

Broadly speaking, the two histological phenotypes in
cerebral cortex and cerebellum are associated with mu-
tations grouping toward opposite ends of the PS-1 gene
structure. The type 1 histological profile is generally seen
in cases with mutations extending up to codon 200, with
type 2 profiles following codon 200. However, some over-
lap does occur. For example, in G209V, A246E, and
E280A mutations, there are cases with type 1 or type 2
histology. Although the eight cases with E280A mutations
were spread between several families, all cases with
A246E or G209V mutations were from the same kindreds.
Furthermore, the M1461 mutation is associated with type
2 histology, when other mutations at the same codon
(M146L and M146V) produce type 1 histology. This im-
plies that there may perhaps be other (genetic) modifiers
that act in concert with PS-1 to determine the histological
phenotype, although possession of ApoE €4 allele does
not seem to be instrumental in this respect.

There are other mutations in PS-1 gene also associ-
ated with AD phenotype. In at least four pedigrees*348
there is a functional deletion of exon 9 (AE9) that occurs
either because of missense mutations that result in splice
acceptor site changes* = or as a result of a 4.5-kb
deletion®”*® within exon 9. Although these mutational
events lie beyond codon 200 in the PS-1 gene, they are
not associated with the type 2 histology, as above. These
exon 9 deletion cases are characterized histologically by
very large, rounded plaques within the frontal cortex,
known as “cotton wool” plaques.***®4° These are com-
posed of both AB,, and AB,u4z, and are relatively free

from neuritic changes and glial cell components, and
usually devoid of a compact amyloid core.*® In the cer-
ebellum the plaques are almost entirely of a compact
type, again composed of AB,q and AB, 543, With only a
few diffuse AB,zs-containing plaques.*® The amount of
AB.o, and the ratio between AB,, and AB,z 43, In frontal
cortex, is higher than that seen in other cases of AD
because of different PS-1 mutations, or in cases of spo-
radic AD, of similar ApoE genotype.*® Amyloid angiopa-
thy in frontal cortex and cerebellum is highly variable.*®
This kind of histological picture was not seen in any of the
PS-1 cases studied here, even in those (eg, E280A,
L.286V) in which the mutation is located close to the splice
acceptor site at codons 289/290. Furthermore, these
exon 9 deletion cases often present clinically with a spas-
tic paraparesis.***® To our knowledge, none of the PS-1
cases studied here displayed such clinical features.
Hence, the exon 9 deletion cases would seem to present
a separate distinct histological (and clinical) subtype,
despite the mutational events that cause such changes
being located after codon 200.

How these tissue variations in AB,o and AB4oaa) dep-
osition in the form of plaques, or the presence and extent
of amyloid angiopathy, producing two clearly distinguish-
able histological profiles might relate to PS-1 protein
structure or mutant PS-1 protein topology is unclear. Pos-
session of ApoE €4 allele, which in the cerebral cortex is
associated with the formation of cored plaques and the
deposition of AB,, in sporadic AD,?”2° does not seem to
be implicated. ApoE €4 allele frequency was similar in
cases with type 1 (12.5%) and type 2 (9.4%) histologies,
neither differing from population control data. Others®®
have reported the €4 allele frequency to be normal in
PS-1 AD.

However, because the type 1 profile has more AB,z 43,
and is associated with an earlier age at onset and shorter
disease duration, these observations have important im-
plications for the amyloid cascade hypothesis.®' The
data imply that increasing AB4s43) deposition acceler-
ates the disease process. Mutations favoring a heavy
ABaoasy deposition are spread (in a strict linear sense)
throughout the entire protein length without displaying
any obvious clustering. Indeed, mutations associated
with a heavy deposition can occur at, or adjacent to, the
same codon (eg, codon 139) as the lighter depositing
ones. It is therefore possible that even subtle differences
in amino acid substitution at any one codon might trans-
late into more dramatic alterations in the topology (folding
characteristics) of the PS-1 protein and +y-secretase ac-
tivity. It is possible that the variations in mutational effect
we have observed here result from more aggressive mu-
tations (ie, in terms of AB,,,3) deposition) spatially clus-
tering around the active site of PS-1. Furthermore, the
observation that some mutations are more aggressive
than others has clear implications for the transgenic mod-
eling of PS-1 linked AD. Transgenic mice containing PS-1
mutations, used in previous studies®'! have mutations
that are relatively mild in their AB4543y Promoting ability
compared to some of the others reported here.

The molecular basis for the mutational clustering (ie,
downstream of codon 200) for amyloid angiopathy is



difficult to explain, and why this should differ from that
pattern favoring AB4..3) deposition as plaques is un-
clear. However, it is known that PS-1 is involved in Notch
signaling.®2%3 Transgenic mice lacking PS-1 or Notch, or
mice homozygous for a processing-deficient allele of
Notch 1, have altered vascularization of the yolk sac.®*
Several other lines of evidence tie Notch signaling with
vascular development. The Notch ligand DIll4 and Notch
4 are expressed in the vascular endothelium.®®°% Fur-
thermore, mice deficient for both Notch 1 and Notch 4
have severe defects in angiogenic vascular remodeling,
indicating an essential role for Notch signaling in vascular
morphogenesis and remodeling.®” Moreover, mutations
in Notch 3 result in CADASIL, a disease with a nonamy-
loid angiopathy.®® Collectively, these observations raise
the possibility that PS-1 mutations associated with AD
may act through two separate, although complimentary,
mechanisms. Firstly, they increase the amount of AB 543,
produced and deposited, and secondly, they effect
Notch signaling resulting in a breakdown of the vascular
epithelium. This, in turn, may result in plasma AB (espe-
cially AB,o) leaking into brain tissue, seeding on pre-
existing local deposits of AB,43, and producing the
large plagues we have seen around such vessels and
promoting the amyloid angiopathy itself. It should be
noted that the proposed functionally important residues
(ie, the aspartyl residues of the active site and the PS-1
cleavage site) are all located in the region of PS-1 where
mutations are associated with severe amyloid angiopathy
(ie, intype 2 histology cases). Nevertheless, whatever the
ultimate reasons for the differing histological profiles in
PS-1 AD, they do not contribute to disease progression
because the type 2 cases are seemingly less aggressive,
at least in terms of time of onset of iliness and its duration.

The PS-1 gene consists of 11 exons and encodes a
primary 2.7-kb transcript that is translated into a 467-
amino acid, 43- to 50-kd, holoprotein.®®€° The holopro-
tein is normally processed into 17-kd C-terminal frag-
ments and 27- to 28-kd N-terminal fragments, cleavage
occurring at, or around, amino acid 298 (ie, within the
proximal part of the hydrophilic loop).?® Both C-terminal
fragments and N-terminal fragments of PS-1 form part of
a larger, stable complex that contains B-catenin.®’~65 It is
clear that very little holoprotein is normally present within
the cell, this being rapidly cleaved by a proposed pro-
tease, termed presenilase.?® It has recently been shown
that full-length PS-1 is a zymogen and requires cleavage
to activate y-secretase activity.>®> However, it has also
been demonstrated that the delta 9 deletion mutated
PS-1 (which cannot be cleaved) also possesses y-secre-
tase activity.®® It remains to be established whether any
of the point mutations reported here also confer y-secre-
tase activity on full length PS-1. Other recent work®®
implies that PS-1 mutations may affect the cleavage of
APP at its amino terminus, thereby modulating the activity
of B-secretase.

In summary, therefore, it seems that in PS-1-linked AD
there are two distinct histological profiles and that these
result from the location of the particular mutation. Cases
of type 1 histology show a greater AB,,43, deposition and
have an earlier age at onset and shorter disease duration.
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The extent of AB deposition across cases does not relate
to the mutational location in a strict linear sense, but
cases showing high levels of deposition may cluster
around (and be a marker of) the putative active site of
PS-1. However, of great potential importance are the
findings that the extent of amyloid angiopathy is related to
mutational position, and this might involve a PS-1-medi-
ated dysfunction of Notch signaling. Finally, we demon-
strate that altered AB processing in a cell culture model of
mutant PS-1 correlates with the relevant pathological
changes in humans.
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