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0.5 ug pSV7neo, a plasmid conferring neomycin/G418 resistance,
and 24 ug pBC12/PLseap plasmid as carrier DNA (ref. 18).

Molecular modeling. By using the coordinates of the wild-type p53
DNA binding domain bound to DNA (ref. 5), an Arg side chain was in-
troduced at position 284 such that it would form electrostatic
interactions with the phosphate oxygen atoms closest to its a-carbon
and without violating bond lengths and angles. Modeling was per-
formed with Quanta 4.1 (Molecular Simulations Inc., Burlington,
Massachusetts), and the protein/DNA structures were drawn using
Molscript (Per Kraulis) and Raster3D (David Bacon and Ethan Merritt).
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Missense mutations in the presenilin 1 (PST) gene cause
the most common form of dominant early-onset familial
Alzheimer’s disease (FAD)'?* and are associated with
increased levels of amyloid P-peptides (AB) ending at
residue 42 (AB42) in plasma and skin fibroblast media of
gene carriers’. AB42 aggregates readily and appears to
provide a nidus for the subsequent aggregation of AB40
(ref. 4), resulting in the formation of innumerable neuritic
plaques. To obtain in vivo information about how PS1
mutations cause AD pathology at such early ages, we
characterized the neuropathological phenotype of four
PS1-FAD patients from a large Colombian kindred’® bearing
the codon 280 Glu to Ala substitution (Glu280Ala) PSt1
mutation’. Using antibodies specific to the alternative
carboxy-termini of Ap, we detected massive deposition of
AB42, the earliest and predominant form of plaque AB to
occur in AD (ref. 6-8), in many brain regions. Computer-
assisted quantification revealed a significant increase in
AB42, but not AB40, burden in the brains from 4 PS1-FAD
patients compared with those from 12 sporadic AD
patients. Severe cerebellar pathology included numerous
AB42-reactive plaques, many bearing dystrophic neurites
and reactive glia. Our results in brain tissue are consistent
with recent biochemical evidence of increased Ap42 levels
in PS1-FAD patients and strongly suggest that mutant PS1
proteins alter the proteolytic processing of the B-amyloid
precursor protein at the C-terminus of Af to favor
deposition of AR42.

To examine C-terminal AR immunoreactivity in the four PS1-
FAD brains, we stained adjacent tissue sections with polyclonal

antibodies specific for AB peptides ending at residues 40, 42 or
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Fig. 1 AB42is detected in much greater quantity than AB40 in PS1-
FAD brains. g, Large numbers of AB42-IR plaques are present in
frontal cortex, including compacted plaques in all layers (small and
medium arrowheads) and a diffuse AB42 band in layer IV (large ar-
rowhead). b, Afew compacted AB40-IR plaques (small arrowheads)
and blood vessels occur in an adjacent section to that shown in a.
Note that most of the AB40-positive blood vessels are also AB42-IR
(asterisk). ¢, Many intensely AB42-IR plaques (arrowhead) are pre-
sent just outside the dentate gyrus and in CA1 and subiculum in the
hippocampus. d, A subset of AR42-containing plaques are also
AB40-IR (for example, arrowheads in d and c) in a section adjacent to
that shown in ¢. e, Numerous AB42-IR plagues occur in cerebeltum,
including diffuse plaques in the molecular layer (large arrowhead)
and compacted plaques in the molecular, Purkinje cell and granule
cell layers (smali arrowheads). Many leptomeningeal blood vessels
are also AP42-IR (asterisk). f, A minority of compacted plaques in
the Purkinje cell layer (left arrowhead) and molecular layer (right ar-
rowhead) and leptomeningeal blood vessels (for example, asterisk)
are labeled by AB40 antibody in an adjacent section to that shown in
e. a~d, A 47-year-old patient with PS/ mutation; e and f, A 62-year-old
patient with PS! mutation. Scale bars, 500 um.

43 (ref. 9, 10). Massive numbers of Ap42-immunoreactive (IR)
plaques were detected in cerebral cortex, hippocampus and
cerebellum (Fig. 1, a, ¢ and ¢). Many Ap42-IR diffuse plaques oc-
curred in midbrain, caudate and other basal ganglia. Fewer
plaques were immunoreactive for Ap40 (Fig. 1, b, d and f) or
AB43 (not shown); these were mostly compacted® plaques. In
cerebellum, AB42-IR diffuse plaques occurred primarily in the
molecular layer, whereas AB42-IR compacted plaques, some
having discrete round cores, were detected in the molecular,
Purkinje cell and granule cell layers (Fig. 1le). Some compacted
plaques were AB40-IR (Fig. 1f) . Prominent amyloid angiopathy
was detected in all four PS1-FAD brains, particularly in occipital
cortex and cerebellum (Fig. 2, a~c). AB40 was dominant in blood
vessels. Virtually all AB40-positive vessels contained substantial
AB42-IR, in contrast to sporadic AD, in which only a small sub-
set of vessels were AP42-IR. Fewer AR43-IR vessels were
observed. Striking deposits of AB42-IR perivascular and subpial
AB were seen (Fig. 2d).

Neuritic alterations and astrocytosis typical of AD were seen in
cerebral cortex and hippocampus of all four PS1-FAD brains.
Many neurofibrillary tangles and neuritic plaques were detected
by tau and ubiquitin antibodies throughout cortex and hip-
pocampus. Regions of heavy AB plaque deposition were
infiltrated by numerous reactive astrocytic processes.

An unusually large number of AB42 plaques was observed in
cerebellum in all four PS1-FAD patients (for example, Fig. 1e).
Ubiquitin-positive dystrophic neurites often colocalized with
compacted AP42-IR plaques in the molecular layer (Fig. 3, a
and b) and to a lesser extent in the Purkinje cell layer.
Cerebellums from 3 of the 12 sporadic AD patients showed
some ubiquitin reactivity; however, the numbers of ubiquitin-
positive plaques were much lower than those observed in the
PS1-FAD cases. Only a small subset of the ubiquitin-reactive
plaques in the cerebellums from patients with the PS1 muta-
tion were AR40-positive (Fig. 3, b and c). Bielschowsky stain
revealed dystrophic neurites in a small subset of ubiquitin-IR
cerebellar plaques, particularly in the Purkinje cell layer, in the
PS1-FAD cases. All cerebellar plaques were tau-negative. Unlike
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the situation in the 12 sporadic AD brains, glial fibrillary acidic
protein (GFAP)-positive reactive astrocytes colocalized with nu-

merous compacted AP42-immunoreactive plaques in
cerebellum (Fig. 3, 4 and e); astrocytic processes appeared to in-
filtrate entire plaques. In addition, GFAP-positive astrocytes
were detected in cerebellar white matter (Fig. 3f) in brains of
patients with PS1-FAD but not sporadic AD. Previously, occa-
sional cerebellar pathology was reported in some chromosome
14-linked families’'?. However, we found robust cerebellar
pathology in all four patients with E280A PS1. The severity of
the cerebellar changes in PS1-FAD brain cannot be attributed to
disease duration, because these cases were symptomatic for a
shorter time than most of the sporadic AD cases. High cerebel-
lar PS1 mRNA expression” may be relevant to the striking
cerebellar pathology.

To compare Af immunoreactivity in the brains from 4 PS1-
FAD and 12 sporadic AD patients, we used computer-assisted
image analysis to quantify the percentage of brain area contain-
ing maximal AP42 (C42) and maximal AB40 (BC40)
immunoreactivity in adjacent sections from four brain regions
for each case. For sampling consistency, the area in each section
with the highest plaque density was selected for quantification.
The greater AP42 reactivity in the four PS1-FAD brains was
highly significant (P < 0.002; two-tailed Mann-Whitney U-test)
in all brain regions examined. Indeed, each brain region in all
four PS1-FAD cases showed a higher percentage of area occupied
by AB42 than did the corresponding region in all 12 sporadic
AD cases, with just one exception (AB42 was slightly higher in
the temporal cortex of 1 of the 12 sporadic AD than in 1 of the 4
PS1-FAD brains). This striking difference is highlighted by the
complete separation of the standard deviations of the two pa-
tient groups (Fig. 4a). The percentage of area occupied by AB40
varied markedly among cases within each group. The three cor-
tical areas examined showed no significant increase in AB40
burden in PS1-FAD; only the cerebellum had a significant (P <
0.001) increase. Rank ordering the cortical AB40 values for all 16
cases confirmed that the PS1-FAD cases were not clustered at the
top of the rank, but randomly distributed, as expected from the
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complete overlap of the large standard deviations (Fig. 4b).
Next, semiquantitative scoring (0-4+) of the AB40 burden over
the entire section was conducted independently by two of us
(C.AL. and D.].S.) and again showed both the large variation in
amount of AB40 within each patient group and the lack of dif-
ference between the groups. This semiquantitative result was
confirmed using a monoclonal antibody [BA27 (ref. 6)] specific
for Ap40, which produced staining similar to that of BC40.
Here, we demonstrate a distinct neuropathological phenotype
for the PS1-FAD genotype in four patients all bearing the same
presenilin mutation (E280A) expressed within a relatively homo-
geneous genetic background. In addition to conventional AD
features (abundant senile plaques and neurofibrillary tangles),
the brains of all four PS1-FAD patients showed massive AB42 de-
position, prominent gliosis and severe cerebellar pathology;
these changes occurred ~30 years earlier than those in the 12
sporadic AD patients. An increase in cerebral and cerebrovascu-
lar AB burden in late-onset AD subjects harboring one or two
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Fig. 2 Many AB42-IR blood vessels, in addition to more typical
AB40-IR blood vessels, are observed in PS1-FAD brains. a, AB42 is
present in the wall of a frontal cortex arteriole in the 47-year-old pa-
tient (small arrowhead). Note extensive perivascular and plaque im-
munoreactivity surrounding the vessel (large arrowheads). b, The
blood vessel wall (small arrowhead) and perivascular deposit (large
arrowhead) are AB40-IR in a section adjacent to that shownina. ¢,
The wall of the blood vessel in g and b is also reactive for AB43, but
perivascular and plaque reactivity are absent. d, In addition to
plaques, numerous leptomeningeal (small arrowhead) and
parenchymal (large arrowhead) blood vessels are AB42-IR in occipi-
tal cortex of the 62-year-old patient. Note intense perivascular im-
munoreactivity surrounding the parenchymal blood vessels (large
arrowhead). Subpial Af42 deposits (medium arrowheads) are often
continuous with perivascular staining close to the pial surface. e,
The same blood vessels are AB40-IR in a section adjacent to that
shown in d (arrowheads). Very few plaques and no perivascular de-
posits are AB40-IR. Scale bars, 100 um.

apolipoprotein E (apoE) €4 alleles has been demonstrated'***. The
Ap42 increase in our PS1-FAD subjects cannot be explained by an
apokE effect, because only one patient carried an ¢4 allele, and the
12 sporadic cases (selected for severe AD neuropathology)
showed the expected overrepresentation of €4 alleles relative to
the general population.

Our findings of increased AB42 deposition in PS1-FAD brain
parenchyma and blood vessels support recent biochemical evi-
dence of significantly increased Ap42 levels in plasma and skin
fibroblast media from numerous PS1-FAD patients***. The impor-
tance of AB42 deposition in AD pathogenesis has been suggested
by these observations: AB42 is the earliest AP species deposited in
the brain®”; it readily forms fibrillar amyloid aggregates in vitro;
and it can act as a nidus for AB40 deposition*".

Increased levels of AB42 have also been observed in FAD
caused by amyloid B-protein precursor (BAPP) mutations.
Missense mutations at BAPP codon 717 result in increased
amounts of AP42 in brain, as detected both biochemically® and

Fig. 3 Severe cerebellar pathology occurs in the PS1-FAD patients.
a, Abundant AB42-IR plaques are seen in the molecular (for exam-
ple, arrowheads) and Purkinje cell layers in the 62-year-old patient.
b, In an adjacent section, many ubiquitin-IR dystrophic neurites
occur in the periphery of plaques that colocalize with those in a (for
example, arrowheads). ¢, A very small number of AB40 plaques
(arrowhead) are present in molecular layer in an adjacent section.
d, In another region of cerebellum, AB42 plaques occur in the mole-
cular (for example, left arrowhead) and Purkinje cell (for example,
right arrowhead) layers. ¢, In an adjacent section, reactive astro-
cytes detected by anti-GFAP colocalize with some plaques (arrow-
heads) shown in d. f, Many GFAP-IR astrocytes are found in
cerebellar white matter. Scale bars, 100 um.
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immunocytochemically*”. Furthermore, cells ex-
pressing PBAPP717 mutant cDNAs secrete
increased levels of AB42 (ref. 20). The “Swedish”
double mutation at BAPP670/671 increases both
AB40 and AP42 in brain deposits', in cells trans-
fected with this isoform*?, and in primary skin
fibroblasts* and plasma®. Our findings are en-
tirely consistent with the hypothesis that the
BAPP- and presenilin-linked forms of FAD are ini-
tiated by overproduction of highly aggregable
AB42 peptides. Such overproduction would then
lead to increased tissue deposition, gradual com-
paction of plaques and, ultimately, the neuritic
and glial cytopathology observed around mature
plaques in AD.

Taken together, our data and those of Scheuner
et al.’ indicate that PSI missense mutations lead to
altered proteolytic processing of BAPP at the C-ter-
minus of AB, resulting in increased production and
deposition of AB42 in plaques and blood vessels.
Because elevated AB42 levels have already been
documented in subjects bearing several different
PS1 or PS2 mutations®, we hypothesize that the
very high AB42 burden seen here will be found in
other presenilin kindreds. In another study, Mann
et al.* found an increase in both AP42- and AB40-
burden in some PS1-FAD cases, although other
patients in their study had AP40 burdens similar to
those in sporadic AD. Thus, it appears that the
mechanistic effect of PSI mutations leading to se-
vere, early-onset AD consistently involves an early
increase in AB42 production and deposition and
does not necessarily require a concomitant in-
crease in AP40 production. It follows that, in some

cases, the overwhelming burden of AB42 may lead to further de-
position of AB40, the level of which could be determined in part
by apoE genotype, duration of the disease or other factors.
Alternatively, increased AB40 burden may be mutation specific.
Because AB42 is the initially deposited species in AD, Down syn-
drome and aged human brains, our findings have implications

for all forms of AD.

Methods

Subjects. Four autopsy brains [patients aged 47-62 years (mean, 54
years); mean duration of illness, 7.5 years] from a Colombian FAD
kindred with the E280A missense mutation in the presenilin 1 (PS7)
gene’ were examined by immunocytochemical and histological
methods. The E280A PST genotype was confirmed for three of these
patients (by C.L.L.). A lack of frozen tissue or blood sample pre-
vented genotyping of the fourth patient from this kindred (no. 209
in Table 1). However, an affected sibling and adult child of this pa-
tient both bear the E280A PST mutation. The spouse of the patient
remains unaffected at age 61. For quantitative comparison of AB42
burden, autopsy brains from 12 sporadic AD subjects [ages 75-94
years (mean, 84 years); mean duration of illness, 10.5 years)] with
moderate or severe AD neuropathology were also examined. ApoE
genotype analysis was performed (by C.L.L.) on 3 of 4 PS1-FAD and

10 of 12 sporadic AD cases (see Table 1).

Immunocytochemistry. Blocks of brain tissue were routinely
fixed in 10% neutral buffered formalin for 2 weeks to 2 months.
After paraffin embedding of the blocks, 8-um serial sections were
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Fig. 4 Computer-assisted quantitative image analysis of AB42 and AP40 bur-
dens in the regions of densest plaque immunoreactivity per antibody (adjacent
sections) in brains from 4 PS1-FAD and the 12 sporadic AD patients. a, Means
(z s.d.) of the percentages of brain area of maximal AB42-reactivity (quantified
over an area of 3.72 mm?) in indicated brain regions in brains from 4 PS1-FAD
and 12 sporadic AD patients. AB42 levels were significantly higher (*) in PS1-
FAD than sporadic AD cases for all regions tested. Two-tailed P values
(Mann-Whitney U-test for nonparametric statistical analysis) were: frontal, P =
0.0011; temporal, P =0.0022; occipital, P =0.0011; cerebellum, P=0.0011;
average of all 4 regions, P < 0.0001. b, Means (z s.d.) of the percentages of
brain area of maximal AB40-reactivity (quantified over an area of 3.72 mm?) in
indicated brain regions for all 4 PS1-FAD and 12 sporadic AD patients. AB40 lev-
els were not significantly higher in PS1-FAD than sporadic AD cases in all three
cortical areas tested. Note the large, overlapping standard deviations observed
with AP40. A significant increase in AB40 (P = 0.001) was found in PS1-FAD
cerebellum,

cut and baked at 58 °C for 1 h. Three cortical areas (frontal, tem-
poral and occipital) and cerebellum were examined in all 4 FAD
and 12 sporadic AD cases. In addition, hippocampus, caudate,
other basal ganglia and midbrain from the four FAD cases were
examined.

Brain sections from FAD cases were stained immunocytochemically
by the avidin-biotin horseradish peroxidase/DAB method (rabbit or
mouse ABC Elite kit, Vector Laboratories, Burlingame, California) with
the following primary antibodies: end-specific C-terminal A poly-
clonal antibodies C42, C40 and C43 (1:250)" and BC42 and BC40
(1:500) for detection of AB ending at residues 40, 42 or 43; and a
polyclonal antibody against GFAP (1:1000) (gift of D. Dahl) for detec-
tion of reactive astrocytes. For detection of neurofibrillary tangles and
dystrophic neurites, two antibodies were used: a polyclonal antibody
against ubiquitin (1:2000) (East Acres Antibodies, Boston,
Massachusetts) and a monoclonal antibody, SE2 (ref. 25), against tau
protein (1:500). Sections from the 12 sporadic AD brains were also
immunostained with the end-specific C-terminal A, GFAP and ubig-
uitin antibodies listed above. Formic acid pretreatment (88% for 20
minutes at room temperature) was used with the C-terminal Ap and
ubiquitin antibodies to enhance immunoreactivity. Microwave pre-
treatment (antigen retrieval protocol, BioGenex, San Ramon,
California) was used with antibody 5E2. Specificity of all other anti-
bodies has been previously demonstrated (see antibody references
cited above). All sections were incubated with primary antibodies
overnight at 4 °C. Omission of primary antibody consistently yielded
negative results. FAD brain sections were also stained by a modified
Bielschowsky silver method.
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Quantification. Access to a Quantimet

Table 1 Case descriptions

image analyzer was kindly provided by

E. Masliah (Univ. California-San Diego  Case no. Diagnosis
School of Medicine, San Diego,

California). A background threshold in-

tensity was determined in an area of 209 PS1-FAD
each stained section devoid of im- 219 PS1-FAD
munoreactivity. Detection of im- 211 PS1-FAD
munoreactivity above that threshold 212 PS1-FAD
was then measured. AB burdens were

quantified in four brain regions: frontal,

temporal and occipital cortices and 1745 AD
cerebellum. The percentage of brain 2038 AD
area of maximal AB42 (antibody C42) 2044 AD
and maximal AB40 (antibody BC40) im- 2045 AD
munoreactivity was determined for six 2069 AD
X10 microscopic fields (total area: 3.72 2108 AD
mm?). By using two immediately adja-  93.103 AD
cent sections stained with anti-AB42 or  94.19 AD
anti-AB40, the regions of highest 94.197 AD
plaque density in each section were vi-  94.239 AD
sually selected for the computerized 94.270 AD
quantification in each of the 4 FAD and  95.¢ AD

12 sporadic AD cases. Immunoreactive

Sex  Age of onset Duration of ~ Age at death ApoE
(yr) illness (yr) 4%9) genotype
F 48 9 57 NA
M 54 8 62 3/3
M 45 5 50 3/3
F 39 8 47 3/4
mean 46.5 mean 7.5 mean 54
F 73 7 80 3/3
M 70 7 77 3/4
F 71 13 84 4/4
M 79 8 87 NA
F 72 10 82 3/4
F 68 20 88 3/3
M 70 6 76 NA
F 80 10 90 3/3
F 74 15 89 2/3
F 71 14 85 4/4
F 84 10 94 3/4
M 69 6 75 3/4
mean /3.4 mean 10.5 mean 83.9

blood vessels were edited out before -
NA, not available.

quantification. A nonparametric statisti-
cal test, the Mann-Whitney U-test, was
performed to compare the percentages of brain area occupied by
AB42- and AB40-immunoreactive plagques in the 4 FAD versus 12
sporadic AD cases in each of the four brain regions. In addition,
semiquantitative visual assessments (scoring 0—4+) for each AB40-
stained section were made independently by two investigators
(C.AL. and D.J.S.).
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