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ABSTRACT Presenilin-1 (PS-1) gene mutations are re-
sponsible for the majority of the early onset familial forms of
Alzheimer disease (AD). Neither PS-1’s anatomic distribution
in brain nor expression in AD have been reported. Using in situ
hybridization in the rat forebrain, we show that PS-1 mRNA
expression is primarily in cortical and hippocampal neurons,
with less expression in subcortical structures, in a regional
pattern similar to APP695. Excitotoxic lesions lead to loss of
PS-1 signal. A neuronal pattern of expression of PS-1 mRNA
was also observed in the human hippocampal formation. AD
and control levels did not differ. PS-1 is expressed in brain
areas vulnerable to AD changes more so than in areas spared
in AD; however, PS-1 expression is not sufficient to mark
vulnerable regions. Collectively, these data suggest that the
neuropathogenic process consequent to PS-1 mutations be-
gins in neuronal cell populations.

Alzheimer disease (AD) is a widespread and devastating
neurodegenerative disorder that manifests itself as a progres-
sive and irreversible decline in cognitive abilities associated
with the development of neurofibrillary tangles and senile
plaques in a distinctive pattern in the brain. The underlying
causes and pathophysiologic mechanisms of AD remain un-
known. Molecular analysis in recent years has suggested that
the causes may be heterogeneous. There are now four well
established genes associated with AD. Inheritance of a com-
mon allele of the apolipoprotein E gene, apoE «4, is a risk
factor for late onset (.60 years old) AD (1). The other three
genes are causative and lead to autosomal dominant forms of
the disease with fairly early ages of onset (,60 years, fre-
quently even in the 40s). Mutations in the amyloid precursor
protein (APP) (2) account for a small percentage of early onset
familial AD cases (3). The majority of early onset familial AD
appears to be due to mutations in two recently discovered
genes, presenilin 1 (PS-1) located on chromosome 14 (4),
which is responsible for AD in multiple pedigrees, and PS-2,
located on chromosome 1, which is responsible for AD in the
well studied Volga German families (5, 6). Twenty-four mu-
tations have already been discovered in PS-1 in 52 pedigrees,
and two mutations in PS-2 have been described (4–13). PS-1
and PS-2 are 67% identical to one another, and also share
marked homology of approximately 50% identity with the
Caenorhabditis elegans gene product Sel-12. (14). The pre-
dicted amino acid sequence of PS-1 suggests a protein struc-
ture that is serpentine, with multiple hydrophilic loops sepa-
rated by transmembrane domains.
The normal role of the PS-1 gene product is unknown, and

its role in the pathophysiology of AD remains speculative. PS-1
mRNA is ubiquitously expressed, but detailed knowledge of its
expression and localization in the brain is not yet available. Our
initial studies suggest a neuronal localization in normal human
brain (15). We have now used oligonucleotide probes to

examine AD and control brain expression of PS-1 mRNA. In
addition, a mouse homologue of PS-1 has been cloned and
shows strong homology to human PS-1, affording the oppor-
tunity to study PS-1 expression in experimental models. A loss
of PS-1 mRNA signal was observed after excitotoxic lesion at
a time when the lesion contained marked gliosis and neuronal
loss. These data suggest that PS-1 is expressed in the central
nervous system primarily in neurons in both rat and human
brain. However, PS-1 expression is not sufficient to predispose
neurons to Alzheimer-related degeneration.

MATERIALS AND METHODS

All human samples were obtained from the Brain Tissue
Resource Center, McLean Hospital, Belmont, MA, or from
the Massachusetts Alzheimer Disease Research Center, Mas-
sachusetts General Hospital. The diagnosis of AD was made
from paraffin embedded sections of the contralateral hemi-
sphere using Beilschowski silver stain and Khachaturian cri-
teria (16). Six control (three males, three females; age range,
44–86 yr; postmortem interval range, 2–32.3 hr) and three AD
(two males, one female; age range, 77–92 yr; postmortem
interval range, 2.3–48.5 hr) were examined. Sections of the
hippocampal formation were rapidly frozen and stored at
2808C until cryosectioning (17).
Stereotaxic Surgery. Eight rats were anesthetised using

Avertin (1,1,1-tribromoethanolytertiary amyl alcohol, 0.5 mly
100 g. i.p) and placed into a stereotaxic frame (David Kopf),
and a burr hole was drilled at the following stereotaxic
coordinates: Bregma5 26.7,27.6 mm; Lateral5 4.6, 4.5 mm
with the incisor bar set at 23.3 mm. A stainless steel 10-gauge
cannula attached to a 5-ml Hamilton syringe was lowered 5.5
mm into the hippocampal formation, and 0.5 ml of 10 mM
a-amino-3-hydroxy-5-methyl-4-propionic acid HBr (Research
Biochemicals, Natick, MA) was injected over 5 min (0.1 ml per
min), with a delay of 5 min preceding and following each
injection. On completion of the surgical procedure, the scalp
was sewn with surgical silk, and the rats were returned to their
home cages where they were monitored hourly for the first 6
hr. The rats were sacrificed at either 3, 7, or 11 days postsur-
gery, and the brains were processed for in situ hybridization.
Rats were sacrificed by cervical dislocation under ether anes-
thesia, and their brains were removed and snap frozen in
isopentane chilled with dry ice. The brains were wrapped in
aluminum foil and stored at 2708C prior to sectioning. Sec-
tions were cut in either coronal or saggital orientations at 16
mm and thaw mounted onto sterile Probe-On (Fisher) slides
coated with a sterile solution of 0.01% poly-L-lysine. Prior to
fixation, the mounted sections were stored with desiccant at
2708C in air-tight boxes.
Prehybridization procedures have been described in detail

elsewhere (16). Oligonucleotide probes (45-mer) were synthe-
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sized on an Applied Biosystems DNA synthesizer and purified
by polyacrylamide gel electrophoresis on a 12% urea gel.
Sequences were chosen from both the 59- and 39-untranslated
regions of the mRNA sequence submitted to GenBank (http:
yywww.ncbi.nlm.nih.govyGenBankyindex).
In situ hybridizations were performed on adjacent sections

using both sense and antisense 45-mer oligonucleotide probes
designed using the published sequence of mouse or human
PS-1 mRNA (4). The sequences and GenBank source refer-
ence IDs used in the probe design are presented in Table 1. As
an additional control, a 45-mer oligonucleotide probe consist-
ing of a mixture of up to 444 random sequences was synthesized
and also utilized.
In Situ Hybridization. The probes were diluted in diethyl

pyrocarbonate-pretreated water to a working concentration of

5 ngyml and end-labeled by the repetitive addition of [35S]ATP
(DuPontyNEN) by terminal D-transferase (TdT, Promega).
Labeled 45-mer probes were purified on prespun Bio-Rad
Sephadex columns and diluted to a final concentration of
between 8500 and 10,000 cpmyml in hybridization buffer. The
components of the hybridization buffer have been described in
detail elsewhere (16). The sections were hybridized overnight
at 428C in sealed chambers humidified with 50% formamidey
diethyl pyrocarbonate water.
Posthybridization Treatments. Nonspecific hybridizations

were removed by washing the sections for 30 min in 13 SSC
at 558C repeated once and then subsequently in 13 SSC at
room temperature (rt; 10 sec), 0.13 SSC (10 sec, rt), double-
distilled water (10 sec, rt), 50% ethanol (10 sec, rt), 70%
ethanol (10 sec, rt) 95% ethanol (10 sec, rt). The slides were
dried for 2 hr in a stream of warm air and then apposed to
Amersham b-max autoradiography film for 15–30 days. Films
were developed using Kodak D-19 (100%), stopped in 1%
acetic acid, and fixed in Kodak Rapid Fixer. To achieve cellular
resolution of the distribution of PS-1 mRNA, the randomer-,
sense-, and antisense-hybridized slides were dipped in a 50%
suspension of photographic emulsion in 600 mM ammonium
acetate (LM-1; Amersham), dried, and stored in lightproof
boxes at 48C for 5–15 weeks. Emulsion-dipped slides were then
developed in Kodak D-19 (50% in double distilled water),
stopped in 0.1% acetic acid, and fixed in Kodak Fixer prior to
counter-staining for Nissl material. Autoradiograms were an-
alyzed using an Imaging Densitometer (Bio-Rad GS-700 se-

FIG. 1. (A–D) Comparison between the expression of PS-1 (A and C) and APP(695) (B and D) in rat brain. The relative optical densities of
PS-1 and APP(695) expression were measured in a range of brain regions and are illustrated as the mean adjusted optical density 6 SD (n 5 3).
PS-1 is expressed maximally in the dentate gyrus, in cerebellar granule cells, and in choroid plexus. APP(695) is maximally expressed in the dentate
gyrus, hippocampal pyramidal fields, and cerebellar granule cells. These observations suggest that PS-1 and APP(695) share a fairly common
regional distribution in brain. CA1–CA3, CA subfields of the hippocampus; Pre-Sub, presubiculum; Sub, subiculum; CB-granule, cerebellar granule
cell layer; CB-Mol, molecular layer of the cerebellum.

Table 1. The design regions and sequences of oligonucleotide
probes used for in situ hybridization detection of PS-1
mRNA in human and rat brain

Probe GenBank accession Region Base

PS-1 probe 1 (rat) L42177.MUSS1PR. 59-UTR 81-125
PS-1 probe 2 (rat) L42177.MUSS1PR. 39-UTR 1896-1940
PS-1 probe 1 (human) HUMS182R 59-UTR 330-374
PS-1 probe 2 (human) HUMS182R 39-UTR 1273-1317
APP695 probe (human) A02759 Junctional 987-1031
APP695 probe (rat) RNAG Junctional 856-900

Probes were designed from the untranslated 59 and 39 termini, the
percentage GC:AT ratio was approximately 55:45% in each case.
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ries). Autoradiographic images of sections were scanned at
maximum resolution (1200 dpi, pixel depth 12) using MOLEC-
ULAR ANALYST software (Bio-Rad) on a Power Macintosh
7100y80. One slide of brain sections from each subject (three
sections) per target probe experiment was measured. Outlines
of brain areas were drawn in each section. Relative optical
densities (RODs) for each brain area from each section were
measured directly within these drawn measurement frames.
These ROD measurements were then corrected for back-
ground, and average RODs for each brain area from each
subject per experiment were calculated.

RESULTS

Expression of PS-1 mRNA in the Adult Rat Brain. PS-1
mRNA was expressed throughout the cortical gray matter and
in the choroid plexus of the adult rat central nervous system
(Fig. 1). PS-1 mRNA was preferentially expressed in the

dentate gyrus of the hippocampal formation, neo- and allo-
cortical laminae, and in the cerebellum. PS-1 mRNA was
present in diencephalic nuclei but at a lower level than that
found in cortical and hippocampal layers; it was nearly unde-
tectable in other subcortical and brain stem areas.
We compared this pattern of expression to that seen for the

APP. APP695 mRNA is much more robustly expressed, giving
a signal that is approximately 5– to 10-fold more intense than
PS-1 for comparable labeling of probes. However, the regional
distribution of APP matches closely with that of PS-1. Fig. 1
illustrates the regional distribution in the brain of both PS-1
and APP. The histograms provide a semiquantitative analysis
of the pattern of expression in different brain regions. The
similar pattern of the histograms highlights the conclusion that
PS-1 and APP are expressed in overlapping brain regions.
Examination of emulsion-dipped sections reinforce the con-

clusion that PS-1 is expressed primarily in neurons; many but
not all cortical and hippocampal neurons appear to contain

FIG. 2. Photomicrograph of a rat hippocampal emulsion-dipped section after hybridization for PS-1 mRNA. The CA1 pyramidal cells (center
of field) are clearly labeled, whereas glia in the molecular layers (p) are not labeled.

FIG. 3. Dark field autoradiograms comparing the effects of an excitotoxic lesions of the caudal hippocampusyentorhinal cortical area on the
expression of glial fibrillary acidic protein (A) and PS-1 mRNA (B). Animals were sacrificed at either 3, 7, or 11 days postlesion. There was a marked
loss of PS-1 mRNA within the bed of the lesion (arrows) after 7 days. This contrasts with the massive up-regulation of glial fibrillary acidic protein
mRNA expression in adjacent sections.
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PS-1 mRNA (Fig. 2), whereas glial populations do not. Neu-
rons of various morphologies, including large and small pyra-

midal neurons in cortex and CA fields, and dentate gyrus
granule neurons all expressed PS-1 mRNA. Because PS-1
mRNA is expressed at low levels, we were concerned that glial
expression was not detected because it was below the threshold
of detection on the emulsion-dipped sections. We re-examined
the question of which cell types express PS-1 using an exper-
imental manipulation designed to kill neurons and result in a
predictable time course of reactive gliosis. Following excito-
toxic lesion of the hippocampus, there was a significant
reduction in the optical densities of PS-1 mRNA expression
within the lesion site (Fig. 3). At each of the time points studied
(from 4 to 11 days postinjection), there was a loss of neurons
and an increase in astrocytes as assessed histologically and by
analysis of adjacent section hybridized with oligonucleotide
probes against glial fibrillary acidic protein mRNA. There was
no effect on PS-1 mRNA expression in the contralateral,
unlesioned side relative to unoperated controls. Examination
of the emulsion-dipped sections confirmed lack of PS-1mRNA
expression in glia in the lesion bed. These results support the
conclusion that PS-1 mRNA expression is primarily neuronal
rather than glial and further suggest that PS-1 mRNA levels do
not increase following lesion.
Expression of PS-1 mRNA in AD and Control Brain. PS-1

mRNA expression (Fig. 4) appears to be present at very low
levels in the control elderly human brain (n 5 6). Expression
was, however, detected in the hippocampal dentate gyrus, the
CA fields, and all lamina of temporal neocortex, whereas it was
not above background level in the white matter. The pattern
of expression, and even the degree to which various hippocam-
pal subfields contained PS-1 mRNA, was quite similar to that
observed in the rat. In AD (n5 3), essentially the same pattern
of very low expression throughout the hippocampal formation
and temporal neocortex was observed. Thus there was no
overall qualitative difference in the pattern of PS-1 mRNA
expression in AD compared with control brain.
The pattern of expression of PS-1 mRNAwas also compared

with the pattern of AD neuropathological changes noted on
thioflavine S-stained adjacent sections. The CA1ysubiculum
area contained many neurofibrillary tangles and senile
plaques, whereas in general CA3 and CA4 hippocampal fields
contained few. Despite the presence of these pathological
changes in CA1ysubiculum, no clear alteration in the pattern
of PS-1 mRNA expression was observed.

DISCUSSION

Mutations in the PS-1 gene lead to autosomal dominant forms
of AD. Very little is known about the expression of this gene
product in the brain. Our studies demonstrate that PS-1
mRNA is detectable primarily within neuronal populations
within the parenchyma, and in nonneuronal support tissues
such as the choroid plexus. To explore the possibility that PS-1
would be expressed in other cell types, or in astrocytes or
microglia upon activation, we also examined the patterns of
PS-1 expression following excitotoxic lesion. This experiment
provided further data that PS-1 is expressed primarily, if not
exclusively, in neurons because hybridization signal was lost
from the bed of the lesion at times when neuronal loss was
observed but the lesion bed was invaded by reactive gliosis.
The pathogenic mechanism of the PS-1 mutations is un-

known, but two recent observations implicate PS-1 in the
formation of Ab deposits in senile plaques. Younkin and
coworkers (17) showed that mutations in PS-1 and PS-2 lead
to increased production of Ab 42 and an elevation in the Ab
42y40 ratio in fibroblasts and plasma from affected and at-risk
carriers of the disease genes (17). Because Ab 42 is also
elevated in AD caused by APP717 mutations (18), this leads
to the possibility that the presenilin mutations lead to en-
hanced Ab production and increased numbers of senile
plaques. This hypothesis implies an interaction between APP

FIG. 4. Dark field autoradiograms demonstrating the expression of
APP(695) and PS-1 mRNA (A) in human temporal lobe. This figure,
and Figs. 2 and 4, were prepared using MOLECULAR ANALYST (Bio-Rad)
and ADOBE PHOTOSHOP image handling applications. (A) APP(695)
mRNA expression in a neuropathologically normal case; (B) PS-1
mRNA expression in the same case as A; (C) expression of PS-1
mRNA in an 88-year-old female AD patient. There were no major
differences in the pattern of expression of PS-1 mRNA between
control and AD cases. Comparison between the level of expression of
APP(695) and PS-1 in the control case reflects the relative abundance
of the two mRNAs in human brain.
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and PS-1. Our data support the idea that such an interaction
is plausible, at least in neurons, since PS-1 and APPmRNA are
present in very similar patterns in brain. However, APP
mRNA is present in much higher amounts.
Recent immunohistochemical data suggest that PS-1 immu-

noreactivity can be localized to senile plaques (19). Therefore
we also compared the distribution of PS-1 expression with the
known patterns of distribution of pathological changes in the
AD brain. No clear difference in expression patterns were
observed between AD and control brains, although our in situ
hybridization data do not rule out the possibility of small
quantitative changes in AD. In the rat, PS-1 expression is
strongest in the hippocampal formation and cortical regions,
with relatively less expression in the basal ganglia, thalamus, or
brain stem, although the cerebellum contains high levels of
signal. We observed a similar pattern in the human temporal
lobe, with strongest expression in the parahippocampal gyrus
and hippocampal formation. In general AD neurofibrillary
tangles and senile plaques affect the hippocampal formation
and neocortex much more than subcortical structures (20, 21).
Thus areas that are vulnerable in AD express PS-1, whereas
regions that are generally spared appear to have lower levels
of expression. However, an exact match between PS-1 expres-
sion and senile plaques or neurofibrillary tangles is not seen.
For example, senile plaques are present in greater numbers in
the temporal neocortex than in hippocampal fields, and they
are sparse in hippocampal fields CA2 and CA3 (20, 21).
Similarly, neurons in entorhinal cortex and the CA1y
subiculum area are most vulnerable for neurofibrillary tangles
(22); by contrast, although there is PS-1 expression in these
vulnerable areas, expression is equally high in relatively spared
areas such as CA2 and CA3. Thus PS-1 expression by itself
does not specifically identify vulnerable sets of neurons.
These data begin to define the locale and possible roles for

PS-1 in the brain and in AD suggest that the initial neuro-
pathogenic events in familial AD due to PS-1 mutations occur
in neuronal populations. There are four proteins known on the
basis of genetic data to be involved in the cascade of events that
lead to AD pathlogical changes. Both PS-1 and PS-2 are
expressed primarily in neurons. In PS-1-transfected cells, the
majority of the protein is associated with the Golgi and
endoplasmic reticulum (15). APP is expressed in all cell types
in the brain, but APP695 appears to be restricted to neurons
(23). APP is a cell surface molecule but is also highly expressed
in the Golgi and endoplasmic reticulum. Apolipoprotein E is
expressed only in astrocytes from which it is secreted (24, 25),
but may influence neurons through neuronal apoE receptors
such as the low density lipoprotein receptor-related protein
(LRP) (26). Expression of both APP and apoE are elevated by
lesion (24, 25, 27, 28). PS-1 expression is not. Taken together
with previous findings, these observations lead us to believe
that the PS-1 mutations in familial AD most likely alter
endoplasmic reticulumyGolgi functions specifically within
neurons. Future studies should elucidate whether familial AD
associated PS-1 mutations affect neuronal metabolism of APP.
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