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With the rationale that the neuropathological similarities between scrapie and Alzheimer’s disease reflect
convergent pathological mechanisms involving altered gene expression, we set out to identify molecular events
involved in both processes, using scrapie as a model to study the time course of these changes. We differentially
screened a cDNA library constructed from scrapie-infected mice to identify mRNAs that increase or decrease
during disease and discovered in this way two mRNAS that are increased in scrapie and Alzheimer’s disease.
These mRNAs were subsequently shown by sequence analysis to encode apolipoprotein E and cathepsin D (EC
3.4.23.5). Using in situ hybridization and immunocytochemistry to define the cellular and anatomic pathology
of altered gene expression, we found that in both diseases the increase in apolipoprotein E and cathepsin D
mRNAs and proteins occurred in activated astrocytes. In scrapie, the increase in gene expression occurred soon
after the amyloid-forming abnormal isoform of the prion protein has been shown to accumulate in astrocytes.
In Alzheimer’s disease, the increased expression of cathepsin D also occurred in association with B-amyloid.
These studies reveal some of the molecular antecedents of neuropathological changes in scrapie and
Alzheimer’s disease and accord new prominence to the role of astrocytes in neurodegenerative conditions.

Scrapie is a transmissible neurodegenerative disease of
sheep and goats that is characterized by a long incubation
period followed by a relentlessly progressive illness involv-
ing the central nervous system. While the progressive de-
mentia in humans, Alzheimer’s disease (AD), has not been
proven to be transmissible, there are similarities in the
central nervous system lesions in both conditions that in-
clude astrocytosis, amyloid deposition, vacuolation, neuron
loss, and néuroaxonal dystrophy (31). These alterations have
been extensively characterized by light and electron micros-
copy, but there is little understanding of their molecular
basis. We have hypothesized that these similarities reflect
convergent pathological mechanisms that at the molecular
level involve activation or repression of a defined set of
genes whose altered expression is responsible for the neu-
rodegenerative changes (10, 21). In support of this hypoth-
esis are the documented increases in glial fibrillary acidic
protein (GFAP) (11, 38, 51), the B chain of a-crystallin,
metallothionein II, and sulfated glycoprotein 2 (11a, 14, 15)
in scrapie and AD.

In this study we have continued our search for changes in
gene expression that occur in scrapie and AD by comparing
mRNA populations in control and diseased brain tissues by
differential screening of a cDNA library. We examined the
spatial relationship of altered gene expression to neuropath-
ological changes by mapping the mRNAs and proteins, using
in situ hybridization and immunocytochemistry, and as-
sessed the temporal relationship between altered gene
expression and lesion development in longitudinal studies in
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a scrapie animal model. We found in this way that there are
two mRNAs, apolipoprotein E (apoE) and cathepsin D (CD),
that increase in abundance in both diseases and that the
increase in gene expression maps to astrocytes associated
with the neuropathological lesions. In scrapie this increased
expression of genes in astrocytes preceded the other patho-
logical manifestations of infection but followed the recently
documented (12) accumulation in astrocytes of the major
component of amyloid in scrapie, the abnormal isoform of
the prion protein (PrP5¢). In AD we found that the increase
in CD was closely related spatially to classical B-amyloid-
containing plaques. These studies implicate astrocytes in the
formation or processing of amyloid proteins in the central
nervous system and, more generally, sustain our confidence
in the utility of this experimental approach in establishing the
molecular and cellular correlates of pathological processes.

MATERIALS AND METHODS

Tissues. For RNA isolation, female weanling C57BL/6J
mice (Jackson Laboratories, Bar Harbor, Maine) were in-
jected intracerebrally with brain homogenate from mice
infected with the 22L strain of the scrapie agent (CS7BL/
Scrapie) or with normal mouse brain homogenate (C57BL/
Control) (28). Rocky Mountain Laboratory Swiss mice
(Rocky Mountain Laboratories, Hamilton, Mont.) were in-
jected intracerebrally with brain homogenate of mice in-
fected with the Chandler strain of scrapie (RML Swiss/
Scrapie) (22) or with normal mouse brain homogenate (RML
Swiss/Control). The animals were Kkilled by CO, asphyxia-
tion during the late stage of clinical disease. Brains were
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removed as quickly as possible and placed at —70°C. Brain
tissues from 5 to 10 animals were pooled for RNA isolation.

The human brain tissues for Northern (RNA) blot analyses
were obtained from a 75-year-old male diagnosed with
moderately severe AD (Alzheimer’s) and a 63-year-old male
without any evidence of AD, clinically or histologically
(Aged). Pathological criteria for AD were based on the
presence of moderate or severe neuritic plaques in the
cortex, similar to accepted criteria (27). Slices of the frontal
cortex were stored at —70°C for subsequent RNA isolation.
Postmortem times were less than 5 h.

For in situ hybridization and immunocytochemistry stud-
ies, two groups of C57BL/6J mice were used. One group was
injected intracerebrally with 22 mouse brain homogenate,
and the second group was injected with normal mouse brain
homogenate. One animal of each group was sacrificed at
4-week intervals beginning at 4 weeks postinoculation and
ending at 20 weeks postinoculation. The approximate sur-
vival time for these animals was 22 weeks postinoculation
(28). The mice were perfused with phosphate-buffered saline
followed by freshly prepared 4% paraformaldehyde. The
brains were removed and placed in 4% paraformaldehyde
overnight before being transferred to 70% ethanol for storage
at 4°C until they were embedded in paraffin. The brains were
coded and examined ‘‘blindly.”” The code was not broken
until the examinations were complete.

The human brain tissues for in situ hybridization and
immunocytochemistry were obtained from four patients
(ages 79 to 87 years) diagnosed with mild to moderately
severe AD and from four patients (ages 53 to 69 years) that
did not display any evidence of AD, clinically or histologi-
cally. Cubes of frontal or temporal cortex were placed in
10% neutral formalin for 7 to 48 h before being transferred to
70% ethanol at 4°C for storage until they were embedded in
paraffin.

RNA isolation. The frozen tissue was homogenized in
guanidium thiocyanate, and total RNA was isolated by
sedimentation through cesium chloride as described by
Chirgwin et al. (5). The poly(A)* RNA fraction was selected
by two cycles of oligo(dT)-cellulose (Collaborative Re-
search) chromatography (1, 32).

c¢DNA library construction. First-strand cDNA was syn-
thesized from C57BL/Scrapie (16 weeks postinoculation)
poly(A)* mRNA by reverse transcription with oligo(dT)
primers. RNase H and Escherichia coli DNA polymerase I
were used for synthesis of the second strand (20, 37), and T4
DNA polymerase was used to blunt the ends of the double-
stranded cDNA (32). To prepare the double-stranded cDNA
for ligation to the vector, it was methylated by EcoRI
methylase (gift from S. Scherer), ligated to EcoRI linkers,
and digested with EcoRI. The cDNA was separated from
excess linkers by Sephacryl S-1000 (Pharmacia) chromatog-
raphy, ligated into the EcoRlI site of Agt10, and packaged in
vitro. The library contained 1.5 X 10° individual recombi-
nants with an average insert size of 1.4 kb. The insert size
was determined by the average of 30 randomly picked
recombinants. Actin-hybridizable sequences were detected
in 0.1% of the cDNA inserts.

Screening. The cDNA library was plated at a density of
1,000 PFU/150-mm-diameter dish. Three lifts were made
from each plate with nylon membranes (ICN Biomedicals),
using methods specified by the manufacturer. The first lift of
each plate was hybridized with a GFAP cDNA (11) labeled
with *?P to identify recombinants with GFAP inserts and
prevent their isolation. The second lift was hybridized with
32p_labeled first-strand ¢cDNA synthesized from CS7BL/
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Control poly(A)* mRNA (16 weeks postinoculation). The
third lift was hybridized with 32P-labeled first-strand cDNA
synthesized from C57BL/Scrapie poly(A)* mRNA (16 weeks
postinoculation). Plaques that displayed a difference in sig-
nal between the two first-strand cDNA probes and no signal
with the GFAP probe were cored and replated at a very low
density for rescreening. Again, replicate lifts were made and
hybridized with the C57BL/Control and C57BL/Scrapie
first-strand cDNA probes.

Following the secondary screen, differentially hybridizing
recombinants were purified in small quantities using Lamb-
daSorb (Promega), cut with EcoRI, and electrophoresed in
low-gelling-temperature agarose. The inserts of each recom-
binant were excised from the gel and labeled with 3?P, using
the random priming method of Feinberg and Vogelstein (17,
18) for cross-hybridization analysis.

Sequencing. The cDNA inserts were isolated and sub-
cloned into the EcoRlI site of the pBluescript plasmid (Strat-
agene). Double-stranded DNA was used for dideoxy se-
quencing (45), using the T7 Sequenase system from United
States Biochemical Corp. and [a->*S]dATP (1,000 Ci/mmol;
Amersham). The M13 universal and reverse sequencing
primers were used to sequence the ends of the cDNAs.
Oligonucleotides were synthesized corresponding to the 3’
end of each sequence obtained, and this process was re-
peated until both strands of the inserts were completely
sequenced.

Northern blot analyses. Poly(A)* mRNA (500 ng per lane)
was size fractionated by formaldehyde gel electrophoresis
(32). After electrophoresis, the RNA was transferred and
fixed to a nylon membrane (ICN). The blots were hybridized
at low stringency (42°C in 30% formamide) because of
cross-species sequence diversity. Probes were labeled by
nick translation to a specific activity of 10° cpm/pg using
[a-32P]dCTP (3,000 Ci/mmol; Amersham).

After hybridization, the membranes were washed for 2 h
in several changes of 2x SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS)
at room temperature and then for 5 h in several changes of
3x SSC-0.1% SDS at 50°C. The membranes were sealed in
plastic bags and exposed to Kodak XAR-5 film at —70°C
using Dupont Cronex Lightning Plus intensifying screens.

After the proper exposure was obtained, the probe was
removed by placing the membranes in 25 mM Tris-HCI (pH
7.5)-0.1% SDS at 90 to 95°C for 1 h followed by 0.1% SDS at
65°C for several hours. The membranes were then used for
rehybridization.

For relative quantitation of the RNA on the membrane,
the blots were hybridized to several control probes. The
amount of actin mRNA present was determined by hybrid-
ization with a 3?P-labeled nick-translated B-actin cDNA. The
cDNA library was screened with an actin-specific oligonu-
cleotide. A 1-kb cDNA insert was selected, subcloned, and
partially sequenced. This cDNA extends from base 274 to
base 1279 of the mouse cytoskeletal mRNA for B-actin (49).
Signal intensities were measured by densitometric scanning
of the autoradiographs, and the values were normalized to
those for actin. To substantiate the use of actin as a control,
the blots were also hybridized sequentially to several ran-
domly picked inserts from the cDNA library. The actin and
randomly picked cDNA probes gave similar relative signals
(data not shown).

For size determination of the mRNAs, 5 pg of the 0.24- to
9.5-kb and the 0.16- to 1.77-kb RNA ladders (Bethesda
Research Laboratories) were run in parallel with the
poly(A)* mRNA. After electrophoresis, transfer, and baking
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FIG. 1. Northern blot analyses of apoE and CD mRNA in control and diseased brain tissues. The RNA transfer blots contained 500 ng
of poly(A)* RNA isolated from the brains of C57BL/6J mice (16 weeks postinoculation) injected with normal mouse brain homogenate
(C57BL/Control) or with brain homogenate of mice infected with the 22L strain of scrapie (C57BL/Scrapie), RNA from RML Swiss mice
injected with normal mouse brain homogenate (RML Swiss/Control) or with brain homogenate of mice infected with the Chandler strain of
scrapie (RML Swiss/Scrapie), or RNA from the frontal cortex of an elderly patient without clinical or histological evidence of AD (Aged) or
with clinical and histological evidence of AD (Alzheimer’s). (A) The blots were hybridized with the 1-kb apoE cDNA labeled with 32P to a
specific activity of 1.5 X 10° cpm/pg. The mouse lanes were exposed to film for 1 h, and the human lanes were exposed for 15 h at —70°C,
using Dupont Cronex Lightning Plus intensifying screens. (B) The blots were hybridized with the 1.5-kb CD cDNA labeied with 3?P to a
specific activity of 1.5 x 10° cpm/pg. The mouse lanes were exposed to film for 1 h, and the human lanes were exposed for 40 h, using the

conditions described for panel A.

of the membrane, the RNA ladder lanes were cut from the
membrane and stained with methylene blue as described by
Monroy (34).

In situ hybridization. Sections were cut at 8- to 10-pm
thicknesses, and in situ hybridizations were performed as
described by Brahic and Haase (3). Probes were labeled by
nick translation to a specific activity of 10° cpm/pg using
[a-33S]JdATP and [a->**S]dCTP (1,000 Ci/mmol; Amersham).
Sections were hybridized with the probes at a concentration
of 2 x 10® cpm/ml. After development of the emulsion, the
sections were stained with cresyl violet (6).

A number of control experiments were performed. A 1-kb
mouse GFAP cDNA probe was used in some experiments to
label astrocytes; this cDNA is located within the 3’ untrans-
lated region of the GFAP mRNA (11, 30). RNase control
sections were incubated with 300 ug of RNase A per ml and
60 pg of RNase T; per ml for 1 h at 37°C prior to acetylation.
In addition, a heterologous probe control experiment was
also performed. E. coli DNA was nick translated and hybrid-
ized along with the test probes. No observable hybridization
was seen with the RNase or the heterologous probe controls
(data not shown).

Immunocytochemistry. Tissue sections were deparaf-

finized in xylene and placed in 100% ethanol. Endogenous
peroxidase activity was blocked by placing the sections in
1% H,0, in methanol for 10 min. The sections were hydrated
through graded ethanol, rinsed in phosphate-buffered saline,
and incubated for 20 min with normal goat serum. Incuba-
tions with the rabbit antisera were performed at 4°C over-
night at the following dilutions: anti-rat apoE, 1:200; anti-
human GFAP, 1:1,000; anti-rat CD, 1:2,000; and anti-human
CD, 1:4,000 (50). This procedure was followed by a biotiny-
lated secondary antibody and an avidin-biotinylated horse-
radish peroxidase complex (Vector Laboratories). The slides
were incubated in freshly prepared substrate (0.05% diami-
nobenzidine tetrahydrochloride, 0.01% H,0,, 50 mM Tris-
HCl [pH 7.2]) for 1 to 5 min, rinsed, and stained with cresyl
violet.

Control reactions involved substitution of primary antise-
rum by normal rabbit serum or preimmune serum, and no
peroxidase reaction products were observed. Since apoE is
present in serum, test reactions were performed by using
0.1% bovine serum albumin as blocking agent in place of the
diluted goat serum. The diluted serum was used for subse-
quent studies because it reduced background staining and
produced no observable signal interference.
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FIG. 2. Localization by in situ hybridization of GFAP, apoE, and CD mRNAs in the cortex of a control and an AD patient. Sections from
the frontal cortex of a control brain are shown in the left panels and those from an AD brain are shown in the right panels. Serial sections
were hybridized with 3°S-labeled GFAP cDNA (A and B), apoE cDNA (C and D), or CD cDNA (E and F). Silver grains representing
hybridization signal are visible as black spots. With all three probes, sections from the AD brain (B, D, and F) show a large number of strongly
positive astrocytes (arrowheads) compared with the few weakly positive astrocytes (arrowheads) in the control sections (A, C, and E).

Amyloid staining. Amyloid was demonstrated by staining
the sections with Congo red, using Puchtler’s modification of
Benhold’s procedure (41, 42). To demonstrate immunoreac-
tive apoE or CD and amyloid in the same sections, the
tissues were first immunolabeled as described above. Then,
after incubation with the substrate and rinsing in distilled
water, the sections were treated with alkali and stained in the
alkaline Congo red solution.

Nucleotide sequence accession number. The EMBL acces-
sion number of the nucleotide sequence determined in this
study is M73490.

RESULTS

Screening and nucleotide sequence analyses. We differen-
tially screened 10,000 recombinants in the scrapie cDNA
library and after subsequent rounds of screening and cross-
hybridization studies identified two cDNAs corresponding
to mRNAs that were increased in scrapie. We subcloned
these cDNAs into plasmids, sequenced them, and after a
search of the GenBank data base found 99.7% identity
between the sequence of one of these cDNAs and that of
mouse apoE mRNA (43). This 1-kb cDNA began 74 nucle-
otides after the initiation codon and ended 13 nucleotides
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FIG. 3. Localization of GFAP, apoE, and CD in the hippocampus of control and scrapie-infected mice. Sections from control mice (20
weeks postinoculation) are displayed in the left panels, and sections from scrapie-infected mice (20 weeks postinoculation) are in the right
panels. Sections were reacted with anti-apoE serum (A and B), anti-CD serum (C and D), or anti-GFAP serum (E and F). Antigen-antibody
reaction is represented by a reddish brown precipitate against the purple-blue counterstain. The section from the control mouse reacted with
anti-apoE serum (A) shows few weakly positive astrocytes (arrowheads), with the reaction product closely associated with the nucleus,
whereas the section from the scrapie-infected mouse (B) shows numerous strongly positive astrocytes on both sides of the neuron layer (N),
with immunoreactive apoE extending far into the astrocytic processes. The control section treated with anti-CD serum (C) shows reactivity
predominantly in the neuron layer, whereas the section from the scrapie-infected mouse (D) shows strong reactivity, with astrocytes on both
sides of the neuron layer and an increase in CD dispersed within the neuropil. The decrease in neuronal staining seen in the scrapie-infected
mouse (D) was not a consistent finding. The section from the control animal reacted with anti-GFAP serum (E) shows few weakly positive
astrocytes, whereas the section from the infected animal (F) shows an increase in the number, size, and reactivity of astrocytes as well as
hypertrophied astrocytic processes.

before the poly(A) tail. Our sequence was different from that
of the previously published sequence at three nucleotide
positions; two of these differences did not change the de-
duced amino acid sequence, and the third resulted in the
conversion of an aspartic acid to a glutamic acid at amino
acid residue 163. Using this same strategy, we found that the
second cDNA encoded CD (EC 3.4.23.5). This sequence has
been published previously (13; EMBL accession number
X53337).

Northern blot analyses. We then examined the expression
of the apoE gene in scrapie and AD by Northern transfer,
using the 1-kb apoE cDNA insert as a probe (Fig. 1A). We
estimated the size of the apoE mRNA in mouse and human
brains to be 1.2 kb. This mRNA was threefold more abun-
dant in the brains of scrapie-infected animals (C57BL/
Scrapie and RML Swiss/Scrapie) than in the brains of
control animals (C57BL/Control and RML Swiss/Control),
as determined by densitometric scanning of the autoradio-
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TABLE 1. Quantitation of GFAP, apoE, and CD mRNA
by in situ hybridization®

Amt of RNA hybridized

P No. of rains/astrocyte)® with:
Brain tissue astrocytes/field? (g e
GFAP apoE CD
Mouse?
Control 9 8 9 8
Scrapie 20 40 33 38
Human
Aged 8 14 9 4
Alzheimer’s 21 57 Ss 21

2 The specific activities of the probes as well as the exposure times varied
such that comparisons could only be made between the control and diseased
of each set.

® Determined by histological analyses of 50 fields within the cerebral
cortex.

< Determined by averaging the number of grains over 50 randomly chosen
astrocytes within the cerebral cortex and subtracting the average number of
grains over similar adjacent areas without astrocytes.

416 weeks postinoculation.

graphs. There was a twofold increase in the apoE mRNA
from the frontal cortex of an AD patient (Alzheimer’s)
compared with that of a nondemented elderly patient (Aged).
To verify that equal amounts of RNA were present in each
lane, we stripped the blots of probe and rehybridized them to
an actin cDNA and several randomly picked inserts from the
cDNA library (see Materials and Methods).

We analyzed CD expression in scrapie and AD by North-
ern transfer using a 1.5-kb CD cDNA as probe (Fig. 1B). We
estimated the size of the CD mRNA in mouse and human
brain to be 2.2 kb. This mRNA was fivefold more abundant
in the brains of scrapie-infected mice than in the brains of
control mice. There was a twofold increase in the CD mRNA
from the brain of the AD patient compared with that of the
control.

Distribution of apoE mRNA and protein. We mapped apoE
expression in mouse and human brain tissues by in situ
hybridization and immunocytochemistry. By in situ hybrid-
ization, using the 1-kb apoE cDNA probe, apoE mRNA was
present in astrocytes in the four human and nine mouse brain
controls which were examined (Fig. 2C; Fig. 2 illustrates the
localization in human brain; identical localization in astro-
cytes occurred in the mouse brains). Astrocytes were iden-
tified by their nuclear morphology and coincident distribu-
tion with cells identified as astrocytes by staining adjacent
sections with anti-GFAP serum or by hybridization with a
GFAP cDNA (Fig. 2A). We did not detect apoE mRNA in
neurons, oligodendrocytes, microglia, ependymal cells, or
the choroid plexus.

In scrapie and AD, astrocytes are activated and they
increase in number, size, and GFAP content (11, 16). In the
diseased brains (four human and nine mouse) by in situ
hybridization, we found apoE mRNA increased in astro-
cytes in parallel with the increase in GFAP mRNA in both
scrapie and AD (Table 1, Fig. 2A through D). This increase
in apoE mRNA was due to an increase in the number of
astrocytes as well as to increased expression within individ-
ual cells (Table 1).

The product of the estimated three- to sixfold increase of
apoE mRNA in individual cells and the twofold increase in
the number of astrocytes (Table 1) is greater than the two- to
threefold change in mRNA levels determined from Northern
blot analysis (Fig. 1A). We attribute this to the effect of
population-biased assays. In the Northern blot analysis,
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FIG. 4. Association of apoE with neurons in the central nervous
system. (A) Brain stem section from a control mouse was reacted
with antiserum directed against apoE. Immunoreactive apoE is seen
here as a dark precipitate surrounding a neuron cell body and its
processes (arrows). Also seen are two immunoreactive astrocytes
(N). (B) Cerebral cortex section from an AD patient was reacted
with antiserum to apoE. A large neuron is seen with a heavy
accumulation of immunoreactive apoE (dark precipitate) around its
cell body and associated with its processes (arrows).

both white and gray matter contributed mRNA and the
major increase in mRNA abundancy occurred in the gray
matter. In in situ hybridization, we estimated maximum
increases of apoE mRNA by counting grains over astrocytes
in gray matter in regions with extensive pathological alter-
ations.

In immunocytochemical studies of control brains, we
found apoE associated with astrocytes (Fig. 3A). The reac-
tion product was concentrated in the perinuclear region and
in processes that terminated on blood vessels and the pial
surface. In addition to the reactivity with astrocytes, there
was also reaction product associated with the cellular mem-
brane of occasional neurons (Fig. 4A), most evident in the
mouse in the posterior portion of the cortex. There were also
weakly reactive neurons in the diencephalon, brain stem,
and cerebellar medulla. In diseased brains we also docu-
mented increased apoE expression within activated astro-
cytes. We observed a marked increase in apoE associated
with astrocytes in scrapie (Fig. 3B) and in AD (data not
shown) compared with the controls (Fig. 3A). Using adja-
cent sections reacted with anti-GFAP serum (Fig. 3E and F),
we found that apoE and GFAP expression increased in the
same population of cells. Furthermore, immunoreactive
apoE extended well into the astrocytic processes in the
infected mice (Fig. 3B) in contrast to its perinuclear location
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FIG. 5. Close association of CD-positive cells and amyloid plaques in AD. Cerebral cortex sections from AD patients were immunostained
for CD (dark brown reaction product) and then stained with Congo red to reveal amyloid (red and/or green plaques and fibrils). CD-positive
cells (arrowheads) were often seen surrounding classical amyloid plaques (A) but not compact plaques (B) which are presumed to be mature
stages of the former. Panel C shows an amyloid fibril (arrow) extending from a CD-positive cell to an amyloid plaque. Panel D shows a section
from the hippocampus of a scrapie-infected mouse (20 weeks postinoculation) stained with Congo red. Amyloid fibrils (arrows) are seen
extending from histologically identifiable astrocytes. The neuron layer (N) is indicated.

in the control mice (Fig. 3A). In addition to astrocytes, there
was also apoE reaction product associated with neuronal
membranes in both scrapie and AD (Fig. 4B) as in the
control brains. apoE associated with neurons did not change
during scrapie or AD in the amount or distribution of
reaction product or in the number of positive cells.

Distribution of CD mRNA and protein. We also mapped
CD expression in mouse and human brain tissues by in situ
hybridization and immunocytochemistry. By in situ hybrid-
ization using the 1.5-kb CD cDNA in control brains, we
detected mRNA in a small proportion of astrocytes (Fig. 2E)
and in the choroid plexus (data not shown). In AD and in
scrapie-infected mice, CD mRNA increased in activated
astrocytes (Fig. 2F; Table 1). In the immunocytochemical
analyses, we readily detected CD protein in neurons (Fig.
3C) as wells as glia and the choroid plexus. We think that the
most likely explanation for detection of this protein in
neurons that had little CD mRNA by in situ hybridization is
that this mRNA turns over rapidly in neurons, whereas the
protein is quite stable. In AD and scrapie, CD increased in
activated astrocytes (Fig. 3C and D) in parallel with GFAP
(Fig. 3E and F). In scrapie, we observed in addition to
accumulations in astrocyte cell bodies, immunoreactive CD
within the neuropil (Fig. 3D).

Association of CD with amyloid plaques. To determine the

relationship between amyloid plaques and increased gene
expression in AD, we combined immunolabeling of apoE or
CD with staining of amyloid. We found that CD-positive
cells were often present around the periphery of classical
plaques (Fig. 5A) but not the compact plaques (Fig. 5B) that
are thought to be a more mature stage (53). Furthermore,
amyloid fibrils occasionally extended from CD-positive cells
to the amyloid plaques (Fig. 5C). Because of the techniques
required for this type of analysis, we could not identify the
cell type showing CD immunoreactivity. However, in sec-
tions stained only for amyloid we found amyloid fibrils
primarily associated with astrocytes in scrapie (Fig. 5D) and
occasionally associated with astrocytes in AD (data not
shown). We did not see any obvious association of apoE-
positive astrocytes or neurons with amyloid plaques.

Time course of altered gene expression and lesion develop-
ment in scrapie. To study the time course of these changes in
scrapie, we sacrificed mice every 4 weeks after intracerebral
injection of the 22L strain of the scrapie agent or normal
mouse brain homogenate. The pathological changes were
first apparent at the site of inoculation and then increased in
intensity as they progressed from that area throughout the
brain. We could detect astrocytosis at 12 weeks postinocu-
lation, and at this time point it was restricted to the cortex
and diencephalon. By in situ hybridization and immunocy-
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tochemistry, apoE and CD expression was also increased at
12 weeks postinoculation in the cortex and diencephalon. At
16 weeks postinoculation, astrocytosis and increased apoE
and CD expression were present throughout the cortex,
diencephalon, mesencephalon, and cerebellum. Amyloid
and vacuolation were also present at 16 weeks postinocula-
tion to a moderate degree in the cortex and diencephalon and
to a lesser degree in the mesencephalon and cerebellum. At
the last time point examined (20 weeks postinoculation),
there was extensive astrocytosis, increased apoE and CD
expression, amyloid, and vacuolation throughout the brain.

DISCUSSION

By combining differential screening of a ¢cDNA library
with in situ hybridization and immunocytochemistry, we
have now identified and mapped increased expression of
three genes to activated astrocytes in the pathological le-
sions of scrapie and AD (11, 51). The continued success of
this experimental approach in defining alterations in gene
expression shared by these neurodegenerative diseases sup-
ports the hypothesis that convergent pathological mecha-
nisms are involved and provides additional examples of how
this approach can provide novel insight into disease pro-
cesses.

The increase in apoE may represent an attempt by astro-
cytes to repair or limit damage within the central nervous
system. In response to injury to peripheral nerves, macro-
phages enter the lesions and synthesize and secrete apoE
which may function to deliver lipids to neurites and growth
cones for membrane biosynthesis (24, 25). In diseases of the
central nervous system, such as scrapie and AD, with
neuronal injury but without inflammation, astrocytes may
assume the role of macrophages in attempting to repair
damage (35, 48). Our finding that apoE is either present in
astrocytic processes that embrace neurons or is secreted and
bound to neuronal membranes (although we cannot exclude
synthesis of apoE in neurons, we did not detect transcripts
by in situ hybridization) is in accord with such a function for
astrocytosis in neurodegenerative diseases.

The increase in CD in astrocytes may represent a conver-
gent pathological pathway in amyloid formation or process-
ing, despite the differences in the amyloid-forming proteins
of various diseases. In scrapie, a normal cellular protein, the
prion protein, is posttranscriptionally converted to an abnor-
mal isoform (PrPS°) which aggregates into amyloid fibrils (2,
8, 52). While the normal cellular isoform in the nervous
system is predominantly associated with neurons (4, 9, 40),
PrP5¢ accumulates in astrocytes (12). In AD the major
component of amyloid, a 4,200-Da peptide, B-amyloid (19,
33), although unrelated to PrPS° at the sequence level, has
been shown as well to accumulate in astrocytes following
chemically induced neuronal damage (46).

The increase in CD, an aspartyl endopeptidase, in astro-
cytes is compatible with the formation or processing of
amyloid, operationally defined by binding of the dye Congo
red. In AD? the amyloid precursor protein may be deposited
prior to cleavage to the form that binds Congo red, since
antisera that recognize epitopes of the B-amyloid precursor
outside of the B-amyloid peptide react with non-Congophilic
plaques and with a halo around Congophilic plaques, but not
the plaque itself (39). Deposition of the precursor may elicit
a reaction by astrocytes in which CD attempts to clear the
protein and inadvertantly creates the B-amyloid peptide that
will aggregate into amyloid and, at high concentrations, acts
locally as a neurotoxin (54). The notion that CD produced by
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astrocytes might be responsible for amyloid formation is
supported by our observations that CD-positive cells were
frequently found at the periphery of what is thought to be an
earlier stage of amyloid formation, the classical plaques of
AD, but not around the more mature compact plaques. In
addition, amyloid fibrils occasionally extended from CD-
positive cells into amyloid plaques (Fig. 5).

In scrapie the relationship of proteolytic cleavage of the
precursor protein PrPS¢ to formation of amyloid is less clear,
but there is evidence that proteolysis of PrPS¢ occurs in vivo
(23, 26, 44), and proteinase K treatment of scrapie-associ-
ated fibrils, whose major component is PrPS°, enhances
staining with Congo red (47). The increase in CD in astro-
cytes 12 weeks after infection might be in response to the
accumulation of the abnormal isoform in astrocytes which
begins a month earlier. Subsequent release of the protease-
resistant core of PrPS¢ might be necessary for the binding of
Congo red which results in detection of amyloid 16 weeks
after infection. Alternatively, in both scrapie and AD, the
increase in CD may be an ongoing response to the deposition
of abnormal aggregated proteins that have neurotoxic ef-
fects.

Astrocytes were once viewed as passive physical support
elements for neurons, but in the last decade, numerous
regulatory functions of astrocytes have been discovered (29,
36), and recent evidence suggests that astrocytic networks
may constitute pathways for long-range signaling within the
brain (7). In this study and in earlier investigations (10), we
documented the importance of astrocytes in amyloidogenic
neuropathological processes of infectious (scrapie) and un-
known etiology (AD). In these conditions, astrocytes ‘‘re-
spond’’ in a concerted and coordinated way. Amyloid pro-
teins may be pathological by-products inadvertently created
by astrocytes or may be the stimulus that activates astro-
cytes to limit damage and repair injury in the central nervous
system.
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