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Doubly transgenic mice expressing both a mutated
amyloid precursor protein and a mutated presenilin-1
protein accumulate AB deposits as they age. The early
ApB deposits were found to be primarily composed of
fibrillar A and resembled compact amyloid plaques.
As the mice aged, nonfibrillar A deposits increased in
number and spread to regions not typically associated
with amyloid plaques in Alzheimer’s disease. The
fibrillar, amyloid-containing deposits remained re-
stricted to cortical and hippocampal structures and
did not increase substantially beyond the 12-month
time point. Even at early time points, the fibrillar de-
posits were associated with dystrophic neurites and
activated astrocytes expressing elevated levels of glial
fibrillary acidic protein. Microglia similarly demon-
strated increased staining for complement receptor-3
in the vicinity of AB deposits at early time points.
However, when MHC-I1 staining was used to assess the
degree of microglial activation, full activation was not
detected until mice were 12 months or older. Overall,
the regional pattern of A staining resembles that found
in Alzheimer disease; however, a progression from dif-
fuse AB to more compact amyloid deposits is not ob-
served in the mouse model. It is noted that the activation
of microglia at 12 months is coincident with the appar-
ent stabilization of fibrillar AB deposits, raising the pos-
sibility that activated microglia might clear fibrillar AB
deposits at a rate similar to their rate of formation,
thereby establishing a relatively steady-state level of
amyloid-containing deposits. © 2001 Elsevier Science (USA)

INTRODUCTION

Transgenic mouse models of Alzheimer disease are
useful for understanding the mechanisms by which
specific mutations might lead to the Alzheimer pheno-
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type and to test possible therapeutics. Since the origi-
nal description of amyloid precursor protein (APP)
transgenic mice depositing fibrillar AB (11), there have
been a number of additional transgenic lines described,
with varying degrees of the Alzheimer phenotype (19,
43, 34). Although presenilin-1 (PS1) transgenic mice do
not themselves deposit AB (3, 7, 9), the PS1 transgene
potentiates the deposition of AB in APP mice (6, 18).

Johnson-Wood et al. (24) quantified the deposition of
ApB over the life span of the PDAPP mouse first de-
scribed by Games et al. (11). While others have de-
scribed some of the changes in these doubly transgenic
mice (6, 16, 17, 29, 44), a detailed time course measur-
ing diffuse and fibrillar AB loads plus glial activation
has not been performed. We report here the time
course of AB deposition and the activation of microglia
in the doubly transgenic APP+PS1 mice. In a related
paper, Jaffar et al. (22) detail the regional localization
and other qualitative features of this model for Alzhei-
mer research, focusing on 12-month-old animals.

MATERIALS AND METHODS

Materials. Doubly transgenic mice for this study
were originally obtained by crossing Tg2576 APP mice
of Hsiao et al. (19) with line 5.1 PS1 mice of Duff et al.
(9) as described by us previously (18). Mice were group-
housed where possible, although occasional male mice
had to be housed in isolation to avoid intermale aggres-
sion. Because the two transgenes segregate indepen-
dently, offspring of four genotypes result: nontrans-
genic, PS1 transgenic, APP transgenic, and doubly
transgenic APP+PS1. The vivarium was on a 12/12
L/D cycle and food and water were available ad libi-
tum. Genotypes were confirmed by slot blots shortly
after weaning and confirmed at necropsy.

Antisera/bodies used for these studies are detailed in
Table 1. Total AB antisera (AB+or) Were from rabbits
immunized with AB1-40 peptide as described previ-
ously (13). Competition ELISA studies with different
AB peptide fragments indicate that the main epitope is
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TABLE 1

Antibodies Used for Immunostaining

Antigen Type Source Clone Titer
ABror Polyclonal P. Gottschall 1:10,000
Ap4a2 Polyclonal QCB 0.5 pg/ml
ApB40 Polyclonal QCB 0.5 pg/ml
GFAP Polyclonal Zymed 1:10,000
Phosphorylated neurofilament Monoclonal Sternberger Monoclonals SMI-312 1:100,000
APP Monoclonal Boehringer 22cl11 1:1000
Synaptophysin Polyclonal Dako 1:10,000
Ubiquitin Polyclonal Dako 1:3000
Perlecan Polyclonal B. Greenberg 1:30,000*
CR3, CD11, mac-1 Monoclonal Harlan/BioProducts Science 5C6 1:10,000
MHC-I11 Polyclonal BD Pharmingen M5/114.15.2 1:10,000

@ Even at 1:1000 concentration no plaque staining was visible.

within the first 16 residues of the peptide, and this
antiserum recognizes all C-terminal variants of the AB
peptide. Selectivity for immunocytochemistry of ABor,
AB40, and AB42 antisera was confirmed by separate
preabsorption experiments with AB1-40 and AB1-42
peptides. Antisera specific for AB peptides ending at
residue 40 (AB40) and AB peptides ending at residue 42
(AB42) were obtained from Quality Controlled Bio-
chemical (QCB; Hopkinton, MA). Thioflavin S and
Congo red stains were obtained from Sigma.

Tissue staining. Mice ranging from 3 to 18 months
of age (roughly 50) were anesthetized with pentobarbi-
tal (100 mg/kg ip) and perfused transcardially with 25
ml normal (0.9%) saline. The brains were rapidly re-
moved and the left hemispheres were immersion fixed
in freshly depolymerized 4% paraformaldehyde (buff-
ered to pH 7.4 in potassium phosphate) for 24 h, then
cryoprotected in a series of sucrose solutions. The right
hemispheres were rapidly dissected on a cold stage into
hippocampus + neocortex (amyloid containing) and
basal forebrain + brain stem (non-amyloid containing)
regions, frozen on dry ice, and stored at —70°C. Fixed,
cryoprotected left hemispheres were frozen and sec-
tioned in the horizontal plane at 25 um using a sliding
microtome and stored at 4°C in Dulbecco’s phosphate-
buffered saline for immunocytochemistry and histol-
ogy. Immunocytochemistry was performed on floating
sections as described in detail previously (14). It should
be noted that for each antibody reaction, sections from
mice of all ages were stained in the same antibody
solution using multisample staining racks and trays.
However, due to limited amounts of tissue, not all mice
were stained by all methods (see figure captions for the
sample size of each group).

Sections were incubated with the primary antibody
18 h at 4°C, then incubated in the biotinylated second-
ary antibody (120 min) followed by avidin—biotin—per-
oxidase complex using the Vectastain Elite kit. Perox-
idase reactions consisted of 1.4 mM diaminobenzidine

with 0.03% hydrogen peroxide in PBS for exactly 5
min. For markers of microglia and dystrophic neurites,
0.5% nickelous ammonium sulfate was included in the
peroxidase reactions, rendering positive stain a dark
blue color. This maximized differentiation of immuno-
staining from the Congo red counterstain (method de-
scribed below). Nonspecific reaction product formation
was negligible as assessed by omitting the primary
antibody and comparing the staining in transgenic
mice to nontransgenic animals. Each assay was bal-
anced with respect to the experimental age groups.

Congo red and thioflavin S histology were carried out
using sections mounted on slides and air dried for a
minimum of 12 h, then rehydrated for approximately
30 s before staining. For Congo red, hydrated sections
were incubated in an alkaline alcoholic saturated so-
dium chloride solution (2.5 mM NaOH in 80% ethanol,
freshly prepared) for 20 min, then incubated in 0.2%
Congo red in alkaline alcoholic saturated sodium chlo-
ride solution (freshly prepared and filtered) for 30 min.
For thioflavin S, sections were stained for 15 min in a
1% solution and quickly rinsed with water. For both
stains, sections were rinsed through three rapid
changes of 100% ethanol, cleared through three
changes of xylene, and then coverslipped with DPX
(E.M. Sciences, Fort Washington, PA).

Sections for silver staining were collected in freshly
prepared 4% paraformaldehyde and fixed for an addi-
tional week, before staining using the FD NeuroSilver
kit as described by the manufacturer (FD Neuro Tech-
nologies, Ellicott City, MD).

Glial fibrillary acidic protein (GFAP) ELISA.
GFAP was assayed according to the detergent-based
“sandwich” ELISA of O'Callaghan (35), with minor
modifications. Briefly, a rabbit polyclonal antibody to
GFAP (Dako) was coated on the wells of Immulon-2
microtiter plates (Dynatech Laboratories, Chantilly,
VA). After blocking nonspecific binding with nonfat dry
milk, aliquots of the 1% SDS homogenates of brain
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FIG. 1. Distribution of AB variants in doubly transgenic mice. Anterior regions of a 15-month-old PS+APP transgenic mouse were
immunostained for ABor (A), AB42 (B), and AB40 (C) for bright-field microscopy or stained with Congo red and viewed with cross-polarized
illumination (D, E). The regions indicated as frontal cortex (fcx), corpus callosum (cc), and striatum (s) in C apply to (A-D). Vascular amyloid
could also be detected with Congo red staining (E) and AB40 antisera (F, G). Scale bar, 250 um in A-D and 25 um in E-G.
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FIG. 2. Time course of AB+or deposition in doubly transgenic mice. Horizontal sections were immunostained as described under Materials
and Methods. Sections from mice at 6 (A), 9 (B), 12 (C), and 15 months (D) are compared. Scale bar, 1 mm. Abbreviations: fcx, frontal cortex;

s, striatum; hc, hippocampus; th, thalamus.

tissue, prepared as described (35), were diluted in sam-
ple buffer and added to the wells of the plate. After
appropriate blocking and washing steps, a mouse
monoclonal antibody to GFAP (Chemicon) was added
to sandwich GFAP between the two antibodies. In the
original method (35) an alkaline phosphatase-linked
antibody (Jackson ImmunoResearch Laboratories) di-
rected against mouse 1gG then was added. In the mod-
ification, the monoclonal antibody to GFAP was mixed
with the alkaline phosphatase-linked secondary and
they were added in a single step. Quantification of the
colored reaction product was achieved by spectrometry
at 405 nm using a microplate reader (UV Max running
on a Soft Max program; Molecular Devices, Menlo
Park, CA). Total protein concentration in the SDS ho-
mogenates was determined by the method of Smith et
al. (40). Bovine serum albumin (Sigma) was used as
the standard.

Image analysis. Immunocytochemistry or Congo
red staining of tissue sections was quantified with an
Oncor V150 color image analysis system. The software
used hue, saturation, and intensity (HSI) to segment
objects in the image field. Thresholds for object seg-

mentation were established using a series of standard
slides which have the extremes of intensity for the
stain being measured. Thresholds in HSI space which
accurately identify objects on all standard slides were
established and these segmentation thresholds re-
mained constant throughout the analysis session. A
constant voltage power source was used to reduce fluc-
tuations in microscope illumination or video camera
sensitivity during each measurement session. Section-
to-section variability in immunostaining intensity was
minor owing to rigid fixation and staining protocols.
The HSI segmentation parameters accurately identify
positive staining on all sections. The operator was un-
aware of the experimental condition when measure-
ments were taken. Staining in the frontal cortex and
the hippocampus was quantified from horizontal sec-
tions from each mouse (ranging from 4 to 16 sections
total for each mouse depending upon the antibody
used), spaced between 2000 and 3600 um ventral to
bregma. The sections from each mouse were matched
as closely as possible. To consistently identify the same
field in each section, the measurement area was care-
fully positioned using the following criteria. The fron-
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tal cortex measurement used an 80X field with one
limit of the field of view resting on the superficial edge
of the cortex and the other limit aligned with the mid-
line of the section in the most anterior position possi-
ble. The measurement area was a rectangular video
field of 850,000 um? (0.85 mm?) located within the
center of that field of view. The measurement area was
primarily of the middle 2/3 of the cortical mantle (i.e.,
generally not including cortical layers 1 or 6). Hip-
pocampus used the standard boundaries of the fimbria
anteriorly, ventricle medially, and corpus callosum lat-
erally and posteriorly. “AB load” was the percentage of
area in the measurement field occupied by reaction
product. Similarly, “Congo red staining” refers to the
percentage of the area that is stained with Congo red.
All values from a given mouse were averaged to repre-
sent the single value for that animal.

RESULTS

Doubly transgenic PS1+APP mice deposited large
amounts of AB peptide in cerebral cortex (Fig. 1) and
hippocampus (Fig. 2). In general, the distribution of
immunostaining with an antiserum that is specific for
the N-terminal portion of the AB peptide (ABror) Was
similar to that obtained with an antiserum specific for
AB42, with both diffuse and compact deposits being
labeled (Figs. 1A and 1B). One difference is that the
ABror antiserum labeled compact deposits more in-
tensely than the AB42 antiserum. Both antisera la-
beled deposits in the cerebral cortex, corpus callosum,
and striatum in the anterior portion of horizontal sec-
tions as shown in Fig. 1.

In contrast, antiserum specific for AB40 labeled pri-
marily the compact deposits (Fig. 1C) and some blood
vessels (Figs. 1C, 1F, and 1G). The distribution of AB40
immunostaining paralleled that of Congo red staining
(Fig. 1D). Congo red stained only the compact deposits
and did not extend into the striatum, a feature shared
with the AB40 antiserum (Fig. 1C and 1D). The depos-
its in blood vessels were also congophilic, indicating the
presence of AB fibrils at these sites (Fig. 1E).

By 6 months of age, all doubly transgenic mice had
multiple deposits on all sections. The highest densities
initially were in frontal and entorhinal cortices and
hippocampus (Fig. 2A). At this age the thalamus and
striatum were free of deposits. All AB deposits were
darkly stained and appeared compact (Fig. 2A) and
most were also stained with AB40 and Congo red. At 9
months of age (Fig. 2B), the number of deposits in-
creased, with some diffuse AB present. At 12 (Fig. 2C)
and 15 months of age (Fig. 2D), the density of deposits
was further increased, with large amounts of diffuse
ApB present. The granule and pyramidal cell layers of
the hippocampus and the corpus callosum were nega-
tively stained, as the AB deposits were excluded from
these laminae. Also more obvious after 12 months, AB

187

A 50 10
40 | 18 [
2
L=
© e
2 30 F 46 z
<
= c
@ 5 J
- 20 4 S
c
o
10 F 42 Q
0 0
0 20
B 30 5
25 |
4 @
o
c 20F <
2 3 =
< ]
< 15T '%
o 2 =}
< 10 F g’
3
5 1
0 e O 0
0 4 20

Age (months)

FIG. 3. Amyloid burden increases with age in frontal cortex and
hippocampus. The amyloid burden was measured in frontal cortex
(A) or hippocampus (B) as described under Materials and Methods.
The areas stained positively with antiserum for ABor (Open trian-
gles), AB42 (solid diamonds), and AB40 (open squares) are plotted
against the left axis. The area stained with Congo red (solid circles)
is plotted against the right axis. The n for each group is 4 in the 3-
and 6-month-old groups, 10 in the 10.5- (range 9—12 months) and 11
in the 16.5-month (range 15-18 months) age groups. Data presented
are means = SEM. In some cases the SEM is smaller than the size
of the symbol and does not appear on the graph.

deposits increased in the striatum, thalamus, and
brain stem (Figs. 2C and 2D). However, these were
exclusively diffuse deposits and not labeled with AB40
antiserum or Congo red.

The image analysis results for the time course of AB
deposition are presented in Fig. 3. At 3 months, none of
the mice had detectable immunostaining with any of
the methods. In both frontal cortex (Fig. 3A) and hip-
pocampus (Fig. 3B), all measures of AB deposition
tended to increase up to 9—12 months of age. After this
time the amount of diffuse AB as measured by AB+or
and AB42 immunostaining continued to increase, ulti-
mately covering almost 50% of the cross-sectional area
in the frontal cortex and 25% in the hippocampus.
Conversely, the staining for compact material with
AB40 and Congo red remained relatively stable from
the 9-12 month time point to the 15-18 month time
points. This stabilization was most apparent in the
frontal cortex region we measured. In hippocampus,
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FIG. 4. Staining of dystrophic neurites in doubly transgenic mice. Neurites in the vicinity of amyloid deposits could be discerned in
6-month-old mice using antiserum to APP in both gray matter (A) and white matter (B), using anti-neurofilament antibody SMI-312 (C),
using anti-synaptophysin antiserum in both gray matter (D) and white matter (E), using silver stain (F), or using ubiquitin staining (H).
Plaques could also be visualized using thioflavin S fluorescence (G). However, antibody against the heparan sulfate proteoglycan perlecan
was restricted to the vascular basement membrane and did not label neurites or deposits. Scale bar, 25 um, applies to all.

the AB40 staining remained stable, but the Congo red
staining increased.

Even as early as the 6-month time point, AB de-
posits were invested with dystrophic neurites. Both
APP immunostaining (Figs. 4A and 4B) and synap-
tophysin immunostaining (Figs. 4D and 4E) deco-
rated neurites around congophilic deposits in both
gray matter (Figs. 4A and 4D) and white matter
(Figs. 4B and 4E). Neurites surrounding amyloid
deposits were also stained with antibody SMI-312
against phosphorylated neurofilament (Fig. 4C) and
positively labeled with a silver stain (Fig. 4F). The

early deposits were also stained with thioflavin S,
further confirming their fibrillar nature (Fig. 4G).
Unlike these other markers, only a subset of deposits
at 6 months were stained with antiserum for ubig-
uitin (Fig. 4H); however, the proportion of ubiquitin-
positive deposits increased as the mice aged. Finally,
there are some antisera which fail to stain the neu-
rites around plaques, such as that for the heparan
sulfate proteoglycan, perlecan (Fig. 41).

Astrocyte reactivity to the amyloid deposits was
measured anatomically with GFAP immunostaining.
At 3 months of age, GFAP immunostaining was largely
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Microglial activation in doubly transgenic mice. Sections were immunostained for MHC-11 antigen from mice at 6 (A), 9 (B), 12

(C), or 15 months (D). In addition, sections from 12-month-old mice were stained with antibodies to complement receptor-3 (CD-11; mac-1
antibody; E) or antibody F4/80 (F). Scale bar, 100 um in A-D, 12 um in E, and 18 um in F.

restricted to the hippocampus and white matter tracts
such as corpus callosum. The frontal cortex in partic-
ular was free of GFAP-stained material, except for an
occasional blood vessel and the glial limitans. At 6
months of age, the scattered amyloid deposits were
surrounded by a cluster of activated astrocytes stained
with GFAP, appearing as small patches in Fig. 5B.

However, within these patches the activation of astro-
cytes could be considerable, with thickened, darkly
stained processes (Fig. 5G). At 11 (Fig. 5C) and 15
months (Fig. 5D) the intensity of the GFAP immuno-
staining increased in most brain areas. In part, this
was due to an increased number of deposits and a
subsequent decline in the amount of neuropil without
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FIG. 5. Time course of GFAP immunostaining in doubly transgenic mice. Horizontal sections were stained for GFAP at 3 (A), 6 (B, E, G),
11 (C, F), and 17 months (D). Scale bar, 1 mm in A-D, 100 um in E and F, and 25 um in G.

reactive astrocytes (Figs. 5E and 5F). By 15 months
there was also increased astrocyte staining in striatum
and the clusters of reactive astrocytes in the cerebral
cortex became confluent.

Neurochemical measurement of GFAP by ELISA con-
firmed this general time course (Fig. 6). Compared with
nontransgenic mice, increased GFAP was found in the
neocortex + hippocampus dissection of doubly transgenic
mice at the 10.5- and 15-month time points. It is likely

this is due to the presence of amyloid in the transgenic
animals, as there was no effect of genotype on the GFAP
content of the basal forebrain + brain stem dissections.
This general time course paralleled the measurements of
GFAP load in immunostained sections, with substantial
increases at 11.5 and 17 months of age (Fig. 6A). Com-
pared to other genotypes, the GFAP content in the doubly
transgenic mice greatly exceeded that in the PS1 or APP
mice at 15 months of age (Fig. 6B).
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FIG. 6. GFAP increases over time in doubly transgenic mouse
brain. In panel A, horizontal sections were stained with antiserum
for GFAP and the reaction product area was quantified in frontal
cortex (open triangles). In different mice, ELISA measurements of
GFAP were made on the hippocampus plus cortex dissection from
APP+PS1 transgenic mice (solid squares), the basal forebrain plus
brain-stem dissection from APP+PS1 transgenic mice (diamonds), or
the cortex plus hippocampus from nontransgenic mice (circles). The
n for each group was as in Fig 3. Data presented are means = SEM.
In some cases the standard error was less than the diameter of the
symbol. In panel B, the four genotypes of mice are compared at 16
months of age. The sample size per group is 11 for the nontransgenic
(NonTg) and PS1 groups, 10 for the APP+PS1 group, and 8 for the
APP group.

Activation of microglia was also evident in these
mice. At 6 months of age, despite the presence of con-
gophilic deposits, we have yet to observe an MHC-I1-
immunopositive microglial cell (Fig. 7A). At 9 months
of age, we found, on rare occasions, some immunoposi-
tive microglia in association with congophilic deposits
(Fig. 7B). By 12 months of age, MHC-I11-stained micro-
glia were found in a majority of the mice, with most of
the microglia in intimate association with congophilic
deposits (Fig. 7C). By 16 months of age, virtually all of
the doubly transgenic mice had MHC-I1I-stained micro-
glia, and not all were in apparent association with
deposits (Fig. 7D). Nonetheless, there was considerable
variability in the numbers of MHC-II-stained cells,
which was not correlated with the amount of amyloid
in each mouse, and occasional mice had very few MHC-
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I1-stained cells. Measurement of immunopositive areas
showed a late increase in MHC-I1-staining of microglia
beginning between 10 and 12 months of age (Fig. 8)
and increasing dramatically over the next several
months. We emphasize there was considerable inter-
animal variability (note the large error bars at 16- and
18-month time points).

Activated microglia could also be detected using
other markers. Complement receptor-3 immuno-
staining (CR3, CD11, mac-1) labeled microglia in
association with amyloid deposits as early as 6
months (not shown). By 12 months, CR3-stained pro-
cesses could be observed surrounding small amounts
of congophilic material in the vicinity of larger de-
posits (Fig. 7E). Another microglia marker, antibody
F4/80, produced a similar profile, with some in-
stances in which the congophilic material was appar-
ently circumscribed by the cytoplasm of a single mi-
croglial cell (arrows; Fig. 7F).

At the 16-month time point, all forms of AD-like
pathology were more pronounced in the doubly
transgenic mice than in the other three genotypes
born in each litter. With regard to the measures of
amyloid deposition, the mPS1 mice failed to deposit,
with values equal to those of nontransgenic mice for
AB+or immunostaining (Fig. 9A) and Congo red stain-
ing (Fig. 9B). All APP-only mice exhibited amyloid
deposits by this age, but the quantity of deposits in
the PS1+APP doubly transgenic mice was three to
fourfold greater than the APP-only mice (Figs. 9A
and 9B). Regarding the presence of microglia, the
doubly transgenic mice again had greater staining.
For the CR3 marker, this was roughly a twofold
elevation over the level of the other genotype groups.
It should be noted that there was considerable basal
expression of the CR3 marker in microglia. However,
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FIG. 8. MHC-II immunostaining increases with age in doubly
transgenic mice. The reaction product area for MHC-I1 in frontal
cortex is shown for doubly transgenic mice (solid squares) or non-
transgenic mice (open circles). The sample size for each group was 3
at 3 months of age, 9 at 6 months, 5 at 10 months, 4 at 11 months, 10
at 16 months, and 4 at 18 months. Data presented are means = SEM.
In some cases the standard error was less than the diameter of the
symbol.
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FIG. 9. Effects of genotype on amyloid deposits and microglial staining in 16-month-old mice. The reaction product areas for ABor (A),
Congo red staining (B), complement receptor-3 immunostaining (C), and MHC-11 immunostaining (D) are presented for the four genotype
groups used in these studies. Data are from 11-22 nontransgenic, 6—18 PS1, 8—17 APP, and 10-23 APP+PS1 mice for each marker. Data

presented are means = SEM.

the clearest differences were found in the MHC-II
immunostaining, for which the immunoreaction
product area in the doubly transgenic mice was
fivefold greater than that in the APP-only trans-
genics.

DISCUSSION

As expected, both diffuse and fibrillar AB deposits
accumulate over the life span in doubly transgenic
mice. In general, the pattern of deposition resembled
that found in Alzheimer’s disease. Compact deposits
are largely restricted to cortex and hippocampus, with
diffuse AB deposits visible in other structures, includ-
ing striatum (12). In these doubly transgenic mice, the
diffuse deposits are primarily composed of AB42 while
the compact deposits contain both C-terminal forms of
the peptide, and the vascular AB is primarily composed
of AB40. This is virtually identical to the distributions
of these C-terminal AB variants in AD (21, 38).

Some other characteristics are unlike Alzheimer dis-
ease. Within the limits of measurement in this study,
the initial histologically identifiable deposits are gen-
erally compact and congophilic, implying they consist
mostly of fibrillar AB. The diffuse deposits do not ap-
pear until later. This is opposite the general perception
that in AD the compact deposits are formed by conden-
sation of the diffuse material (28, 45), with the caveat
that it is difficult to make dynamic interpretations of
plaque progression from the static images obtained in

postmortem cases. However, in Down’s syndrome, in
which virtually all individuals develop plague and tan-
gle pathology by 40, and many also develop a dementia
syndrome, the deposits found in the youngest cases
(some as early as 8 years) appear to be diffuse AB, lacking
dystrophic neurites or glial activation (25, 33, 42).

These early deposits in transgenic mice are circum-
scribed by dystrophic neurites, expressing many of the
markers associated with dystrophic neurites in AD (8).
Importantly, neurites containing paired-helical fila-
ments are absent in these mice as are neurofibrillary
tangles (22).

GFAP reactivity is argued to be one of the most
sensitive indices of neuronal toxicity (36). At young
ages when the number of AB deposits is low, GFAP-
labeled cortical astrocytes are localized to the immedi-
ate vicinity of the AB deposits. With age the reactive
astrocytes become confluent, with increased reactivity
measured even between 11 and 16 months. This in-
crease in histologically detectable GFAP is mirrored by
a similar elevation in GFAP levels in cortex + hip-
pocampus detected by ELISA. Although GFAP is well
recognized to increase with age in mouse brain (15, 37),
this does not contribute substantially to the increase
found in the transgenic mice, as increases in the non-
transgenic littermates remain negligible (Figs. 6A and
6B). While the initial increase in GFAP staining ap-
pears due to the presence of compact amyloid deposits,
the later substantial increases are likely caused by
other factors, as the number of compact deposits is



PATHOLOGY IN PS1+APP TRANSGENIC MICE

relatively stable during this period. The increase in
numbers of MHC-II-immunoreactive microglia sug-
gests that an inflammatory process is beginning during
this interval.

Like several other groups (5, 10, 29, 41), we find
increased staining of microglia in the vicinity of depos-
its at early time points (6 months) using markers
which also stain resting microglia (in our case comple-
ment receptor-3). However, when we stain for micro-
glia using MHC-I1 antisera, the reactivity is negligible
before 12 months of age, and even in 15-month-old
mice it is quite variable, with some mice having few
immunoreactive cells. This may be a critical step in
recapitulating AD, as MHC-I1 is the murine equivalent
of the HLA-DR antigen found extensively upregulated
in microglia from demented patients. Indeed, cases
referred to as high-plaque normals (autopsy brains
with high amyloid loads but no indications of demen-
tia) generally do not stain for HLA-DR (26). Age may be
a significant predisposing factor for the MHC-II in-
creases reported here. In rats lesioned with 6-hydroxy-
dopamine, we found that enhanced staining of striatal
microglia with MHC-I1 was not evident until midlife
and was even greater in older rats (32). It might be
expected that transgenic mice age 20 months or older
might all have considerable MHC-I1 activation. It is
also interesting that a study of Tg 2576 mice (the APP
contribution to the APP+PS1 mice used here) found
increased IL-1 expression in 14-month-old mice, but
not in 12- or 13-month-old animals (30).

From our work on behavioral changes in these dou-
bly transgenic mice, we know that learning and mem-
ory deficits develop between 12 and 15 months (2, 31).
Moreover, these deficits found in 15-month-old mice
are correlated with the abundance of compact AB de-
posits in their frontal cortices (13). From the present
work, it is evident that glial cells increase their reac-
tivity during this time. Microglia begin expressing
MHC-Il, and astrocytes dramatically upregulate
GFAP expression. Although we would like to speculate
that the MHC-I11 activation might be associated with a
more severe state of neural inflammation that causes
memory dysfunction, we have not been able to corre-
late memory performance with MHC-11 staining in sev-
eral different studies, all of which did detect cor-
relations of memory performance with plaque loads
(2, 13, 31).

Future studies will evaluate the role of MHC-II-
bearing microglia in the potential removal of AB depos-
its. This was first suggested in transgenic mice by the
work with AB vaccination, which found that the vac-
cine caused MHC-I1 expression in microglia and reduc-
tions in AB deposits (39). We similarly find that the
vaccine approach upregulates MHC-I1 expression (D.
Wilcock, D. Morgan, and M. Gordon, in preparation)
and that LPS injection into doubly transgenic mice
activates microglia and reduces amyloid load (G. Di-
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Carlo et al., submitted for publication). The coincidence
of MHC-11 activation and the apparent stabilization of
compact AB deposition at 12 months of age found here
is consistent with the hypothesis that activated micro-
glia might be engulfing and clearing amyloid deposits.
Biopsy studies from early AD patients that are fol-
lowed to autopsy report little change in plaque densi-
ties during the disease course (4, 27). It has been sug-
gested that amyloid plaques turn over in AD brain,
achieving a steady state during the disease (20). In
other work we find that a novel anti-inflammatory
drug which dramatically reduces AB loads also causes
a paradoxical increase in the numbers of MHC-II-
stained microglia (see Ref. 23 for a preliminary report).
Together, these data suggest that microglial activation
may have a dual action; some degree and/or types of
activation may facilitate the clearance of AB deposits.
However, excessive activation or the type associated
with inflammation will lead to the neurodestructive
events so well characterized in Alzheimer disease (1).
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