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Microglial activation is central to the inflammatory re-
sponse in Alzheimer’s Disease (AD). A recently de-
scribed mouse line, Tg(HuAPP695.K670N/M671L)2576,
expressing human amyloid precursor protein with a
familial AD gene mutation, age-related amyloid depos-
its, and memory deficits, was found to develop a signif-
icant microglial response using Griffonia simplicifolia
lectin or phosphotyrosine probe to identify microglia.
Both Griffonia simplicifolia lectin and phosphoty-
rosine staining showed increased numbers of intensely
labeled, often enlarged microglia clustered in and
around plaques, consistent with microglial activation
related to B-amyloid formation. Using quantitative im-
age analysis of coronal phosphotyrosine-immuno-
stained sections, transgene-positive 10- to 16-month-
old, hemizygous, hybrid Tg2576 (APPsw) animals
showed significantly increased microglial density and
size in plaque-forming areas of hippocampus and fron-
tal, entorhinal, and occipital cortex. Quantitative anal-
ysis of microglia as a function of distance from the
center of plaques (double labeled for A peptide and
microglia) revealed highly significant, two- to fivefold
elevations in microglial number and area within
plaques compared with neighboring regions. Tg2576
p-amyloid-plaque-forming mice should be a useful sys-
tem for assessing the consequences of the microglial-
mediated inflammatory response to B-amyloid and de-
veloping anti-inflammatory therapeutic strategies for
Alzheimer’s disease. These results provide the first
quantitative link between B-amyloid plaque formation
and microglial activation in an animal model with neu-
ritic plaques and memory deficits. (Am J Patbol 1998,
152:307-317)

Epidemiological evidence from 17 different studies
shows that a history of nonsteroidal anti-inflammatory

medication markedly reduces the risk for Alzheimer's
disease (AD)."2 A key component of the inflammatory
response in AD is the presence of activated microglia. It
has been known for many years that microglia are asso-
ciated with the amyloid plaque pathology in AD, but a
series of more recent investigations have clearly demon-
strated the presence of activated microglia.’>* The ac-
tivated microglia are evidenced by their increased ex-
pression of various antigens, including complement
receptors, major histocompatibility complex class | and
class Il antigens, interleukins, transforming growth fac-
tor-a, tyrosine kinase-related antigens such as CD45 and
phosphotyrosine (PT), integrin-related receptors, and
lectin-binding sites.* Activated microglia are not present
in all plagues, but their presence has been correlated
with the appearance of degenerating neurites,®>® apoli-
poprotein E, and amyloid.”® Although the formation of
fibrillar AB (amyloid) is thought to be mediated by AB
neurotoxicity,® the role of the microglia in this process is
unclear. Microglia may synthesize AB, form amyloid,
clear AB, or play a primary or secondary role in neuron
loss. Activated and proliferating microglia appear at sites
of many types of neuronal damage as part of the re-
sponse to injury. In most instances, their transient pres-
ence is regarded as secondary, limited, and possibly
beneficial.’® However, cultured microglia readily take up
AB'"'2 and AB can increase microglial activation and
neurotoxin production.'' Thus, persistent activation of
microglia associated with a protease-resistant amyloid
irritant may give rise to chronic inflammation and addi-
tional tissue damage. Microglial activation may be a
causal link between B-protein deposits and neurodegen-
eration leading to dementia.

Although the evidence of microglial activation associ-
ated with plaques in AD is extensive, there are only
limited data from animal models where one can hope to
clarify the impact of microglial activation on disease pro-
gression. Activated and Ap-immunoreactive microglia
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were found at early stages of plaque formation in aged
primate brains.® One line of APPV717F transgenic mice
developing amyloid plaques with age was previously
described as having neocortex that “contained diffusely
activated microglial cells, as defined by their ameboid
appearance and shortened processes.” However, no fig-
ures or evidence of relationship with plaque pathology
were presented.!” A more extensive examination of pa-
thology in these mice also omitted data on microglia but
stated that microglial cells were associated with plaque
cores and that “compared with AD” they “showed a more
prominent astroglial reaction and a less abundant micro-
glial component (not shown).” We are unaware of pub-
lished data on microglia in other plaque-forming APP
transgenic mice.

These observations suggested the utility of demon-
strating microglial activation in an animal model for AD
where a number of genetic and pharmaceutical ap-
proaches could be taken to reduce components of the
microglial response and then gauge the outcome on
aspects of the disease present in the model. Here we
show 1) immunocytochemical evidence of a massive mi-
croglial response in plaque-forming transgenic mice and
AB40 but not AB42 immunostaining of plaque microglia,
2) quantitative data linking microglial density and size to
their presence in plagues, and 3) regional and layer
correlations between plaques and activated microglia.
These are the first quantitative data linking microglial
activation to plaque formation in an animal model.

Materials and Methods

Animal Studies

Human APPsw transgenic mice (Tg2576) with the Swed-
ish familial 670/671 NL double mutation under transcrip-
tional control of the hamster prion promoter were main-
tained outbred to C57BI/SJL in a standard colony and
allowed to age to 10 to 16 months and develop amyloid
deposits as previously described.'® Surgical and animal
care procedures were carried out with strict adherence to
the guidelines set out in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (pub-
lication 80-23).

Antibodies

Anti-AB antibodies used in the present study were 10G4
monoclonal to the 1 to 13 region of native human AB1-
40"7; anti-34-40 specific for ABX-40'8; affinity-purified
rabbit antibody to AB1-5, which requires the free amino
terminus of B1; and affinity-purified rabbit anti-42 ab-
sorbed on AB43, which labels AB peptides ending at 42
but not 43.7° Additional sections were labeled with 4G8
monoclonal to AB17-24. All of the AB staining reported in
this paper was blockable using free peptide absorption
controls on adjacent sections.'”-2° Monoclonal antibody
to PT was from Sigma Chemical Co. (St. Louis, MO).

Immunocytochemistry

Fourteen-micron cryostat coronal sections from hemi-
brains from four transgene-positive and five transgene-
negative Tg2576 15- to 16-month-old mice were cut on a
freezing sledge microtome from the posterior pole ante-
riorly through the anterior margin of the hippocampus.
Fixation was by sequential immersion in 4% paraformal-
dehyde in PBS, followed by 50, 75, and 95% ethanol for
5 minutes each. Eight-micron paraffin coronal sections
(from seven Tg2576 mice at 10 to 12 months of age) were
prepared as described in Hsiao et al.'® Frozen and par-
affin sections were immunolabeled with anti-PT mouse
monoclonal first antibody?' and developed with a Vector
ABC kit using biotinylated goat anti-mouse and metal-
enhanced diaminobenzidine (DAB) essentially as de-
scribed.’ Adjacent sections were double labeled for
microglia using PT (anti-mouse peroxidase/brown/DAB),
followed by clearing and rehydrating to remove bound
antibodies and then anti-AB (rabbit) or 10G4 (mouse),
washing, and detection with anti-rabbit or anti-mouse
alkaline phosphatase with Vector blue chromaphore.
10G4 was used on frozen sections unless otherwise in-
dicated. Some sections were counterstained with con-
trast green (Vector Laboratories, Burlingame, CA) to lo-
cate nuclei. Congo red and thioflavin S staining was
performed as previously described.®

Lectin Staining

Biotinylated Griffonia simpilicifolia GS b4 isolectin and an-
tigen unmasking solution were purchased from Vector.
Paraffin sections were cleared and treated with antigen
unmasking solution (1:100 in distilled water) in a pressure
cooker for 1 minute, washed in PBS for 5 minutes, and
then treated with 0.3% hydrogen peroxide for 30 minutes
to quench endogenous peroxidase. Sections were
washed and then incubated overnight at 4°C with isolec-
tin (10 pwg/ml) in 0.1% Tris-buffered saline/Tween. After
washing, they were incubated with Vector ABC avidin/
peroxidase complex for 45 minutes and developed with
DAB. Selected sections were double labeled for AB using
Vector blue as described above.

Image Analysis

For each section 2.5 mm posterior to Bregma (+0.3 mm),
we examined immunohistochemical labeling in the follow-
ing plaque-containing and non-plague-containing re-
gions: corpus callosum, hypothalamus, hilus, hippocam-
pal fimbria, subiculum, inner and outer molecular layers
of the dentate, internal capsule, lateral geniculate, ento-
rhinal, frontal, temporal, parietal, and occipital cortex,
adjacent (agranular and retrosplenial) frontal cortex, pos-
terior thalamic nuclei, stratum oriens, stratum radiatum,
and zona incerta. We also examined individual cortical
layers. All histological and immunohistochemical images
were acquired from an Olympus Vanox-T (AHBT) micro-
scope with an Optronix Engineering LX-450A CCD video
camera system. The video signal was then routed into a



Power Center 120 Macintosh-compatible microcomputer
via a Scion Corporation AG-5 averaging frame grabber.
Once digitized, the images were analyzed with NIH-Im-
age public domain software (developed at the U.S. Na-
tional Institutes of Health and available on the Internet at
http://rsb.info.nih.gov/nih-image/). Custom Pascal macro
subroutines were written and used to calculate microglial
cell number per square millimeter and cell size. Each
capture was exposed to the same computer subroutine
to minimize biases of the microscopist; most importantly,
the density slice thresholding was maintained constant
throughout analysis. Running the macro resulted in im-
ages being captured in color and the appropriate slice of
RGB stack being selected (green RGB slice for analysis
of brown microglia), the spatial calibration being selected
(magnification), the density slice to LUT (220 to 254)
being set, and all of the averages and standard errors of
microglia parameters being exported to an EXCEL file.
Single-blind image analysis of single-labeled microglia
was done with respect to transgene positivity or negativ-
ity.

Another macro measured the distribution of microglia
in relation to distance from the Apg-immunoreactive
plague center. This macro involved analyzing microglial
morphology in each of a series of four concentric circles
within and around AB42-immunoreactive plaques, the
ring widths of which correspond to the radii of the Ag-
immunoreactive plaque (ie, the fourth circle is four plaque
radii from the plague center). Microglia parameter aver-
ages and SD of each ring were computed by Pascal
subroutine and exported to EXCEL or directly to the sta-
tistics program. In this ring macro, which was used on
sections double labeled for AB (blue) and microglia
(brown), the blue slice (filter) of the RGB stack was cho-
sen and density slice threshold selected such that the
blue plaque would not be picked up when imaging the
brown microglia. Lack of color bleed-through was tested
in singly labeled sections. As with the previous macro, all
images captured for the ring macro were performed us-
ing the same density slice threshold. Statistical analysis
compared transgene-positive and -negative groups or
layers and regions with analysis of variance or Student’s
t-test as appropriate using SuperAnova (1.11) and Stat-
View (4.5) for Power Macintosh.

Results

Identification of Plaque-Associated Microglia

GS lectin specifically labels microglia in rodent brain.?2
Figure 1 shows sections from APPsw transgene-positive
and -negative mice labeled with biotinylated GS lectin
using DAB (shown here in black) that were then photo-
graphed before double labeling with affinity-purified poly-
clonal antibody to the free carboxy terminus of AB42
using Vector Blue (shown here in gray). The antibody to
AB42 recognizes AB ending at amino acid 42 but not 40
or 43 (Figure 1, arrows). At low magnification, clusters of
dark, lectin-labeled microglia were evident in the trans-
gene-positive animals (Figure 1A) but not in the trans-
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gene-negative controls (Figure 1B). Although small Ap42
deposits contained only a few or no microglia in the plane
of section (Figure 1C, small thick arrows), large AB42
deposits were associated with enlarged, darkly lectin-
labeled microglia (Figure 1C, long thin arrow). Under high
magnification, the deposits had clusters of lectin-stained
microglia wrapping around AB42-labeled plaques (ar-
row) and neighboring cells (Figure 1D). A few vessel-
associated amyloid plaques (arrow) had similar clusters
of microglia (Figure 1E). In some instances, the clusters
of microglia were so dense that they formed one large
mass (Figure 1F). As lectin stained only cells in the
plaques, we sought to obtain another method of measur-
ing a range of microglial activation that was more ame-
nable to quantitation as well as to strengthen the obser-
vation of microglial association with plagues.

Microglia exhibit unusually high activities of tyrosine
kinases, which increase with activation,?® allowing the
use of PT antibodies to quantitatively assess microglial
activation in the injured rodent brain.2’ Employing rabbit
phosphotyrosine antibody to identify microglia with DAB
(brown) and mouse monoclonal antibody to A (10G4) to
label plagues (blue), we examined the association of AB
immunostaining with microglial activation.

At low power, a large number of microglial processes
and enlarged microglia were found in plaque-forming
areas of transgene-positive mice (Figure 2A). Much more
limited, frequently vessel-associated PT labeling in the
absence of plaques was found in the cortex of similarly
aged transgene-negative mice (Figure 2B). This vessel
labeling was consistently found in both groups and may
represent perivascular microglia or a possible artifact of
immersion fixation. Immunostaining for AB alone, partic-
ularly with antibody to AB34-40 and AB1-5, showed
amyloid plaques with associated cell or process labeling
that was microglial-like (in Figure 2C, AB34-40 is indi-
cated by arrows on the left and an arrowhead on the
right). Because the AB34-40 antibody fails to label AB42
that contains the 34 to 40 peptide, this antibody should
label only AB peptides X-40 and not APP or other frag-
ments. As previously noted, this AB40 antibody labeled
the majority of plaques in Tg2576 mice.'® Preliminary
counts in 11- to 12-month-old animals show that more
than 90% of the plaques are labeled by both 42- and
40-specific antibodies, but AB40 antibody labels larger
areas. GS-lectin-labeled microglia were grossly enlarged
around Ap42-labeled amyloid and frequently wrapped
around cells that were not AB42-positive (Figure 2D). In
general, the 42 antibody did not appear to label plaque-
associated processes and microglial cells even with in-
tense DAB development in singly labeled sections. This
was in contrast to antibodies recognizing AB epitopes
from B1 to 40. At higher magnification, in plaque-forming
regions, enlarged PT-labeled microglia often co-stained
for AB (10G4) and extended their processes around ad-
jacent unstained cells (black, open arrow in Figure 2E).
Intensely labeled ameboid microglial cells and their pro-
cesses were in and adjacent to the plaques (Figure 2, F
and G). In Figure 2G, three examples of vessel-associ-
ated microglia are shown (arrows). The microglia appear
to be clustering around patches of AB immunostaining
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Figure 1. Relationship between AB immunostaining and microglia. Microglia are identified with GS lectin labeling (stained with DAB, brown, shown here as black)
and plaques by AB42 immunostaining (stained blue, shown here as gray with arrows). A and B: Transgene-positive mice (A) reveal large clusters of microglia
in coronal sections, but transgene-negative mice (B) do not. C: At intermediate magnification in the occipital cortex and presubiculum, small AB42-positive
plaques contained few or no lectin-stained microglia (thick arrows ) whereas large plaques contained prominent plaque-associated masses of lectin labeling (thin
arrow ). D: Higher magnification of plaque in C. The Vector Blue-AB-stained amyloid core (arrow) is surrounded by intensely DAB-labeled, lectin-positive
microglia (black). E: A similar cluster of microglia (black) around perivascular amyloid (arrow) in the subiculum. F: Cortical plaque with very dramatic massing
of lectin-stained microglia (black). Bars, 200 um (A and B), 100 pm (C), and 20 um (D to F).

(Figure 2F). Sometimes the PT-positive ameboid micro-
glia encircled a central amyloid core (light blue, Figure
2H) or massed over the entire plaque and were both PT
and Ap positive (black, Figure 2H, inset). The black dou-
ble labeling seen in the inset and in Figure 2E could
represent AB in or on the surface of microglia.

In a previous study,'® we showed that the plaques
labeled with Congo red and thioflavin S. Preliminary data
counting 4G8-labeled plagues on adjacent sections
show that roughly 50% of the neocortical and limbic
deposits are Congo red-positive and 80% are thioflavin

S-positive, indicating the presence of amyloid fibrils in the
majority of plaques.

Because of the high resolution of individual cells with
PT, we used PT immunostaining for quantitative morpho-
metric studies of microglia using NIH Image. The average
density and cell area of PT-labeled microglia in 18 re-
gions of coded coronal sections (defined below) was
determined, and then all data were assigned to trans-
gene-positive and -negative groups. Microglia density
(number of PT-labeled cells per square millimeter) for all
areas was significantly increased (P < 0.01) in the trans-
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Figure 2. Relationship between AB immunostaining and microglia. A: Several AB-positive plaques (10G4, blue) containing large immunopositive phosphoty-
rosine-labeled microglia (PT, brown) in transgene-positive mice in addition to PT labeling of vessels not associated with plaques. B: PT labeling (brown) in the
absence of plaques (10G4, blue) in cortex of similarly aged transgene-negative mice is vessel associated and devoid of large microglia. C: Singly stained sections
with anti-AB34—40 (AB40 specific, brown) in cortex reveal cells with microglial morphology on the right (arrows) and, on the left small basophilic (contrast green)
nuclei (arrowhead). D: The GS lectin-labeled microglia (brown) were grossly enlarged around AB42-specific immunostaining (blue) and frequently wrapped
around cells in the adjacent area. E: Enlarged PT-labeled microglia (brown) in plaque-forming regions (10G4, blue) with processes encircling a neuron as well
as apparent co-localization of 10G4 and PT immunostaining to produce black (open arrow). F: PT-positive microglia (brown) massing (open arrow) around
patches of AB immunostaining (10G4,blue). G: PT-labeled ameboid microglia clustered around a plaque (10G4, blue) and examples of microglia (brown, arrows)
associated with vessels (v). H: PT-positive ameboid microglia (brown) encircling a central amyloid core (10G4, blue) or (inset) microglia massed over another
plaque that is both PT and AB positive (black). Bars, 100 um (A), 50 um (B), 30 um (C, right), 20 um (C, left, and D), and 10 um (E to H).
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Figure 3. Regional analysis of microglial morphology. We compared trans-
gene-positive with transgene-negative mice in three grouped regions (two
plaque-containing regions, hippocampus and cortex, and one non-plaque-
containing region, thalamus) for microglia density (A) and microglia area/
cell (B). Differences between transgene-positive and -negative mice in non-
plaque-containing areas were observed only for density. This was due to
differences mainly in the lateral geniculate body, which innervates the oc-
cipital cortex, a high plaque-containing region. Differences in area/cell be-
tween transgene-positive and -negative mice were significant only in plaque-
containing regions, the hippocampus and cortex. Error bars show SEM: *P <
0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.

gene-positive sections as was total area/microglia (P <
0.001; not shown). A more detailed analysis of PT staining
in each of the 18 different regions was performed (Figure
3). Orthogonal comparisons within the same region dem-
onstrated a significant increase in microglial area in
transgene-positive compared with transgene-negative
mice in parietal (P < 0.05), temporal (P < 0.05), entorhi-
nal (P < 0.001), and stratum oriens of the hippocampus
(P < 0.05; not shown). As multiple comparisons increase
the chance of a type |l error, additional regional analysis
involved grouping regions in terms of plaque-containing
(hippocampus or cortex) and non-plague-containing re-
gions and making minimal planned orthogonal compari-
sons only between the microglia parameters in trans-
gene-positive and -negative mice within these three
regions (Figure 3, A and B). In non-plaque-containing
areas, transgene-positive and -negative mice were not
significantly different, except for a single parameter, den-
sity (P < 0.05). This difference resulted from an increase
in microglia density of transgene-positive mice in the
lateral geniculate, which projects to the occipital cortex, a
high plague region. In the plaque-containing region, the
cortex, differences in microglial density between trans-
gene-positive and -negative mice were highly significant
(P < 0.01). Also, in plague-containing regions (the hip-
pocampus and cortex) there was a significant difference
in the microglia area/cell. This quantitative analysis of PT
is consistent with a subjective evaluation of the less sen-
sitive microglia marker, lectin staining, which was ele-
vated in plaque-forming regions.

Effect of Transgene on Microglia and Plaques in
Cortical Layers

The density of plaques showed a layer-dependent distri-
bution in the neocortex (not shown). Plaque density was
highest in layer |, intermediate in layers Il to IV, and
significantly lower in layers V and VI (P < 0.05; not
shown). Therefore, we analyzed the possibility of a layer

effect in microglia parameters in adjacent sections
stained singly for PT. Although analysis of microglial pa-
rameters showed no layer effect in transgene-negative
animals, in transgene-positive animals, microglial density
was highest in layer 1 of the neocortex, intermediate in
layers 2 to 4, and lowest in layers 5 and 6 (not shown).
Similar results showing significant differences between
layers within the transgene-positive mice were found with
microglial area (P < 0.05; data not shown). Orthogonal
comparisons were also made between transgene-posi-
tive and -negative mice within a region. Highly significant
differences were found between the positive and nega-
tive groups in the layers with the most plaques (layers 1
to 4), but no differences were found in the layers with the
fewest plaques (layers 5 and 6) in microglial density and
area (not shown). Regional differences in microglia pa-
rameters in cortical layers were most prominent and
highly significant in the entorhinal cortex, one of the re-
gions with the highest number of plagues (not shown).

Regional Plaque Distribution

Plague density and diameter was determined across
brain regions in sections adjacent to those used for mi-
croglial morphometry. Plaques were found throughout
the neocortex and hippocampus but not in other regions
examined (not shown). The highest plaque numbers were
in entorhinal and occipital cortex and hippocampus. The
average plaque diameter was significantly larger in the
frontal and adjacent (retrosplenial and agranular) cortex
where plaques were fewer in number (not shown). These
results reflect plague distribution in adjacent sections
that were analyzed for microglial morphometry but do not
necessarily represent overall regional differences in
plague numbers. Those data require the complete ste-
reological analysis of plaques through serially sectioned
brain.?*

Plaque-Associated Gradient of Microglia
Parameters

To test the hypothesis that microglial activation was
closely linked to AB deposition, sections were double
labeled for AB (blue) and PT (brown) as in Figure 2, and
PT-labeled microglia were quantitated in four concentric
rings centered on plaques as a function of the distance
from the center of the plaque (Figure 4A). The first ring
included the AB-stained area (plague) whereas rings 2 to
4 each extend one additional plague radius from the
center so that the outside of the largest ring is four plaque
radii from the center. Within plaques there is a highly
significant three- to fivefold increase in microglial cells
per square millimeter (Figure 4B) and area/cell (Figure
4C) with a continuing reduction in density in the outer
rings (P < 0.001). Density in ring 2 just outside the plaque
was higher than in ring 4 (P < 0.05; Figure 4B).

As the size of rings depended on plaque size, we also
performed regression analysis to calculate the regression
of microglial parameters on distance from the core of the
plaque, regardless of plague size. Consistent with the
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Figure 4. Microglial density and morphology in relation to plaque distance. Sections were double stained: brown for microglia with PT antibody and blue for AB
using anti-AB1-5. A: Image analysis method showing four rings in which microglia parameters were quantified for each AB deposit. Ring 1 measurements
represent microglia parameters within the entire plaque stained for AB. Rings 2 to 4 are each the width of one plaque radius. B: All microglia parameters were
statistically analyzed by analysis of variance as a function of distance from plaque center. Microglia density within the plaque was significantly higher than in rings
210 4 (P < 0.001), and ring 2 was higher than ring 4 (P < 0.05). B, inset: Regression analysis is shown as a function of distance from plaque center (ring radius).
Microglial density decreased as a function of distance from the AB core (P < 0.0001) using either a linear regression (shown) or polynomial fit. The equation for
the polynomial fit is y = 4.03 — 0.061x + 1.951 X 10~ x?% R? = 0.307; *P < 0.05; ***P < 0.001. C: Microglia within the AB plaque were larger (P < 0.001) than

outside the plaque.

ring analysis, there was a rapid and highly significant
(P < 0.0001) decrease in microglial density (y) as dis-
tance (x) from the plaque center moved from O um
(plague center) to 400 um distally with linear (y =
2.745 — 0.14x) or polynomial regression (P < 0.0001;y =
4.03 — 0.061x + 1.951 X 10™* x2; Figure 4B, inset). The
2.9% of all plaques that had no PT-stained microglia are
indicated by rings with microglia averaging zero. As with
most markers for microglial antigens, the amount of PT is
proportional to state of activation. As only 50 to 80% of
the plaques had Congo-red- or thioflavin-S-positive amy-
loid, it is clear that diffuse deposits also contained PT-
stained microglia. Specific examples of diffuse AB immu-
nostaining and morphologically activated microglia were
observed (consisting of enlarged, shortened, thickened
processes, approaching ameboid shape), but the vast
majority of fully activated, ameboid microglia were asso-
ciated with cored plaques.

Discussion

Parallels to Alzheimer’s Brain

Our results show strong qualitative evidence of microglial
activation using both lectin and PT staining and quanti-
tative evidence of microglial activation in plaque-forming
areas of mice carrying the HUAPPsw transgene relative to
their nontransgenic littermates. These mice show a 4 to
8% neocortical amyloid burden at 16 months, which is
comparable to that seen in human AD.2* The majority of
the deposits contain fibrillar amyloid. Regional analysis of
microglia in association with plaque density and size (see
Results) suggests that the altered microglial morphology
associated with the expression of the transgene results
from AB deposition and not from other effects of APP
expression. Together, these results show an overall in-
crease in microglial density and size in the transgenic

animals that correlates qualitatively and quantitatively
with plaque distributions. That is, activation of microglia
as indexed by their increased density and size occurred
primarily in regions with AB deposit formation, particularly
the entorhinal and occipital cortex and hippocampal for-
mation.

Similar to reports on AD brain,* clusters or even
masses of activated microglia were found associated
with plaques in all regions of the neocortex and in the
hippocampus. The enlarged, ameboid microglia in and
around plagues of the transgenic mouse (as shown in
Figures 1 and 2) are very similar to AD brain.2>27 |n
particular, the microglia encircling but not entering amy-
loid cores (Figure 2H) represents a classical configura-
tion demonstrated in ultrastructural images of AD
brain.28-2° However, even at the ultrastructural level, mi-
croglial processes interdigitate with the amyloid fibrils in
AD, and it is frequently difficult to determine whether the
AB is inside or outside of cells. Therefore, apparent mi-
croglia double labeling with AB at the light level can only
confirm a close association but does not imply intracel-
lular microglial AB or amyloid.

Ring analysis confirmed the spatial link between AB
deposits and microglia that was implicated by microglial
analysis of singly PT-stained sections. Furthermore, this
analysis demonstrates that shrinking of cells occurs far-
ther away from the core, suggesting that cells are acti-
vated within the core. This is illustrated by the qualitative
morphological observation in Figures 1 and 2 demon-
strating that, within the plague core, the microglia were
enlarged with thickened, shorter processes.

A predilection for plaques in specific layers of occipital
cortex3° and an association of plaques with specific cor-
tical layers have also been reported in AD brain.3'32
Most analyses have focused on the laminar distribution of
neuritic plaques, especially in neocortical layers 1l and Il
using silver stains or thioflavin-positive amyloid in specific
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regions of the hippocampus (eg, molecular layer of the
dentate) or cortex. More recently, with Ag labeling in AD
temporal cortex, area 22, densities of stellate and diffuse
deposits were found to be highest in layers |, Ill, and IV,32
Another study (using quantitative image analysis) exam-
ined the laminar distribution of AB staining in prefrontal
cortex of AD cases and found that the majority of depos-
its (classified as punctate and macular) were in layers | to
Il with most of the punctate (~9 um diameter) deposits in
layer 1.%® The AB-rich layer | contains large numbers of
distal apical dendrites and associative axon projections
in contrast to AB-poor layer VI.3® AB immunostaining on
the surfaces of apical dendrites at apparently early
stages of amyloid deposition has been reported in cross-
sectional studies,®* and AB deposits have been ob-
served to be in between apical dendrites of pyramidal
cells.®® The laminar organization of AB deposits we ob-
served in the transgenic mice is thus in general agree-
ment with observations on AD tissue and consistent with
the high level of transgene expression in neurons and a
neuronal source (or sink) for the deposited AB.

The observed association of activated microglia with
plagues could reflect a response to amyloid or injury or
both. One would expect a response to amyloid based on
studies with cultured cells where AB peptide alone can
activate microglia.®® Although dystrophic neurites occur
in Tg2576 mice by 15 to 16 months of age, there is no
evidence of major synapse and neuron loss in the regions
examined®* in contrast to the damage found in postmor-
tem AD brain where significant neuron loss occurs. In the
outer molecular layer of the dentate gyrus of AD brain,
activated microglia appear to be increased in both
plague and nonplaque regions, consistent with re-
sponses to neuronal injury as well as amyloid.®

Response to Injury

Although most of the microglial activation occurred in
plague-forming areas in the Tg2576 APPsw mice, a trend
toward increased activation in some areas lacking AB
deposits (especially the lateral geniculate that projects to
the occipital cortex, a high plaque-containing region)
also occurred, consistent with a response to injury in
these regions. However, we have no direct evidence of
injury in these areas. Perineuronal microglia with pro-
cesses encircling neurons have been frequently ob-
served in electron micrographs of damaged brain.'® GS
lectin labeling revealed many examples of microglial pro-
cesses encircling large cells in the immediate vicinity of
plagues (Figures 1 and 2), consistent with an injury pro-
cess. Unlike the 1-year-old TG2576 mouse, postmortem
AD brain typically involves significant neuron loss and
large numbers of tangle-bearing neurons. This injury
would be expected to provoke microglial activation far
from AB deposits and weaken the correlation with
plaques.

AB Immunostaining of Microglia

As illustrated in Figure 2, we found immunostaining of
plaque-associated cells with small basophilic nuclei and

microglial morphology with antibodies to AB1-5, AB5-13
(10G4), and AB34-40 but not with antibody for the free
carboxy terminus of AB42. We also found them with 4G8
(not shown). Some plaque-associated microglia were
also AB immunopositive. Because the AB40 and Ap42
immunostaining requires the free carboxy terminus of Ag,
they are the most appropriate probes to distinguish
ABX-40 and ABX-42 from cellular APP fragments that
include the AB domain. However, even at the ultrastruc-
tural level, investigators have had difficulty in telling
whether fibrils are inside or out. With the methods used, it
is impossible to distinguish intracellular from surface A
or closely associated extracellular AB immunostaining.
We do not know why the AB40 but not the AB42 antibody
labeled microglia, but this result is intriguing. Antibodies
from B1 to B40 also labeled more diffuse material around
plagues than the 42-specific antibody (not shown). One
possibility is that microglia may scavenge diffusely dis-
tributed AB40 and compact it. Intriguingly, two previous
reports have found that AB40-positive plagues in AD
brain contained compacted amyloid and were selectively
associated with microglia.2>3” The published enzyme-
linked immunosorbent assay data on the HuAPPsw
Tg2576 mice showed that 60% of the total AB at 11 to 12
months was AB40,'® consistent with the marked micro-
glial response in these mice. The majority of deposits had
microglia and stained for AB40. This is in contrast to the
APP717F mouse where the AB in aged brains is 89 to
99% AB42°8 and there are fewer microglia than in AD
cases.®® AD cases with APP717 mutations typically have
more AB42 than sporadic AD or APP670/671 cases.*°
The percentage of AB40 varies with disease progression
and apolipoprotein (Apo)E genotype. Because ApoE4,
which is known to accelerate disease onset, specifically
increases the percentage of AB40 and not AB42,*142 the
link between AB40 and microglia may be relevant not
only to plaque progression but also to clinical onset.
Microglia make and take up ApoE and are the major
ApoE-positive cells in plaques.” ApoE-positive, plaque-
associated cells resembling microglia were also found in
Tg2576 mice (not shown).

Microglial Interactions with AB in Culture and
after Brain Infusion

Possible roles for microglia interacting with AB in plaques
have been identified in vitro. Microglia readily take up and
either accumulate or degrade A in culture.’'2 Two
microglial receptors for AB have been recently reported,
a scavenger receptor for fibrils*>44 and the RAGE recep-
tor for soluble AB.*® Either of these or other receptors for
ApoE lipoproteins that carry AB may regulate Ap-micro-
glial interactions, leading to their activation and secretion
of interleukin-1B, tumor necrosis factor-a, nitric oxide,
superoxide radical, hydrogen peroxide, and other potent
cytokines and toxins.* Interleukins have a major impact
on astrocyte functions, including ApoE synthesis.? In vitro,
secretion of microglial neurotoxins has been shown to
increase when the cells are fed AB, and the increased
neurotoxicity of media from these cultures has been dem-



onstrated. ' We have shown that injection of peptides
capable of modulating the microglial response, including
macrophage inhibitory factor and tuftsin also influence
deposit formation with intraventricularly infused AB.*® Ac-
tivated microglia also produce and secrete transforming
growth factor (TGF)-B1 in vitro and appear to be a major
TGF-B1 source in injured brain.*” When TGF-B1, a potent
regulator of microglial activation, was co-injected with the
infused AB40 peptide, widely distributed, thioflavin-S-
positive amyloid plagues and clusters of microglia
formed between the ventricle and the TGF-B1 injection
site.*® Therefore, interleukins and TGF-B secreted by ac-
tivated microglia could have a significant impact on
plaque progression leading to ApoE-dependent AB40
deposition. These data provide additional support for a
microglial role in plaque pathogenesis related to deposit
formation.

Microglia and Plaque Progression

Like dystrophic neurites, the presence of activated mi-
croglia in plaques in AD brain has been linked to the
presence of B-amyloid. In the Dutch-type cerebrovascu-
lar amyloidosis, there are parenchymal AB deposits that
lack amyloid, dystrophic neurites, and microglia.*® Simi-
larly, pure diffuse AB deposits in dorsal striatum lack
amyloid, dystrophic neurites, ApoE, and activated micro-
glia.5%%" Conversely, white matter B-amyloid deposits
were found to lack reactive astrocytes or abnormal neu-
ronal components but were consistently linked to aggre-
gates of activated microglia.52 Another study quantified
microglial density in three groups: 1) aged, nondemented
brains with only diffuse plaques, 2) aged, nondemented
brains with both diffuse and neuritic plaques, and 3) AD
patients with all types of plaques. The comparison re-
vealed an increase in the mean density of microglia in AD
brain and a close association with neuritic but not diffuse
plaques.?” Given that analysis of serial sections shows
two to five times more classic plaques than single sec-
tions,®® reports of activated microglia in the majority of
diffuse deposits without neurites® may be missing neu-
rites and amyloid in neighboring sections. The same
phenomena may lead to an overestimation of activated
microglia in apparent diffuse plaques in our transgenic
mice. This seems highly likely given that, although there
is an exponential drop in microglial density away from the
plaque center in the mouse, microglial density as far as
100 to 150 um from the plaque core is still moderately
increased (Figure 2B, inset). In other studies of AD brain,
interleukin-1a-positive (activated) microglia were corre-
lated with the presence of dystrophic neurites® and
ApoE.8 This correlation between activated microglia and
ApoE immunostaining of deposits was attributed to inter-
leukin-stimulated astroglial synthesis of ApoE. However,
as stated previously, another report suggests that micro-
glia and not astrocytes are ApoE immunoreactive in and
around plaques in AD brain.” Both direct and indirect
microglial effects involving ApoE may occur leading to
isoform-dependent AB40 deposition.

The good correlation between neuritic plaques and
activated microglia may be clinically significant because
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neuritic plaque counts have a much better correlation
with dementia than total plaque counts.5* Comparison of
brains from clinically normal individuals with high plaque
counts and brains from AD patients revealed fewer acti-
vated microglia in the nondemented group and that syn-
apse loss and dementia correlated with activation of
complement and microglia.®® A similar comparison found
that high-plague, nondemented brains had fewer neuritic
plaques with activated microglia than AD cases,*® con-
sistent with an important role for microglial activation in
neurodegeneration and clinical progression.

Available human pathology data reveal a strong cor-
relation between microglial activation and the progres-
sion from preamyloid or pure diffuse deposits to neuritic
or classical plaques with more compacted amyloid,
AB40, abnormal neurites, and ApoE. This pathological
progression appears related to the development of de-
mentia. However, none of the correlative data can explain
whether the microglial activation occurs as a cause or
consequence of the abnormal neurites, amyloid fibrils, or
ApoE associated with more mature plagues. Data with
silver stains and with confocal synaptophysin/AB double
labeling show that Tg2576 APPsw mice at 16 months
appear to have dystrophic neurites in a subset of
plagues.2* Furthermore, at 11 to 12 months, staining for
highly phosphorylated tau with the antibody AT8 revealed
that 30% of plaques analyzed contained dystrophic neu-
rites (unpublished observations).

In summary, these mice show significant microglial
activation that correlates with plaque density, plaque
size, and plaque region. Furthermore, within each plaque
there is a significant gradient of microglial activation that
decreases with distance away from the center. These
data support the hypothesis that microglial activation is a
response to AB deposition that could lead to neuritic
plague formation in a rodent model of Alzheimer’s. Thus,
these mice are a suitable model for ongoing experiments
designed to target the microglia, block their activation,
and determine the consequences related to plaque
pathogenesis, dystrophic neurite formation, and memory
deficits.
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