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Microglial Cell Activation in Aging and Alzheimer Disease: Partial Linkage with
Neurofibrillary Tangle Burden in the Hippocampus

Pier Luict DIPATRE, MD anD BeEniamIN B, GELMAN, MD, PHD

Abstract., Microglial cells are the main component of the brain's resident immune system and are aclivated in Alzheimer
disease (AD). We quantified the density of activated microglial cells (AMG) in 8 sectors of human hippocampus to determine
if their density is correlated with seniie plaque (SP) and neurofibrillary tangle (NFT) formation. Ferritin-stained microglia,
Biclschowsky-stained neuritic plagues, and perikarya containing NFTs were counted in 8 young adults, 9 nondemented elderly
adults, and 9 demented patients with AD. Microglial cell activation was moderately higher in elderly nondemented subjects.
In AD there was o more striking activation in all sectors of the hippocampus. Most AMGs were distributed diffusely in
neuropil and were not delimited to SPs or NFTs, Senile plaque counts were not linked with AMG counts within any sector.
Neurofibrillary tangle counts were cerrelated significantly with AMG counts within one sector, the subiculum, When variations
within and between sectors were factored out statistically, the burden of AMGs was correlated significantly with the burden
of NFTs (r = 0.34; p < 0.005), but nat SPs, Neuropathologic changes at the origin of the perforant pathway were comelated
significantly with orthograde microglial cell activation in the termination field. These observations show that correlations
between microglial cell activation and pathologic features of AD are only rarely significunt, When significant linkage wos

present, it involved NFTs and not SPs, and depended on which sector of hippocampus was examined.
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INTRODUCTION

Theories on the pathophysiclogy of Alzheimer disease
(AD) have focused on the composition of 2 distinguishing
neuropathological features: senile plaques (SP) and neurons
containing neurofibrillary tangles (NFT) (1). Because acti-
vated microglial celis are found within senile plaques, it has
been suggested that immune activation may play a role in
SP formation and AD pathogenesis (2, 3). Microglial cells
in senile plagues usually exhibit a phenotype distinet from
resting microglia, appearing hypertrophic with thick, highly
ramified processes (4, 5). Class II histocompatibility antigen
(HLA-DR) expression is high in microglial cells near am-
yloid deposits in senile plaques (6-10). Microglia in AD
also express high levels of MHC class [ receptors (8), Clg
and C3 (il), interleukin-1 (12), and ferritin (13—-19), pro-
viding strong evidence for phenctypic activation. Activated
mononuclear phagocytes can secrete potentially neurotoxic
cytokines, and it has been proposed that microglial cell ac-
tivation may participate actively in the formation of senile
plaques in AD (2, 3, 8, 12, 20, 21). One proposal is that
excessive deposition of the B-amyloid precursor protein
(BA) induces activation of microglial cells which secrete
IL.-1, driving the progression to neurilic (senile} plaques
(12). Treatment of cultured microglia with BA leads to
secretion of wmor necrosis factor « and nitric oxide; both
are polential neurctoxins, suggesting another mechanism
for exacerbation of SP formation (22, 23). Results from
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some clinical trials have suggested that treatment with
anti-inflammatory drugs may delay the onset of dementia
in AD (20). These results have been interpreted to sug-
gest that brain inflammatory cells can exert detrimental
effects clinically (2). Still, it remains difficult to exclude
the possibility that the microglia are an epiphenomenon
in AD with no detrimental pro-inflammatory effects.

If the microglia contribute significantly to the neuro-
pathologic changes of AD, then vulnerable regions of
brain tissue would be likely to exhibit more intense mi-
croglial cell activation. The hippocampus is an ideal
structure for performing a regional analysis because SPs
and NETs appear there early in the course of AD, and
there is an uneven distribution across sectors (24). A fur-
ther advantage of mapping the hippocampus is that
knowledge of the intrahippocampal circuitry is available,
affording insights into transaxonal connections between
spatially separate sectors (25). Here we have mapped the
density of activated microglial cells in sectors of the hu-
man hippocampus and have compared them Lo densities
of SPs and NFTs within, between, and across sectors. A
portion of the results were presented in a preliminary
communication (26),

MATERIALS AND METHODS
Subjects

Formalin-fixed, paraffin-embedded brains obtained at autop-
sy from 3 groups of patients were examined. (a) Nine clinically
demented subjects with a histopathological diagnosis of AD
using CERAD-defined criteria (27} (mean age 72 years): {b)
Nine age-matched nondemented control subjects {mean age 73
years} with no neuropathologic abnormality: (¢) Eight young
adult controls without any neurcpathologic abnormality (mean
age 38 years). To qualify for inclusion in the study, the control
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subjects selected had no histologic evidence of acute neuronal
necrosis of hippocampal neurons. The causes of death in the
elderly nondemented controls were {number of subjects in
brackets): malignant neoplasm [4], acute shock [2], renal failure
[1]. emphysema [1], and pneumonia [1]. The causes of death
in the young aduli controls were: malignant neoplasm [2], liver
fatlure [2], acute shock [3], and drowning [1]. Mean time in-
tervals between death and the postmortem examination did not
differ between groups, and was not a significant independent
variable in multiple regression models (described below).

Tissue Staining

Blocks of midhippocampus at the level of the lateral genic-
ulate body were obtained after fixation of whole brains for 2
weeks in buffered 10% formalin, After dehydration and em-
bedding in paraffin, 7-micron-thick tissue sections were mount-
ed on poly-L-lysine-coated glass slides. Ferritin immunchistol-
ogy was used to visualize activated microglia, an approach used
in several previous studies of AD (13-19). Deparaffinized sec-
tions were immersed sequeniially in polyclonal rabbit anti-
human ferritin (Boehringer-Mannheim, Indianapolis, IN}, bio-
tinylated antirabbit IgG, and avidin-biotin complex (ABC, Vec-
tor Laboratories, Carpenteria, CA) (19, 28, 29). Nuclei were
counterstained with Mayer's hematoxylin, Immunostaining for
all 26 patients was performed in a single balch, Neurofibrillary
tangles and SPs were visualized using Sevier and Munger’s
madified Bielschowsky silver stain {30).

Quantification

Regions of hippocampus individually analyzed were: layers
2 and 3 and 4 and 5 of the entorhinal cortex (E3 and ES5), which
are enriched with NFTs and SPs; the 4 subdivisions of Am-
mon’s horn (Cl, CA2Z, CA3, and CA4); subiculum; and the
molecular layer of the dentate gyrus. Counting was performed
without knowledge of the identity of the subject using a 40x
objective in a minimum of 10 microscopic fields (0.17 mm?)
per sector (29). Field selection was performed beginning in
CA4 and counting consecutive fields, first on one side of Am-
mon’s horn, advancing forward to the center, advancing for-
ward to opposite edge of Ammon’s horn, and then repeating
these side-to-side forward sweeps. The stage was advanced in
this way along the entire length of the molecular layer until the
neocortex was reached. In the case of the dentate gyrus, both
inner and outer molecular layers were surveyed in contiguous
fields. Results are given as mean objects per unit field area
(units/mm?). Using this method, numbers of SPs and neurons
containing NFTs in each region were counted in Bielschowsky-
stained sections. Slained extracellular tangles were not tallied
because they were not abundant enough to analyze separately
using the design and statistical methods of the study. In sub-
serial sections, ferritin-stained microglial cells that had stained
cytoplasmic processes and contained a nucleus in the plane of
section were tallied (29). If a field contained stained microglia
within a SP. these cells were counted (i.e. the contribution of
SPs to the overall density of activated microglia was included
in the tally).

Statistical Analysis

Group effects within and between sectors of the hippocampus
were evaluated using the Student’s t test, one-way analysis of

4 Neuroparhe! Exp Newrol, Vol 56, February, 1997

DIPATRE AND GELMAN

variance, or both. Linear correlation coefficients were calculat-
ed for each dependent variable within and between hippocam-
pal sectors (31}, A multiple regression model (32) was con-
structed using activated microglial cell density as the dependent
variable and these potential independent variables: sector of
hippocampus; density of senile plaques; density of neurons con-
taining NFTs; postmortem time interval. Variables were first
screened using forward selection and statistical significance was
confirmed using backward elimination at a P value of 0.05.

RESULTS

Appearance and Distribution of Microglia in
Nondemented Cantrols

Ferritin-stained microglial cells in young control sub-
jects were sparse (Fig. 1A); their appearance was char-
acterized by a few thin immunostained processes and
slight perinuclear staining, consistent with resting mi-
croglia. The microglia in elderly controls (Fig. 1B) were
more numerous and were more heavily stained. Their
stained processes were often thickened and had branching
networks, merphologic features of activation. Compared
tc young adults, the elderly control subjects exhibited a
statistically significant increase in the density of activated
microglial cells in all 8 sectors studied (Fig. 2). There
was substantial variation from sector to sector, with the
greatest increase (2.36x) occurring in CA2 (Fig. 3).

Appearance and Distribution of Microglia in
Alzheimer Disease

There was a very striking increase in the density of
stained microglial cells in all the patients with AD, The
majority of stalhed cells were distributed diffusely in the
neuropil {Fig 1C). Patients with AD had significantly
more microglial cells than elderly control patients in ali
sectors examined (Figs. 2, 3). Microglial cell processes
were much more numerous and thickened compared to
elderly and young controls, consistent with marked acti-
vation (Fig. 1). Senile plaques contained microglial cells
(14-18), but the preponderance of stained cells were dis-
tributed diffusely in the neuropil. Increased microglia in
AD were distributed evenly across sectors of hippocam-
pus (Fig. 3) and the sector containing the most pro-
nounced increase was the subiculum (vs CA2 in baseline
nging).

Microglia and AD Neuropathelogy within Sectors

In subjects with AD, densities of SPs and NFTs ex-
hibited substantial variation frem sector to sector {Table
1). These regional variations are comparable to resulls
obtained in previous studies (33). Overall, the density of
microglia within a given sector of the hippocampus
showed little linkage with SP density. Linear regression
analysis confirmed that the density of activated microglial
cells did not correlate significantly with SP density within
any sector (Table 2). The density of NFTs did, however,
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Fig. 1. Femitin-stained microglial cells in hippocampus
CAl sector of a 36-year-old adult (a), a 77-year-old nonde-
mented subject (b), and a 73-year-old demented patient with
Alzheimer disease (c). Ali panels are shawn at the same mag-
nification and were processed in a single batch. Stained mi-
croglia (examples marked by arrowpoints) in the young adult
are sparse. In the elderly nondemented control they are more
prevalent; note the elongated bipelar microglia at the bottom of
this fleld. In the demented patient they are sharply increased in
number and display more complex ramified processes, typical
of activation. ®x200.

correlate significantly with microglial cell activation in 1
out of 8 sectors, the subiculum (Table 2).

Microglia and AD Neurapathology between Sectors

An advantage of mapping the hippocampus is that
knowledge of the intrahippocampal circuitry is available
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Fig. 2. Density of ferritin-stained microglial cells in 8 sec-
tors of the hippocampus (* | standard deviation). The increase
in the elderly controls compared to young controls was statis-
tically significant in all sectors {(p < 0.01). The increase in
Alzheimer disease compared 10 elderly controls was significant
in all sectors {(p < 0.001).

(25). This information permitted us to ask if there is link-
age between microglia across spatially-separate, but func-
tionally cannected sectors. Interconnected sectors showed
few ties between microglia and AD pathology, but there
was a notable exception (Table 3). The density of SPs at
the origin of the perforant pathway (EC 2/3) correlated
with microglial activation at its termination in the outer
molecular layer of the dentate gyrus. No other significant
between-sector correlations with SPs were present. The
same analysis performed between NFT5 and microglia
conlained no significant correlations (data not presented).

Microglia and AD Neuropathology across Sectors

Microglia are mobile and their localization is poten-
tially dynamic. At autopsy their spatial distribution may
not be synchronized with the evolution of pathological
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Fig. 3. Incrensed density of stained microglial cells in 8
sectors of hippocampus. The incremental increase caused by
baseline aging (left bars) is compared lo the incremental in-
crease caused by Alzheimer disease (right bars), For aging, the
percentage shown is for old controls relative 1o young nonde-
mented controls. For Alzheimer disease the percentage shown
is for elderly AD subjects relative to age-appropriate elderly
controls.

TABLE 1
Distribution of Senile Plaques and Neurofibrillary
Tangles in the Hippocampus

Neurittc
Region of Sub- plaques Perikarya with
hippecampus Jjects per mm®  NFTs per mm*
Entorhinal cortex
layers 2 and 3 o 237 % 142 447 £ 464
Entorhinal cortex
layers 4 and 5 9 12.8 + 152 378 + 32.0
Subiculum 9 69 * 58 276 *= 253
Ammen's horn, CAl 9 13.1 =93 57.1 = 343
Ammon’s horn, CA2 8 10.2 * 8.8 499 *+ 3290
Ammon’s horn, CA3 7 1.8 £ 23 54 * 63
Ammon’s horn, CA4d 8 1319 42 * 135
Dentate gyrus, outer
molecular 9 8.1 = 4.1 —

changes or severity of dementia. Thus, it is possible that
overall burdens of microglial cells, SPs, and NFTs are
linked in ways that do not depend upon co-concentration
within sectors, To address the question of spatial congru-
ency, we isolated the influence of variations between sec-
tors using multiple regression analysis. Factoring out
variations from sector to sector, the results showed a sub-
staritial and statistically significant correlation between
microglial cells and NFT burdens across sectors of the
hippocampus (Table 4). No similar linkage with SP den-
sity was present in this regression model.

DISCUSSION

The main issue addressed here is whether there is spa-
tial congruency or numeric correlation between immune
cell activation and the main pathologic feature of AD,
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TABLE 2
Correlation between Microglial Cell Activation and
Alzheimer Disease Neuropathology within Hippocampal
Sectors

Correlation coefficients
between microghal celi
density and

Plague Tangle
Regicn of hippocampus densily density
Entorhinal cortex layers 2 and 3 0.1440 0.3613
Entorhinal cortex layers 4 and 5 0.5211 0.5411t
Subiculum 0.0469 0.8187*
CAl 0.3591 0.2666
CAZ 0.0255 0.1433
CA3 0.3098 0.0505
Cad 0.4941 0.1903
Dentate gyrus 0.2445 —

* p < 0.00S; least squares regression.

senile plagues. We found that sectors of hippocampus
containing the most senile plaques did not exhibit more
intense microglial cell activation. Low SP counts were
accompanied by a high density of activated microglia in
some cases. Concentration within or near SPs, stressed in
some previous studies (2, 10, 12, 14, 21), was overshad-
owed by the diffuse nature of the process. When the den-
sity of activated microglia was high, they were usually
located in vast areas of neuropil between SPs. The hy-
pothesis that spatial variations in SP density parallels that
of activated microglia is, therefore, contradicted by our
observations. The pattern of microglial cell activation we
observed in the neuropil, not restricted to SPs, has been
increasingly emphasized in more recent studies (4, 5, 19).

Potential inducers of microglial cell activation include
the loss of synapses, NFT degradation, axonal degener-
ation, and nonstructural anomalies (34). Our data showed
a significant relationship with numbers of intracellular
NFTs in one sector of the hippocampus. Despite the ap-
parent specificity for subiculum, which remains unex-
plained, these data are the first quantitative evidence for
linkage between microglia and intracellular NFTs, NFTs
are more closely related to the clinical severity of de-
mentia than §Ps (35). Thus, the role of microglia in clin-
ical progression of dementia needs to be given increased
consideration. The anatomic location for future neuro-
pathologic study should be chosen carefully. At autopsy,
microglia and NFTs were co-concentrated only within the
subiculum, making this sector a preferred site to probe
their relationship.

The present data also revealed that microglial cell
actlivation is significantly related to the neuropathologic
changes of AD in a manner not dependent on co-
concentration within sectors. A multiple regression
model containing sector, SP density, and NFT density
showed that only NFT density correlated significantly
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TABLE 3
Microglial Cell Activation and Senile Plague Density between Hippocampal Sectors

Correlation between

Microglial cells at origin  SPs at origin vs microglial

Hippocampal circuit Origin of projections Termination field vs SPg at termination cells at termination
Perforant Entorhinal Dentate r= 02050 r= 0.6475
pathway cortex (2-3) gyrus® p= 03970 p = 0.0370*
Mossy fiber Dentate CA3 r= 0.0532 r= 01447
gyrus p= 09100 p= 07570
Schaffer CA3 CAl r = —0.3642 r = —0.2648
collateral p= 04220 p= 05660
Other CAl Subiculum r= 04315 r= 01123
p= 02460 p= 07740
Other Subiculum Entorhinal r= 0.2687 r= 04263
cortex 4-5 p = 04850 p= 02530

* Dentate gyrus = outer molecular layer; SP = senile plaque; r = Pearson’s correlation coefficient; * = statistically significant.

TABLE 4
Multiple Regression Model of Microglial Cell Activation and Alzheimer’s Disease Neuropathology in Nine Subjects
Partial Regression
Independent variables in correlation weight

regression model® Dependent variable (R} (L)) p value
Sector of hippocampus® Microglial cell density 0.034 0.037 0.272
Senile plaque density 0.047 0.052 0.707
Neurofibrillary tangle density 0.342 0.396 0.005*

= Multiple R = 0.4070; p = 0.009; n = 67.

b Sectors of hippocampus included in model: enterhinal cortex layers 2 and 3 and 4 and 5, subiculum, CAl, CA2, CA3, CA4,

and dentate gyrus outer molecular layer.

with the burden of microglial cells {p < 0.005). In es-
sence, this curious result says that the numbers of mi-
croglia and NFTs are linked, but rarely are they restricted
to the same sector of hippocampus. The correlation pro-
vides only modest predictive power in a single patient (r
= (0.12), but it stands in stark contrast to the lack of
linkage with SP burden, Microglia have been previously
associated with extracellular tangles (36, 37), but an as-
sociation with intracellular tangles has not been empha-
sized previously. There are many possible reasons why
microglia and NFT burdens rarely overlap within sectors.
The temporal evolution of NFT formation may have a
different chronology, overlapping weakly with microglial
cell responses. Microglial cell mobility (38) also could
have an influence because their location at antopsy might
not coincide with sites of old structural damage. The two
anomalies could be influenced by an underlying neuro-
trophic factor that is distributed unevenly in the hippo-
campus. All these factors could obscure contacts occur-
ring earlier in the disease process. Finally, and perhaps
most importantly, sectors with a paucity of microglia
could harbor caches of key subpopulations; enrichment
with a crucial phenotype could have important effects
even when the total cell count is low.

Our experimental paradigm permitted us to evaluate
another relevant issue previously raised in the literature.
Microglial cell activation is one response to transsynaptic
or transaxonal degenerations orthograde or retrograde to
foci of degeneration (34). This suggests that microglial
cell activation in one sector could be related to pathologic
changes in a functionally connected, but spatially sepa-
rate sector, We found a relationship of this type in the
perforant pathway, where the number of senile plaques
at the origin was linked statistically with the number of
microglia in the termination field (Table 3). Many other
anomalies have been observed in the terminal zone of the
perforant pathway, including loss of synaptic protein,
synaptic plasticity, decreased glutamate, and decreased
glucose transporter proitein (39). Hyman and associates
have suggested that loss of cortical-hippocampal feedfor-
ward projections in AD causes orthograde anomalies in
crucial memory circuits (39, 40). The present data sup-
port that concept, adding microglial cell activation to the
list of responses to deafferentation. Whether or not mi-
croglial cell activation correlates with the other anomalies
previously described in the perforant pathway is an in-
teresting problem for future study.
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We tested a final hypothesis: that the impetus for mi-
croglial cell activation in AD is derived from an accel-
erated aging sequence (33), The regional pattern of im-
mune activation between sectors of the hippocampus did
not resemble the pattern in normal aging. Activation in
aging was highly variable between sectors and was most
pronounced in CAZ; in AD there was liitle variation be-
tween sectors and the increase was highest in the subi-
culum (Fig. 3). Thus, our data make it unlikely that im-
mune activation in AD is a simple exaggeration or
intensification of the normal pattern of degeneration in
the aging hippocampus.

Quantitative regional analysis of microglial cell acti-
vation in the hippocampus of patients with AD has yield-
ed these new observations: (a) Correlations with senile
plaque densities were not significant. (b) There was link-
age with burden of neurofibrillary tangles, but the only
sector in which linkage was close enough for more de-
tailed morphologic study was the subiculum. {¢) There
was little similarity with the spatial pattern associated
with baseline aging. (d) In the perforant pathway acli-
vation may in part be a response to deafferentation. Mi-
croglial cell activation probably plays multiple and pos-
sibly divergent roles in the disease process (19). NFT
density accounted for only a small proportion of the vari-
ation; other anomalies, such as loss of synaptic density
{41), could provide a more important substrate for im-
mune activation, Thus, whether or not microglia promote
pathologic changes leading to dementia remains an im-
portant issue with intriguing therapeutic implications.
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