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Abstract.
Background: The role of neuroinflammation has become more evident in the pathogenesis of neurodegenerative diseases.
Increased expression of microglial markers is widely reported in Alzheimer’s disease (AD), but much less is known about
the role of monocytes in AD pathogenesis. In AD animal models, bone marrow-derived monocytes appear to infiltrate the
parenchyma and contribute to the phagocytosis of amyloid-� depositions, but this infiltration has not been established in
systematic studies of the human brain postmortem.
Objective: In addition to assessing the distribution of different subtypes of microglia by immunostaining for CD68, HLA-DR,
CD163, and CD206, we focused on the involvement of C-chemokine receptor type2 (CCR2) positive monocytes during the
AD course.
Methods: We used formalin-fixed and paraffin-embedded tissue from four vulnerable brain regions (hippocampus, occipital
lobe, brainstem, and cerebellum) from neuropathologically characterized AD cases at different Braak stages and age-matched
controls.
Results: Only singular migrated CCR2-positive cells were found in all brain regions and stages. The brainstem showed the
highest number of positive cells overall, followed by the hippocampus. This mechanism of recruitment seems to work less
efficiently in the human brain at an advanced age, and the ingress of monocytes obviously takes place in much reduced
numbers or not at all.
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Conclusion: In contrast to studies on animal models, we observed only a quite low level of myeloid monocytes associated
with AD pathology. Furthermore, we provide evidence associating early microglial reactions carried out in particular by
pro-inflammatory cells with early effects on tangle- and plaque-positive vulnerable brain regions.
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INTRODUCTION

Sporadic Alzheimer’s disease (AD) is the most
common neurodegenerative disease in the elderly.
Its incidence is increasing worldwide, especially in
industrialized countries [1–3]. Tau and amyloid-�
(A�) accumulation in specific brain regions is the
major hallmark for the neuropathological diagnosis
of AD [4–6]. Nevertheless, the pathogenesis and neu-
ron loss during the progression of AD are still a matter
of debate [7–10]. Chronologically and topographi-
cally selective vulnerability of distinct brain regions
during the relentless progression of AD is the basis
of disease staging [4, 11–15]. The cerebellar cortex
seems to be less affected even in advanced stages
[16], whereas, para- and hippocampal telencephalic
regions display early and rapid progression of hyper-
phosphorylated tau accumulation [17]. Brainstem tau
accumulation precedes that of the telencephalic cor-
tex by decades [18–20], and noradrenergic locus
coeruleus and serotoninergic raphe projections could
trigger rapidly progressing telencephalic pathology
[21, 22].

Many theories regarding the pathogenesis of AD-
related cell death have been postulated (e.g., amyloid
cascade, oxidative stress, prion-like transmission),
but the mechanisms are not fully elucidated [17,
23–25]. In recent years, the role of neuroinflamma-
tion in the pathogenesis of neurogenerative disease
has become more evident. Microglia, brain-specific
immune cells, migrate from the yolk sac into the
brain during embryogenesis and play important roles
in synaptic plasticity and neuronal death. They also
promote brain clearance and phagocytosis of A� in
AD [26, 27]. The results of some studies have sug-
gested that aberrant microglial activation might drive
neuronal death and dysfunction in AD [28]. Oth-
ers support the idea that rather than induction of
microglial activation, the progressive, aging-related
degeneration of microglia and loss of microglial neu-
roprotection contribute to the onset of sporadic AD
[29].

In recent years, a scheme has been developed
that divides microglia/macrophages into classically

activated (M1) cells based on changes in responses to
proinflammatory lipopolysaccharide and interferon
gamma. These microglial cells could mediate inflam-
matory tissue damage. Alternative activation (M2)
characterizes the microglia/macrophages responsible
for removing cellular debris and promoting tissue
repair [30], but these cells also commonly occur
as tumor-promoting macrophages, as in malignant
glioma [31]. This might be a simplified approach,
but microglia is known to react differently to different
stimuli and the nomenclature is still considered fun-
damental in the macrophage and microglia research
field [32]. Moreover, a recent study showed that
in contrast to M1 microglia, transplantation of
M2-deviated microglia promotes recovery of motor
function after spinal cord injury in mice [33].

A frequently used marker for activated microglia
and peripheral macrophages is CD68, also known as
macrosialin. Numerous studies in postmortem brain
tissue have demonstrated brain region–dependent dif-
ferences in CD68-positive cells in control brains and
an increase during the course of AD [34–38].

The major histocompatibility complex class II pro-
tein HLA-DR identifies “activated” microglia and,
especially, the M1 polarization status [39, 40]. In
several studies, a significant accumulation of HLA-
DR–positive microglial cells around amyloid plaques
and neurofibrillary tangles in AD patients could be
demonstrated [41].

The markers CD163 and CD206 are frequently
used to detect the alternative M2 polarization status
[42, 43]. Few findings relate to the role and distri-
bution of CD163-expressing cells in the course of
AD [35, 44]. CD206 represents a surface marker
for perivascular anti-inflammatory, M2-polarized
microglia, but the involvement of these cells in AD
pathogenesis is unclear [45].

In AD animal models, bone marrow-derived
monocytes appear to infiltrate the parenchyma and
contribute to the phagocytosis of A� deposits [46],
but detailed analyses in human postmortem AD
brains are still lacking. The main receptor of these
cells is the C-chemokine receptor type 2 (CCR2),
which is expressed on the surface of monocytes and a
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small portion of natural killer and T cells, and medi-
ates the migration of lymphocytes, peripheral blood
dendritic cells, and monocytes [47].

The aim of this study was to identify the extent
and distribution of the various microglia subpopula-
tions in differentially vulnerable brain regions from
human postmortem AD brains in comparison to con-
trol brains without clinical evidence of neurological
or neurodegenerative disease. We expected the results
to offer some data concerning the activation and
the division of labor between two genetically dis-
tinct myeloid cells, the brain-specific immune cells
(resident microglia) and the possible involvement of
immune cell (monocyte) migration and their role in
AD neuroinflammation.

MATERIAL AND METHODS

Sampling and processing

We used formalin-fixed and paraffin-embedded tis-
sue from four brain regions (hippocampus, occipital
lobe, brainstem, and cerebellum) from neuropatho-
logically characterized AD with different Braak
stages and age-matched controls collected from Brain
Bank Center Wuerzburg, a member of the former
BrainNet Europe Brain Bank Consortium Network.
These brains were obtained with the consent of the
next of kin and according to the guidelines of the
National and Local Ethics Committees. The study
was approved by the Local Ethics Committee of the
University of Wuerzburg (internal application num-
ber 99/11) and was performed in keeping with the
ethical standards described in the most recent version
of the Declaration of Helsinki.

Three groups were created: controls (n = 9; Braak
stage 0–I, no other neuropsychiatric disease), inter-
mediate AD (n = 8; Braak stages III–IV), and late
AD (n = 11; Braak stages V–VI). The postmortem
intervals varied from 12 to 72 h, with no significant
difference between groups. The ages at death ranged
from 40 to 85 years in the control group, 62 to 86
years in the intermediate group, and 63 to 85 years in
the late-AD group.

The male:female ratios were 6 : 3 among controls,
2 : 6 in the intermediate group, and 4 : 7 in the late-AD
group. Demographic data of the cases are summa-
rized in Table 1.

Consecutive 6-�m sections were mounted on mic-
roscope slides and stained immunohistochemically
with commercially available monoclonal antibod-
ies: CD68 (DakoCytomation, Glostrup, Denmark,

Table 1
Demographical data

No. Group Age PMI Sex Braak CERAD
(y) (h) Stage Score

1 Control 80 23 m I 0
2 Control 40 40 f 0 0
3 Control 62 48 f 0 0
4 Control 67 15 m 0 A
5 Control 64 9 m 0 0
6 Control 68 11 m I 0
7 Control 70 2 m I A
8 Control 73 16 f I 0
9 Control 69 48 m I 0
10 Interm.AD 77 24 f III B
11 Interm.AD 78 38 f IV B
12 Interm.AD 75 20 f III A
13 Interm.AD 85 46 f III B
14 Interm.AD 64 24 m III A
15 Interm.AD 86 61 f III B
16 Interm.AD 77 28 f III B
17 Interm.AD 62 24 m III A
18 Late AD 74 26 f V C
19 Late AD 65 24 f V B
20 Late AD 80 24 f VI C
21 Late AD 83 22 f VI C
22 Late AD 70 39 m VI C
23 Late AD 62 n.a. m V B
24 Late AD 86 21 f VI C
25 Late AD 76 7 f VI C
26 Late AD 74 50 m VI C
27 Late AD 71 12 m V C
28 Late AD 82 24 f VI C

AD, Alzheimer’s disease; f, female; m, male; n.a., not available;
PMI; postmortem interval; Interm., Intermediate.

1 : 100), HLA-DR (DakoCytomation, Glostrup,
Denmark, 1 : 80), CD163 (Novocastra, Leica Biosys-
tems, UK, 1 : 100), CD206 (Bio-Rad, Marnes-la-
Coquette, France, 1 : 500), and CCR2 (Abcam,
Cambridge, UK, 1 : 800). Control slides were stained
using solution without the primary antibodies to
account for nonspecific staining. Ommission of pri-
mary antibodies in control experiments resulted in
the expected absence of any cellular labelling. The
microphotographs of the brain sections were recorded
with an Olympus DP 27 digital camera mounted on
an Olympus BX508 microscope using 20× magnifi-
cation (both Olympus Corporation, Tokyo, Japan).

Ten images were selected at random from each
slide to obtain a representative surface (10.34 mm²)
for all sections. For quantitative evaluation of the
sections, image processing software (Biomas, Erlan-
gen, Germany) was used, as described previously
[48]. Before electronic counting, parameters of cell
morphology (size and staining intensity) for each
antibody were defined. The software transferred
the data automatically into an Excel macro table
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(Microsoft Corporation, Redmond, WA, USA). The
number of cells discernible in 10 fields of view was
set against the area investigated and calculated as
the number of positive cells per square millimeter
(density).

Statistical analysis

Statistical analysis was performed with SSPS
software (IBM SPSS Statistics 26 Premium). To
analyze the data, we used analysis of variance (one-
way ANOVA) and post-hoc Bonferroni adjustment.
p < 0.05 was considered statistically significant.

RESULTS

CD68

We observed a significantly greater cell density
especially in the hippocampus of the intermediate-
AD group versus controls (p < 0.0001), without
augmentation in the late-AD group versus interme-
diate AD. The occipital lobe showed an overall lower
density of positive cells compared to controls, but
density increased in manner similar to that seen in the
hippocampus, with a significant rise in the intermedi-
ate AD group (p = 0.029) and a significant gain in the
late AD stage compared to controls (p < 0.0001) but
not to intermediate AD. The density of positive cells
was already surprisingly high in control brainstems,
without a notable increase in the intermediate stages

of AD. In the late AD stage, the brainstem showed
a significantly higher density of positive cells com-
pared to controls (p = 0.004) and to intermediate-AD
cases respectively (p = 0.04) (Fig. 1A).

Examples of immunohistochemical examinations
with CD68 are given in Fig. 1B.

HLA-DR

Similar to CD68, a significant increase in positive
cell density was observed in the hippocampus and the
occipital lobe between controls and the intermediate-
AD group (p = 0.016 and p = 0.028, respectively),

Fig. 1A. Dot plots presentation of CD68-positive cells in the ana-
lyzed regions of the control, intermediate and late AD groups.

Fig. 1B. Density of CD68-positive cells in control, intermediate and late AD, respectively (upper row, hippocampus; middle row, occipital
cortex, lower row, brainstem) (magnification 100x).
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without significant augmentation in the late AD group
versus intermediate AD. The brainstem showed a
significantly higher cell density in intermediate-AD
samples compared to controls (p = 0.043), without
a notable rise in the late-AD stage compared to
intermediate AD (Fig. 2A). Examples of immuno-
histochemical examinations with HLA-DR are given
in Fig. 2B.

CD163

The number of positive cells increased stepwise
in the hippocampus, occipital lobe, and brainstem

Fig. 2A. Dot plots presentation of HLA-DR-positive cells in the
analyzed regions of control, intermediate and late AD groups.

samples from controls to the intermediate- and late-
AD stages, but the groups did not differ significantly
(Fig. 3).

CD 206

The overall density of positive cells was consid-
erably lower in all regions of interest, and stained
cells were predominantly encountered in perivascu-
lar regions. Cell density increased incrementally from
control cases to late-AD stages, with significant dif-
ferences between the control and late-AD samples
from hippocampus, occipital and brainstem, but also

Fig. 3. Dot plots presentation of CD163-positive cells in the ana-
lyzed regions of the control, intermediate and late AD groups.

Fig. 2B. Density of HLA-DR-positive cells in control, intermediate and late AD, respectively (upper row, hippocampus; middle row, occipital
cortex, lower row, brainstem) (magnification 100x).
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between intermediate and late AD in hippocampus
and occipital (Fig. 4A). Examples of immunohis-
tochemical examinations with CD206 are given in
Fig. 4B.

CCR2

Few cells were positive for this antibody. We found
no significant differences in CCR2-positive cell den-
sities between samples from the controls and the
two AD groups (Fig. 5A). Examples of immuno-
histochemical examinations with CCR2 are given in
Fig. 5B.

Fig. 4A. Dot plots presentation of CD206-positive cells in the
analyzed regions of the control, intermediate and late AD groups.

Within the cerebellum, positive cells represented
a low and almost constant number in all analyzed
groups and with all markers used (data not shown).

For the relative proportions of HLA-DR–positive
microglia (pro-inflammatory type) and CD163- and
CD206-positive microglia (anti-inflammatory type),
we used two-way ANOVA to evaluate differences
among groups. We found that the proportions in
intermediate and late AD were higher in the hip-
pocampus compared to controls (p < 0.001), but the
intermediate- and late-AD groups did not differ
with each other. Stepwise increases from controls
to the intermediate- and late-AD groups were not
significant in the occipital lobe, and neither was an

Fig. 5A. Dot plots presentation of CCR2-positive cells in the ana-
lyzed regions of the control, intermediate and late AD groups.

Fig. 4B. Density of CD206-positive cells in control, intermediate and late AD, respectively (upper row, hippocampus; middle row, occipital
cortex, lower row, brainstem) (magnification 100x).
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Fig. 5B. Density of CCR2-positive cells in control, intermediate and late AD, respectively (upper row, hippocampus; middle row, occipital
cortex, lower row, brainstem) (magnification 200x).

increase in brainstem in intermediate-AD compared
to control samples or a decrease in the late-AD group
versus controls.

DISCUSSION

The aim of this study was to analyze the extent
and distribution of different subtypes of microglia
in differently vulnerable brain regions during the AD
course and to examine the participation of monocytes
in plaque clearance. With the common macrophage
marker CD68, we gained an overview of the overall
distribution of tmicroglia in the selected brain regions
at different disease stages, intermediate and late.

We found a significant increase in CD68-positive
cell density with disease progression in all regions
examined except the cerebellum. Similar results have
been eported in studies on human postmortem tissue
[49], but others have reported only an agglomera-
tion of such cells in the vicinity of plaques [44].
In particular, the early affected hippocampus dis-
played a significant increase in the intermediate-AD
samples compared with unaffected controls, with-
out any further increase seen in late-AD samples.
In previous studies, a significant increase was seen
by other authors only in late AD [50]. One expla-
nation could be the different study design including
cases with Braak stage II in the control group by these
authors.

In both, controls and AD samples, we identi-
fied the most CD68-positive cells in the brainstem
regions around the pontine locus coeruleus. Mittel-
bronn et al. who examined microglial distribution
in healthy brains, also found the highest number of
CD68-positive cells in brainstem, especially in the
pons [51]. The role of brainstem in AD is contro-
versial. Some authors have described tau deposits in
the locus coeruleus in young patients, assuming an
involvement in very early AD stages [52]. In our sam-
ples, we could not detect neurofibrillary tangles in
this region in the intermediate-stage group and found
them only sporadically in the late-stage samples. The
analysis of thick sections versus 5-�m thick sections
may explain this divergence from recently reported
findings.

The characteristic neuromelanin-rich cells of the
locus coeruleus are arranged in an elongated slen-
der cell column that extends up to 20 mm in its
rostro-caudal course. With extensive serial section-
ing, a focal and disease-specific progression of tau
pathology and neurodegeneration has been described
[53, 54]. In the current work, staining for HLA-DR,
which marks activated and predominantly inflamma-
tory M1 microglia, also was significantly higher in
the brainstem compared to the other regions. These
data may indicate the involvement of neuroinflam-
mation in early AD. In comparison, we found no
significant increase in HLA-DR activity in late-stage
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AD brainstem samples. With the exception of the hip-
pocampus, the inflammatory microglial reaction thus
appears to flatten. Our density measurements are in
line with the the data of Carpenter et al. [38]. The
number of microglia per area may increase by a fac-
tor of 2 to 3 in the course of AD. Density increase is
associated with marked hypertrophy and clustering
in CD68- and HLA-DR-positive microglia.

The primary sensory cortex of the occipital lobe is
affected by AD-typical changes only in later stages
(V–VI). Compared with the hippocampus and brain
stem data, the results in the occipital lobe showed
only an incremental increase from controls to inter-
mediate and late AD, with glial densities comparable
to those in hippocampus and brainstem. The primary
visual cortex has received little attention in studies on
postmortem AD tissue. Our data are in accord with
the results of Rezaie et al., who reported moderate
to intense CD68 and HLA-DR reactivity, especially
around senile plaques, in area 17 of the occipital
lobe of patients with AD [55]. The highest density of
HLA-DR–positive cells was observed in late-stage
samples, with a significant increase compared with
controls detectable already in the intermediate-AD
samples. This result agrees in part with the neu-
ropathological Braak staging, in which the occipital
area is affected only in the late stages. On this basis,
microglial involvement would be expected in later
stages, with increased rates of tau-positive neuron
death and selective region-specific vulnerability of
tau-positive neurons [56]. Our results suggest that in
regions such as the occipital lobe and brainstem, an
inflammatory reaction or microglial activation occurs
before the AD-typical neuropathology becomes vis-
ible, with an unclear influence on the course of the
disease (neuroprotective versus harmful).

The M2 polarization state of the microglia seems
to play a rather subordinate role in the pathogenesis
of AD, at least quantitatively. Overall, we detected a
lower density of CD163- and CD206-positive cells,
with an incremental and non-significant increase
from control through intermediate- to late-stage AD
samples. A slight increase in CD163-positive micro-
glial cells during the disease course has previously
been reported in the hippocampus and occipital
lobe [43]. In an AD mouse model, however, only
a slight increase through the disease course was
reported in perivascular CD206-positive microglial
cells [57, 58]. These studies also confirm a lim-
ited involvement of the CD206-positive microglia in
the pathogenesis of neurodegenerative diseases, with
the M2 polarization known to be more characteristic

of tumor-associated macrophages, which obviously
support tumor growth [59].

In contrast to acute events such as trauma, in-
flammation, ischemia, and hemorrhage, in which
numerous monocytes migrate into the damaged brain
parenchyma [60, 61], the role of these cells appears
to be at least numerically insignificant in human
AD. In our study, we found only very few cells
in all brain regions and stages studied. The brain-
stem contained the highest number of positive cells
overall, followed by the hippocampus. Studies using
an AD mouse model showed that CCR2-positive
monocytes migrate into the brain parenchyma to par-
ticipate in the breakdown of amyloid plaques [62].
Other studies have shown that CCR2 antagonists,
used in chronic inflammatory diseases, can accel-
erate AD progression [46]. It is possible that the
mechanism of monocytes involvement works less
efficiently in an aged human brain. Consequently,
the “recruitment” of monocytes takes place in only
a quite limited way or not at all. In addition, mono-
cytes from patients with AD have a significantly
lower level of phagocytic activity than monocytes
from healthy individuals [63]. Indeed, transplanta-
tion of bone marrow stem cells from healthy people
into patients with AD has recently been considered
as a therapeutic option [62]. Similar observations
have been reported in Parkinson’s disease, with rela-
tively numerous CCR2-positive monocytes found to
migrate to the brain parenchyma in animal models
but not in postmortem human brains [64]. How-
ever, animal models for neurodegenerative diseases
do not fully reproduce the chronicity of degeneration
observed in humans.

In our comparison of the hippocampal distribution
ratios of pro-inflammatory M1 microglia (HLA-
DR) and anti-inflammatory M2 microglia (CD163
and CD206), we found a quantitatively signifi-
cant difference between control versus intermediate-
and late-AD samples. This pattern implies that the
pro-inflammatory microglial cells predominate over
anti-inflammatory microglia, which also showed a
slight increase from controls to intermediate- and
late-stage disease samples. A similar tendency, but
not significant, was found in the occipital lobe. In
the brainstem, we found a significant increase in
intermediate-stage samples but a decrease in the
late-AD group. Increasing evidence attributes an ini-
tial protective function of microglia with ensuing
senescence, followed by deficits in the immunolog-
ical response that accelerates disease progression
[65, 66].
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This study is limited by its small sample size,
biased postmortem intervals and sex-specific bias,
that may have influenced staining quality and
quantitative assessment. Nevertheless, the samples
represent the tissue quality of routine autopsy mate-
rial. Future studies with an appropriate number of
controls and AD cases in all stages should detail the
role of monocytes with respect to regional selective
vulnerability, focus on the regional and chronolog-
ical impact of tau on neuronal survival/death, and
disentangle the impact of genetic and environmental
factors on the pathobiology of AD subtypes [67].

CONCLUSIONS

The present study provides additional insights into
the role and distribution of microglia and migrated
monocytes in the course of AD in postmortem brains.
In contrast to studies on animal models, we observed
only a quite low level of myeloid monocytes asso-
ciated with AD pathology. Our data suggest that the
immune response in the human brain is supported
mainly by local microglial cells. In addition, we pro-
vide evidence associating early microglial reactions
carried out in particular by pro-inflammatory cells
with early effects on tangle- and plaque-positive vul-
nerable brain regions. The reaction increases during
the disease course in some regions but flattens or even
decreases in others.
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