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Abstract
The olfactory bulb (OB) is affected early in both Parkinson’s (PD) and Alzheimer’s disease
(AD), evidenced by the presence of disease-specific protein aggregates and an early loss of
olfaction. Whereas previous studies showed amoeboid microglia in the classically affected
brain regions of PD and AD patients, little was known about such changes in the OB. Using
a morphometric approach, a significant increase in amoeboid microglia density within
the anterior olfactory nucleus (AON) of AD and PD patients was observed. These
amoeboid microglia cells were in close apposition to β-amyloid, hyperphosphorylated tau
or α-synuclein deposits, but no uptake of pathological proteins by microglia could be
visualized. Subsequent analysis showed (i) no correlation between microglia and
α-synuclein (PD), (ii) a positive correlation with β-amyloid (AD), and (iii) a negative
correlation with hyperphosphorylated tau (AD). Furthermore, despite the observed patho-
logical alterations in neurite morphology, neuronal loss was not apparent in the AON of
both patient groups. Thus, we hypothesize that, in contrast to the classically affected brain
regions of AD and PD patients, within the AON rather than neuronal loss, the increased
density in amoeboid microglial cells, possibly in combination with neurite pathology, may
contribute to functional deficits.

INTRODUCTION
Neuroinflammatory processes have been implicated in the
pathogenesis of various neurodegenerative disorders, including
Parkinson’s (PD) and Alzheimer’s disease (AD) (23, 30). Under
degenerative conditions, the resting microglial cells, that represent
the brain’s innate immune system, rapidly transform from mor-
phologically ramified into amoeboid-shaped cells. During this
transition, they acquire specific functions like phagocytosis, while
they can also secrete cytokines, chemokines, reactive oxygen
species (ROS) and growth factors (38, 81). In vivo imaging as well
as human post-mortem studies have revealed the presence of reac-
tive microglia and proinflammatory mediators at the classical
pathological sites in the PD (22, 47, 48, 54) and in the AD brain
(55, 78). In post-mortem tissue, microglia with a reactive pheno-
type accumulate not only around α-synuclein (α-syn) aggregates
in the substantia nigra (SN) of PD patients (47), but also around
beta amyloid (Aβ) plaques and neurofibrillary tangles (NFT) in the
hippocampus (HC) and entorhinal cortex (EC) of AD patients (16,
47, 58, 64). Moreover, polymorphisms in genes encoding various
inflammatory cytokines have been associated with a greater risk to
develop AD or PD (17, 26).

In vitro application of Aβ, or α-syn, to cultured microglia influ-
ences their phagocytic properties, and possibly those of astroglial
cells, while increasing their secretion of inflammatory mediators,
such as tumor necrosis factor-alpha (TNFα) and ROS (31, 57).
Activation of microglia by pathological protein deposits has further
been linked to increases in neurotoxicity and degeneration (4, 62,
85) as supported by in vivo data from related PD and AD mouse
models (72, 73). Taken together, this suggests a putative role for
activated microglia and inflammatory mediators in the mechanisms
of protein pathology and/or neuronal loss in PD and AD.

Recently, attention has shifted away from the SN in PD, or the
HC and EC in AD patients as the only pathological sites, to other
affected brain regions. This shift was further encouraged by
histopathological studies indicating that α-syn pathology in PD,
and the NFTs and Aβ plaques in AD, spread throughout the brain
in a well-defined anatomical sequence (6, 8). Further evidence for
a “prion-like” hypothesis for α-syn spreading and a causal rela-
tionship with neuronal death was recently provided by a study
showing cell-to-cell transmission of pathological α-syn in wild-
type mice after a single intracerebral injection of synthetic α-syn
fibrils (45). In PD, α-syn pathology in the olfactory bulb (OB) is
an early event and present already during presymptomatic stages
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of the disease (7). The occurrence of NFTs in the OB of AD
patients further seems to reflect early neuropathology as well, as
it occurs in advance of, or in parallel to, the Aβ pathology in the
EC (2, 37, 75).

Interestingly, in both PD and AD, neuropathology in the OB
appears concentrated in the anterior olfactory nucleus (AON)
mostly, a dispersed region within the granular cell layer of the OB
and olfactory tract that is important for olfactory function (11, 43).
Notably, these neuropathological changes are consistent with the
characteristic olfactory impairments in de novo PD patients as well
as hyposmia as an early symptom in AD (15, 19, 27, 60). Moreo-
ver, olfactory dysfunction seems to relate to disease progression in
both the pre-motor and motor phase of PD (3, 51).

Previously, we observed microgliosis and elevated expression of
interleukin-1 family members in the OB of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridinel (MPTP)-treated mice, supporting that
in this animal model for PD, neuroinflammatory responses extend
beyond the nigrostriatal areas (80). In the present study, we focus
on the activational status of microglial cells in the human OB and
their relationship with protein pathology or neuronal degeneration.
Therefore, we assessed densities of amoeboid microglial cells,
ramified microglial cells and neurons in the AON by using a
morphometric approach in well-characterized cohorts of AD and
PD patients and control subjects, while neurite pathology was
also investigated. Subsequently, correlations between pathological
protein levels and the densities of amoeboid microglia were exam-
ined and we carefully studied colocalization of pathological
protein aggregates and microglia or astrocytes, as an indicator for
possible phagocytosis and local clearance of pathological protein
deposits within the AON.

MATERIALS AND METHODS

Human subjects

Human post-mortem brain tissue was obtained from the Nether-
lands Brain Bank (NBB, Amsterdam, The Netherlands) or from
the Department of Pathology, VU University Medical Center in
Amsterdam, The Netherlands. In compliance with all local ethical
and legal guidelines, all donors had given written informed
consent for brain autopsy, for use of brain tissue and for allowing
access to the neuropathological and clinical information for scien-
tific research. The OB and ventral mesencephalon were included
from seven clinically diagnosed and neuropathologically verified
PD patients as well as the OB and HC from eight patients with
clinically diagnosed and neuropathologically verified AD. The
control group consisted of 11 subjects without neurological or
psychiatric disease, of which all above mentioned brain regions
were studied. The age of the PD patients ranged from 73 to 88
years, the age of the AD patients ranged from 62 to 86 years
and the control subjects ranged from 66 to 93 years of age. The
clinicopathological data, including cause of death and Braak
staging for PD and AD of all donors are summarized in Table 1.

Tissue processing

After autopsy, brain regions were dissected and immersion-fixed in
4% formaldehyde for 4 weeks, after which they were embedded
in paraffin. From the paraffin blocks that contained the ventral

mesencephalon, which included the SN pars compacta and from
the HC, 6 μm sections were cut on a microtome and dried in an
oven overnight at 37°C before immunohistochemical analysis.
From the entire OB, 20 μm horizontal sections were cut and dried,
and every 10th section was used for immunohistochemical stain-
ing and morphometric analysis. Sections were mounted on
positively charged glass slides (Menzel-Glaser SuperFrost plus,
Braunschweig, Germany).

Immunohistochemistry

Sections were heated in a stove for 1 h at 56°C, before they were
deparaffinized and rehydrated through a graded series of ethanol.
For subsequent antigen retrieval, sections were rinsed in 0.01 M
citrate buffer (pH 6.0) or in 10 mM Tris buffer (pH 9.0) containing
1 mM EDTA (Tris-EDTA) and afterwards placed in preheated
citrate buffer or Tris-EDTA, respectively in a steamer for
30 minutes at 90–99°C. For α-syn staining, antigen retrieval
was performed using pretreatment with 100% formic acid for
10 minutes. After pretreatment, the sections were allowed to
regain room temperature (RT), rinsed inTris-buffered saline (TBS),
and incubated for 20 minutes in TBS containing 0.3% H2O2 and
0.1% sodiumazide. Non-specific binding sites were blocked with
5% non-fat dried milk in TBS containing 0.5% Triton (TBS-T;
blocking solution) for 30 minutes at RT. Subsequently, sections
were incubated overnight at 4°C with mouse anti-CD68, mouse
anti-Aβ, mouse anti-α-syn, or mouse anti-hyperphosphorylated tau
(HPtau) antibodies (see Table 2 for details on primary antibodies),
diluted in blocking solution. Following this, sections were washed
in TBS and incubated for 2 h at RT in biotinylated donkey anti-
mouse IgG’s (1:400, Jackson Immunoresearch, Westgrove, PA,
USA), followed by HRP-labeled avidin-biotin complex (ABC
complex 1:400; Vector Laboratories, Burlingame, CA, USA) for
1 h at RT. Staining was visualized using 3,3-diaminobenzidine
(DAB, Sigma, St. Louis, MO, USA) as chromogen and
counterstaining was performed with Nissl. After dehydration in
graded ethanol solutions, the sections were cleared in xylene and
coverslipped in Entellan (Merck, Darmstadt, Germany).

Bodian silver staining

To examine possible neuropathological changes in the neurites
and general anatomy of the neuronal network, a classic Bodian
silver staining protocol was used (5). The silver solution (2 g
albumin silver in 200 mL H2O) was applied overnight at 37°C to
deparaffinized and rehydrated sections of the OB with copper
sheets. Sections were washed in H2O and subsequently treated for
10 minutes with hydroquinone (2 g in 10 mL 37% formaldehyde
and 200 mL H2O). Sections were again washed in H2O. To increase
contrast, a 1% gold-chloride solution was applied for 2–5 minutes.
Thereafter, the sections were washed with H2O and incubated with
1.5% oxalic acid in H20 for 5 minutes. Surplus silver was removed
with 5% sodium thiosulfate in H2O (5–10 minutes). Sections were
dehydrated in graded ethanol solutions, cleared in xylene and
coverslipped in Entellan (25).

Immunofluorescence

For double-labeling of glial cells and pathological proteins, a
combination of antibodies for microglia, that is, CD68, or
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astrocytes, that is, glial fibrillary acidic protein (GFAP), and for
Aβ, HPtau, or α-syn were used. Sections were sequentially incu-
bated (CD68/HPtau, CD68/Aβ) or co-incubated (CD68/α-syn,
GFAP/HPtau, GFAP/Aβ, GFAP/α-syn) with the appropriate
primary antibodies. Co-incubations of sections with anti-α-syn
and anti-CD68 were pretreated with Tris-EDTA (pH 9.0). Sec-
tions to be stained for all other antibody combinations were pre-
treated with citrate buffer (pH 6.0). All antibodies were diluted in
the blocking solution as indicated above. After a 48 h incubation
at 4°C, the sections were washed and subsequently incubated
for 90 minutes at RT with appropriate Alexa Fluor 488 or
Alexa Fluor labeled 594 IgG’s or with streptavidin-labeled Alexa
Fluor 594 (1:400, Jackson Immunoresearch) when the primary
antibodies were already biotinylated (see Table 3 for detailed
information on primary antibodies and conjugates). After
washing, the sections were coverslipped with Vectashield (Vector

Laboratories, Burlingame, CA, U.S.A.). Sections were examined
using a confocal laser scanning microscope (Leica TSC-SP2-
AOBS; Leica Microsystems, Wetzlar, Germany).

Delineation of the AON for quantification of
microglial and neuronal cell numbers

The OB was identified by the presence of the glomerular cell
layer; the AON was recognized as a clearly demarcated group of
medium-to-large sized pyramidal neurons with a diameter of
15–20 μm in the granular cell layer of the OB in the Nissl-stained
horizontal sections (11, 43). AON parts that extended into the
olfactory tracts and substantia perforata anterior were rare and
excluded from analysis. Delineation of the total AON was per-
formed in each section by outlining the separate groups of large
neurons that were just slightly Nissl-positive (Figure 1A, B).

Table 1. Patient information. Abbreviations: AD = Alzheimer’s disease; C = control subject; D = clinical and neuropathological diagnosis;
NFT = neurofibrillary tangles; PD = Parkinson’s disease; PMD = post mortem delay.

Patient
number

D Gender Age PMD
(h)

Brain
weight
(g)

Braak
α-synuclein
stage

Braak NFT
stage

Braak
amyloid
stage

Cause of death

1 C M 74 5:00 1125 0 3 C Brochus carcinoma
2 C M 80 7:15 1376 0 0 0 Cachexia and dehydration
3 C M 91 8:00 1243 1 1 B Cardiac decompensation
4 C F 93 5:50 1145 0 2 0 Mamma carcinoma
5 C F 93 4:25 1223 0 1 A Unknown
6 C F 85 5:00 1257 0 1 B Ruptured abdominal aneurysm
7 C F 85 4:40 1168 1 2 A Dehydration
8 C M 66 7:45 1590 0 0 0 Ruptured abdominal aneurysm aorta
9 C F 84 4:45 1179 0 1 0 Heart failure

10 C F 89 6:25 1210 0 2 B Old age
11 C M 84 5:35 1457 0 1 A Heart failure
12 PD M 88 5:50 1205 6 1 C Unknown
13 PD F 87 5:25 1195 6 2 B Pneumonia
14 PD M 84 6:05 1243 5 1 C Myocardial infarction
15 PD M 73 6:35 1572 3 1 A Aspiration pneumonia
16 PD F 84 7:25 1244 5 2 B Unknown
17 PD M 87 3:40 1205 5 1 B Cachexia and dehydration
18 PD M 80 7:05 1612 6 1 B Pneumonia
19 AD M 67 4:10 1387 0 5 C Cachexia
20 AD M 64 11:16 1066 0 6 C Cachexia and dehydration
21 AD F 86 5:55 950 0 4 B Cachexia
22 AD M 62 6:45 1011 0 6 C Aspiration pneumonia
23 AD F 83 4:55 1250 0 6 C Dehydration
24 AD F 84 4:50 1120 0 4 C Cardiac arrest
25 AD F 77 6:05 1059 0 5 C Pneumonia
26 AD F 73 5:55 1090 0 6 C Unknown

Table 2. Primary antibodies used for single labeling.

Antigen Species Final dilution Source

Human CD68 Mouse 1:400 DAKO, clone KP1
Human hyperphosphorylated Tau Mouse 1:1000 Innogenetics, clone AT-8
Human β-amyloid Mouse 1:500 DAKO, MO872
Human α-synuclein Mouse 1:2000 BD-Bioscience, 610 786
Cow GFAP Rabbit 1:2000 DAKO, ZO334
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Identification criteria of ramified and amoeboid
microglia, and of AON neurons

Microglial cells were identified by positive CD68-
immunoreactivity (32). While both microglial subtypes are char-
acterized by a cytoplasmic staining, the ramified microglial cell
type can be clearly distinguished as it has a small cell body and

thin, radially projecting processes (Figure 1C). The amoeboid type
of microglia is characterized by a densely CD68-stained cell body
typically surrounded by no or only very few short/stump processes
(Figure 1D). CD68-immunopositive cells wrapped around or
touching blood vessels were not included to avoid overlap with
blood-derived monocytes. AON neurons were identified by their
large size with little Nissl substance in their cytoplasm (41) and a

Table 3. Antibodies (ab’s) and conjugates used for double labeling.

Antigen Species Final dilution Source Secondary ab’s and conjugates

Human CD68 Mouse 1:300 DAKO, clone KP1 DoaM-AF488 1:400
Human α-synuclein Goat 1:200 Santa Cruz sc 7012 DoaG-AF594 1:400
Cow GFAP Rabbit 1:2000 DAKO, ZO334 + DoaR-AF594 1:400
Human α-synuclein Goat 1:200 Santa Cruz sc 7012 DoaG-AF488 1:400
Human CD68 Mouse 1:300 DAKO, clone KP1 DoaM-AF488 1:400
Biotinylated human hyperphosphorylated Tau Mouse 1:100 Thermo Scientific Streptavidin-AF594
Cow GFAP Rabbit 1:2000 DAKO DoaR-AF488 1:400
Human hyperphosphorylated tau Mouse 1:300 Innogenetics DoaM-AF594 1:400
Human CD68 Mouse 1:300 DAKO, clone KP1 DoaM-AF488 1:400
Biotinylated human β-amyloid Mouse 1:400 Covance, SIG39240 Streptavidin-AF594
Cow GFAP Rabbit 1:2000 DAKO, ZO334 DoaR-AF594 1:400
Human β-amyloid Mouse 1:1000 Chemicon mab1561 DoaM-AF488 1:400

A B

DC

Figure 1. Delineation of the anterior olfactory nucleus (AON) and cell
morphologies to be quantified. A. The AON (square) lies within the
granular layer (Gr) of the OB; bar = 250 μm. B. Higher magnification of
an AON, consisting of large, light Nissl positive, neurons. Line repre-
sents the delineation of an AON used for quantification of cells;

bar = 100 μm. C. Ramified CD68-positive microglial cell showing thin
and radially projecting processes (arrows), AON neuron is identified by
having a light Nissl stained cytoplasm and a clearly Nissle positive
nucleolus (arrowhead). D. Amoeboid CD68 positive microglial cells
showing a rounded morphology; bar (C,D) = 10 μm.
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big nucleus containing Nissl substance bound to nucleic acids
(Figure 1C).

Quantitative analysis of microglial cells
and neurons in the AON using a
morphometric approach

Quantitative analysis of the density of microglial cells and neurons
within the AON was performed using a computer-assisted
morphometry system, consisting of a Leica DMR Axioplan photo-
microscope with a CCD color video camera (Optronics, 1200–
1660 pixels, Goleta, CA, U.S.A.) and a LEP XY motorized stage
with StereoInvestigator software version 9.0 (MicroBrightfield
Inc., Colchester, VT, USA). The depth of the focal plane was
measured with a Heidenhain MT12 microcator attached to the
stage with a resolution of approximately 0.5 μm.

To prevent experimenter bias, all OB sections to be analyzed
were coded. The AON was delineated at a final magnification of
100× in sections collected serially throughout the OB, yielding
three to six sections in which the AON was visible per subject.
The total number of ramified microglia, amoeboid microglia or
neurons within the volume fraction of the AON examined was
estimated using the optical fractionator (83) workflow of the
StereoInvestigator software. As the anatomy of the AON can vary
within and between subjects, quantification of the density of
microglial cells and neurons in the entire AON of the OB thus
needs to be standardized carefully. We therefore counted and sub-
sequently calculated the density of microglial cells and neurons
within the volume fraction of the AON examined in the OB
(VolumeAON) using the following equation: cell density = (ΣQ-*
(1/tsf)*(1/asf))/VolumeAON, where ΣQ- is the number of cells
counted in the 3D counting frames, asf is the area sampling frac-
tion (counting frame area = 5625 μm2/grid size area = 8100 μm2,
asf = 0.69). Tsf is the thickness sampling fraction, determined by
ratio of the height of the optical dissector probe (ie, 10 μm) and the
mean weighted thickness of the sections [13.9 μm, standard error
of the mean (SEM) 0.4 μm] included in the analysis. Quantifica-
tion of the microglial cells and neurons was performed using a 40×
objective lens resulting in a final magnification of 400×.

Assessment of AD and PD neuropathology in
the AON

The presence and severity of HPtau-immunoreactive NFTs,
Aβ-immunoreactive senile plaques and α-syn-immunoreactive
Lewy bodies/neurites (LBs/LNs) were analyzed by two trained
investigators unaware of the Braak pathological score of each
patient. A semi-quantitative scoring of pathology in the AON was
performed using a 200 × magnification. A final score ranging from
0 to 4 was assigned to the major histological signatures of AD and
PD, as previously done by others (35, 59) with a score of 0 given
to the AON devoid of HPtau positive NFTs, Aβ positive senile
plaques or α-syn positive LBs/LNs, a score of 1 was given to
sparse pathology in the AON. A score of 2 corresponded to mod-
erate deposition and a score of 3 to widespread depositions in the
AON. Finally, a score of 4 indicated severe deposition of HPtau
positive NFTs, extensive numbers of Aβ positive senile plaques or
α-syn positive LBs/LNs in the AON (see Table 4 for pathology
score per case).

Statistical analysis

The mean and SEM of microglial and neuron densities in the OB
were calculated for each patient group. Normal distribution of
the data was demonstrated by Kolmogorov–Smirnov significance
tests. When normal distributions were not apparent, analysis was
performed on log10 transformed data. For the cell density calcu-
lations, stepwise multiple regression analyses were performed to
control for possible influences of age, gender, post-mortem delay
(PMD) and whole brain weight. Amoeboid microglia density
showed an inverse correlation with overall brain weight (r = −0.65,
P = 0.001). Therefore, this variable was taken as covariate in the
subsequent one-way independent multivariate analysis of covari-
ance (MANCOVA), performed for amoeboid microglial density,
ramified microglial density and neuronal density. The main analy-
sis was followed up by Bonferroni corrected, pairwise compari-
sons. Correlation analysis was performed using Spearman rank
correlation analysis. Statistical analyses were performed with the
SPPS package version 20.0 (Statistical Product and Service Solu-
tions, Chicago, IL, USA).

RESULTS

Microglial phenotypes in classical pathological
brain regions of AD and PD patients

Before studying microglial cell morphology in the OB, we exam-
ined microglial phenotypes in the SN of PD patients and in the HC
of AD patients as activated microglial cells were reported to be
present in these brain regions (47, 55). In the SN of control sub-
jects, numerous neuromelanin-pigmented, dopaminergic neurons

Table 4. Pathology scores in AON of (1) PD patients and (2) AD
patients. Abbreviations: AD = Alzheimer’s disease; NFT = neurofibrillary
tangles; n.a = not available; PD = Parkinson’s disease.

(1)

Patient
number

Diagnosis α-synuclein
score

NFT
score

β-amyloid
score

12 PD 1 1 3
13 PD 2 3 n.a
14 PD 3 2 n.a
15 PD 1 1 0
16 PD 3 1 0
17 PD 3 1 3
18 PD 2 1 n.a

(2)

Patient
number

Diagnosis β-amyloid
score

NFT
score

α-synuclein
score

19 AD 1 4 1
20 AD 3 4 3
21 AD 2 2 0
22 AD 4 3 0
23 AD 3 2 1
24 AD 2 2 0
25 AD 1 4 0
26 AD 0 4 0
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were recognized by a dark discoloration around large neuronal
nuclei while CD68-positive microglia had long and fine processes,
indicative of their ramified state (Figure 2A). In contrast, PD
patients showed an extensive loss of neuromelanin-containing,
dopaminergic neurons in the SN (Figure 2B). Moreover, there was
an increased appearance of CD68-positive amoeboid microglia,
the phenotype associated with microglial activation (Figure 2B).
In the Ammon’s horn of the HC of AD patients, similar results
were obtained. Numerous and widespread microglial cells with
ramified morphology were detected in control subjects, whereas
in AD patients, additional clusters of amoeboid cells were
seen, frequently localized around Aβ plaques (Figure 2C, D,
respectively).

HPtau-, Aβ and α-syn pathology in the OB

The presence of disease-specific proteopathy was subsequently
determined in the OB of PD and AD patients. Aberrant α-syn

(Figure 3A), Aβ (Figure 3C) and HPtau (Figure 3E) immuno-
reactivity were less present or absent in the AON of control sub-
jects. In contrast, α-syn staining was prominent in the AON of PD
patients (Figure 3B), whereas in AD patients, Aβ and HPtau
protein was abundantly expressed in the AON (Figure 3D, F,
respectively). Furthermore, only a few AD and PD patients pre-
sented some α-syn or Aβ pathology in the AON, respectively,
whereas all PD patients showed HPtau pathology, although to a
lesser extent than in AD patients.

Microglial phenotypes in the AON

In the OB of control subjects and of PD and AD patients, CD68
positive microglia with a ramified morphology were present in
various layers of the OB, and also in the AON (Figure 4A–C).
In control subjects, the presence of amoeboid microglia was
less prominent (Figure 4A) when compared to the increased

A B

DC

Figure 2. Appearance of amoeboid microglia in the SN of PD patients
and in the HC of AD patients. A. Representative image of the SN of a
control subject. Neuromelanin pigmented neurons were recognized
by a dark coloring around large neuronal nuclei (arrowhead). CD68
positive ramified microglia (arrow) were observed randomly within
the SN. B. Representative image of the SN of a PD patient. Degraded
neuromelanin pigmented neurons were present in the SN (arrowhead).

CD68 positive amoeboid microglia (arrow) appeared at the degenerative
site. C. Representative image of CD68 immunoreactivity in the
Ammon’s horn of a control subject. CD68 positive ramified microglia
(arrow) were detected. D. Representative image of the Ammon’s
horn of an AD patient. Numerous clustered CD68 positive amoeboid
microglia (arrow) appeared; bar (A–D) = 50 μm.
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A B

DC

E F

Figure 3. Protein pathology in the AON of control subjects, PD and AD patients. (A) α-syn, (C) Aβ and (E) HPtau immunoreactivity in the AON of
control subjects is minimal compared to (B) α-syn immunoreactivity in the AON of PD patients, and (D) Aβ and (F) HPtau immunoreactivity in the AON
of AD patients; bar (A–F) = 100 μm.
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appearance of microglia with an amoeboid morphology within the
AON of PD (Figure 4B) and AD patients (Figure 4C) which was a
consistent finding.

Quantitative analysis of microglial cells and
neurons in the AON

We used an unbiased random systematic sampling method
to examine microglial and neuron densities in the AON of
control subjects, PD and AD patients. Age, gender and PMD
had no influence on any of the densities examined. The multivariate
results of the MANCOVA indicated a significant effect of brain
weight covariate (F(3,20) = 4.76, P =0.012). Nonetheless, a main
effect for group was reported as well (F(6,38) = 4.04, P = 0.003).
Subsequent univariate analysis revealed that a group effect
was only significant for the number of amoeboid microglial
cells per mm3 (F(2,22) = 10.86, P = 0.001; mean control subjects
6.65 × 103 ± 1.61, mean PD patients 25.54 × 103 ± 7.05, mean
AD patients 39.26 × 103 ± 6.75). No significant differences
were apparent for the number of ramified microglia per mm3

(F(2,22) = 1.89, P = 0.174; mean control subjects 28.79 × 103 ±
2.67, mean PD patients 24.04 × 103 ± 4.91, mean AD patients
19.42 × 103 ± 2.79). For the number of neurons per mm3, statisti-
cal significance was also not reached (F(2,22) = 2.01, P = 0.157;
mean control subjects 72.06 × 103 ± 4.82, mean PD patients
66.79 × 103 ± 5.19, mean AD patients 61.28 × 103 ± 4.16). Com-
pared to control subjects, increases in the density of amoeboid
microglia were significant for both PD (P = 0.002) and AD patients
(P = 0.003). These differences were quite prominent, with approxi-
mately four- to sixfold increases in amoeboid microglia densities
for PD and AD patients, respectively (Figure 5).

A B C

A’ B’ C’

Figure 4. CD68 immunoreactivity in the AON of control subjects, PD
patients and AD patients. A. a control subject showing CD-68 positive
ramified microglial cells (arrow), (A') magnification of ramified microglial
cells. B. A PD patient showing CD-68 positive ramified (arrow) and
amoeboid (arrowhead) microglial phenotypes, (B') magnification of

amoeboid microglial cell. C. An AD patient, showing CD-68 positive
ramified (arrow) and amoeboid (arrowhead) microglial phenotypes,
(C') magnification of amoeboid and ramified microglial cells; bar
(A–C) = 50 μm, bar (A'–C') = 25 μm.

Figure 5. Quantification of cell densities within in the AON of control
subjects, PD and AD patients. Quantification by a morphometric
approach resulted in significant enhance densities of amoeboid
microglia in the AON of PD and AD patients compared to control
subjects (P = 0.002, P = 0.003, respectively). The densities of ramified
microglia and neurons within the AON were not different between
control subjects and PD or AD patients. Data represent mean ± SEM,
**P < 0.01 (vs. control subjects).
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Correlation between amoeboid microglia
density and protein pathology scores
in the AON

The local protein pathology in the AON of the patient groups was
scored semi-quantitatively (Table 4). These scores were correlated
to the amoeboid microglia densities within the respective patient
group. Aβ immunoreactivity scores in the AON of AD patients
correlated positively with the density of amoeboid microglia
(rho = 0.764, n = 8, P = 0.027*). Interestingly, HPtau immuno-
reactivity within the AON of AD patients showed a significant
negative correlation with the density of amoeboid microglia
(rho = −0.756, n = 8, P = 0.03*). We also correlated α-syn pathol-
ogy scores with amoeboid microglia within AD patients and
found no correlation [rho = −0.261, n = 8, P = 0.053 not signifi-
cant (NS)]. Within PD patients, α-syn immunoreactivity scores in
the AON showed no significant correlation with the density of
amoeboid microglia (rho = 0.170, n = 7, P = 0.715 NS). HPtau and
Aβ immunoreactivity scores within PD patients were taken into
account but showed no correlation with amoeboid microglia
(rho = 0.178, n = 7, P = 0.702 NS and rho = 0.894, n = 4,
P = 0.106 NS, respectively)

No colocalization of CD68 or GFAP with
pathological proteins

The presence of amoeboid microglia near pathological protein
aggregates might reflect a role in phagocytosis of aberrant proteins.
Using confocal microscopy, CD68 immunopositive microglia with
an amoeboid morphology were found to surround α-syn aggregates
in the AON (Figure 6A) and SN (Figure 6B) of PD patients as well
as Aβ and HPtau in the AON (Figure 6C, E, respectively) and HC
(Figure 6D, F, respectively) of AD patients. Based upon these
double-labeling studies, neither colocalization between Aβ or
HPtau and CD68 positive amoeboid microglia was observed in the
AON of AD patients, nor did α-syn colocalize with CD68 in PD
patients. Similarly, colabeling with GFAP showed that the patho-
logical proteins in the AON (Figure 7A) and SN (Figure 7B) of PD
patients, and in the AON (Figure 7C, E) and HC (Figure 7D, F) of
AD patients, were not colocalized with astrocytes.

Neurites in the AON

Within the AON, Bodian silver staining revealed normal appearing
neurites in control subjects (Figure 8A) whereas in the AON of the
AD and PD patients, a typical pathological pattern was found with
morphologically altered neurites (Figure 8B, C).

DISCUSSION
In the present study, we show the presence of amoeboid and
ramified microglia phenotypes in the OB of PD and AD patients,
a non-traditional pathological site, which is affected early in both
disorders. While a significant increase was found in the densities
of amoeboid microglia in the AON in both disorders, indicative
of an activated state of the cells, the absence of colocalization
with pathological protein aggregates indicates that microglia
in the AON do not exert extensive phagocytic activity toward
these disease-specific protein deposits. Although neurites appeared

morphologically different in PD and AD patients, this was not
paralleled by overt neuronal loss in the AON.

The accumulation of disease-specific proteins in the AON of our
verified PD and AD patient cohorts is consistent with previous
studies demonstrating the presence of Aβ plaques and NFTs in the
OB of AD patients, and of α-syn inclusions in the OB of PD
patients (8, 9, 50, 63, 75). The localization of these pathological
proteins mainly within the AON suggests a selective vulnerability
of this region that is functionally involved in the processing of
olfactory information (61).

Neuroinflammatory processes, including microglial activation,
have consistently been shown to play a role in neurodegeneration.
While microgliosis had been observed in the OB of MPTP-treated
mice (37, 75, 80), it was still unknown whether microglial cells
within the OB were altered in the human disorder as well, and which
phenotypes were involved. Our state-of-the-art quantification
revealed a substantial and specific increase in amoeboid microglial
density, suggesting that these cells are activated in the AON of PD
andAD patients.As similar observations have been made in another
non-traditional pathological site in PD, the hippocampus (34),
microglial activation may not be solely occurring in the nigrostriatal
region, but may rather arise at several pathological sites in PD.
Moreover, the density of amoeboid microglial cells in the AON of
PD patients did not correlate with the extent of α-syn pathology,
suggesting that the increased microglial activation in this region is
not proportional to the extent of α-syn deposition, but rather that a
local presence of α-syn pathology is already sufficient to evoke
microgliosis (71). Within other brain regions, this may be different
(82) as in the SN of PD patients a positive correlation has been
found before between microglial cell activation and α-syn deposi-
tion (12). Hence, microglia may respond differentially to α-syn
pathology in theAON compared to the SN of PD patients because of
differences in microglial cell subtypes (18, 24). The concomitant
differences in local environment may have various consequences
for neuronal functioning (18).

In AD patients, a significant positive correlation was observed
between the density of amoeboid microglial cells and the level of
Aβ deposits in the AON. These observations are in line with
previous correlations reported between microglial activation and
the severity of Aβ deposition in the HC (77). Unexpectedly, HPtau
levels and amoeboid microglia density in the AON of AD patients
showed a significant negative correlation. The level of HPtau was,
at least in most of the individual AD patients, inversely related to
the level of Aβ scores within the AON of the same patient. This
“within patient effect” could explain the negative correlation
between HPtau and amoeboid microglia.

The lack of a positive correlation between α-syn or HPtau
deposition and amoeboid microglial densities within the AON of
PD or AD patients, respectively, suggests that irrespective of the
level of these pathological proteins, microglial cells are affected,
and become activated. This does not seem to hold for Aβ deposition
that does correlate with amoeboid microglial density, and may be
explained by the fact thatAβ is deposited outside the cell, and could
thus act as a “dose-dependent” stimulus for microglial activation,
whereas α-syn and HPtau are mostly intracellularly deposited (13,
65, 66), but can be externalized to have paracrine effects (28, 42),
for example, activate local microglial cells.

Since a common hypothesis focuses on a predominantly detri-
mental role of activated microglia, we quantified the number of
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Nissl-positive neurons within the AON but no differences were
observed in the densities of large AON neurons between PD
patients, AD patients and control subjects. In contrast to the exten-
sive neurodegeneration in the SN of PD and HC of AD patients,
our present data indicate that activated microglial cells in the AON
are not related to any local neuronal loss. Although we cannot
exclude a limited vulnerability of AON neurons (10), it is worth
noting that the OB is part of the neurogenic pathway (14) and
new-born neurons residing in the OB might, at least in theory,
compensate for PD and AD related neuronal degeneration (39, 46,
76). Moreover, the number of dopaminergic neurons is increased
in the glomerular layer of the OB of PD patients, indeed suggest-

ing that some compensatory mechanisms may occur in the AON
(33, 50). As the Bodian silver staining did reveal a typical
neuropathological pattern with altered neurite morphology,
indicative of dystrophic neurites (5, 53) within the AON of these
patients, it is tempting to speculate that these structural changes
may affect AON functionality and could contribute to the olfactory
deficits in PD and AD patients. This notion agrees with more
general concepts proposing that network dysfunction rather
than neuronal death per se, likely underlies several of the clinical
manifestations in neurodegenerative diseases, including the cog-
nitive decline in AD (49, 56). On the other hand, HPtau, Aβ
and α-syn deposits in the olfactory bulb can affect normal

A B
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Figure 6. Absence of colocalization of CD68
positive microglia and protein aggregates in
PD and AD patients. Representative images
of confocal laser scanning microscopy
revealed (A,B) no colocalization of CD68
(green) with α-syn (red) in the (A) AON or
(B) SN of PD patients. C,D. In AD patients,
CD68 (green) colocalized with Aβ (red) in the
(C) AON but not in the (D) HC. E,F. In AD
patients no colocalization of CD68 (green)
with HPtau (red) in the (E) AON or (F) HC
was found; bar (A–F) = 20 μm.
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neurotransmitter release and hence cause disturbances in local
information processing (50).

We also investigated whether amoeboid microglial cells are
engaged in phagocytosis in the AON and SN of PD patients, and
in the AON and HC of AD patients. Microglia are commonly
seen as scavengers of the central nervous system (CNS), given
their enhanced phagocytic properties upon activation in vitro
(79). Indeed, several in vitro studies have presented evidence of
phagocytosis of PD or AD related pathological proteins by
microglial cells (29, 70). However, few studies have focused on
pathological protein phagocytosis by microglia in post-mortem PD

or AD tissue. In our study, we could not observe clear immuno-
histochemical colocalization of microglia with pathological pro-
teins in several affected brain regions. Although the interpretation
of such data should be done with care, it suggests that microglia
either do not readily phagocytose pathological proteins or ingested
pathological proteins are quickly degraded within microglia (1). In
addition, our data did not support the alternative option, that is,
that phagocytosis is performed by astrocytes, that can also have
scavenger properties under specific conditions (44, 84).

In agreement with little phagocytic activity of glial cells in
PD and AD brain, it has been shown that pathological protein

A B
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Figure 7. Absence of colocalization of GFAP
positive astrocytes and protein aggregates in
PD and AD patients. Representative images
of confocal laser scanning microscopy
revealed (A,B) no colocalization of GFAP
(red) with α-syn (green) in the (A) AON or
(B) SN of PD patients. C,D. In AD patients,
GFAP (red) did not colocalize with Aβ (green)
in the (C) AON or (D) HC. E,F. In AD patients
no colocalization of GFAP (red) and HPtau
(green) in the (E) AON or (F) HC was
observed; bar (A–D) = 20 μm, bar
(E–F) = 40 μm.
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aggregates in an AD mouse model were also surrounded by
microglia and astroglia, but were not internalized by these cells
(67). In fact, in vitro studies suggest that isolated, and healthy,
human microglia cells take up Aβ less readily in contrast to periph-
eral macrophages (20). In addition, macrophages derived from AD
patients indeed have poorer Aβ phagocytic properties when com-
pared to macrophages isolated from control subjects (21). Lately,
attention has focused on the possibility that the altered morphol-
ogy of microglial cells during aging or under neurodegenerative
conditions is a consequence of microglial senescence rather than a
reflection of their activational state (68). Using similar immuno-
histochemical techniques, the so-called dystrophic microglial
cells, rather than “activated” microglial cells, were found to have
impaired phagocytic function (69). The concept of dystrophic
microglia that develops due to ageing contributes to the idea
that microgliosis per se does not cause neuronal death, but acts
as a bystander in disease progression, as it may have lost its
neuroprotective nature (52, 69).

An alternative explanation for the putative impairment in, or
absence of, phagocytic capacity, is that effective phagocytosis by
microglial and astroglial cells will depend on the aggregation status
of the protein to be eliminated. This would imply that phagocytosis
of large aggregated proteins, occurring in progressive or end stage
of the disease and probably present in our patient material, is
reduced, while truncated or monomeric forms can be cleared (36,
57, 74). This inability of microglia and astrocytes to take appropri-
ate care of pathological protein aggregates (40) would then lead to
progressive pathological protein accumulation within the CNS and
could induce a feed-forward loop by which further activation of
microglia is induced. This may eventually promote more neuronal
dysfunction and/or demise.

In summary, we have shown an increase in the density of amoe-
boid microglia within the AON of the OB, a region beyond the
traditional sites of PD and AD neuropathology, occurring irrespec-
tive of the type of pathological protein deposited. Correlation
analysis between amoeboid microglia density and level of patho-
logical protein deposition within the AON suggests a protein-
dependent effect on the amount of activated microglial cells. This
is not reflected at the level of phagocytosis since no clear
colocalization of pathological proteins with amoeboid microglia
or, alternatively, astrocytes was observed. Finally, although a
causal relation needs to be proven, we hypothesize that it is not cell
loss, but rather an increased density of amoeboid microglial cells,
possibly in combination with neurite pathology, that may contrib-
ute to the functional deficits in the AON of PD and AD patients,
such as hyposmia.
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