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Preface
Parkinson’s disease (PD) is a slowly progressive neurodegenerative disorder that affects about
1-2% of the world population over 65 years of age. Its prevalence increases with age [1] and in
the Netherlands, PD has a prevalence of approximately 0.3% among persons aged 55 to 64, a
percentage that increases to 4.3% in the age range of 85 to 94 [2]. Although age is a major risk
factor for developing PD, around 10% of the patients is younger than 45 and early onset forms
of PD exist as well, with the start of the disease occurring already around 20 years of age [3].

Clinical manifestations
The English surgeon James Parkinson was the first to extensively describe the clinical
manifestations of PD in his ‘Essay on the Shaking Palsy’ (1817) [4, 5]. PD was, and still is,
primarily considered a movement disorder, that is characterized by increasingly disabling
motor symptoms including bradykinesia, tremor and rigidity [6]. However, presently PD is
no longer solely considered just as a movement disorder, as PD patients frequently also suffer
from various non-motor symptoms. These non-motor symptoms include neuropsychiatric
changes, autonomic dysfunction, sensory and cognitive impairments, and sleep disturbances
[7, 8, 9, 10, 11, 12, 13, 14]. Some of these non-motor symptoms, such as hyposmia and REM
sleep behavior disorder (RBD), can even antedate the motor deficits [15, 16].
The prevalence of the non-motor symptoms in PD patients ranges from 20-40% for
hallucinations to 79% for nocturia [17, 18]. Furthermore, 75% of the PD patients experience
a significant loss in olfactory function [16, 19]. Notably, the psychiatric and cognitive
disturbances are not only prominent; they are often as disabling as the motor symptoms, if not
worse. In the Sydney Multicenter Study e.g., 84% of the PD patients showed cognitive decline,
of which 48% developed clinical demetia after a 15 year follow-up [20]. Next to dementia,
depression affects around 40% of all PD patients [9, 21]. It is important to note that these
non-motor symptoms not only reduce the quality of life for the patient, but also contribute
to distress amongst the caregivers and problems in treatment (more aspects are reviewed in
chapter 1.2).

Neuropathology
The recent discovery of mutations in genes that cause familial forms of PD has provided
valuable insights into some pathogenic mechanisms and possible etiology of PD [22]. These
rare mutations cause neuronal dysfunction and neurodegeneration, either by a toxic gainof-function, such as mutations in autosomal dominant genes for α-synuclein (PARK1 and
PARK4) and LRRK2 (PARK8), and multiplications of the α-synuclein locus, or by loss-offunction of an intrinsically protective action, such as the recessive genes parkin (PARK2),
PINK1 (PARK6) and DJ-1 (PARK7) [22]. Of considerable interest is that the excess of wildtype α-synuclein, accumulated in inclusion bodies, i.e. so-called Lewy bodies (LBs) and Lewy
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neurites (LNs), are found in the brains of sporadic and familial PD patients and are therefore
considered a general pathological hallmark of PD [23, 24, 25].
α-Synuclein is a 14 kDa protein consisting of 140 amino acids. It is localized
in presynaptic terminals, the nucleus, cytosol, and in some cellular membranes [26, 27].
Although the exact function of α-synuclein remains unknown, substantial evidence suggests
that α-synuclein function is related to its capacity to interact directly with membrane
phospholipids, particularly highly curved membranes such as vesicles. As such, α-synuclein
seems to play a role in vesicle trafficking and release during neurotransmission and synaptic
plasticity [28, 29, 30, 31, 32].
In healthy neurons, α-synuclein is degraded by both the ubiquitin–proteasome
system and the autophagy–lysosomal pathway which are thereby thought to keep axons and
dendrites functional. When such autophagic clearance is impaired, α-synuclein starts to
accumulate and may form oligomers that can damage axons and reduce presynaptic responses,
or can further aggregate and form LBs and LNs [33, 34]. As a result, the neuropathological
development of PD is now generally described according to Braak’s neuropathological staging
system (2004). This system uses α-synuclein as an immunocytochemical marker, and different
pathological stages are distinguished based on the distribution and extent of α-synuclein
containing LNs and LBs in different brain regions [35, 36] .
α-Synuclein pathology is not only present in the nigrostriatal dopaminergic system
but also extends beyond this system. Braak (2004) has described six pathological stages
in PD progression, that start with α-synuclein pathology first appearing at the level of the
olfactory system and lower brain stem, that then expands rostrally via the locus coeruleus,
the substantia nigra and limbic structures into the cerebral cortex. Implicit to this staging
is the assumption that α-synuclein pathology does not occur in a random distribution but
rather follows a predetermined sequence of pathological stages, and thus appears to ‘spread’
in a specific, predictable order through the brain [8, 37, 38, 39, 40]. Various mechanisms,
including a prion-like propagation of pathological proteins have been proposed that may
underlie such processes [41].
Underlying the motor symptoms in PD is a progressive and selective loss of
dopaminergic neurons in the substantia nigra pars compacta, which causes striatal dopamine
deficiency. Postmortem studies of the nigral dopaminergic neurons indicated that at the onset
of the classical motor symptoms, at least 48% of the dopaminergic neurons were already lost
[42, 43]. In the early disease stages, dopamine replacement therapy by levodopa (L-dopa)
and/or dopamine agonists can significantly ameliorate the motor symptoms, and at least
temporarily delay disease progression. In more advanced stages, however, most patients
progress and do not respond well anymore to this pharmacotherapy and develop motor
response fluctuations and/or levodopa-induced dyskinesia [44].
The non-motor symptoms of PD are notably largely refractory to dopaminergic
drug treatment [45, 46] and are to a large extent associated with extranigral LB pathology
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that thus affects also other, non-dopaminergic neurotransmitter systems [47]. Olfactory
dysfunction for example, appears to be related to LB pathology in the olfactory bulb, whereas
autonomic dysfunction is associated with pathology in the central and peripheral autonomic
nervous systems [47, 48]. Hence, focusing on and targeting the dopaminergic system alone
is not sufficient to cause full recovery of PD symptoms and a better understanding of the
etiology of the non-motor symptoms is thus needed. This also has its effects on the animal
models used to study PD pathogenesis. More recently developed rodent models using (local)
α-syn overexpression, e.g. transgenic mice or viral transduction of α-synuclein have shown
to induce many of the characteristic features of PD, including abnormal protein aggregation,
neuronal dysfunction, cell death, microglial activation, motor and non-motor symptoms [49,
50, 51, 52]. Hence these α-synuclein-based models, in contrast to the general neurotoxicity
models, e.g. LPS, MPTP or 6-OHDA, more closely relate to the complex pathology and
symptomatology of PD. These α-synuclein overexpressing models are of interest in the
development of additional strategies aimed at alleviating the non-motor symptoms which is
highly relevant in order to improve the quality of life for PD patients.

Microglia in PD
In addition to α-synuclein, another prominent pathological feature of PD is microglial
activation. The spatiotemporal development of α-synuclein aggregation not only parallels
PD progression, but may also trigger chronic microglial activation. Pioneering research by
McGeer et al. (1988) revealed large numbers of reactive microglia in the substantia nigra
of patients with PD [53]. Hereafter, more post-mortem and in vivo imaging studies have
confirmed the involvement of microglia in PD [54, 55, 56, 57, 58, 59].
Microglia are the primary, innate immune cells of the central nervous system
(CNS) that are responsible for safeguarding and maintenance of brain homeostasis. By
constantly surveying their microenvironment, microglia can quickly respond to disturbances
in homeostasis, e.g. when caused by pathogens or injury. Under such conditions, microglia
undergo typical morphological and functional alterations and become activated, during which
they engage in processes like phagocytosis, cytokine production, antigen presentation and/
or cell proliferation [60, 61, 62]. Although prior studies suggested that microglial activation
is mainly detrimental, more recent results demonstrate that specific aspects of the general
inflammatory response can also be beneficial for brain function. Indeed, several studies have
now also implicated microglia in processes like neuroprotection, the mobilization of neural
precursors for repair, remyelination and in axonal regeneration [63, 64, 65, 66, 67, 68].
Regarding the occurrence of different phenotypes of microglial cells, several
concepts are interesting and worth mentioning here. The first one is microglial priming [69,
70, 71, 72], which refers to microglial cells that can respond differently to the same stimulus,
depending on whether the stimulus is encountered earlier or later in time. Whenever another
type of stimulus has preceded its activation, this may have ‘primed’ the microglial response
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to subsequent stimuli [73]. Besides microglia priming, another concept is cytorrhexis, that
refers to ageing of microglia, which has gained considerable interest in view of its putative
role in neurodegeneration [74, 75, 76, 77]. The occurrence of several microglial subtypes that
become increasingly dysfunctional with age may then lead to a loss of its neuroprotective
or neurosupportive functions, and could, over time, contribute to failing functionality of
microglia and eventually neurodegeneration [77, 78].
Finally, it is important to realize that there is considerable heterogeneity within the
microglia population [79]. These innate immune cells in the brain do not represent a single,
uniform population, but rather encompass a diverse family of cells that comprise several
different phenotypes [70, 80, 81, 82]. An important consequence of this is that microglial cells
neither respond in a stereotypical manner, nor do they follow an identical, predetermined
program upon activation in different brain regions or when they are triggered by a general
immune challenge. Rather, microglia can display an extensive and differential response
repertoire towards various stimuli or antigens, or to local injury that may even be region
specific. As such, microglia can strongly influence more general inflammatory responses and
disease outcome in a differential and brain region-specific manner.
Thus far little attention has been paid to the existence of different phenotypes of
microglia in various brain regions affected by PD (see chapter 1.2). Studies on microglia
in PD have focused mainly on the substantia nigra, but as we know now, the pattern of
α-synuclein pathology in PD involves several other brain regions as well, which suggests that
also microglial activation may differ between brain regions.
Thus, in the present thesis we set out to obtain a better understanding of the
differences in microglial phenotypes between different brain regions and the responsiveness
of microglia to pathology. This may improve our insight in the possible role(s) of microglia
in neurodegeneration in general, and in PD etiology in particular. Both in terms of predictive
value and disease development [12, 83], a proper understanding of the pathological correlates
of the full spectrum of PD symptoms is critical. Since microglial responses are in principle
modifiable by inflammatory mediators, such approaches could eventually help to identify new
targets, or adjunctive therapies for the full spectrum of PD-related symptoms.
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Aims and outline of this thesis
In the present thesis, experiments and observations are described that focus on the presence
and responsiveness of different microglial phenotypes in different brain regions that are
affected by α-synuclein pathology in PD, and whether differences in microglia may relate to
the neuropathological outcome.
The main objectives are:
–– To identify brain region-specific characteristics and properties of microglia (e.g.
morphology, receptor expression, proliferation) in relation to the ongoing proteopathology
in several PD affected brain regions, using post mortem tissue of well characterized human
PD patients.
–– To identify brain region-specific gene expression profiles of microglia in healthy rats,
using an optimized fluorescent-activated cell sorting protocol to isolate microglia from
gray matter tissue for qPCR analysis.
–– To assess the brain region-specific and time-dependent responses of microglia to the local
induction of α-synuclein overexpression in an adeno-associated viral transfer model in
rat.
Chapter 1.2 provides a detailed overview of the available literature regarding the emerging role
of non-motor symptoms and the implications of microglial activation in PD. It furthermore
addresses some of the current treatment options.
In Chapter 2 we study in detail microglial activation in the olfactory bulb and the substantia
nigra or hippocampus in PD and Alzheimer’s disease (AD) brain tissue, respectively, and
relative to matched control tissue. The olfactory bulb is affected early in both PD and AD as is
evident from the presence of disease-specific protein aggregates and an early loss of smell and
olfactory function. Using a morphometric approach, we investigated the number of different
microglial phenotypes, i.e. ramified and amoeboid subtypes, and related this to the extent of
proteopathology, including α-synuclein and beta amyloid aggregation, and neuronal loss in
the anterior olfactory nucleus.
Chapter 3 addresses differences in microglial phenotypes, i.e. in ramified, primed/reactive and
amoeboid subtypes in the substantia nigra and hippocampus. While the former brain region is
classically involved in motor symptoms, the latter has been implicated in cognitive deficits in
PD. Here, we included established PD patients (Braak PD stage 4-6), matched controls (Braak
PD stage 0) and incidental Lewy Body disease (iLBD) cases (Braak PD stage 1-3), that did
not have clinical PD symptoms during life, but displayed α-synuclein depositions at autopsy
and can therefore be considered a prodromal state of PD. Moreover, as recent experimental
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studies suggested that toll-like receptor 2 (TLR2) mediates α-synuclein triggered microglial
activation, we also studied whether TLR2 expression is indeed related to the pathology in
iLBD cases and PD patients.
In Chapter 4 we focus on microglial proliferation in the hippocampus of established PD
patients (Braak PD stage 4-6), matched controls (Braak PD stage 0) and incidental Lewy Body
disease (iLBD) cases (Braak PD stage 1-3). The adult hippocampus still contains stem cells that
can undergo proliferation, a well regulated process that can be altered by neurodegenerative
conditions. In contrast to the proliferation in the substantia nigra and subventricular zone
that has been studied in PD so far, little was known about the hippocampus. To this end,
proliferation was studied using the marker minichromosome maintenance protein 2 (MCM2)
that was colabeled with the microglial marker Iba1 to investigate to what extent changes in
proliferation in the hippocampus in PD are accounted for by microglia.
The region-specific, intrinsic gene expression profile of microglia is studied in Chapter 5.
While differences in microglial expression profiles have been studied in several PD models,
often in response to the induction of pathology or cell loss, we here questioned whether the
intrinsic gene expression profiles, i.e. the gene expression ‘signature’ of rat microglia, are
already region-specific under baseline conditions. This is of importance as the expression
profile of microglia might predict their responsivity, and hence pathological outcomes when
exposed to challenging conditions. To this end, we optimized a protocol to isolate microglia
under baseline conditions from discrete gray matter regions using density gradients and
fluorescent-activated cell sorting (FACS). This subsequently allowed us to analyze and
compare (inflammation-related) gene expression profiles in pure microglia that are derived
from brain regions of relevance for PD, i.e. substantia nigra, olfactory bulb, amygdala, striatum
and hippocampus.
Chapter 6 discusses the development of a α-synuclein overexpression rat model for which
we used stereotactic surgery and recombinant adeno-associated viral transduction to induce
region-specific and time-dependent expression of human α-synuclein in rodent hippocampus
and substantia nigra, that allowed to analyze the local and brain region-specific responses in
microglial activity and neuronal loss.
Finally, in Chapter 7 the results of the present research are first summarized and then discussed
in relation to new developments in the field of inflammation and PD.
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Abstract
Recent data has indicated that the traditional view of Parkinson’s disease (PD) as an
isolated disorder of the nigrostriatal dopaminergic system alone is an oversimplification
of its complex symptomatology. Aside from classical motor deficits, various non-motor
symptoms including autonomic dysfunction, sensory and cognitive impairments as well as
neuropsychiatric alterations and sleep disturbances are common in PD. Some of these nonmotor symptoms can even antedate the motor problems. Many of them are associated with
extranigral neuropathological changes, such as extensive α-synuclein pathology and also
neuroinflammatory responses in specific brain regions, i.e. microglial activation, which has
been implicated in several aspects of PD pathogenesis and progression. However, microglia do
not represent a uniform population, but comprise a diverse group of cells with brain regionspecific phenotypes that can exert beneficial or detrimental effects, depending on the local
phenotype and context. Understanding how microglia can be neuroprotective in one brain
region, while promoting neurotoxicity in another, will improve our understanding of the role
of microglia in neurodegeneration in general, and of their role in PD pathology in particular.
Since neuroinflammatory responses are in principle modifiable, such approaches could help
to identify new targets or adjunctive therapies for the full spectrum of PD-related symptoms.
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1. Introduction
Parkinson’s disease (PD) is a slowly progressive neurodegenerative disorder that affects about
1-2% of the population over 65 years of age. PD was first described by James Parkinson in
1817 in his monograph ‘An Essay on the Shaking Palsy’ [1, 2]. PD was, and still is, primarily
considered a movement disorder characterized by increasingly disabling motor symptoms
that include bradyskinesia, tremor, and rigidity [3]. Underlying these motor symptoms is a
progressive and selective loss of dopaminergic neurons in the substantia nigra pars compacta,
which causes striatal dopamine deficiency. In the early disease stages, dopamine replacement
therapy by levodopa (L-dopa) and/or dopamine agonists can significantly ameliorate the
motor symptoms. In more advanced stages, most patients develop motor response fluctuations
and/or levodopa-induced dyskinesia [4]. Moreover, many patients eventually suffer from
levodopa-resistant symptoms including progressive balance problems and freezing.
In the past few years, also the non-motor symptoms of PD have gained considerable
attention. The clinical features include neuropsychiatric symptoms, autonomic dysfunction,
sensory and cognitive impairments as well as pain and sleep disturbances [5, 6, 7, 8, 9, 10, 11,
12]. Some of these non-motor symptoms, in particular hyposmia and REM sleep behaviour
disorder (RBD), can even antedate the motor deficits [13, 14]. Notably, the non-motor
symptoms of PD are largely refractory to dopaminergic drugs [15, 16].
Recent developments indicate that the characterization of PD as a more or less
isolated disorder of the nigrostriatal dopaminergic system is an oversimplification of the
complex pathogenesis and does not explain the full clinical spectrum and symptomatology of
PD [17, 18, 12]. Other neurotransmitter systems, including noradrenalin, acetylcholine and
serotonin have been shown to be involved in various non-motor systems that are experienced
by most of the PD patients [17, 19, 6, 20, 21]. Hence, both in terms of predictive value and
disease development [10, 22], a proper understanding of the pathological correlates of the full
spectrum of PD symptoms is critical.
Another important recent development in the field is that the traditional view of
PD, i.e. a movement disorder largely caused by nigrostriatal dopamine deficiency, is being
replaced by concepts that consider PD primarily as a proteinopathy. Lewy bodies (LBs), the
neuropathological hallmark of PD, contain aggregates that primarily consist of the presynaptic
protein alpha-synuclein (α-syn). LBs are found throughout various brain areas, including the
substantia nigra (SN) but also in several brain regions involved in the regulation of non-motor
functions [23].
Moreover, prominent neuroinflammatory changes have been implicated in PD
etiology. These are largely characterized by microglial activation throughout several regions
of the PD brain. Within the local brain microenvironment, glial cells play critical roles in
the homeostatic mechanisms that support neuronal survival. Microglial cells in particular
have a specialized role in immune surveillance and mediate innate immune responses to
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invading pathogens. They can secrete a myriad of factors including cytokines, prostaglandins,
reactive oxygen species and growth factors, and are involved in the phagocytosis and
clearance of cellular debris. Although prior studies suggested that neuroinflammation has
mainly detrimental consequences, more recent results demonstrate that distinct aspects of
the inflammatory response can in fact also be beneficial for central nervous system (CNS)
function and several studies have now convincingly implicated microglia in processes like
neuroprotection, the mobilization of neural precursors for repair, remyelination and in axonal
regeneration [24, 25, 26, 27, 28, 29].
Aberrant regulation of microglial responses has also been implicated in other
neurodegenerative disorders like Alzheimer’s disease (AD) [30, 31, 32, 33, 34]. Furthermore,
activated microglial cells and increased levels of pro-inflammatory mediators, including
tumour necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and -6 (IL-6) and others have
been found in the striatum and SN of PD brain, where they are tightly interrelated with
PD pathology and dopaminergic cell death. Importantly, α-syn mediated neurotoxicity can
be enhanced by microglial activation and by the presence of pro-inflammatory cytokines,
suggesting a strong interconnection of these pathological phenomena [35, 36].
Once primed, or activated by α-syn aggregates, microglia are considered
instrumental in the degeneration of particular neuronal subclasses in distinct brain regions,
including not only the SN but also regions involved in non-motor symptoms [37, 38]. Other
theories propose that microglial cells generally promote neuronal survival, but that due to
aging and/or other deleterious factors, microglial cells themselves may lose their protective
ability and change into a different state that promotes neurodegeneration [39, 40, 41, 42]. It
so far remains unclear whether microglia are a) active initiators of neurodegeneration, b) reactive cells, that only respond to primary insults, or c) are even targets, and hence ‘victims’, of
the pathological processes. These are significant questions when considering immune-based
treatment approaches for PD [40].
Within this context it is important to note that microglial cells do not represent
a single, uniform cell population, but rather encompass a large and diverse family of cells
with many different phenotypes [43, 44, 45, 46]. The ongoing debate as to whether microglial
activation either contributes to disease progression or is neuroprotective, might thus in part
depend on differences in cellular phenotype as well as local context or microenvironment.
These could e.g. comprise typical characteristics of their specific anatomical localization, their
interaction with other cell types, and/or differences in disease duration or severity [41, 47, 45,
48, 49, 44, 50].
The purpose of this review is to discuss the emerging role of neuroinflammatory
responses, in particular the dual functions of microglia cells, in relation to the full spectrum
of clinical symptoms present in PD patients with a focus on non-motor symptoms. We will
further address whether targeting neuroinflammatory response(s) could provide a safe and
effective way to intervene in the course of the disease.
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2. Motor symptoms in Parkinson’s disease
The three principal motor features of PD are tremor at rest, rigidity, and bradykinesia. Postural
instability, often considered one of the cardinal signs of PD, is less specific and is generally a
manifestation of the late stages of PD [2, 51].
A tremor at rest is the first symptom in 70% of PD patients, characterized by
a frequency of 3-6 Hz, and is especially prominent in the distal part of an extremity such
as hands, but also in chin, lips and jaw. Furthermore, tremor in PD worsens with anxiety,
contralateral motor activity, and during walking [51, 52]. Important to note is that tremor in
PD is distinct from that of essential tremor by a number of features summarized by Jankovic,
2008. Nevertheless, studies show that essential tremor may be a risk factor for developing
PD [53]. Another cardinal sign of PD onset is rigidity; an increased resistance experienced
during passive joint movement that is uniform throughout the range of motion of that joint.
It can occur without tremor, but is usually more pronounced in the more tremulous limb.
Rigidity is enhanced by contralateral motor activity or mental task performance, which is used
in detecting mild cases of rigidity [51, 52]. The third typical motor symptom is bradyskinesia,
which refers to slowness of movement and having difficulties with tasks that need fine-tuned
motor activity. Bradyskinesia further encompasses a variety of features such as drooling
because of impaired swallowing, loss of facial expression and reduced arm swinging [52]. Since
all these features greatly impact daily life, it is seen as the most disabling symptom of early PD.
All three motor symptoms show considerable clinical heterogeneity in the severity
in PD, and rigidity and bradyskinesia worsen throughout the course of the disease [54]. Due
to this heterogeneity, the responsiveness to L-Dopa varies different between patients and
customized therapy is required.

3. Non-motor symptoms in Parkinson’s
disease
3.1. Autonomic dysfunction
PD patients do not suffer from motor deficits alone. Also several non-motor symptoms
contribute heavily to the deterioration of the quality of life of the patient. Among these,
autonomic manifestations in PD are prominent, and most frequently comprise cardiovascular
and gastrointestinal dysfunctions. One of the most prevalent autonomic symptoms is orthostatic
hypotension, i.e. a rapid and excessive drop in blood pressure that occurs when a patient gets
up from a sitting or recumbent position [55], that is common in approximately 50% of PD
patients [56]. Orthostatic hypotension may be caused by early-stage degeneration of cardiac
sympathetic neurons and correlates with reductions in cardiac I-meta-iodobenzylguanidine
(I-MIBG) uptake, a measure for the integrity and function of the cardiac sympathetic
nervous system, that can be monitored peripherally [57]. Constipation is another substantial
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autonomic problem, that may develop years before the onset of motor symptoms [9, 58]. Thus,
autonomic dysfunction forms an early pre-motor symptomatic feature that is of considerable
clinical relevance for PD patients [5, 6, 8, 9, 17].

3.2. Hyposmia
One of the most readily noticeable and early impairments is a reduced sense of smell, i.e.
hyposmia. Decreased olfactory function, including poor odour detection, identification
and discrimination is a common phenomenon in PD patients [59, 60] and is considered
an important predictor of PD progression [61, 62, 63, 64, 65, 66]. In a prospective study by
Ponsen et al. (2004), idiopathic olfactory dysfunction was associated with an increased risk
of developing PD, with 74.5% of the PD patients experiencing a significant loss in olfactory
function when compared to young healthy subjects [14, 64].
Interestingly, recent observations further suggest that olfactory dysfunction is
associated with reduced cardiac I-MIBG uptake, a change in orthostatic blood pressure and
heart rate variability [243]. Thus, the olfactory dysfunction in PD appears to correlate with
both sympathetic and parasympathetic cardiac dysfunction, as well as with sympathetic
vascular dysfunction. Other sensory symptoms in PD include an increase in pain perception,
and in oral and genital pain, but these are often overlooked and not recognized as specific
symptoms of PD. Taken together, distinct sensory deficits frequently occur in PD, particularly
in the early stages of the disease [67].

3.3. Sleep disturbance
In addition to the autonomic and sensory abnormalities, sleep disorders, once largely
attributed to the pharmacological treatment of PD, are now considered an integral part of
the disorder itself [68]. Amongst others, rapid eye movement sleep behaviour disorder (RBD)
is strongly associated with neurodegenerative diseases like PD and multiple system atrophy.
RBD is characterized by a loss of muscular atonia and prominent motor activity during normal
REM sleep, which causes sleep disruption and often physical injury to patients [69]. It has
further been reported that RBD symptoms precede PD motor symptoms in 52% of patients by
a median duration of 3 years. This is in agreement with other studies showing that 65% of the
patients with RBD develop a Parkinsonian syndrome 7 years later [70]. Other studies did find
a correlation between RBD and the development of neurodegenerative disorders, but with less
specificity for PD [13], suggesting that RBD is not an exclusive preclinical maker of PD alone.

3.4. Cognitive and neuropsychiatric alterations
Last but not least, various psychopathological and neurological comorbidities occur in PD.
They often constitute the foremost problems for PD patients. Psychiatric and cognitive
disturbances can be as disabling as the motor symptoms, if not worse, as they do not only
reduce quality of life for the patient, but also contribute to distress amongst the care givers and
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problems in treatment. In the Sydney Multicenter Study for instance, 84% of the PD patients
showed cognitive decline, of which 48% developed clinical dementia after a 15 year follow-up
[71]. In a different community based, prospective study, patients with PD had an almost 6-fold
increase in the risk to develop dementia [72]. Mild cognitive impairment is common in PD,
and is also a major source of disabilities particularly later in the course of illness [73].
Next to dementia, depression affects around 40% of all patients with PD. In fact,
depression is often underdiagnosed as over 50% of all PD patients suffering from depression
do not receive anti-depressive treatment [7, 74]. This is due to the fact that many physicians
regard depression in PD patients as a result of, and personal reaction of the patient to, the
development of this progressive disabling disease. However, the appearance of depressive
symptoms does not correlate with the severity of the motor symptoms, indicating that
depression is not simply a reaction of the patient to (a growing awareness of) his or her future
motor dysfunction [7], but forms an integral part of the disease process itself. This notion is
further supported by the demonstration of a factual imbalance in selective neurotransmitter
systems in PD brain, some of which have been implicated in mood and depressive symptoms
[7, 75, 76, 77].

4. Pathological hallmarks of Parkinson’s
disease
4.1. Genetics and proteopathy
The recent discoveries of rare mutations in a number of genes that cause familial forms of
PD have provided invaluable insights into the pathogenetic mechanisms and etiology of PD.
These mutations cause neuronal dysfunction and neurodegeneration either by a toxic gain
of function, such as mutations in autosomal dominant genes for α-syn (PARK1 and PARK4)
and LRRK2 (PARK8), or by loss of function of an intrinsically protective action, as for the
recessive genes parkin (PARK2), PINK1 (PARK6) and DJ-1 (PARK7) [78].
Interestingly, overexpression of wild-type α-syn has been found in brains of sporadic
PD patients [79]. As a result, the presence of α-syn in Lewy bodies (LBs) has been considered a
general pathogenic feature of PD and can be used as a pathological marker [23, 80]. A popular
hypothesis states that amino acid changes in α-syn lead to an increased tendency of the
protein to form oligomers and eventually fibrillar aggregates, that would take on a ‘toxic gain
of function’ which could eventually lead to neuronal death [38, 78, 81, 82]. The latest studies
indicate that it is particularly the intermediate-state oligomers that can interact with lipids and
disrupt membranes, causing cell death, at least in vitro [83, 84, 85]. Winner et al. (2011) tested
this concept also in vivo by developing α-syn mutants, which promote either oligomer (i.e.
E57K and E35K) or fibril formation (i.e. hWT, A30P, E46K and A53T). As expected, especially
the α-syn oligomers, rather than the fibrils, induced severe dopaminergic loss in the SN, most
likely due to membrane disruption [84].
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4.2. Staging of alpha-synuclein pathology
With the expansion of the full clinical spectrum of PD, that now also includes the non-motor
symptoms, also the range of possible neuropathological substrates for the symptomatology
of PD has increased and several factors have now been proposed to underlie, or at least
contribute to, the non-motor symptoms. PD neuropathology is now generally described
according to Braak’s neuropathological staging system (2004) using α-syn as a marker, with
different pathological stages that can be distinguished based on the distribution of threadlike, branching Lewy neurites (LNs) within cellular processes, and the granular inclusion
bodies, so-called LBs [37]. LBs are particularly enriched in aggregated, misfolded α-syn [86].
Recent reports indicate that aggregation of α-syn monomers into fibrils likely
represents a main toxic mechanism in PD [84]. Alpha-syn pathology not only appears in
the nigrostriatal dopaminergic system but extends far beyond this system. Braak (2004) has
described six pathological stages in PD progression, starting with α-syn pathology that first
appears at the level of the olfactory system and lower brain stem, and then expands rostral
via the locus coeruleus, SN, and limbic structures into the cerebral cortex. Implicit to this
staging is the assumption that α-syn pathology follows a specific predetermined sequence of
development and hence does not develop, or spread, in a random order [37] (see Table 1).
The first α-syn containing lesions within the central nervous system develop
simultaneously at the dorsal motor nucleus of the vagal nerve and the reticular formation as
well as in the olfactory bulb. During the course of the disease, these lesions extend into more
remote olfactory sites, such as the olfactory tubercle, but they reach the non-olfactory gray or
cortical areas only at the latest stages of the disease. As additional gray matter becomes affected,
pathology eventually reaches the neocortex in an upward direction [23, 37]. According to
Braak (2004), the SN and striatum are not affected until stage 3, while only in stage 4 the first
motor symptoms appear.
Thus, α-syn pathology in the SN appears to start around the midstage of the disease,
while α-syn pathology in the olfactory bulb, brainstem nuclei and dorsal motor nucleus of the
vagus nerve is present already earlier in the disease. In the final stages, LBs appear in cortical
areas, which coincides with the development of cognitive problems in a large number of PD
patients [17, 37].
A relationship between α-syn pathology and clinical features of PD has been
established as well. The detection of α-syn pathology in the olfactory system in early PD is in
agreement with the frequent complaints by PD patients of an impaired sense of smell, years
before the onset of motor symptoms [60, 87]. In addition, olfactory function has been studied
in male mice overexpressing α-syn (Thy1-aSyn). Using multiple olfactory tests designed to
detect graded differences in olfactory abilities, Thy1-aSyn mice showed olfactory impairments
compared to their wild type littermates in all test paradigms. This demonstrated that α-syn
overexpression alone is sufficient to induce olfactory deficits in mice, similar to those present in
PD patients [62]. Moreover, induced expression of mutant A30P α-syn, selectively in olfactory
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neurons, aggravates dopamine deficiency and hyperactivity in a novel conditional model of
early PD [88]. Taken together, olfactory impairments can be induced by overexpression of
α-syn, both mutant and wild-type forms, in mice. As in humans olfactory changes occur so
early in the disease, they can be considered an indicator of early PD [14].
The same may hold for autonomic dysfunction. The dorsal motor nucleus of the
vagus nerve provides preganglionic parasympathetic innervations to visceral ganglia in lung,
oesophagus, stomach and intestine, and innervates the heart. It is first affected in stage 1 of PD.
Initially, only a few LNs are prominent, but pathology worsens from stage 2 onward [6, 37].
Orimo et al. (2007) have demonstrated that degeneration of the cardiac sympathetic nerve
coincides with α-syn expression in nerve fibers of the heart in PD [89, 90, 91]. Furthermore,
during stage 2, pathology spreads to the lower raphe nuclei, the reticular formation and the
locus coeruleus. All these nuclei function as components of the ‘gain setting’ system, e.g. the
regulate the excitability of the visceromotor and somatosensory neurons of the spinal cord
[8]. Its descending tracts comprise a pain control system that partially inhibits the relay nuclei
for somatosensory and viscerosensory input. In addition to dopaminergic neurons, several
other neurotransmitter systems are affected [6, 17, 19] and also sleep disorders, anxiety and
depression are prevalent during this stage of the disease, most likely due to the noradrenergic,
serotonergic and cholinergic deficiencies that occur in parallel [6].
At stage 3, pathology spreads to the SN. Since an actual loss of melanin-containing
dopaminergic neurons does not take place until the later stages of the disease, the SN is
macroscopically still intact at this point and motor symptoms only arise in stage 4. From there
on, pathology is apparent in the amygdala, the anteromedial temporal mesocortex and the
hippocampal formation, where it influences the limbic system. Especially the Ammon’s Horn
of the hippocampus is affected. As the limbic system and neocortex form a functional loop
[37], disturbances in this system cause learning and memory dysfunction that can progress to
dementia. In support of this, experimental studies have shown that overexpression of α-syn in
mouse brain causes hippocampal deficits and memory impairments, that can be reversed by
suppressing α-syn transgene expression [92]. Interestingly, these hippocampal impairments
arise long before overt neuronal loss occurs. As the pathology worsens in stages 5 and 6,
vulnerable portions of the SN are nearly depleted of melanin-containing dopaminergic
neurons and dementia develops as α-syn pathology spreads to the neocortex.
In summary, clinical and neuropathological features of PD extend far beyond the
nigrostriatal dopaminergic neuron loss as several other brain regions express neuropathological
characteristics, e.g. α-syn deposition. Olfactory and autonomic systems, including lower
brainstem nuclei, the limbic system and neocortex are affected already in early PD [6, 17, 19,
90, 91] and these non-motor symptoms have hence considerable value as potential biomarkers
for PD progression.
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4.3. Alpha-synuclein toxicity
From the seminal observations by Braak et al. (2003) it is clear that α-syn- and LB pathology
spread through the PD brain following a specific anatomical pattern. Interestingly,
transplantation studies with foetal mesencephalic cells into the putamen and caudate nucleus
have revealed that also the implanted foetal neurons eventually develop α-syn and ubiquitin
positive LBs [93, 94]. This suggests an important role for local environmental factors in
influencing, and propagating, α-syn and LB etiology. In order to explain the progression and
propagation of the disease, four concepts have been proposed that are based on important
roles for: (1) local inflammatory responses, (2) oxidative stress and excitotoxicity, (3) (lack
of) neurotrophic support, and (4) prion-like mechanisms. Here, we focus on the role of
inflammatory responses in PD and refer the reader to excellent recent reviews on the other
topics [86, 95, 96].
In relation to inflammatory responses, it remains poorly understood whether α-syn
accumulation in neurons is a toxic event in itself, or whether it represents an adaptive response
[97]. One possible implication could be that by storing endogenous toxic proteins in deposits,
LB formation could in fact contribute to the protection of the neuron rather than to its demise
[86]. Research further indicates that α-syn positive inclusions may well represent detoxified
reserves that can be tolerated by cells for years [97]. At least one important consequence of
this is that attempts to prevent or reverse LB development could even accelerate the diseases
process [97, 98, 99, 100].
In addition to the disease-associated fibrillar state of α-syn, also nitrated and
oxidated forms of α-syn have been implicated in toxicity and neuronal death [101, 102, 103].
For instance, Yu et al. (2010) have shown that particularly the nitrated form of α-syn can
induce dopaminergic neuronal loss. Dopaminergic neuronal death itself may further lead to
the release of nitrated α-syn protein aggregates into the extracellular space, which can activate
microglia and could be responsible for the subsequent neuronal demise [35, 101].
When activated by nitrated α-syn, microglial cells indeed release pro-inflammatory
cytokines and reactive oxygen species (ROS) that can act on dopaminergic neurons and cause
them to die. A positive feedback loop could then arise by which amplification of microglial
activation could promote neurotoxicity [38, 101, 104]. In line with this, it has been shown that
extracellular α-syn can be phagocytosed by microglia in vitro, which results in activation of
NADPH oxidase and in ROS production [35, 36]. In contrast, the orphan nuclear receptor
Nurr1 was shown to suppress pro-inflammatory responses in microglia by inhibiting NFkB target genes, including ROS associated genes, thereby protecting neurons from a lethal
positive feedback loop [38, 105].
Since the inflammatory component in PD has now been linked to (extracellular) α-syn
aggregates, the spatiotemporal relationship of microglial activation and α-syn distribution is
relevant as well. As microglial activation can induce neuropathology and neuronal loss in
some, but not all tissues [49, 106], one important remaining question is whether microglia
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contribute to the neurotoxicity in PD in general, or whether they might even alter and/or
slow the development of neuropathology in specific brain regions and can thereby influence
disease course.

5. Neuroinflammation as a key player in
Parkinson’s disease
Until recently, the brain was considered an ‘immune-privileged’ site and for a long time
the immune system and the brain itself were envisaged as two separate entities [45]. This
view is gradually changing as an increasing amount of data sheds more light on the (patho)
physiological consequences and implications of the crosstalk between these two systems. The
first description of an immune response and its involvement in a neurodegenerative disorder
dates from more than 20 years ago and was in AD [107]. Currently, neuroinflammation in
the CNS is recognized as a prominent feature in most neurological disorders, including PD.
In fact, various transgenic studies have implicated the immune system, glial activation and
inflammatory mediators as important elements of disease progression in both PD and AD
[45].
Immune responsivity plays an essential role in the maintenance of tissue homeostasis
and its response to infection and insult. Inflammatory responses within the CNS, particularly
those mediated by local populations of microglial cells that function as brain macrophages, are
generally known to worsen and/or accelerate neuropathology in a wide range of age-related
neurodegenerative diseases, including PD, AD, progressive supranuclear palsy, amyotrophic
lateral sclerosis, multiple system atrophy, and others [32, 108]. Furthermore, retrospective
epidemiological studies have revealed that non-steroidal anti-inflammatory drug (NSAIDs)
intake reduces the risk of developing PD and AD [109, 110].
A prolonged state of (neuro)inflammation that can aggravate neuropathology may,
on the one hand, have originated from an initial inflammatory stimulus that has been evolving
into a generalized state. On the other hand, it could have resulted from a general failure to
control any endogenous inflammatory response. Such persistent inflammatory stimuli may
have arisen from aberrant endogenous factors, such as protein aggregates with a long-lasting
presence, such as α-syn [38].
The healthy adult CNS generally contains low, nearly undetectable levels of most
inflammatory cellular subsets, like lymphocytes and their related cytokines [47]. Yet, an
uncontrolled and sustained inflammatory response can result in a worsening of disease
progression through reactive microgliosis, common to various neurodegenerative disorders,
and eventually in neurotoxicity [111, 112]. Further support for a role of local immune
responses in neurodegeneration comes from animal studies showing that administration of
lipopolysaccharide (LPS), either intraperitoneally or intraparenchymally, results in the loss of
dopaminergic neurons in the SN [113, 114]. These findings are in line with population-based
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data showing that pre-existing (chronic) inflammation is a predisposing factor for AD and PD,
that can notably be attenuated by treatment with NSAIDs [109, 110, 115, 116]. In conclusion,
although inflammatory responses may not always be a primary initiator of neurodegeneration,
and while beneficial actions have been described as well, emerging evidence indicates that
a condition of sustained neuroinflammatory responses significantly contributes to disease
progression.
When encountering potentially dangerous exogenous compounds, the brain must
be able to quickly identify such pathogens and respond appropriately. In particular microglia
are considered the brain’s major resident immune cells that carry out such a defence response
[ 46, 117, 118]. Microglia can produce various mediators that influence both astrocytes
and neurons [32, 38]. After brain injury, activated microglia secrete both pro- and antiinflammatory mediators that can exert either detrimental or protective actions in a context
and brain region specific manner. Under normal physiological conditions, microglia display
a resting phenotype, associated with the production of e.g. neurotrophic factors. In response
to a pathogen however, microglia switch phenotype and become activated, thereby releasing
ATP, neurotransmitters, growth factors and/or cytokines, chemokines and/or ions into their
local environment [45].
Furthermore, microglia express major histocompatibility complex (MHC) class
II molecules, selective for antigen-presenting cells. Nearby neuronal damage transforms
microglia from a resting state, in which they hardly express MHCII molecules, into an activated
state, that is characterized by prominent up-regulation of MHCII [118, 119]. Activated cells
then promote inflammatory responses that serve to engage the immune system and promote
tissue repair. In most cases, this response is self-limiting, and subsides again once the pathogen
has been cleared, or once the tissue damage has been repaired [24, 29, 120, 121].

5.1. Microglial (re)activation in PD
Pioneering research by McGeer et al. in 1988 has demonstrated the presence of large numbers
of reactive microglia in the SN of patients with PD and PD with dementia. As these microglial
cells expressed human leukocyte antigen (HLA)-DR and CD11b, along with LBs and free
melanin, this suggested that HLA-DR-positive reactive microglial cells are a sensitive index of,
and active participant, in neuropathology [122]. Soon after these studies, many investigators
have confirmed and expanded these findings and it is now generally accepted that microglial
activation is correlated with pro-inflammatory cytokine release and often with neuronal loss
[45, 106].
MHCII-positive, activated microglia have not only been observed to coincide with
loss of dopaminergic neurons in the nigrostriatal pathway of PD patients [32, 123, 124, 125], but
their numbers and activation state also correlates with α-syn deposition in this pathway [126,
127]. Moreover, in vivo PET imaging using 11C PK11195 have now confirmed the presence of
primarily activated microglia in various brain regions of PD patients and has suggested a role
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for these cells in disease progression [128, 129, 130]. Furthermore, inflammatory mediators
released upon microglial activation, such as TNF-α, IL-1β and IL-6, have all been found in
the nigrostriatal pathway of the PD brain as well as in relevant animal models, where they
contributed to DA impairment and even cell death [49, 131, 132, 133, 134, 31]. In addition,
IL-1 gene polymorphisms have repeatedly been associated with an increased risk for PD [135,
136, 137, 138].
As discussed above, the spatiotemporal development of α-syn aggregation not only
parallels PD progression, but may also trigger chronic microglial activation. Depletion of
microglia has been shown to diminish the dopaminergic cell death induced by aggregated
α-syn in vitro [35]. Similarly, minocycline, a tetracycline derivative that inhibits microglia
activation, decreases both the loss of nigrostriatal neurons and the formation of nitrotyrosine
produced by MPTP [139]. Although α-syn aggregates are not present in the MPTP model for
PD, this drug induces a similar inflammatory response as nitrated α-syn aggregates [139].
Indeed, recent PET findings show parallel changes in microglial activation and dopaminergic
terminal loss in the affected nigrostriatal pathway, notably in diagnosed PD [128].
Sanchez-Guajardo et al. (2010) investigated the concept of α-syn mediated microglial
activation by injecting a viral vector expressing α-syn into the rat SN. Overexpression of α-syn
led to significant cell death in the SN, similar to what is seen in the late stages of PD. At
lower expression levels however, α-syn induced a pathological accumulation of α-syn as well
as nigrostriatal fiber degeneration, but no cell death in the SN, comparable to observations
in the early pathological stages of PD. Subsequent analysis of microgliosis revealed that
α-syn overexpression not only caused a persistent microglial activation, but also that
differential microglial responses were triggered that depended on the degree of pre-existing
neuropathology. When cell-death was induced, microglia took on a predominant macrophagelike phenotype, as identified by the phagocytic marker CD68 and the recruitment of CD8+
adaptive immune cells. Conversely, when α-syn pathology was present in absence of cell death,
microglial activation correlated with a high expression of MHCII in both the SN and striatum
[140]. Thus, during the first stages of α-syn-mediated neurodegeneration, microglia may fulfil
an antigen-presenting role that seems to occur in a brain region dependent manner. Persistent
yet differential microglial activation in different brain regions thus appears to be dynamically
involved in PD progression.

5.2. Differential responsivity of microglia
Whereas inflammatory responses in the brain are generally considered harmful, they can
also exert several beneficial actions. These include neuroprotection, mobilization of neural
precursor cells for repair, remyelination and axonal regeneration as has been discussed
elsewhere [24, 25, 26, 28, 29, 47].
In addition to their role in neuronal damage and cell death in PD and other disorders,
microglia cells can also exert protective effects that could e.g. delay SN neurodegeneration [
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140, 141, 142]. A related yet still unresolved issue is whether microglial cells are detrimental
to, or rather supportive of, subsequent neuro-regenerative responses and adult neurogenesis
[143, 144, 145, 146, 147, 148, 149, 150, 151]. It has been proposed that microglial activation
per se is not pro– or antineurogenic, but that the extent of neurogenesis may depend on
the activational status of the microglial cells and their phenotype, and hence on the balance
between locally secreted molecules with a pro- or anti-inflammatory action [27]. In this
respect, a recent study showed that unchallenged, ramified microglia, rather than activated
microglia, can phagocytose apoptotic newborn cells from the adult subgranular zone
neurogenic niche. Their efficiency remained the same throughout adulthood and during
conditions of acute inflammation, suggesting that phagocytosis by microglia is even important
for the maintenance of the functional neurogenic niche in both health and disease [152].
As reviewed by Lucin and Wyss-Coray (2009), considerable heterogeneity exists in
microglia. They do not represent a single, uniform cell population, but rather encompass a
diverse family of cells with several different phenotypes [41, 43, 46, 153, 154]. An important
consequence of this is, that microglial cells neither respond in a stereotypical manner, nor do
they follow an identical, predetermined program when activated or triggered by an immune
challenge. Rather, they display an extensive differential repertoire of responses towards various
types of stimuli or antigens, or to local contexts of e.g. injury. Thereby, they can strongly
influence inflammatory responses and disease outcome in a differential and brain regionspecific manner (summarized in Figure 1). So far, most of our knowledge on functional
aspects of microglial activation has come from in vitro studies. Yet, cultured cells are unlikely
to react in a similar way as in the in vivo situation and their response will therefore not mirror

Figure 1 Several hypotheses underlying the debate on whether microglia are friend or foe and how they affect
neuropathology in Parkinson’s disease (progression) are depicted in this scheme (microglia are represented in
different colours and forms to illustrate the different possible phenotypes).
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the full complexity of microglial activation in vivo. Ideally, given these differential responses,
such comparisons should be made in resting versus activated microglia and addressed in vivo
approaches as well.
Graeber and Streit (2010) argue that the concept of ‘bipolar’ microglial activation
states is ambiguous. They propose a prototypical, yet functionally plastic microglial cell type,
which has a unique ontogenesis but that is shaped by previous experiences and earlier disease
conditions [40, 155]. Both these aspects likely influence the functional repertoire and capacities
of the adult microglial cell. Their expression would then depend on local environmental cues
[40, 156]. This concept has triggered discussions about the triggers that instruct microglia
to acquire a specific phenotype, and the unique properties in which these phenotypes then
differ. For instance, can an identical population of microglia turn into both destructive and
protective phenotypes based on a unique stimulus? In other words, it is still unknown whether
the nature of the response is determined by the local context, or whether this sequence of
events depends on the (extent of) neuropathology that is already present in various brain
regions [41, 46]? Until now, a main focus for PD research has been on microglial activation
and neuropathology in the SN. However, given their heterogeneous nature and based on the
diverse spectrum of neuropathological changes in various brain regions (see Section 5.3.), we
propose that microglial activation, depending on their anatomical location and context, may
play an important role in directing the neuropathological outcome (see Figure 1).

5.2.1. Microglial priming
An interesting issue in this respect is the concept of microglial priming [41, 108, 155, 157,
156]. Microglial cells can respond differently to the same stimulus when it is encountered
later or earlier in time, and/or whether another type of stimulus has preceded its activation
and has thereby ‘primed’ the microglial response [158]. A chronic reactive, or primed, state
of microglia in an aged or diseased brain has been implicated in a discordant inflammatory
response. The ageing process itself appears to serve as a ‘priming’ stimulus for microglia,
and upon secondary stimulation (e.g. peripheral signals communicating infection), primed
microglia can release disproportionate quantities of pro-inflammatory cytokines, and may
inflict more harm than good [159, 160, 161].
Another concept is that in a diseased brain, microglia are primed as a consequence
of changes in their local microenvironment (e.g. α-syn accumulation). Systemic inflammation
can impact these primed microglia and switch them from a relatively benign to a more
aggressive phenotype that is characterized by enhanced synthesis of e.g. pro-inflammatory
mediators [108, 155, 156]. In a slowly propagating prion-disease mouse model, activated
microglia, although displaying an anti-inflammatory phenotype, were indeed shown to be
primed by the ongoing pathology, and these cells could switch their phenotype following a
subsequent inflammatory challenge. This phenotypical switch was evident from augmented
production of IL-1β and increased levels in TNF, IL-6 and iNOS mRNA after peripheral LPS
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challenges, a cytokine profile generally associated with high amounts of neuronal apoptosis
and an accelerated appearance of neurological symptoms. Under normal conditions, such
symptoms are selectively associated with later stages of the disease [108].

5.2.2. Microglial ageing
Besides microglia ‘priming’, a concept called cytorrhexis has attracted considerable attention,
particularly in view of its putative role in neurodegeneration [39, 162, 163, 164]. The occurrence
of several microglial subtypes that become increasingly dysfunctional with age may lead to
a loss of its neuroprotective/neurosupportive function, and could, over time, contribute to
neurodegeneration [42]. This viewpoint assumes 1) that microglia are neuron-supporting and
neuroprotective cells, and 2) that development of non-familial, sporadic neurodegenerative
diseases (PD, AD) is also age-dependent. In AD, Streit et al. (2006, 2009) have suggested that
it is this age-related loss of the microglial neuroprotective capacity, rather than the microglial
activation per se, that is deleterious and harmful and promotes disease progression [39, 162,
163]. It is important to realize however, that an early manifestation of PD and AD in e.g. the
familial cases can not be easily explained by this theory.

5.2.3. Microglial polarization; M1 versus M2 responses
Studies in non-neural tissues on the activation of macrophages by various stimuli, referred
to as macrophage polarization, have provided more insight into the functional properties of
these cell types. This bears some relevance to closely related microglial phenotypes in the brain
[44]. Research in this field has revealed that macrophages can become polarized into either a
pro- or anti-inflammatory state depending on their activational state, and can exhibit either
harmful or protective and reparative properties, respectively [165]. Based on transcriptional
profiling, proteomics and functional assays, macrophages are typically categorized into
‘classically’ activated macrophages (M1 type) or ‘alternatively’ activated macrophages (M2
type), see Figure 2 [166, 167]. M1 macrophages are polarized by interferon-gamma IFNγ (Th
1 type cytokines), and then produce pro-inflammatory cytokines (IL-12, IL-1β, TNFα) and
oxidative metabolites (e.g. ROS) that can cause cytotoxicity. In contrast, IL-4, IL-10 and IL13 (Th 2 type cytokines) activate M2 macrophages, which downregulate pro-inflammatory
cytokines, increase expression of anti-inflammatory molecules and facilitate wound healing
and repair, also within the damaged CNS [165, 166, 168, 169].
Related to this, the concept of ‘protective autoimmunity’ has been proposed, that
involves a properly controlled immune response, mediated by T-cells and directed against
specific CNS derived antigens. For instance, in AD, the aggregated forms of beta-amyloid
can be considered a self-derived, yet deleterious and even destructive compound that may
render microglia cytotoxic. Butovsky et al. (2005) demonstrated that the cytokines IFN-γ
and IL-4, characteristic of pro- and anti-inflammatory T cell-derived cytokines respectively,
can render microglia neurotoxic or neuroprotective. Indeed, cytotoxicity induced by beta-
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Figure 2 M1 and M2 macrophages,
the extremes of a continuum. Critical
properties of polarized macrophage
populations are summarized. M1 type
molecules are induced by IFN-γ and
LPS and are related to neurotoxicity.
M2 type molecules are induced by IL4, IL-13 and IL-10 and are related to
neuroprotection.

amyloid could be prevented by pre-treatment of microglia with IL-4, but not with IFN-γ,
suggesting that beneficial or harmful effects of the local CNS immune response do depend on
a T-cell-mediated response and can in principle be modulated. An interesting implication of
this is that such crosstalk may enable microglia to alleviate, rather than aggravate, stressful or
damaging conditions in the damaged CNS [48, 170, 171].
Two interesting theories have further been put forward regarding microglia
M1 versus M2 profiles; one of them highlights the importance of T-cells and the crosstalk
between peripheral and central nervous system immunity, the other aims at interconnecting
priming, ageing and polarisation within the brain; 1) Schwartz et al. (2009) have put forward
the concept that it is the T-cell that controls the recruitment of blood-borne monocytes to
enter a site of injury. They propose that the latter cells play an important role in tissue repair
and healing compared to the more detrimental type of resident microglia. Under healthy
conditions, resident microglia can deal with small deviations in homeostasis but under more
severe and chronic conditions, however, a prominent activation of resident microglia leads to
neurodegeneration. At this point, the assistance of T-cells comes into play and together with the
blood-borne monocytes, they can restore homeostasis and lead to neuroprotection [171, 172,
173]. This new concept of close interactions between peripheral and central nervous system
immunity opens up new windows for therapeutic interventions, as will be discussed later; 2)
The other hypothesis attempts to bring together ageing, priming and the polarisation states
[174]. A key element in the transition from a classical activation state (M1) to a surveying state
(M2) is the regulation by several anti-inflammatory mediators [175], which further promote
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anti-inflammatory and repair profiles in microglia [167, 176]. In the aged brain, microglia
might not be able to properly maintain their activation following an immune challenge, due
to a reduced sensitivity to anti-inflammatory feedback from e.g. neuronal regulators [177,
178, 179] and anti-inflammatory cytokines. It has been shown that levels of IL-4 and IL-10,
key anti-inflammatory and M2 promoting cytokines [176], are decreased in the brains of aged
rodents [174, 180, 181]. Also, a failure to increase IL-4 receptor-alpha surface expression on
aged microglial cells after LPS treatment was found to be associated with a reduced sensitivity
to the M2 promoting effects of IL-4. Whereas in young adult mice, activated microglia could
be successfully transitioned from a M1 to a M2 profile by means of IL-4, activated microglia
taken from aged mice did not respond but preserved a prominent M1 profile [174]. Hence,
both ageing and priming influence, and likely determine, whether microglia can switch back
and forth from M1 to M2 profiles, or whether they maintain either one of these profiles.

5.3. Microglial reactivity in PD: beyond the substantia nigra
5.3.1. The olfactory bulb
The olfactory bulb is a brain region of considerable interest for PD etiology since it is affected
already early in the course of the disease by α-syn pathology [23] and impairments in olfactory
function can precede the appearance of the classical motor symptoms [14]. Vroon et al. (2007)
have further demonstrated that similar to the nigrostriatal system, a neuroinflammatory
response was also present in the olfactory bulb, where increased microgliosis was found
in post-mortem olfactory bulb tissue of PD patients. Using MPTP-treated mice, they also
observed extensive microgliosis in the olfactory bulb already in early stages of the pathology,
parallel to increases in IL-1α and IL-1β expression. Furthermore, in IL-1α/β knock-out mice,
a reduction in MPTP-induced microglial reactivity was found in the striatum and olfactory
bulb, indicating that IL-1 plays a direct role in mediating microglia activation after MPTP
treatment and confirming its implication in the general inflammatory response in the MPTP
model of PD. However, in the SN, no such reduction was observed and microgliosis was even
slightly enhanced. A region-specific upregulation of IL-1 type 1 and/or type 2 receptors was
observed in mouse brain after MPTP-treatment, indicating that regional differences in the
local production of inflammatory mediators influence the differential responsivity of different
brain areas to an identical insult or toxin [49]. Thus, neuroinflammatory responses are not
restricted to the nigrostriatal system alone but are also present in the olfactory bulb, both in
experimental as well as clinical PD.

5.3.2. The limbic system & locus coeruleus
In Braak stage 4 of PD, the hippocampus and amygdala become severely affected [37].
However, it is unknown whether hippocampal inflammation impacts, or aggravates, the
development of neuropathology and hence whether it may influence PD progression in this
region. Recent data now show that MHCII-positive microglia are associated with ageing and
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pathological conditions throughout the CNS [182, 183]. Although ramified microglia do not
express MHCII antigens in the healthy human brain, these surface antigens are readily upregulated during ageing as well as during CNS pathology, including PD [183]. Imamura et
al. (2003) investigated resting and activated microglia in normal and PD brains and showed
that MHCII-positive microglia were diffusely distributed within the nigrostriatal system,
limbic system and cerebral cortex in PD brains. Numbers of activated microglia were not
only significantly higher in the SN and putamen but also in the hippocampus, transentorhinal
cortex, cingulate cortex and temporal cortex of PD patients, compared to control subjects.
Interestingly, these activated microglial cells contacted only around 20% of cortical LBs and
no correlation was found between the numbers of LBs and the number of activated microglia.
This suggested that they do not play a major role in the clearance or phagocytosis of these
pathological elements. However, these authors did find a correlation between α-syn positive
neurites and microglial activation, suggesting that α-syn accumulation in neurites could play
a role in the activation of microglia and that it is not the α-syn positive LB per se, but rather
the Lewy neurites and the extracellular and aggregated α-syn that are implicated in microglial
activation [183].
As mentioned before, dementia often develops in advanced stage PD patients,
when pathology has spread to cerebral cortical brain areas. In addition to the presence of
numerous MHC class II positive microglia in the hippocampus of PD patients, IL-6 and
TNFα were increased in the PD brain, that notably was paralleled by a decreased expression
of neurotrophic factors [119]. Together, these changes may underlie at least some of the
functional changes and the cognitive deficits in PD patients.
Baloyannis et al. (2006) also studied post-mortem material from patients with PD
or PD with dementia. They found a significant loss of noradrenergic neurons in the locus
coeruleus in all cases of PD, but this was most prominent in PD cases with dementia. Besides
hippocampal pathology, noradrenaline loss may thus also be involved in the decline of
higher mental functions in PD [184]. Although it has so far not been studied in all brain
regions involved in the non-motor symptoms of PD, there are clear indications that microglia
reactivity is present there. Their function in relation to PD pathology and pathogenesis,
however, remains to be established in more detail.

5.4. Microglial regional specificity
Microglial cells not only vary in numerical density throughout the CNS, they also seem differ
in their regional specialization, phenotypes and responsivity. Yet, issues as to whether truly
separate subsets of microglial cells exist, the conditions that determine their phenotype and
the role of the local anatomical context, their origin, or unique markers, are so far poorly
understood. One of the first studies in which microglial subsets and regional specificity
were identified used histological methods on rat tissue and showed that an oligosaccharide
constituent of keratan sulfate (KS) chains of proteoglycans was selectively expressed only by
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the microglial subsets that had a ramified shape, i.e. the characteristic phenotype of resting
microglia [185]. Particularly the hippocampus, brainstem and olfactory bulb contained high
numbers of KS+ cells, whereas the cerebellar molecular and granular layers were populated
with fewer KS+ cells. Interestingly, the spinal cord contained a higher number of KS+ cells
in the gray matter than in the white matter. It was suggested that this heterogeneity was
particularly due to interactions between microglial cell membrane receptors and components
of the local microenvironment that obviously differ between brain areas [185, 186, 187].
More recently, in healthy mouse brain, microglial surface expression of 11
immunoregulatory markers including CD45, MHCII and CCR9, was clearly different between
brain regions; e.g. hippocampal-derived microglia showed the lowest expression for CD45,
CD80, CXCR3 and CCR, but the highest expression for F4/80, whereas in the cerebellum
microglia showed highest expression for CXCR3 and lowest for F4/80 [43]. Various
microenvironmental factors, including specific neuronal proteins, signalling molecules and/
or electrical properties and neuronal activity may contribute to these distinct phenotypes in
different brain regions [43, 175, 188, 189]. Although De Haas et al. (2008) used microglial cells
derived from healthy brain; it is likely that the same regional specificity applies to diseased
conditions as well. Indeed, while microglial-derived TNFα contributed to neurodegeneration
in the striatum, this cytokine could provide protection against neurodegeneration in the
hippocampus [190, 191]. Hence, we propose that the established regional differences in
microglial responsivity play an important role in the differential α-syn pathology between
brain regions and in the subsequent neuronal dysfunction during PD [23, 37].

5.5. PD and cytogenesis
In addition to cell death, changes in cell birth have been described in PD (models). Winner
et al. (2004) observed significantly less newborn cells in the olfactory bulb and hippocampus
of adult human α-syn transgenic mice compared to control littermates. This effect was almost
exclusively due to a diminished survival of neuronal precursors in the primary neurogenesis
regions, suggesting that the finely tuned equilibrium between neuronal cell birth and death in
such regions is altered in human α-syn-overexpressing mice. It further indicated that reduced
neurogenesis in the subventricular zone, supplier of newborn cells to the olfactory bulb, may
contribute to the early olfactory deficits seen in PD [192, 193, 194]. Several other studies using
PD and AD animal models further reported a decrease in adult neurogenesis, especially in
the subventricular zone and olfactory bulb [195, 196, 197] but exceptions exist as well [198,
199, 200].
Although effects of inflammation on neurogenesis have not been studied in great
detail in most PD studies, inflammation may impair neurogenesis in the olfactory bulb, as it
does e.g. in the hippocampus and selective neural precursor cell dysregulation could contribute
to manifestations of PD like hyposmia and memory impairment, respectively [197]. Imamura
et al. (2003, 2005) confirmed enhanced microglial activation in the hippocampus as well, and
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proposed that this may be the cause for cognitive decline in PD patients. However, neuronal
loss was not investigated in detail.

6. General discussion; microglia as putative
therapeutic target for PD
Over the past years, the traditional view of microglia as macrophages of the brain has been
abandoned and current views acknowledge microglia as versatile cell types with a variety of
functions that play important roles, in a context and brain region-specific manner, in both
the diseased and healthy CNS [45, 46, 148, 151]. Although the general view assumes that
microglial cells are detrimental at disease onset, numerous studies have illustrated opposite
roles and stress that also an anti-inflammatory and neurotrophic profile of microglia may be
relevant during disease progression.
In this review, we have discussed the inflammatory component and possible dual
role of microglial cells in PD etiology and reviewed the activated status of microglia, and
their interactions with neurons, in various PD brain regions, in relation to motor and nonmotor symptoms. A strong direct correlation between increased microglial activation and
dopaminergic cell death in the SN of PD patients and in PD animal models has been shown.
Strikingly, this correlation is lost in the olfactory bulb. Although an increase in microglial
activation was found here, neuronal cell death was absent [49].
The emphasis on harmful effects of microglial activation in PD and its negative
reputation appears to be based on the somewhat outdated view that all activated immune cells
would consist of a uniform population and are destructive regardless of their origin (resident
or blood-borne), which is most likely not the case. Moreover, such views neglect the influence
of the microenvironment and its effect on microglial phenotypes and their activational status
[43, 48, 163, 172]. Therefore, it is not surprising that initially promising therapeutic approaches,
such as NSAIDs, have so far yielded mixed results. Consequently, the field would benefit from
a better understanding and appreciation of the cellular, anatomical and molecular diversity of
the microglial cell population. A main question in this respect is whether microglia are to be
considered as friend or foe regarding neurodegenerative processes. So far, we have reviewed
examples that microglial cells display extensive heterogeneity both in terms of response
and in terms of repertoire. The specific role they take on depends on the regionally specific
context. These new findings and insights are important in light of future development of novel
therapies and treatment options for PD.
Ever since the introduction of L-DOPA as a therapy in the mid-1960s, several
therapeutic strategies have evolved, but they remain symptomatic, and fail to stop disease
progression. Unfortunately, these treatments are often associated with serious side effects,
as reviewed recently by Toulouse and Sullivan (2008). Importantly, most therapies to date
were designed to relieve solely the motor symptoms and have no effect on the non-motor
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manifestations of PD [201, 202]. Neuroprotective therapies (e.g. anti-oxidative agents,
vitamins, neurotrophic factors, exercise) may offer a way of preserving the remaining neurons
and could, in combination with symptomatic pharmacological treatment, improve long-term
outcome of PD patients. However, the ideal neuroprotectant, i.e. one that preserves neurons
and stops their demise, has yet to be identified [203, 202]. So far, adeno-associated virus (AAV)
- derived delivery systems of neurotrophic factors like glial cell line-derived neurotrophic
factor (GDNF) and neurturin (NTN), have shown promising results in both animal models
of PD and in phase I and II clinical trials [204, 205, 206]. Studies on exercise as a potential
neuroprotective therapy are consistent with the well-known exercise-mediated positive effects
on neurogenesis and neurotrophic factor expression, like BDNF and GDNF [207, 208].
Additional treatment options are cell replacement strategies, which have been in
development since the early 1980s by Bjorklund and Lindvall and others. Although foetal
tissue can be used successfully to transplant and even replace dopaminergic neurons in the SN
of PD animals, the clinical trials in patients carried out in the late 1980s were less successful
[4, 209, 210, 211, 212]. Yet, further development of this approach and improvements in cell
replacement techniques as well as improved control of the surrounding tissue responses may
lead to more effective therapies in the future [202, 213, 214, 215, 216, 217].
After the introduction of several of these therapies, mortality of PD patients
has decreased somewhat. However, the remaining mortality is largely attributed to nondopaminergic dysfunctions including postural instability, autonomic failure, dementia and
dysphagia [71, 218, 219]. As discussed earlier, non-motor dysfunction has a huge impact on
the quality of life of the patient. Therefore, solely targeting the dopaminergic cell loss will not
lead to full recovery of PD and additional strategies aimed at the non-motor symptoms will be
highly relevant from the patient’s perspective.
Modulation of the neuroinflammatory response is currently a target for therapeutic
intervention in a number of diseases including stroke, amyotrophic lateral sclerosis, PD and
AD [50, 131, 183, 220, 221, 222, 223]. Since increased microglial activation has been shown
in a number of brain regions affected by α-syn in PD, more directed intervention in the
inflammatory responses in these regions could be an interesting add-on approach to target
a larger range of symptoms [224]. Moreover, the innate CNS immune system modulates
neurogenesis and neural stem-cell proliferation and differentiation, which could be important
for transplantation strategies [27, 147, 212, 222, 225, 226, 227].
As mentioned before, several studies have demonstrated beneficial effects of NSAIDs
in in vitro models of AD and PD [116]. In agreement, epidemiological evidence demonstrates
that the intake of NSAIDs reduces the risk of developing PD and AD [110]; especially ibuprofen
lowers this risk [228, 229]. Nevertheless, a considerable number of studies failed to replicate
these findings [230, 231, 232]. Moreover, on the basis of transgenic mouse models, it has
been suggested that stimulating inflammation rather than its inhibition might be beneficial in
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Figure 3 Scheme illustrates a bottom to
top time frame of the development of
PD treatment and therapies, including
possible future approaches. Bottom:
treatment focussed on alleviating motor
symptoms. Top: Aimed at preventing
disease progression (AAV: adenoassociated virus).

neurodegeneration [233]. If so, administration of anti-inflammatory drugs may be expected
to exacerbate disease progression.
These contradicting findings are not surprising considering recent research that has
produced at least some novel insights. First of all, the use of systemic anti-inflammatory drugs
or immunosuppressive agents is often too general to specifically modulate an inflammatory
response in an anatomically, or cell type specific manner. Second, it does not take into account
the differential responses of all cells and effector molecules involved. It is worth re-emphasizing
here that inflammation and the glial responses to acute or chronic injury e.g., are complex
and multifaceted [234, 235]. As discussed previously, activated microglia exhibit features
associated with classical or alternative activation, releasing neurotoxic or neurotrophic factors
respectively [44, 165, 166, 169, 176, 236], and these different microglial phenotypes are likely
to have a key impact on CNS disease etiology. Most likely, future therapy will require cell
type specific and local interventions aimed at controlling the differential responses in different
brain regions in a distinct manner [235]. Recent studies focusing on particular molecular
pathways involved in microglia activation could lead to such specific and local therapeutic
interventions [237, 238, 239].
It has been put forward that failure of systemic anti-inflammatory drug therapies to
arrest neurodegenerative disease progression might result from drug-induced suppression of
blood-borne monocyte (M2) recruitment [172]. Hence, it could be beneficial to switch from
a pro-inflammatory type of microglia to an anti-inflammatory type, in PD, but also in other
degenerative diseases characterized by chronic inflammation. Polarizing the differentiation of
resident microglia towards an infiltrating blood monocytes / M2 phenotype could promote
CNS repair, while limiting secondary inflammatory-mediated injury [169]. This deserves
further investigation in PD (animal) models, e.g. by means of local injections of viral vectors
containing specific (T-cell mediated) cytokine profiles.
Under normal circumstances, the production of pro-inflammatory mediators released
by microglia is limited, enabling the brain to maintain proper homeostasis. This suggests that
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local regulatory mechanisms exist, that act on the production of these inflammatory mediators
and prevent further brain damage. Putative regulators are e.g. transforming growth factor-β1
(TGF-β1) and TGF-β2, IL-4 and IL-10, often referred to as the anti-inflammatory cytokines.
Indeed, exogenous TGF-β, IL-4 and IL-10 differentially affect the LPS-induced production
of IL-1β, IL-6, TNF-α and NO in primary co-cultures of rat astrocytes and microglial cells
[240]. Lentiviral-mediated overexpression of IL-10 or IL-1 receptor antagonist (IL-1ra) in rat
brain glial cells in vivo reduced the LPS induced TNFα, IL-6 and iNOS expression in various
brain regions. The peripheral expression of these mediators however, remained unaffected
[241]. Moreover, viral vectors expressing IL-10 or IL-1ra improved the clinical outcome in
a rat model of multiple sclerosis [241]. This study highlights, that stimulating endogenous
anti-inflammatory cytokine production, can neutralize toxic or pro-inflammatory processes
in selective brain regions, notably without interfering with other mediators or peripheral
inflammatory responses. In other words: changing the classically activated microglia to an
alternatively activated and more beneficial phenotype can be of considerable therapeutic
interest (see Figure 3).
Although such studies are promising, microglial subpopulations do exist and vary
between different brain regions. Therefore, targeting the entire brain could be dangerous.
While activated microglia generally reflects distinct states of effector functions in different
disease states [242], more research is necessary on microglia heterogeneity in both healthy
and diseased brain, which will then enable us to find specific targets and direct e.g. viral vector
mediated intervention strategies to more local targets. In this way, affected brain regions in PD
can receive their own ‘tailor-made’ and specialized treatments, modulating distinct aspects of
the inflammatory response, with the eventual goal to stop progression of the broad spectrum
of PD symptoms, both motor and non-motor mediated.
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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 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 1) no correlation between microglia and α-synuclein
(PD), 2) a positive correlation with β-amyloid (AD) and 3) a negative correlation with
hyperphosphorylated tau (AD). Furthermore, despite the observed pathological 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.
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Introduction
Neuroinflammatory processes have been implicated in the pathogenesis of various
neurodegenerative disorders, including Parkinson’s (PD) and Alzheimer’s disease (AD) [1, 2].
Under degenerative conditions, the resting microglial cells, that represent the brain’s innate
immune system, rapidly transform from morphologically 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 [3, 4].
In vivo imaging as well as human post-mortem studies have revealed the presence of reactive
microglia and pro-inflammatory mediators at the classical pathological sites in the PD [5, 6,
7, 8] and in the AD brain [9, 10]. In post-mortem tissue, microglia with a reactive phenotype
accumulate not only around α-synuclein (α-syn) aggregates in the substantia nigra (SN) of PD
patients [8], but also around beta amyloid (Aβ) plaques and neurofibrillary tangles (NFT) in
the hippocampus (HC), and enthorhinal cortex (EC) of AD patients [8, 11, 12, 13]. Moreover,
polymorphisms in genes encoding various inflammatory cytokines have been associated with
a greater risk to develop AD or PD [14, 15].
In vitro application of Aβ, or α-syn, to cultured microglia influences their
phagocytic properties, and possibly those of astroglial cells, while increasing their secretion
of inflammatory mediators, such as tumor necrosis factor alpha (TNFα) and reactive oxygen
species [16, 17]. Activation of microglia by pathological protein deposits has further been
linked to increases in neurotoxicity and degeneration [18, 19, 20] as supported by in vivo data
from related PD and AD mouse models [21, 22]. 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 [23,
24]. Further evidence for a ‘prion-like’ hypothesis for α-syn spreading and a causal relationship
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 [25]. In PD, α-syn pathology in the olfactory bulb (OB) is an early event and present
already during presymptomatic stages of the disease [26]. 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 [27, 28, 29].
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 celllayer
of the OB and olfactory tract that is important for olfactory function [30, 31]. Notably, these
neuropathological changes are consistent with the characteristic olfactory impairments in de
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novo PD patients as well as hyposmia as an early symptom in AD [32, 33, 34, 35]. Moreover,
olfactory dysfunction seems to relate to disease progression in both the pre-motor and motor
phase of PD [36, 37].
Previously, we observed microgliosis and elevated expression of interleukin-1 family
members in the OB of MPTP-treated mice, supporting that in this animal model for PD,
neuroinflammatory responses extend beyond the nigrostriatal areas [38]. 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 examined and we carefully studied
co-localization 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 Netherlands 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 scientific
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 eleven 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 is summarized in Table 1.

Tissue processing
After autopsy, brain regions were dissected and immersion-fixed in 4% formaldehyde
for four 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
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Table 1. Patient information
Patient
number

D

Gender Age PMD
(h)

Brain Braak
Braak Braak
weight α-synuclein NFT amyloid
(g)
stage
stage 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 decompensa-tion

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

D, clinical and neuropathological diagnosis; PMD, post mortem delay; NFT, neurofibrillary tangles; C, control
subject; PD, Parkinson’s disease; AD, Alzheimer’s disease

dried, and every 10th section was used for immunohistochemical staining and morphometric
analysis. Sections were mounted on positively-charged glass slides (Menzel-Glaser SuperFrost
plus, Braunschweig, Germany).
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Immunohistochemistry
Sections were heated in a stove for 1 hr 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 min at 90-99°C. For α-syn staining, antigen retrieval was performed using
pretreatment with 100% formic acid for 10 min. After pretreatment, the sections were allowed
to regain room temperature (RT), rinsed in TBS, and incubated for 20 min in TBS containing
0.3% H2O2 and 0.1% sodiumazide. Non-specific binding sites were blocked with 5% nonfat dried milk in TBS containing 0.5% Triton (TBS-T; blocking solution) for 30 min at RT.
Subsequently, sections were incubated overnight at 4ºC with mouse anti-CD68, mouse antiAβ, 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 hr at RT in biotinylated donkey anti mouse IgG’s
(1:400, Jackson Immunoresearch, Westgrove, PA, USA), followed by HRP-labeled avidinbiotin complex (ABC complex 1:400; Vector Laboratories, Burlingame, CA, USA) for 1 hr 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).

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, 610786

Cow GFAP

Rabbit

1:2000

DAKO, ZO334

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 [39]. 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 min 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 min. Surplus silver was removed with 5% sodium
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thiosulfate in H2O (5-10 minutes). Sections were dehydrated in graded ethanol solutions,
cleared in xylene and coverslipped in Entellan [40].

Immunofluorescence			
For double-labeling of glial cells and pathological proteins, a combination of antibodies for
microglia, i.e. CD68, or astrocytes, i.e. GFAP, and for Aβ, HPtau, or α-syn were used. Sections
were sequentially incubated (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). Sections
to be stained for all other antibody combinations were pretreated with citrate buffer (pH
6.0). All antibodies were diluted in the blocking solution as indicated above. After a 48 hr
incubation at 4oC, the sections were washed and subsequently incubated for 90 min at RT
with appropriate Alexa Fluor 488 or Alexa Fluor labeled 594 IgG’s or with streptavidinlabeled Alexa Fluor 594 (1:400, Jackson Immunoresearch, Westgrove, PA, USA) 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.
Sections were examined using a confocal laser scanning microscope (Leica TSC-SP2-AOBS;
Leica Microsystems, Wetzlar, Germany).

Table 3. Antibodies and conjugates used for double labeling
Antigen

Species Final
Source
dilution

Secondary ab’s and
conjugates

Human CD68
Human α-synuclein

Mouse
Goat

1:300
1:200

DAKO, clone KP1
Santa Cruz sc 7012

DoaM-AF488 1:400
DoaG-AF594 1:400

Cow GFAP
Human α-synuclein

Rabbit
Goat

1:2000
1:200

DAKO, ZO334 +
Santa Cruz sc 7012

DoaR-AF594 1:400
DoaG-AF488 1:400

Human CD68
Biotinylated human
hyperphosphorylated Tau

Mouse
Mouse

1:300
1:100

DAKO, clone KP1
Thermo Scientific

DoaM-AF488 1:400
Streptavidin-AF594 1:400

Cow GFAP
Human hyperphosphorylated tau

Rabbit
Mouse

1:2000
1:300

DAKO
Innogenetics

DoaR-AF488 1:400
DoaM-AF594 1:400

Human CD68
Biotinylated human β- amyloid

Mouse
Mouse

1:300
1:400

DAKO, clone KP1
Covance, SIG39240

DoaM-AF488 1:400
Streptavidin-AF594 1:400

Cow GFAP
Human β-amyloid

Rabbit
Mouse

1:2000
1:1000

DAKO, ZO334
DoaR-AF594 1:400
Chemicon mab1561 DoaM-AF488 1:400

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
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of 15-20 μm in the granular cell layer of the OB in the Nissl-stained horizontal sections [30,
31]. AON parts that extended into the olfactory tracts and substantia perforata anterior were
rare and excluded from analysis. Delineation of the total AON was performed in each section
by outlining the separate groups of large neurons that were just slightly Nissl-positive (Figure
1a, b).

Identification criteria of ramified and amoeboid microglia, and of AON neurons
Microglial cells were identified by positive CD68-immunoreactivity [41]. While both
microglial subtypes are characterized by a cytoplasmic staining, the ramified microglial
celltype 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 CD68stained 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 [42] and a big nucleus containing Nissl
substance bound to nucleic acids (Figure 1c).

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 represents 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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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 photomicroscope with a CCD color videocamera (Optronics, 1200-1660 pixels)
and a LEP XY motorized stage with StereoInvestigator software version 9.0 (MicroBrightfield
Inc., Colchester, VT). The depth of the focal plane was measured with a Heidenhain MT12
microcator (Heidenhain, Germany) 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 100x in sections collected serially throughout the
OB, yielding 3-6 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 [43]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 subsequently 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
fraction (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
(i.e. 10 µm) and the mean weighted thickness of the sections (13.9 μm, SEM 0.4 μm) included
in the analysis. Quantification of the microglial cells and neurons was performed using a 40x
objective lens resulting in a final magnification of 400x.

Assessment of AD and PD neuropathology in the AON
The presence and severity of HPtau-immunoreactive NFTs, Ab-immunoreactive senile
plaques and a-syn-immunoreactive Lewy bodies/neurites (LBs/LNs) were analyzed by
two trained investigators unaware of the Braak pathological score of each patient. A semiquantitative scoring of pathology in the AON was performed using a 200x magnification.
A final score ranging from 0-4 was assigned to the major histological signatures of AD and
PD, as previously done by others [44, 45] with a score of 0 given to the AON devoid of HPtau
positive NFTs, Ab 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 moderate 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 Ab positive senile plaques or α-syn positive LBs/
LNs in the AON (see Table 4 for pathology score per case).
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Table 4.1 : Pathology score in AON of PD patients
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

PD, Parkinson’s disease, NFT, neurofibrillary tangles; n.a, not available
Table 4.2 : Pathology score in AON of AD patients
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

AD, Alzheimer’s disease, NFT, neurofibrillary tangles

Statistical analysis
The mean and standard error of the mean (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 calculations, 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 = .001). Therefore, this variable was taken
as covariate in the subsequent one-way independent MANCOVA, performed for amoeboid
microglial density, ramified microglial density and neuronal density. The main analysis was
followed up by Bonferroni corrected, pairwise comparisons. Correlation analysis was performed
using Spearman rank correlation analysis. Statistical analyses were performed with the SPPS
package version 20.0 (Statistical Product and Service Solutions, Chicago, IL, USA).
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Results
Microglial phenotypes in classical pathological brain regions of AD and PD patients
Before studying microglial cell morphology in the OB, we examined 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 [8, 9]. In the SN of control subjects, numerous
neuromelanin-pigmented, dopaminergic neurons 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

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 postive amoeboid microglia (arrow) appeared; bar (a-d)=50
μm.
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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)
immunoreactivity was less present or absent in the AON of control subjects. 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 presented some α-syn or Aβ pathology in the
AON, respectively, whereas all PD patients showed HPtau pathology, though 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

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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4a-c). In control subjects, the presence of amoeboid microglia was less prominent (Figure
4a) when compared to the increased 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
postmortem delay 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 = .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 6.65x103 ± 1.61, mean PD patients 25.54x103 ± 7.05, mean AD patients 39.26x103 ±
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 28.79x103 ± 2.67, mean PD patients 24.04x103
± 4.91, mean AD patients 19.42x103 ± 2.79). For the number of neurons per mm³, statistical
significance was also not reached (F(2,22) = 2.01, p = 0.157; mean control subjects 72.06x103
± 4.82, mean PD patients 66.79 x103 ± 5.19, mean AD patients 61.28x103 ± 4.16). Compared
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
approximately 4- to 6-fold increases in amoeboid microglia densities for PD and AD patients,
respectively (Figure 5).

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.
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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 (versus control
subjects).

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 immunoreactivity 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 pathology scores with amoeboid microglia within AD patients and found
no correlation (rho=-0.261, n=8, p=0.053 n.s.). 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 n.s.). 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 n.s. and rho=0.894, n=4, p=0.106 n.s., 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, no colocalization between Aβ and CD68 positive amoeboid microglia
was observed in the AON of AD patients, whereas α-syn and HPtau did not colocalize with
CD68. Similarly, colabeling with GFAP showed that the pathological proteins in the AON
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Figure
6
Absence
of
colocalization
of
CD68
positive microglia and protein
aggregates in PD and AD
patients.
Representative
images
of
confocol
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 (af)=20 μm

(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).
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Figure
7
Absence
of
colocalization
of
GFAP
positive astrocytes and protein
aggregates in PD and AD
patients.
Representative
images
of
confocol
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)=40μm

Figure 8 Bodian staining in the AON of control subjects, PD and AD patients.
(a) In the AON of control subjects, Bodian staining showed normal appearing neurites (arrow). (b) In PD
patients, and (c) in AD patients, Bodian staining showed morphologically altered neurites, and disconnected
fiber parts (arrowhead); bar (a-c)=20μm.
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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 towards 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 [24, 28,
46, 47, 48]. 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 [49].
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 [27, 28, 38], 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 and AD patients.
As similar observations have been made in another non-traditional pathological site in PD,
the hippocampus [50], 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 [51]. Within other brain regions, this may be different [52] as
in the SN of PD patients a positive correlation has been found before between microglial cell
activation and α-syn deposition [53]. Hence, microglia may respond differentially to α-syn
pathology in the AON compared to the SN of PD patients due to differences in microglial
cell subtypes [54]. The concomitant differences in local environment may have various
consequences for neuronal functioning [55].
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 [56]. Unexpectedly, HPtau levels and amoeboid microglia density in
the AON of AD patients showed a significant negative correlation. The level of HPtau was, at
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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 that Aβ 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 [57, 58, 59], but can be externalized to have
paracrine effects [60, 61], e.g. activate local microglial cells.
Since a common hypothesis focuses on a predominantly detrimental role of
activated microglia, we quantified the number of 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 extensive 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 [62], it is worth noting that the OB is part of the neurogenic pathway [63]
and new-born neurons residing in the OB might, at least in theory, compensate for PD and
AD related neuronal degeneration [64, 65, 66]. Moreover, the number of TH positive neurons
is increased in the glomerular layer of the OB of PD patients, indeed suggesting that some
compensatory mechanisms may occur in the AON [48, 67]. As the Bodian silver staining
did reveal a typical neuropathological pattern with altered neurite morphology, indicative of
dystrophic neurites [39, 68] 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 cognitive decline in AD [69, 70].
On the other hand, HPTau, Aβ and α-syn deposits in the olfactory bulb can affect normal
neurotransmitter release and hence cause disturbances in local information processing [48].
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 CNS, given their enhanced phagocytic properties
upon activation in vitro [71]. Indeed, several in vitro studies have presented evidence of
phagocytosis of PD or AD related pathological proteins by microglial cells [72, 73]. 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 immunohistochemical colocalization of microglia with pathological proteins in several affected brain regions. Although
the interpretation of such data should be done with care, it suggests that microglia either do
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not readily phagocytose pathological proteins or ingested pathological proteins are quickly
degraded within microglia [74]. In addition, our data did not support the alternative option,
i.e. that phagocytosis is performed by astrocytes that can also have scavenger properties under
specific conditions [75, 76].
In agreement with little phagocytic activity of glial cells in PD and AD brain, it has
been shown that pathological protein aggregates in an AD mouse model were also surrounded
by microglia and astroglia, but were not internalized by these cells [77]. In fact, in vitro studies
suggest that isolated, and healthy, human microglia cells take up Aβ less readily in contrast
to peripheral macrophages [78]. In addition, macrophages derived from AD patients indeed
have poorer Aβ phagocytic properties when compared to macrophages isolated from control
subjects [79]. Lately, attention has focused on the possibility that the altered morphology
of microglial cells during aging or under neurodegenerative conditions is a consequence of
microglial senescence rather than a reflection of their activational state [80]. Using similar
immunohistochemical techniques, the so-called dystrophic microglial cells, rather than
“activated” microglial cells, were found to have impaired phagocytic function [81]. 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 [81, 82].
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 [17,
83, 84]. This inability of microglia and astrocytes to take appropriate care of pathological
protein aggregates [85] would then lead to progressive pathological protein accumulation
within the CNS and could induce a feedforward 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 amoeboid microglia within
the AON of the OB, a region beyond the traditional sites of PD and AD neuropathology,
occurring irrespective of the type of pathological protein deposited. Correlation analysis
between amoeboid microglia density and level of pathological 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 co-localization 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
contribute to the functional deficits in the AON of PD and AD patients, such as hyposmia.
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Abstract
Next to α-synuclein deposition, microglial activation is a prominent pathological feature in
the substantia nigra (SN) of Parkinson’s disease (PD) patients. Little is known, however, about
the different phenotypes of microglia and how they change during disease progression, in the
SN or in another brain region, like the hippocampus (HC), which is implicated in dementia
and depression, important non-motor symptoms in PD.
We studied phenotypes and activation of microglia in the SN and HC of established
PD patients (Braak PD stage 4-6), matched controls (Braak PD stage 0) and incidental Lewy
Body disease (iLBD) cases (Braak PD stage 1-3) that are considered a prodromal state of PD.
As recent experimental studies suggested that toll-like receptor 2 (TLR2) mediates α-synuclein
triggered microglial activation, we also studied whether TLR2 expression is indeed related to
pathology in iLBD and PD patients.
A clear α-synuclein pathology-related increase in amoeboid microglia was present in
the HC and SN in PD. Also, morphologically primed/reactive microglial cells, and a profound
increase in microglial TLR2 expression were apparent in iLBD, but not PD, cases, indicative of
an early activational response to PD pathology. Moreover, TLR2 was differentially expressed
between the SN and HC, consistent with a region-specific pattern of microglial activation.
In conclusion, the regional changes in microglial phenotype and TLR2 expression in primed/
reactive microglia in the SN and HC of iLBD cases indicate that TLR2 may play a prominent
role in the microglial-mediated responses that could be important for PD progression.

Karlijn J. Doorn1,2, Tim Moors2, Benjamin Drukarch2, Wilma D.J. van de Berg2, Paul J.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder that affects 1-2% of
the elderly population [1]. Besides classical motor problems that are related to nigro-striatal
dopamine deficits [2], also non-motor symptoms are common in PD. These include autonomic
dysfunction, sensory, sleep and cognitive disturbances as well as neuropsychiatric alterations,
that strongly affect the quality of life of PD patients [3, 4, 5, 6, 7, 8]. An important pathological
hallmark of PD is the presence of α-synuclein inclusion bodies, i.e. Lewy bodies (LBs)
and Lewy neurites (LNs), which spread in a predictable manner throughout the brain [9].
While their spatiotemporal development parallels the appearance of non-motor and motor
symptoms [10], little is known about changes in microglial activation, another prominent
pathological feature of PD [11, 12, 13].
Under neurodegenerative conditions, microglial cells readily transform from a
ramified morphology into amoeboid-shaped cells. They acquire specific functions, including
phagocytosis, and can secrete a variety of factors, such as cytokines, chemokines, reactive
oxygen species (ROS) and trophic factors [14, 15]. While in vitro and experimental animal
studies had demonstrated that α-synuclein can trigger microglial activation, in vivo imaging
and post-mortem immunohistochemical studies have now established the presence of
amoeboid microglia and pro-inflammatory mediators in the substantia nigra (SN) in PD [11,
16, 17, 18, 19, 20]. Interestingly, increased densities of amoeboid microglia were also observed
in the olfactory bulb (OB) of PD patients and a mouse model for PD (MPTP; 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine) [21, 22, 23, 24]. Thus, microglial activation occurs also
outside the SN, where it coincides with α-synuclein deposition. In contrast to the SN, it is
not associated with neuronal cell death [23]. These observations agree with novel views on
microglia as a heterogeneous cell population that may exert brain region-dependent functions
[25, 26, 27, 13]. As such, microglia are thought to contribute to local inflammatory responses,
not in a uniform, but rather in a brain region-specific manner.
Based on their morphology and receptor expression, different microglial phenotypes
have been identified in the brain [28, 29]. These include cells with a small cell body and many
thin ramifications, called ramified microglia, cells with a larger, less round cell body and thick
ramifications, called primed and reactive microglia, and cells with hardly or no ramifications,
which are classified as amoeboid microglia [29]. Besides these different morphologies, likely
reflecting different functionalities [30, 31, 32], also toll-like receptors (TLR) have attracted
considerable attention. TLR activation of microglia forms the primary response against
a wide array of pathogens [33, 34], including aggregated proteins, e.g. α-synuclein [34,
35]. Activation of the TLR pathway increases the expression of various pro-inflammatory
cytokines, like IL-6, IL-1 and TNF-α [36, 37]. While earlier evidence has been obtained in
the field of Alzheimer’s disease (AD) [38, 39] and Multiple Sclerosis (MS) [40], recent studies
have implicated TLRs also in the pathogenesis of PD [41, 42, 43, 44]. In support of this, TLR-
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deficient mice are less vulnerable to MPTP toxicity and show decreased microglial activation
in the SN after MPTP treatment [45], while (Thy1)-[A30P] α-synuclein transgenic mice
show a significant upregulation of TLR2 [46]. Moreover, the oligomeric form of α-synuclein
acts as an endogenous agonist of TLR2 on microglia where it stimulates pro-inflammatory
cytokine expression [47]. As this effect is not induced by TLR3 and TLR4, the TLR2 subtype
is considered highly specific for the neuroinflammatory response of microglia in PD [41].
Thus far, studies on microglia in PD have focused mainly on the SN. Based on the
spatiotemporal development of α-synuclein pathology over different brain regions during
PD progression, also microglial activation may differ between brain regions. In the present
study, we investigated differences in microglial phenotype, i.e. in ramified, primed/reactive
and amoeboid subtypes, and compared the SN to the hippocampus (HC), a brain region that
has been implicated in the cognitive deficits and depressive symptoms frequently present
in PD [48, 49]. We studied tissue of clinically diagnosed and neuropathologically verified
PD patients (Braak PD stage 4-6)[50], age- and gender-matched control subjects (Braak PD
stage 0) and incidental Lewy body disease (iLBD) cases (Braak PD 1-3), that did not have
clinical PD symptoms but displayed α-synuclein deposition at autopsy and can therefore be
considered a prodromal state of PD [51]. Moreover, as α-synuclein can stimulate microglia
through TLR2, we further investigated whether TLR2 is expressed in the SN and HC of iLBD
and PD cases in relation to α-synuclein deposition.

Materials and methods
Post-mortem brain tissue
Human post-mortem brain tissue was obtained from the Netherlands Brain Bank (NBB,
Amsterdam, The Netherlands) or from the department of Pathology, VU University Medical
Center (VUmc, Amsterdam, The Netherlands). In compliance with all local ethical and
legal guidelines, informed consent for brain autopsy and the use of brain tissue and clinical
information for scientific research was given by either the donor or the next of kin. The SN
and HC were included from 14 clinically diagnosed and neuropathologically verified PD
patients (Braak PD stage 4-6). Of these, 8 SN and 9 HC were included from patients who had
suffered from dementia during PD progression (PDD). Furthermore, from iLBD cases (Braak
PD stage 1-3), 9 SN and 6 HC were studied. The control group consisted of healthy subjects
without neurological or psychiatric disease and without LB pathology (Braak PD stage 0), of
which 13 SN and 9 HC were studied. Sections from all donors were included in the studies
performed. Importantly, in 75% of the cases, the HC and SN tissue was obtained from the same
patient, ruling out the possibility that regional differences found are due to ‘between patient’
differences. All three groups were matched for gender and age; control subjects ranged from
62-92, iLBD cases from 56-91 and PD patients ranged from 59-96 years of age. Furthermore,
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all subjects were controlled and matched for post-mortem delay and cerebrospinal fluid pH
value. Donors who died of sepsis or stroke were excluded (Table 1).
The Braak neurofibrillary tangles (NFT) stages and Aβ scores for AD, and LBs/LNs
containing α-synuclein score for PD were provided by the NBB and were based upon careful
neuropathological evaluation of disease-relevant brain areas by established and qualified
neuropathologists [52]. The density and distribution of LBs/LNs, NFT and Aβ plaques were
determined based on Bodian silver staining and immunohistochemical analysis of α-synuclein
(Clone KM51, Novacastra, Bioconnect BV), hyperphosphorylated tau (Clone AT8, Pierce,
Rockford, IL) and Aβ (Clone 6F/3D, DAKO, DakoCytomation BV), respectively. The AD
Braak stages and scores were further matched between control subjects, iLBD cases and PD
patients, ruling out any possible differences in microglial activation due to AD pathology.
The clinicopathological data of the patients including the Braak staging for PD and AD of all
donors is summarized in Table 1.

Tissue processing
At autopsy, brain regions were dissected and immersion-fixed in 4% formaldehyde for four
weeks and subsequently embedded in paraffin. From the paraffin blocks of the HC and the
ventral mesencephalon, which included the SN pars compacta, 10 micrometer (µm) thick
sections were cut with a microtome, mounted on positively-charged glass slides (MenzelGlaser SuperFrost Plus, Braunschweig, Germany) and dried in a stove overnight at 37°C
before immunohistochemical staining.

Immunohistochemistry
Sections were heated in a stove for one hour at 56o C, before they were deparaffinized in xylene
and rehydrated through a graded series of ethanol (100%, 96%, 90% and 70%, respectively)
and distilled water. For subsequent antigen retrieval, sections were rinsed in 10 mM Tris
Buffer (pH 9.0) containing 1 mM EDTA (Tris-EDTA) and placed in preheated Tris-EDTA
buffer in a steamer at 90-99o C for 30 minutes. For α-synuclein staining, antigen retrieval
was performed using pretreatment with 98% formic acid (Sigma, Steinheim, Germany) for
10 min at room temperature (RT). After pretreatment, the sections were allowed to regain
RT, rinsed in Tris-buffered saline (TBS, pH 7.6) and incubated for 20 min in TBS containing
0.3% H2O2 and 0.1% sodiumazide to block endogenous peroxidase activity. Non-specific
binding was blocked with 5% non-fat dried milk in TBS containing 0.5% Triton (TBS-T, pH
7.6; blocking solution) for 30 min at RT. Subsequently, sections were incubated overnight at
4o C with mouse anti-CD68, mouse anti-α-synuclein, goat anti-TLR2 or rabbit anti-Ionized
calcium binding adaptor molecule 1 (Iba1) antibodies diluted in blocking solution (details
on the primary antibodies are specified in Table 2). Sections were then washed in TBS and
incubated for 2 hr at RT in the appropriate dilutions of biotinylated goat anti mouse IgG’s, goat
anti rabbit IgG’s or donkey anti goat IgG’s (1:400; Jackson ImmunoResearch Laboratories Inc.,
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Table 1. Clinical and neuropathological information of all included subjects

C#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Braak staging
PMD AD (NFT
PD
Sex Age (hrs)
/ Aβ)
(α-syn)
F
92
7:00
1A
0
M
88
4:23
2A
0
F
84
6:55
1O
0
M
82
5:10
1O
0
M
62
7:20
1O
0
F
77
2:55
1B
0
M
84
5:35
1A
0
M
75
4:15
1B
0
M
71
6:00
2(-)
0
M
81
7:55
2O
0
F
78
7:30
2(-)
0
M
79
6:00
1B
0
F
83
8:00
1O
0
F
83
3:20
1B
0
F
84
4:45
1O
0
F
85
5:19
2B
0
M
78 <17:00
1O
0

D
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC
NDC

Region
HC + SN
HC + SN
HC + SN
HC + SN
HC + SN
SN
SN
SN
SN
SN
SN
SN
SN
HC
HC
HC
HC

Cause of death
Acute death, pulmonary emboly
Gastro-intestinal bleeding
Myelodysplasia
Unknown
Unknown
Pulmonary metastasis
Heart failure
Respiratory insufficiency
Respiratory insufficiency
Renal insufficiency
Heart failure
Metastates prostate and lung cancer
Respitatory insufficiency
Legal Euthanasia
Heart failure
Natural death, pulmonary disease
Heart failure

18
19
20
21
22
23
24
25
26
27

F
M
M
F
M
F
F
F
F
M

82
86
56
91
84
82
85
93
78
87

5:10
4:00
5:00
4:50
7:20
7:00
4:40
<10:00
<10:00
10:20

2O
2B
0(-)
(-)
1B
1O
2A
0(-)
0(-)
1A

2
1
2
1
3
3
1
1
1
1

iLBD
iLBD
iLBD
iLBD
iLBD
iLBD
iLBD
iLBD
iLBD
iLBD

HC + SN
HC + SN
HC + SN
HC + SN
HC + SN
SN
SN
SN
SN
HC

Heartfailure
Respiratory insufficiency
Pneunomia
Exhaustion, colon carcinoma
Prostate cancer
Pneunomia
Dehydration
Unknown
Unknown
Pneunomia, heart failure

28

M

83

4:50

1A

4

29

F

59

9:35

1A

30
31
32
33
34
35
36
37
38
39
40
41
42
43

F
M
F
F
M
M
F
F
M
M
M
M
F
M

90
84
70
87
73
83
84
96
86
71
86
80
83
83

4:50
9:00
7:05
5:25
5:35
5:15
7:25
7:10
5:10
5:50
5:35
7:05
6:05
6:35

1B
1A
2B
2B
1A
1B
2B
1B
2B
1A
1O
1B
1O
1B

PDD HC + SN Heartfailure
Shock due to blood loss in digestive
PD
HC + SN tract
PDD HC + SN Unknown
PDD HC + SN Pneunomia and dehydration
PDD HC + SN Haematemesis by oesophagitis
PDD HC + SN Pneunomia
PDD HC + SN Direct cause unknown (morphine)
PDD HC + SN Pneunomia
PD HC + SN Old age, shortness of breath
PD HC + SN Old age
PD HC + SN Heartfailure
PD HC + SN Respiratory failure
PD SN
Aspiration pneumonia
PDD SN
Unknown, possibly urine tract infection
PDD HC
Cachexia by dementia, infarction
PDD HC
Pneunomia

4
4
5
6
6
5
6
5
5
5
6
4
6
4
6

D, clinical diagnosis; PMD, post mortem delay; NFT, neurofibrillary tangles; Aβ amyloid beta; α-syn, alpha
synucleine; NDC, non-demented control subject; iLBD, incidental Lewy Body Disease cases; PD, Parkinson’s
disease; PDD, Parkinson’s disease with dementia; HC, hippocampus, SN, substantia nigra
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West Grove, Pennsylvania, USA) followed by horse radish peroxidase (HRP)-labeled avidinbiotin complex (ABC complex, 1:400; Vector Laboratories, Burlingame, CA, USA) in TBS-T
for 1 hr at RT. Iba1 and CD68 staining were visualized using 3,3-diaminobenzidine (DAB,
Sigma, St.Louis, USA) and counterstained with heamatoxylin, while TLR2 and α-synuclein
immunostaining were visualized using DAB-nickel as a chromogen, and counterstaining was
performed with Fast red. After dehydration in graded ethanol solutions, sections were cleared
in xylene and coverslipped in Entellan (Merck).

Table 2. Primary antibodies used for single labeling
Antigen

Species

Final dilution

Source

Human CD68

Mouse

1:500

DAKO, clone KP1

Human α-synuclein

Mouse

1:2000

BD-Bioscience, 610786

Human Iba1

Rabbit

1:4000

WAKO chemicals

Human TLR2

Goat

1:2000

R&D systems

Immunofluorescence
For double-immunofluorescent labeling of glial cells and TLR2 expression, sections were coincubated with combinations of antibodies against microglia, i.e. CD68, Iba1, or astrocytes,
i.e. GFAP, and against TLR2. Antigen retrieval was performed by pretreating the sections
with Tris-EDTA (pH 9.0) and all antibodies (TLR2/Iba1, TLR2/CD68, TLR2/GFAP) were
diluted in blocking solution, as indicated above. After an overnight incubation at 4o C, the
sections were washed and subsequently incubated for 2h at RT with the appropriate Alexa
Fluor 488 or Alexa Fluor labeled 594 IgG’s (1:400, Jackson Immunoresearch, Westgrove, PA,
USA) (see Table 3 for information on antibodies and conjugates). After washing, sections were
coverslipped with Vectashield and later examined using a confocal microscope (Leica TSCSP2-AOBS; Leica Microsystems, Wetzlar, Germany).

Table 3. Antibodies and conjugates used for double labeling
Antigen

Species

Final dilution

Source

Secondary ab’s and conjugates

Human Iba1

Rabbit

1:2000

WAKO chemicals

DoaR-AF488 1:400

Cow GFAP

Rabbit

1:2000

DAKO

DoaR-AF488 1:400

Human CD68

Mouse

1:300

DAKO, clone KP1

DoaM-AF488 1:400

Human TLR2

Goat

1:500

R&D systems

DoaG-AF594 1:400
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Microglial phenotypes: identification criteria for ramified, primed/reactive and
amoeboid microglia
Classification of ramified and amoeboid microglia morphology was performed as described
in detail before [23]. Microglial cells were identified by positive CD68 immunoreactivity (IR)
[53]. Both microglial subtypes are characterized by cytoplasmic staining, but the ramified
microglial celltype can be distinguished by its small cell body and thin, radially projecting
processes. Amoeboid microglia are characterized by a densely CD68-stained cell body
typically surrounded by no or only very few short/stump processes [23]. Furthermore, we
defined Iba1 positive ramified microglia as cells having a small circular body with highly
ramified processes. Iba1 positive microglia with a primed/reactive phenotype display a bigger
and less round cell body with thicker and sometimes less ramifications compared to the
ramified phenotype. Iba1 positive amoeboid microglia show an amoeboid cell body with, at
most, two unramified processes, or they are completely devoid of them [29].

Semi-quantitative analyses of microglial cells, a-synuclein deposition and TLR2
expression
For semi-quantificative analysis, the numbers of CD68 positive amoeboid microglial cells and
α-synuclein immunopositive deposits (LBs and LNs) present in the HC pyramidal cell layers,
i.e. CA4, CA3, CA2 and CA1, were counted per CA area (region of interest, ROI, 0.5 mm2) at
a 10x3.3 magnification. For standardization purposes, hippocampal sections were collected
around the anterior-to-midlevel of the HC of every subject, and only when large DG and CA
subregions were both present. For the SN, the area of interest was larger (ROI, 1.5 mm2) and
quantification was performed at the anatomical levels of the oculomotor nerve. Microglial
cells were counted at a 10x3.3 magnification; hence, these data are presented as number of
cells per 1.5 mm2 Semi-quantitative analysis of TLR2 and Iba1 IR was based on the amount
of IR per ROI. To this end, pictures were taken at a 10x3.3 magnification and on these a
standardized threshold procedure was used that distinguished background from specific IR.
Subsequently, the amount of specific IR was measured within the defined ROI, and expressed
as percentages of TLR2 and Iba1 IR per ROI. Semi-quantitative analyses were performed
unbiased using CellF Olympus Soft Imaging Solutions GmbH software, version 3.1 (Tokyo,
Japan). All data were expressed as mean +/- standard error of the mean (SEM).

Statistical analysis
All statistical analyses were performed with the SPPS package version 20.0 (Statistical Product
and Service Solutions, Chicago, IL, USA). The normal distribution of the data was investigated
using the Kolmogorov-Smirnov test. When normally distributed (Iba1), statistical analysis
for between group effects was performed with an independent sample T-test. When a normal
distribution was absent (CD68, TLR2, α-synuclein), statistical analyses were executed with the
non-parametric Kruskal-Wallis test to examine main group effects between control subjects,
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iLBD cases and PD patients. Subsequently, Mann-Whitney U tests were performed as posthoc tests to assess between group effects. Statistical analyses for the different subregions of
the HC within the same cases were performed with the non-parametric paired Wilcoxon test.
Significance was set at 0.05 with Bonferroni corrections for multiple testing where applicable.

Results
α-Synuclein pathology and increased numbers of CD68 positive amoeboid microglia
in the SN
We first examined the SN that is classically affected in PD. In the SN of control subjects and
iLBD cases, numerous neuromelanin-containing and pigmented dopaminergic neurons were
present (Figure 1). No α-synuclein pathology was observed in the SN of controls, while in the
iLBD cases, few α-synuclein positive deposits were detected (Figure 1a, b respectively; Figure
2a). In contrast, PD patients showed extensive loss of neuromelanin-containing, dopaminergic
neurons in the SN, and the number of LBs and LNs was significantly increased compared to
both control and iLBD cases (Figure 1c; Fig2a; PD vs Ctr/iLBD p<0.01; Ctr n=13, Mean=0±0;
iLBD n=9, Mean=7±6.2; PD n=14, Mean=29.2±4.9). Furthermore, in control subjects, the
large majority of CD68 positive microglia had long and fine processes, indicative of their
ramified phenotype, with only a small number of cells displaying an amoeboid morphology
(Figure 1d). The number of amoeboid microglia was significantly increased in iLBD cases
compared to control subjects (Figure 1e; Figure 2b; iLBD vs Ctr p=0.002; Ctr Mean=13.2 ±
4.1; iLBD Mean=46.6 ±12.0). PD patients showed numerous and widespread CD68 positive
amoeboid microglia in the SN, significantly more than in the iLBD and in control cases (Figure
1f; Figure 2b; PD vs iLBD p=0.035, PD vs Ctr p=0.000; PD Mean=80.6±12.9).

α-Synuclein pathology is apparent in the hippocampal CA2 subregion of PD
patients
Next, α-synuclein pathology was examined in the HC. No α-synuclein IR was present in the
HC of control and iLBD cases (shown for CA2; Figure 3a, b). In contrast, α-synuclein positive
deposits were prominent in the HC of PD and PDD patients and especially concentrated in the
pyramidal layer CA2, where their numbers were significantly increased compared to the CA2
of control and iLBD cases (Figure 3c; Figure 4b; PD vs Ctr/iLBD p<0.01; Ctr n=9, Mean 0±0;
iLBD n=6, Mean 0.5±0.5; PD n=14 Mean 24.5±7.4) and also compared to the other pyramidal
regions CA1, CA3 and CA4 within PD patients (Figure 3c; Figure 4a; significantly different
between all regions p<0.05; and CA2 vs CA1/CA3/CA4 p=0.001; CA2 Mean=24.5±7.4; CA1
Mean=0.8±0.5; CA3 Mean=4.9±2.5; CA4 Mean=3.1±1.9).
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Figure 1 α-Synuclein pathology
and
CD68
immunopositive
microglia in the substantia nigra
(SN) of control subjects, iLBD
cases and PD patients.
Brown staining depicts the
melanin-containing, dopaminergic
neurons that degenerate during PD.
(a) No intraneuronal α-synuclein
immunoreactivity
(IR)(purple)
was observed in the SN of control
subjects, (b) some intraneuronal
α-synuclein IR was found in the
SN of iLBD cases (arrow), and
(c) widespread intraneuronal
and neuritic α-synuclein IR is
observed in the SN of PD patients
(LBs: arrows, LNs arrowhead); (d)
a control subject showing some
CD68 positive ramified microglial
cells (purple, arrow), (e) an iLBD
case showing prominent CD68
positive ramified (arrow) and
amoeboid (concave arrowhead)
microglial phenotypes, and (f) a
PD patient, showing few CD68
positive ramified (arrow), but
many more amoeboid microglial
phenotypes (concave arrowhead);
bar (a-f)= 100μm.

Figure 2 Quantification of α-synuclein pathology and CD68 immunopositive amoeboid microglia density
in the substantia nigra (SN) of control subjects, iLBD cases and PD patients.
(a) A significant increase was present in α-synuclein deposits in PD patients compared to the control and iLBD
cases (* p< 0.001 vs Ctr, iLBD), and (b) a significant increase in CD68 positive amoeboid microglia in both PD
patients and iLBD cases compared to control subjects (* p< 0.01 vs iLBD, PD). The number of CD68 positive
amoeboid microglia in PD patients was also significantly higher compared to iLBD cases (# p<0.05 vs PD). Data
represent mean ± SEM.
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Figure 3 α-Synuclein pathology
and CD68 immunopositive
microglia in the hippocampal
CA2 region of control subjects,
iLBD cases and PD patients.
(a, b) α-Synuclein IR in the
CA2 of control and iLBD cases
is absent compared to (c) PD
patients (purple, LBs: arrow,
LNs: arrowhead); (d) a control
subject showing CD68 positive
ramified microglial cells (arrow),
(e) an iLBD case showing CD68
positive ramified (arrow) and
few microglial cells with an
amoeboid (concave arrowhead)
phenotype and (f) a PD patient,
showing CD68 positive ramified
(arrow) and several amoeboid
(concave arrowhead) microglial
cells; bar (a-f)= 100μm.

Figure 4 Quantification of α-synuclein pathology in the hippocampus (HC) of control subjects, iLBD cases
and PD patients.
(a) Significant differences were present in α-synuclein deposits between all pyramidal subregions of the HC in
the PD patients (*p<0.05). The CA2 region was affected the most relative to the other hippocampal subregions
(#p<0.01). (b) Comparison of α-synuclein pathology in CA2 between the three patient cohorts showed a
significant increase in the PD patients compared to control and iLBD subjects (*p<0.01 vs iLBD, Ctr). Data
represent mean ± SEM.
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Increased number of CD68 positive amoeboid microglia in the HC of iLBD cases
and PD patients
In the pyramidal layer of the HC of control subjects, iLBD cases and PD patients, CD68
positive, ramified microglia were present (shown for CA2 Figure 3d, e, f), but CD68 positive
amoeboid microglia were clearly more present in PD patients (Figure 3f) compared to control
and iLBD cases (Figure 3d, e), especially in the CA2 and CA3 region (shown for CA2 Figure
5d; PD vs Ctr/iLBD p=0.007; Ctr Mean=13±2.9; iLBD Mean=12.1±2.5; PD Mean=37.2±7.2).
Interestingly, in control and iLBD cases, a significantly higher number of CD68 positive
amoeboid microglia was present in the CA2 and CA3 as compared to other subregions
(Figure 5a, b; Ctr: CA1 vs CA2/CA3/CA4 p<0.02, CA3 vs CA4 p=0.025; CA1 Mean=2.7±0.8;
CA2 Mean=12.9±2.9; CA3 Mean=14.8±1.9; CA4 Mean=8.5±1.9; iLBD: CA1 vs CA2/CA3/
CA4 p=0.027, CA4 vs CA2/CA3 p<0.05; CA1 Mean=4.0±1.0; CA2 Mean=12.2±2.5; CA3
Mean=12.7±2.0; CA4 Mean=7.2±1.4). This subregion-specific difference in CD68 positive
amoeboid microglia was larger in PD patients, with the highest numbers present in the
CA2 region (Figure 5c; PD: CA1 vs CA2/CA3/CA4 p<0.01, CA4 vs CA2/CA3 p<0.01, CA3
vs CA2 p=0.278 n.s.; CA1 Mean=7.0±1.2; CA2 Mean=37.2±7.2; CA3 Mean=32.5±6.5; CA4
Mean=17.5±4.5). Based on the α-synuclein and CD68 observations in the HC, our subsequent
analyses of Iba1 and TLR2 immunoreactivity focused mainly on the CA2 region.

Iba1 positive microglia in SN and HC in PD
In addition to CD68, Iba1 IR was used to determine the overall presence of microglial cells
and to classify different phenotypes in the SN and HC. In all subjects, Iba1 positive ramified
microglia displayed a small circular cell body with highly ramified processes. This phenotype
was the most prominent one in control subjects (Figure 6a, d). In iLBD cases, additional
primed/reactive Iba1 positive microglial cells were present, with a bigger and less round
cell body and thicker ramifications as compared to the ramified phenotype (Figure 6b, e).
These primed/reactive microglia were also present in PD patients with the addition of a few
Iba positive amoeboid microglia displaying at most two unramified processes, or none at all
(Figure 6c, f).
A significant increase was found in total Iba1 density in the SN of PD patients relative
to controls (Figure 6a, c; Figure 7a; PD vs Ctr p=0.03; Ctr Mean=6.0±0.6; PD Mean=7.7±0.5),
but not in iLBD cases compared to controls. Total Iba1 density did not differ between
subregions of the HC (not shown) nor between control, iLBD cases and PD patients (shown
for CA2 6d, e, f; Figure 7b; Ctr Mean=7.7±0.7; iLBD Mean=8.3±1.2; PD Mean=7.2±0.4).

Increased TLR2 expression in the SN and HC of iLBD cases
In control subjects, only very few TLR2 positive cells and processes were observed in the SN
and HC (Figure 8a, a’; Figure 10a, a’). In iLBD cases, however, TLR2 IR was prominent and
widespread throughout the SN and total HC, and significantly increased relative to control
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Figure 5 Quantification of CD68 immunopositive amoeboid microglia in the hippocampus (HC) of control
subjects, iLBD cases and PD patients.
(a-c) Numbers of CD68 positive amoeboid microglia were significantly lower in CA1 compared to all other
pyramidal layers in (a) the control subjects, (b) iLBD cases and (c) PD patients (* p≤0.02 vs CA2, CA3, CA4).
A significant increase was observed in (a) CA3 compared to CA4 of control subjects (# p<0.05 vs CA4), and in
(b, c) CA2 and CA3 compared to CA4 in (b) iLBD cases and (c) PD patients (# p<0.05, # p≤0.01, respectively vs
CA2, CA3). (d) Comparison of all groups together resulted in a significant increase in the numbers of CD68
positive amoeboid microglia in the PD patients relative to control and iLBD cases (data shown for CA2, *
p<0.01 vs iLBD, Ctr). Data represent mean ± SEM.

subjects in both regions (Figure 8b-b’; Figure 9; iLBD vs Ctr p=0.000; Ctr Mean=0.7±0.2;
iLBD Mean=5.7±0.9; shown for CA2 Figure 10a b-b’; Fig11d; iLBD vs Ctr p=0.018; Ctr
Mean=0.7±0.3; iLBD Mean=2.8±0.7). This upregulation in the HC was not CA2 specific,
but observed in all hippocampal CA regions (Figure 11a, b, c). However, within iLBD cases,
TLR2 IR was significantly higher in the CA2, CA3 and CA4 as compared to CA1 (Figure
11b; CA1 vs CA2/CA4/CA3 p=0.028; iLBD CA1 Mean=1.5±0.4; CA2 Mean=2.8±0.7; CA3
Mean=3.8±0.9; CA3 Mean=3.6±0.8).
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Figure 6 Iba1 immunopositive
micrgolia in the substantia
nigra (SN) and hippocampal
CA2 region of control subjects,
iLBD cases and PD patients.
(a,b) Widely distributed Iba1
positive ramified microglial
cells (arrow) in a control
subject, (c,d) an iLBD case
and (e,f) a PD patient. Iba1
positive microglia are present
with ramified (arrow), primed/
reactive (concave arrowhead)
and amoeboid (short arrow)
phenotypes; bar (a-f)= 50μm.

Figure 7 Quantification of Iba1 immunoreactivity (IR) in the substantia nigra (SN) and hippocampal CA2
region of control subjects, iLBD cases and PD patients.
(a) A significant increase was present in Iba1 IR in the SN of PD patients relative to control subjects (*p<0.05
vs Ctr); (b) no significant difference was present in the CA2 . Data represent mean ± SEM.

98

Microglial phenotypes and Toll-like receptor 2 in the substantia nigra and hippocampus
of incidental Lewy body disease cases and Parkinson’s disease patients

Figure 8 TLR2 immunopositive
cells in the substantia nigra
(SN) of control subjects, iLBD
cases and PD patients.
(a) Control subject showing
few TLR2 positive cells (arrow),
(b) an iLBD case showing
widespread and numerous TLR2
positive cells (arrows) and (c) a
PD patient, showing moderate
numbers of TLR2 positive cells
(arrows), (a’-c’) represent higher
magnifications of (a-c); bar (a-c,
a’-c’)= 100μm.

Figure 9 Quantification of TLR2 immunoreactivity
(IR) in the substantia nigra (SN) of control subjects,
iLBD cases and PD patients.
A significant increase was found in TLR2 IR in the SN
of iLBD cases compared to control subjects and PD
patients (# p<0.05 vs Ctr, PD). In PD patients, TLR2
IR was significantly increased in the SN compared to
the SN of control subjects (*p=0.0001 vs Ctr). Data
represent mean ± SEM.
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Figure
10
TLR2
immunopositive cells in the
hippocampal CA2 region of
control subjects, iLBD cases
and PD patients.
(a) A control subject showing
few TLR2 positive cells
(arrow), (b) an iLBD case
showing
widespread
and
numerous TLR2 positive cells
(arrow) and (c) a PD patient,
showing again very few TLR2
positive cells (arrow), similar
to controls, (a’-c’) represent
higher magnifications of (a-c);
bar (a-c)=100μm; (a’-c’)=50μm.

100

Microglial phenotypes and Toll-like receptor 2 in the substantia nigra and hippocampus
of incidental Lewy body disease cases and Parkinson’s disease patients

Figure 11 Quantification of TLR2 immunoreactivity (IR) in the hippocampus (HC) of control subjects,
iLBD cases and PD patients.
(a) No significant differences in TLR2 IR were present between the different hippocampal regions within
control subjects, (b) a significant increase in TLR2 IR was found in CA2, CA3 and CA4 compared to CA1
within iLBD cases (* p<0.05 vs CA2, CA3, CA4). (c) In PD patients TLR2 IR was overall found at lower levels
that were significantly increased in CA2 relative to the CA1, CA3 and CA4 (* p<0.02 vs CA1, CA3, CA4) and
also in CA3 compared to CA4 (# p<0.02 vs CA4). (d) When TLR2 IR in all four hippocampal subregions was
taken together, a significant increase was found in the iLBD cases compared to control subjects and PD patients
(data shown for CA2, * p<0.02). Data represent mean ± SEM.
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In PD, TLR2 expression was significantly decreased compared to iLBD cases in both
the SN and HC (SN Figure 8 a-c, a’-c’; Figure 9; iLBD vs PD p=0.018; iLBD Mean=5.7±0.9;
PD Mean=3.1±0.5; HC/CA2 Figure 10a-c, a’-c’; Figure 11d; iLBD vs PD p=0.013; PD
Mean=0.8±0.2). However, TLR2 IR in the SN of PD patients remained significantly
elevated compared to control subjects (Figure 9; Ctr vs PD p=0.000; Ctr Mean=0.7±0.2; PD
Mean=3.1±0.5). In contrast, in all pyramidal layers of the HC of PD patients, TLR2 IR was
low and comparable to the level of control subjects, and TLR2 IR only in the CA2 was slightly
but significantly higher relative to the other CA regions (Figure 11c; CA2 vs CA1/CA4/CA3
p<0.02; CA2 Mean=0.8±0.2; CA1 Mean=0.5±0.2; CA4 Mean=0.5±0.2; CA3 Mean=0.7±0.2).

Colocalization of TLR2 with microglial cells in HC and SN
To determine which cells express TLR2, double labeling revealed that TLR2 was not expressed
by GFAP positive astrocytes in the SN or HC (Figure 12). However, clear colocalization was
found between Iba1 positive primed/reactive microglia and TLR2 IR, in almost all TLR2
positive cells in the HC and SN (Figure 13). Finally, to determine whether CD68 positive
amoeboid microglia also express TLR2, double labeling for TLR2 and CD68 revealed that
indeed TLR2 IR was present in CD68 positive amoeboid microglia in the SN of PD patients
(Figure 14).

Figure 12 Absence of colocalization of TLR2- and GFAP immunopositive astrocytes in the substantia nigra
(SN) and hippocampal CA2 region.
(a-f) Representative images of confocal laser scanning microscopy failed to reveal any colocalization (c, f)
between GFAP (a, d; green) and TLR2 (b, e; red) in the (a-c) SN and (d-f) CA2 of iLBD cases; bar (a-f) = 20μm.
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Figure 13 Colocalization of TLR2- and Iba1 immunopositive primed/reactive microglia in the substantia
nigra (SN) and hippocampal CA2 region of iLBD cases.
(a-f) Representative images of confocal laser scanning microscopy revealed colocalization (arrow; c, f) of Iba1
positive primed/reactive microglia (a, d; green) and TLR2 (b, e; red) in the (a-c) SN and (d-f) CA2 of iLBD
cases; bar (a-f)= 10μm.

Figure 14 Colocalization of TLR2- and CD68 immunopositive amoeboid microglia in the substantia nigra
(SN) of PD patients.
(a-c) Representative confocal laser scanning microscopy images revealed colocalization (arrow; c) of CD68
positive amoeboid microglia (a; green) and TLR2 (b; red) in the SN of PD patients; bar (a-f)= 10μm.
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Discussion
In the present study, we investigated different microglial phenotypes, and TLR2 expression in
relation to the α-synuclein pathology in the SN and HC of iLBD cases, considered a prodromal
state of PD, and of established PD patients. Clear differences were present in microglial
phenotypes between the SN and HC. The amoeboid type was found to parallel the prominent
α-synuclein pathology in the SN and hippocampal CA2 subregion in PD. TLR2 expression
was strongly increased in primed/reactive microglia of the iLBD cases. Unexpectedly, in PD
patients, TLR2 IR remained upregulated in the SN, but was reduced to control levels in the
HC. Thus, TLR2 expression in microglia occurs in a disease stage-dependent manner that
differs between the HC and SN. The high levels in iLBD cases and not in PD patients suggest
an early activational response to the development of PD pathology. As such, our results
confirm, for the first time in human brain, recent in vitro and experimental studies indicating
that TLR2 is an important player in the neuroinflammatory responses during PD progression.
A general scheme representing the differences in microglial phenotypes and TLR2 expression
in the SN and HC during disease progression in PD, as represented by the Braak PD stages, is
summarized in Figure 15.
In addition to its well established pattern in the SN, α-synuclein pathology was
prominent in the HC, a brain region involved in cognition and affective symptoms that have
been implicated in the non-motor symptomatology and frequent dementia and depression
in PD patients [5, 7]. In line with a previous study, α-synuclein pathology in the HC was
largely confined to the CA2 subregion [54]. We observed that this selective vulnerability
was independent of whether PD patients had been diagnosed with dementia. Although only
few studies have so far implicated CA2 in PD symptomatology, the selective localization of
α-synuclein pathology to this subregion and its recent involvement particularly in social
forms of memory may hold some promise for a better interpretation of the clinical symptoms
[48, 55, 56].
While general microgliosis has been repeatedly demonstrated in several pathological
sites in PD, including the SN, HC and OB, little was known about the brain region-specific
phenotypes of microglia and differences between presymptomatic and established PD [23,
57, 58]. In both the SN and HC of PD patients, the number of activated, CD68 positive,
amoeboid microglial cells was increased. As in the HC, this increase was present especially
in the CA2 and CA3, notably in close proximity to α-synuclein pathology; this suggests that
an inflammatory response occurs to these neuropathological alterations, similar to the SN.
Strikingly, increases in amoeboid microglia in the SN were observed in iLBD cases too, in
which little, if any, DAergic cell loss was present postmortem, nor had any clinical motor
symptoms been apparent during these patients’ lives [51]. This is of importance since it
contributes to the debate whether microglial activation is merely a reaction to neuronal cell
death or whether these cells respond to other (early) pathological events [13] and therefore
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Figure 15 Schematic summary of
the different patterns of α-synuclein
pathology
and
microglial
phenotypes and activation (Iba1,
CD68, TLR2) in hippocampal
CA2 region and SN during disease
progression in PD.

actively participate in the pathological processes before cell death occurs, as suggested
by our observations in the SN and HC. In the HC however, amoeboid microglia were not
increased in iLBD cases, consistent with the fact that the HC at this stage (Braak PD 1-3)
is still devoid of any α-synuclein deposits. This is different from the SN that already shows
prominent α-synuclein deposits by then. This indicates that α-synuclein deposits may trigger
a morphological transition into amoeboid microglia before actual cell loss becomes apparent
and is in line with observations in the anterior olfactory nucleus [23], and with experimental
studies showing that α-synuclein can trigger microglial activation [20, 41, 47].
Interestingly, in the HC, the total density of Iba1 positive microglia was not
different between the subject groups, whereas in the SN an increase was observed in PD
patients compared to control subjects. The phenotype of the Iba1 positive ramified microglia
had changed into primed/reactive Iba1 positive microglia in the HC and SN of both the
iLBD cases and PD patients, notably irrespective of the presence of α-synuclein pathology.
Together, this suggests that Iba1 positive ramified microglia may respond to a stimulus other
than accumulated or aggregated α-synuclein that likely is independent of the local SN or
HC environment and is already present during the prodromal stage. Possibly, the primed
microglial morphology represents microglia, which are in a more sensitive state to subsequent
stimuli, commonly referred to as ‘second hit’ [30, 31, 59]. Although the exact nature of such
a stimulus awaits future studies, oligomeric or soluble forms of α-synuclein are attractive
candidates in this respect.
To further characterize the spatio-temporal changes in microglial phenotypes
during PD progression, and to identify possible underlying mechanisms, we focused on
TLR2, an important member of the TLR family that was recently implicated in microglial
activation in PD [41, 46]. To rule out any possible differences in microglial activation and
TLR2 expression due to AD pathology, NFT and Aβ scores were matched between control
subjects, iLBD cases and PD patients. We found TLR2 to be strongly increased in the SN
and HC of iLBD cases, but not in PD patients. Recent in vitro and in vivo animal studies
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have shown that α-synuclein oligomers can activate microglia via TLR2 and thereby stimulate
NFκB-mediated pro-inflammatory cytokine production [41, 47]. Also, microglial cells
treated with α-synuclein significantly enhance their TLR2 expression [35]. Since we found
the Iba1 positive primed/reactive phenotype to express TLR2 particularly [29], this suggests
that priming of microglial cells, possibly by α-synuclein oligomers, could involve TLR2. The
upregulation of TLR2 we found in iLBD cases will then most likely reflect an early activational
response of microglia to e.g. α-synuclein oligomers, prior to the development of extensive
PD pathology, i.e. when neuronal cell death is still barely present. Furthermore, there only
seemed to be a topical relation between α-synuclein accumulation and TLR2 expression in
the SN. In the HC, TLR2 expression was widespread and not confined to the CA2 region,
suggesting that the factors causing TLR2 upregulation are present in a more widespread
distribution in the HC, consistent with a role for e.g. oligomeric forms of α-synuclein. This
hypothesis is supported by previous in vitro studies where pre-conditioning microglia with
abnormal α-synuclein strongly affected their subsequent TLR2 mediated response [44]. A
subsequent challenge (‘second hit’), like actual α-synuclein deposits and/or DAergic cell loss
in the SN of PD patients, could then change the primed phenotype into an amoeboid one, as
we observed. This is also in line with the increase in amoeboid microglia in CA2 and CA3,
where α-synuclein deposits are abundant.
In the HC of PD patients, TLR2 IR was reduced to the level of control subjects,
whereas in the SN, its expression remained significantly increased. This difference in
expression may reflect the absence of a continuous stimulus, like neuronal loss, that is not
apparent in the HC, but does occur in the SN. Indeed, whereas some hippocampal atrophy
has been observed by MRI [60, 61], neuronal loss is not present in the HC of PD patients [62].
Interestingly, in the CA2, TLR2 expression was still significantly elevated. This also supports
the idea that a second stimulus, e.g. α-synuclein deposits, after an early pathological stimulus
in iLBD cases, may further trigger TLR2 and microglial activation in PD.
Although the primary role of microglia may be to clear toxic proteins and thereby
protect neurons, TLR-2 mediated activated microglia have taken on different or additional
roles in chronically diseased brains. So far, most studies interpret microglial activation by
TLR2 as a classical microglial activation profile that gives rise to the secretion of mainly proinflammatory cytokines [41, 63, 64]. However, other studies suggest that receptors like TLR2
can be considered as a ‘gateway’ in their functionality, that can influence the balance between
e.g. phagocytic and pro-inflammatory microglial activity [63]. A high expression level of such
receptors would then promote an alternative route of activation (e.g. an anti-inflammatory
profile) and phagocytosis, whereas low levels could induce a pro-inflammatory state. It is as
yet unknown whether this concept would also apply to TLR2 expression in PD, but it could
have important implications for therapy [65]. The final consequences of the TLR2 activation
we report here may however, also depend on additional factors, like the assembly state of
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the protein ligand, the duration of stimulation and the repertoire of co-receptor and adaptor
proteins that interact with TLR2 [41].
In summary, we report region-specific differences in the expression of different
microglial phenotypes in the SN, a classically affected brain region involved in motor
symptoms in PD, and in the HC, a brain region relevant for some of the non-motor symptoms,
like dementia, in PD. Besides prominent and differential changes in microglial activation and
phenotypes in the SN and hippocampal CA2 of PD patients, TLR2 is strongly expressed in
primed/reactive microglia in iLBD cases, considered a prodromal state of PD, in both the
HC and SN. Understanding how microglia responses and activation differs between regions
and how they change during disease progression will improve our understanding of the role
of microglia in neurodegeneration and neuroprotection in general, and of their role in PD
pathology in particular. Since neuroinflammatory responses are in principle modifiable, such
approaches may help to develop new drugable targets or adjunctive therapies for PD-related
symptoms.
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Abstract
Besides dopamine-deficiency related motor symptoms, non-motor symptoms, including
cognitive changes occur in Parkinson’s disease (PD) patients that may relate to accumulation
of α-synuclein in the hippocampus (HC). This brain region also contains stem cells that
can proliferate. This is a well-regulated process and can be altered by neurodegenerative
conditions. In contrast to proliferation in the substantia nigra and subventricular zone, little is
known about the HC in PD. In addition, glial cells contribute to neurodegenerative processes
and may proliferate in response to PD pathology.
In the present study we questioned whether microglial cells proliferate in the HC
of establshied PD patients versus control subjects and incidental Lewy Body disease (iLBD)
cases as a prodromal state of PD. To this end, proliferation was assessed using the marker
minichromosome maintenance protein 2 (MCM2) and colocalization with Iba-1 was
performed to determine microglial proliferation. MCM2-positive cells were present in the
HC of controls and were significantly increased in the presymptomatic iLBD cases, but not
in established PD patients. Microglia represented the majority of the proliferating cells in the
HC.
This suggests an early microglial response to developing PD pathology in the
HC, and further indicates that neuroinflammatory processes play an important role in the
development of PD pathology.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting 1-2 % of the
elderly population [1]. In addition to the well known motor problems of PD patients that
are related to nigro-striatal dopamine deficits, also non-motor symptoms are common. These
symptoms strongly affect quality of life of PD patients as they include autonomic dysfunction,
sleep problems, cognitive and neuropsychiatric changes [2, 3, 4, 5], all changes unrelated to
degeneration of the substantia nigra (SN). Apart from dopaminergic cell loss, the deposition
of α-synuclein is a prominent neuropathological hallmark of PD. According to the staging
concept described by Braak, α-synuclein deposition spreads over the brain in an anatomically
predictable manner [6]. This coincides with the occurrence of non-motor symptoms and can
be observed already in early stages of PD, i.e. in incidental Lewy body disease (iLBD)[7].
Moreover, α-synuclein can activate microglial cells, and neuroinflammatory responses are
indeed important pathological features of PD [8, 9, 10].
Accumulation of α-synuclein has been reported in the hippocampus (HC), which
may contribute to the cognitive and depressive changes, that represent prominent non-motor
symptoms in PD [11, 12] (Figure 1). Of interest, the HC is also one of the few brain regions
where stem cells reside. In the hippocampal subgranular zone (SGZ), stem cells undergo

Figure 1 α-Synuclein pathology present in the
hippocampus of PD cases.
(a-b) α-Synuclein immunoreactivity (IR) in CA of
control and iLBD subjects is absent compared to (c)
α-synuclein IR (LBs: arrow, LNs: arrowhead) in the
CA region of PD patients; bar (a-c)=100μm; higher
magnification (c’) bar= 20μm.
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proliferation before they migrate through the granular cell layer (GCL), where they eventually
become newborn, functional neurons that contribute to network function. In addition to this
unique process of adult neurogenesis, which is largely confined to the DG, stem cells in the
HC can proliferate and respons to neurodegenerative conditions. For instance overexpression
of α-synuclein in PD models induces aberrant differentiation of neural progenitors and alters
cellular plasticity in the hippocampus [13, 14, 15]. Also striatal deafferentiation, or the loss
of dopaminergic neurons, affects both neurogenesis [16] and proliferation in the HC [17]. In
addition, several Parkinson-related pathogens induce degeneration of human neural stem cells
(NSCs)[18] or reduce neurogenesis [19]. Stimulation of cellular plasticity on the other hand,
e.g. through exercise, antidepressants or high frequency stimulation, reverses impairments in
neurogenesis in PD models [20] and may even benefit PD patients [21, 22].
The discovery that the human brain contains stem cells has instigated extensive
research into their proliferative responses during neurodegeneration, and into their potential
for brain repair. In related animal models for Alzheimer’s disease (AD), changes in cellular
plasticity and proliferation appear to depend on the extent of pathology and the severity of the
disorder [23]. Regarding PD, stem cells and related cellular plasticity markers are also altered
in relevant animal models [24, 25, 26] , but only few studies exist on proliferative changes in
human PD brain [26], most of which have focused on the SN [27, 28] and subventricular zone
(SVZ)[29, 30]. In the human SN and SVZ, discrepant results have been obtained between
different studies, and this topic remains subject of debate [26, 31, 32, 33, 34].
Thus far, little attention has been paid to cellular proliferative changes in the human
HC, a brain region relevant for non-motor symptoms in PD, like cognitive and depressive
changes. Moreover, besides proliferation of NSC’s, glial cells within the CNS may also
proliferate in response to neuropathological changes. Indeed, in the AD hippocampus or in
experimental multiple sclerosis e.g., proliferation of CNS resident microglia has been observed
[35, 36]. Here, we first studied proliferative changes in prodromal and established cases of PD
and, given the differential α-synuclein deposition, we include both the CA (non-neurogenic)
and the DG (neurogenic) subregions. As activated microglial cells are present in the HC
in PD and implicated in PD pathogenesis [37, 38], we also questioned whether microglial
cells proliferate in these conditions. We selected hippocampal tissue of well-established and
neuropathologically confirmed PD patients (Braak PD stage 4-6), matched control subjects
(Braak PD stage 0) and incidental Lewy body disease (iLBD) cases (Braak PD stage 1-3).
As these latter cases lacked clinical symptoms of PD during their lives, did not receive
dopaminergic medication, but displayed a neuropathological Braak α-synuclein deposition
at autopsy [7], they can be considered a presymptomatic and prodromal state of PD. To assess
cell proliferation, we used the well validated marker minichromosome maintenance protein
2 (MCM2) [39, 40] and colabeled it with the microglial marker Iba1 to investigate to what
extent cell proliferation in the HC is accounted for by microglia.
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Material and methods
Post-mortem brain tissue
Human post-mortem hippocampal tissue was obtained from the Netherlands Brain Bank
(NBB, Amsterdam, The Netherlands). In compliance with all local ethical and legal guidelines,
informed consent for brain autopsy and the use of brain tissue and clinical information for
scientific research was given by either the donor or next of kin. Fourteen clinically diagnosed
and neuropathologically verified PD patients (Braak PD stage 4-6) were selected as well as six
clinically healthy controls without neurological or psychiatric disease, that displayed some
PD α-synuclein pathology at autopsy (Braak PD stage 1-3), and were classified as iLBD cases.
For the control group, nine healthy subjects without neurological or psychiatric disease and
without any α-synuclein pathology (Braak PD stage 0) were included. The three groups were
matched for gender and age; age of the control subjects ranged from 62-92 years, in the iLBD
cases from 56-91 and in the PD patients from 59-96. All subjects were matched for postmortem delay and cerebrospinal fluid pH value. Donors who died of sepsis or stroke were
excluded. Also Braak neurofibrillary tangles (NFT) and amyloid-beta (Aβ) plaques scores
were matched between control subjects, iLBD cases and PD patients, ruling out any possible
difference in proliferation due to differences in AD pathology. The clinico-pathological data
of the patients and the Braak staging for PD and AD of all donors is summarized in Table 1.
Braak scores for AD and PD neuropathology were provided by the NBB and had
been obtained after careful neuropathological evaluation of disease-relevant brain areas by
experienced neuropathologists. The density and distribution of LBs/LNs, NFT and Aβ plaques
were determined using classic Bodian staining and immunohistochemistry for α-synuclein
(Clone KM51, Novacastra, Bioconnect BV), and hyperphosphorylated tau (Clone AT8,
Pierce, Rockford, IL) and Aβ (Clone 6F/3D, DAKO, DakoCytomation BV), respectively.

Tissue processing
At autopsy, brain regions were dissected and immersion-fixed in 4% formaldehyde for four
weeks, after which they were embedded in paraffin. From the paraffin blocks that contained
the HC, 10 micrometer (μm) sections were cut on a microtome, mounted and dried in a
stove overnight at 37°C before immunohistochemical analysis. Sections were mounted on
positively-charged glass slides (Menzel-Glaser SuperFrost Plus, Braunschweig, Germany).

Validation of MCM2 as proliferation marker in human brain tissue
Various markers are available to identify cell proliferation or specific phases of the cell cycle
in human post-mortem brain tissue [41, 42, 43]. Of these, the minichromosome maintenance
protein 2 (MCM2) is involved in the control of DNA replication and commonly used in
cancer research as a reliable marker for detecting dividing and slowly cycling putative stem
cells in situ [39, 44, 45]. MCM2 expression starts in early G1 and is maintained throughout
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Table 1. Clinical and neuropathological information of all included subjects
Braak staging
C# Sex

PMD
Age (hrs)

AD (NFT PD
/ Aβ)
(α-syn) D

Region Cause of death

1

F

92

7:00

1A

0

NDC

HC

Acute death, pulmonary emboly

2

M

88

4:23

2A

0

NDC

HC

Gastro-intestinal bleeding

3

F

84

6:55

1O

0

NDC

HC

Myelodysplasia

4

M

82

5:10

1O

0

NDC

HC

Unknown

5

M

62

7:20

1O

0

NDC

HC

Unknown

6

F

83

3:20

1B

0

NDC

HC

Legal Euthanasia

7

F

84

4:45

1O

0

NDC

HC

Heart failure

8

F

85

5:19

2B

0

NDC

HC

Natural death, pulmonary disease

9

M

78

<17:00 1O

0

NDC

HC

Heart failure

10

F

82

5:10

2O

2

iLBD

HC

Heart failure

11

M

86

4:00

2B

1

iLBD

HC

Respiratory insufficiency

12

M

56

5:00

0(-)

2

iLBD

HC

Pneunomia

13

F

91

4:50

(-)

1

iLBD

HC

Exhaustion, colon carcinoma

14

M

84

7:20

1B

3

iLBD

HC

Prostate cancer

15

M

87

10:20

1A

1

iLBD

HC

Pneunomia, heart failure

16

M

83

4:50

1A

4

PDD

HC

Heart failure

17

F

59

9:35

1A

4

PD

HC

Shock due to blood loss in digestive tract

18

F

90

4:50

1B

4

PDD

HC

Unknown

19

F

70

7:05

2B

6

PDD

HC

Haematemesis by oesophagitis

20

M

84

9:00

1A

5

PDD

HC

Pneunomia and dehydration

21

F

87

5:25

2B

6

PDD

HC

Pneunomia

22

M

73

5:35

1A

5

PDD

HC

Direct cause unknown (morphine)

23

M

83

5:15

1B

6

PDD

HC

Pneunomia

24

F

84

7:25

2B

5

PD

HC

Old age, shortness of breath

25

F

96

7:10

1B

5

PD

HC

Old age

26

M

86

5:10

2B

5

PD

HC

Heart failure

27

M

71

5:50

1A

6

PD

HC

Respiratory failure

28

F

83

6:05

1O

4

PDD

HC

Cachexia by dementia infarction

29

M

83

6:35

1B

6

PDD

HC

Pneunomia

D, clinical diagnosis; PMD, post mortem delay; NFT, neurofibrillary tangles; Aβ amyloid beta; α-syn, alpha
synucleine; NDC, non-demented control subject; iLBD, incidental Lewy Body Disease; PD, Parkinson’s
disease; PDD, Parkinson’s disease with dementia; HC, hippocampus
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the cell cycle, also in cells that proliferate without actually synthesizing DNA and is thus
present in higher numbers than e.g. the short-lived proliferation marker Ki-67 [39, 46, 47].
Moreover, the majority of the cells that express MCM2 co-express the immature neuronal
marker doublecortin [43] and MCM2 was therefore also used to study cellular plasticity in
comparable tissues. Various tests to validate and confirm specificity of MCM2 and related
markers have been performed by us and others before [39, 47, 48], for example, on samples of
young rat brain and human colon, that were processed and embedded in the exact same way
as the human brain tissue used in the current study [40, 42].

MCM2 immunohistochemistry
Sections were heated in a stove for one hour at 56⁰C, before they were deparaffinized in xylene
and rehydrated through a graded series of ethanol (100%, 96%, 90% and 70%, respectively)
and TBS. For subsequent antigen retrieval, sections were rinsed in 10mM Tris Buffer (pH 9.0)
containing 1mM EDTA (Tris-EDTA) and afterwards placed in preheated Tris-EDTA buffer in
a steamer at 90-99⁰C for 30 minutes. After pretreatment, the sections were allowed to regain
room temperature (RT), rinsed in Tris-buffered saline (TBS, pH 7.6) and incubated for 20
min in TBS containing 0.3% H2O2 and 0.1% sodiumazide to block endogenous peroxidase
activity. Non-specific binding was blocked with 5% non-fat dried milk in TBS containing
0.5% Triton (TBS-T, pH 7.6; blocking solution) for 30 min at RT. Subsequently, sections were
incubated overnight at 4⁰C with mouse anti-MCM2 (BM28, BD Transduction lab 610700,
mouse 1:600). Sections were then washed in TBS and incubated for 2 hr at RT in biotinylated
goat anti mouse IgG’s (1:400; Jackson ImmunoResearch Laboratories Inc., West Grove,
Pennsylvania, USA) followed by HRP-labeled avidin-biotin complex (ABC complex, 1:400;
Vector Laboratories, Burlingame, CA, USA) in TBS-T for 1 hr at RT. MCM2 staining was
visualized using 3,3-diaminobenzidine (DAB, Sigma, St.Louis, USA) and counterstained with
hematoxylin. After dehydration in graded ethanol solutions, sections were cleared in xylene
and coverslipped in Entellan (Merck).

Immunofluorescence
For double-immunofluorescent labeling of microglial cells and MCM2 expression, Iba1
(WAKO chemicals, 019-19741, rabbit, 1:300) and MCM2 (1:1000) were used. Sections were
pretreated with Tris-EDTA (pH 9.0) and primary antibodies were diluted in the blocking
solution, as indicated above. After an overnight incubation at 4⁰C, the sections were washed
and subsequently incubated for 2h at RT with donkey anti rabbit Alexa Fluor 488 labeled
donkey anti rabbit IgG’s (Iba1) and biotinylated goat anti mouse IgG’s (MCM2) (1:400,
Jackson Immunoresearch, Westgrove, PA, USA), followed by ABC-complex (1:800) for 1h
and biotinylated tyramide enhancement in TBS for 20 min. Hereafter, sections were incubated
with Alexa Fluor 594 labeled strepavidin (1:800, Jackson Immunoresearch, Westgrove, PA,
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USA). After washing, sections were coverslipped with Vectashield and examined using a
confocal microscope (Leica TSC-SP2-AOBS; Leica Microsystems, Wetzlar, Germany).

Semi-quantitative analyses of MCM2 positive cells
For standardization purposes, hippocampal sections were collected only around the anteriorto-midlevel of the HC of every subject, and only when large dentate gyrus (DG) and Cornu
Ammonis (CA) subregions were both present. Furthermore, MCM2-positive cells were
included in the subsequent analysis only when they displayed a clearly immature, mitotic
and/or migratory morphology and were located in an isolated manner (Figure 2). Semiquantification was performed by assessing the numbers of MCM2-positive cells present in
the five main HC grey matter regions; DG, CA4, CA3, CA2 and CA1, at a 10x magnification
and then expressed per surface area (region of interest, ROI, 1 mm2) using CellF Olympus Soft
Imaging Solutions GmbH software (Tokyo, Japan).

Figure 2 MCM2-positive cells in the hippocampal
CA3 region of an iLBD case.
High magnification of MCM2 IR reveals clear
examples of doublets (arrows). The MCM2-positive
cell indicated with the arrowhead is closely opposed
to a large pyramidal neuron; bar=25μm.

Statistics
Statistical analyses were performed using the SPPS package version 20.0 (Statistical Product
and Service Solutions, Chicago, IL, USA). The mean and standard deviation of the number
of MCM2-positive cells were calculated for each group and within each subject for all the
different subregions of the HC. The data did not meet criteria for normal distribution,
thus statistical analyses were performed using non-parametric tests. Statistical analysis was
executed with the non-parametric Kruskal-Wallis test to examine main group effects between
controls, iLBD and PD patients. Subsequently, Mann-Whitney U tests were performed as
post-hoc tests. Results were considered significant if they fell below an alpha of p≤0.016, after
Bonferroni correction. Within the same cases, statistical analyses for the different subregions
of the HC were performed with the non-parametric related samples Friedman’s analysis tot
examine main region effects, followed by paired Wilcoxon tests as post-hoc tests. Results
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were considered significant if they fell below an alpha of p≤0.02, family wise error (FWE)corrected. This critical value was established with SISA (http://www.quantitativeskills.com/
sisa/calculations/bonhlp.htm), which uses the mean correlation between variables (r= 0.65)
that are mutually correlated (i.e., number of MCM2 positive cells) for the alpha correction
and allows one to perform a less stringent correction than the Bonferroni method for multiple
comparisons.

Results
Increased number MCM2 positive cells in the HC of iLBD cases
In the pyramidal layer and DG of the HC of all three patient groups, generally low numbers
of MCM2-positive cells were found, that displayed morphology typical for proliferating cells,
such as a doublet shape and small size (Figure2; Figure 5 b, e, h). Except for a significant main
effect in the number of MCM2-positive cells between the hippocampal subregions within
the control group (Figure 3a; p=0.034, related samples Friedman’s analysis), no significant

Figure 3 MCM2-positive cell numbers in control
subjects, iLBD cases and PD patients.
Semi-quantitative analysis revealed that in (a)
control subjects, a significant main effect was present
(p=0.034; related non-parametric Friedmans
analysis) with higher numbers of MCM2-positive
cells in the DG compared to the hippocampal
subregions (DG vs CA3 and CA4 #p=0.043; DG
vs CA1 p=0.08 n.s; DG vs CA2 p=0.225 n.s.; nonparametric paired Wilcoxon post-hoc test). (b, c) In
the iLBD and PD cases, no differences were present
between any of the subregions. Significance reached
at alpha of p≤0.02, FWE-corrected. Data represent
mean±SEM.
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differences were found between the subregions within each of the 2 different patient groups
(Figure 3b, c). Further analysis revealed a trend towards an increase in the DG compared to
the CA3, CA4 and CA1 within the control group (Figure 3a; respectively p=0.043, p=0.043,
p=0.08; non-parametric Mann-Whitney U test, significance reached at alpha of p≤0.02, FWEcorrected; Ctr DG Mean=2.45±1.03; Ctr CA3 Mean=0.31±0.21; Ctr CA4 mean=0.35±0.25;
Ctr CA1 Mean=0.93±0.56).
Taking all data together revealed a significant increase in the number of MCM2positive cells in the total hippocampal grey matter (CA1-CA4, DG combined) in the iLBD
cases compared to control subjects (Figure 4a; p=0.004; non-parametric Mann-Whtiney U
test, significance reached at alpha p≤0.016, Bonferroni corrected; Ctr Mean=5.21±2.23; iLBD
Mean=45.24±25.29; PD Mean=26.51±9.25). When analyzing the subregions separately, a
significant main group effect was found for CA3 and CA4 between control subject, iLBD
cases and PD patients (respectively, p=0.006, p=0.16; non-parametric independent samples
Kruskal-wallis analysis). Further analysis revealed there was a significant increase in the
number of MCM2-positive cells in the CA3 and CA4 of the iLBD cases compared to the
CA3 and CA4 of control subjects (Figure 4d, e; respectively p=0.001, p=0.003; non-parametric
Mann-Whtiney U test, significance reached at alpha p≤0.016, Bonferroni corrected; Ctr
CA3 Mean=0.31±0.21; Ctr CA4 Mean=0.35±0.25; iLBD CA3 Mean=13.05±8.77; iLBD CA4
Mean=4.95±1.67) and a trend towards an increase in the numbers of MCM2-positive cells in
the other three hippocampal subregions of the iLBD cases compared to the control subjects
(Figure 4b, c, f; CA1 p=0.097; CA2 p=0.082. DG p=0.191; Ctr CA1 Mean=0.93±0.56, Ctr
CA2 Mean=1.17±0.62; Ctr DG Mean=2.45±1.03; iLBD CA1 Mean=5.88±3.17; iLBD CA2
Mean=14.82±9.58; iLBD DG Mean=6.45±4.04). No significant differences were found
between PD patients and control or iLBD cases in total HC or within any of the subregions
(Figure 4).

Colocalization of MCM2 with Iba1 microglial cells in the HC
To determine whether microglia are proliferating, double immunofluorescence and confocal
microscopical analysis revealed that the majority of MCM2 positive cells colocalized with
Iba1 positive microglia (representative examples are shown in Figure 5). Of each patient
group, 3 cases were double stained for Iba1 and MCM2 and the percentage co-expression
determined. In the control subjects, MCM2 positive cells were rare in the CA regions but
always colocalized with Iba1 (100%). In iLBD cases, the highest number of MCM2 positive
cells were present in the CA subregions. An average of 14 positive MCM2 cells were counted,
of which an average of 13 were Iba1 positive, yielding 93% co-expression. In PD patients,
fewer MCM2 positive cells were counted in CA regions compared to the iLBD group. An
average of 6 positive MCM2 cells were counted, of which on average 5 were Iba1 positive, i.e.
83%. In the DG, overall less MCM2 positive cells were counted, however, the percentages of
colocalization with Iba1 were similar to CA regions. In general, quantification revealed >90%
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Figure 4 MCM2-positive cell numbers in the total HC and different hippocampal subregions.
(a) The total number of MCM2 positive cells in the HC was significantly higher in iLBD cases compared to
control subjects (*p=0.004; non-parametric Mann-Whitney U test). (b-f) By comparing MCM2 IR per HC
subregion between the 3 different groups revealed a significant increase in number of proliferating cells in
hippocampal areas (d) CA3 and (e) CA4 (respectively *p=0.001, *p=0.003; non-parametric Mann-Whitney U
test) of iLBD cases versus control subjects. Significance reached at alpha of p≤0.016, Bonferroni-corrected. Data
represent mean±SEM
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Figure 5 Colocalization of the majority of MCM2-positive cells with Iba1 in the hippocampal CA3 region
of control subjects, iLBD cases and PD patients.
(a-f) Representative confocal laser scanning microscopical images of double-immunofluorescent stained
sections revealed that the majority of the MCM2-positive cells show colocalization with the microglial marker
Iba1 (arrows in c, f, i and j, k and l). Iba1-positive microglia are depicted in green (a, d, g) and MCM2 in red (b,
e, h). (j-l) Higher magnification of colocalization (l) between Iba1-positive microglia (j, green) and MCM2 (k,
red); bar (a-i) =40μm; (j-l) =10μm.
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of the MCM2-positive cells in the HC to be microglia in control subjects, ilBD cases and PD
patients (representative examples are shown in Figure 5 and 6).

Figure 6 Colocalization of the majority of MCM2-positive cells with Iba1 in the hippocampal DG region of
control subjects, iLBD cases and PD patients.
(a-f) Representative confocal laser scanning macroscopic images of double-immunofluorescent stained
sections revealed that the majority of the MCM2-positive cells show colocalization with the microglial marker
Iba1 (arrows in c, f, i). (b,d) Control subject shows one MCM2-positive cell with no colocalization with iba1
(arrowhead). Iba1-positive microglia are depicted in green (a, d, g) and MCM2 in red (b, e, h); bar (a-i) =40μm.

125

Chapter 4

Discussion
We studied proliferating cells in the HC of control subjects, iLBD cases and established PD
patients. Using MCM2 as marker, no difference was observed in the amount of proliferating
cells between control subjects and PD patients. However, in the presymptomatic, iLBD cases,
a clear increase in MCM2-positive cells was found. Interestingly, over 90% of the MCM2positive cells co-labeled with Iba1, indicating that microglial cells are the main proliferating
cells in the HC of iLBD cases and PD patients.
In control subjects, the low number of MCM2-positive proliferating cells observed in
the HC is consistent with the low rates of hippocampal proliferation and neurogenesis found
before in the aged rodent, primate and human HC, and in comparable PD brain tissue [30,
42, 49, 50, 51, 52]. Within the control group, MCM2-positive cells were significantly increased
in the DG compared to other hippocampal regions (Figure 3a), which was of interest as most
proliferation was beforehand expected to occur in this subregion. Interestingly, the significant
differences between the DG and other subregions were no longer present in the iLBD and PD
groups, with higher numbers of proliferating cells in all subregions (Figure 3b,c), suggesting
that the disease process has triggered additional proliferative responses also outside the DG,
and in fact throughout the HC.
When total counts in the combined HC were compared between the three cohorts,
significant increases in proliferation were found in the iLBD cases, but no difference was
present between the PD group relative to the control group (Figure 4a). This was unexpected
as, based on experimental studies, lowered dopamine levels were expected to reduce
hippocampal proliferation. Also the increase in iLBD cases was unexpected as no clinical
symptoms were present in this cohort (yet) and although not quantified, their dopamine levels
are assumed to be unaltered. However, there is also some DAT-SPECT data that reflects a
decrease of striatal dopamine levels and nigral degeneration already in the pre-motor stage of
PD [53, 54, 55]. Whether these cases can be readily compared to our iLBD cases remains to
be answered. Subdividing the different HC subregions revealed that the significant increase in
the entire HC in iLBD was mainly due to the CA3 and CA4, and to a lesser extent to the CA2
subregion (Figure 4c, d, e). Since iLBD can be considered a presymptomatic state of PD, this
result suggests that an early and disease-related induction of proliferation occurs in the HC.
Although earlier studies suggested that proliferation outside neurogenic regions
may reflect ‘endangered’ neurons that attempt to re-enter the cell cycle [56], there are no
indications that proliferation in the CA subregions will actually give rise to new neurons. Also
the current morphology, consistent with a proliferative phenotype, and the localization of the
MCM2 cells, i.e. closely apposed to a pyramidal neuron and thus suggestive of a ‘satelite’ cell
(Figure 2, arrowhead) hinted that proliferation in non-neurogenic subregions likely reflects
that of a non-neuronal cell type, e.g. microglia. To confirm this, we used immunofluorescent
co-labeling of MCM2 with Iba1 and established that almost all proliferating cells in the
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PD HC represent microglia. The increase in iLBD cases relative to control subjects and PD
patients suggests that proliferation of microglia occurs early in PD, prior to actual deposition
of α-synuclein.
In most PD cases, neuronal populations in the HC show accumulation of α-synuclein
[57, 58] which may activate the brain’s immune system through microglia activation [59]. It
still debatable whether neuronal α-synuclein inclusions (Lewy bodies/Lewy neurites) cause
microglial activation and/or neuronal death, or whether LBs/LNs act as protective ‘containers’
and that it is the extracellular α-synuclein oligomers and fibrils that are toxic and activate
microglia. On the other hand, neurons containing α-synuclein inclusions could communicate
to microglia and activate them by neuron to glia signaling. Indeed, activation of microglia has
been repeatedly shown in PD. While different microglial phenotypes are present in the SN,
HC and OB in PD, their functional role and hence the implications of microglia proliferation
for PD etiology remain elusive [38, 60, 61]. Similarly, the exact triggers for microglial
proliferation are unknown. Transgenic mice overexpressing wild-type α-synuclein develop
α-synuclein inclusions shortly after birth, but show unchanged cell proliferation in their SVZ
and HC at later ages [14, 62, 63]. In related prion disease models, proliferation of microglial
cells is considered important in their turnover [64, 65] and to a larger extent to account for
the expansion of the resident microglia population during e.g. prion disease development
[66]. A related study on AD mouse models found changes in proliferation and microglia to
coincide in time with increases in amyloid plaque load [67], suggesting that the accumulation
of aberrant proteins like amyloid, and possibly also of α-synuclein, may trigger microglial
proliferation.
While in vitro studies had already demonstrated that the aggregated form of
α-synuclein can trigger microglial activation, [10, 68], the HC of iLBD cases is largely devoid
of α-synuclein depositions, and a role for soluble forms or α-synuclein oligomers can thus not
be excluded. α-Synuclein oligomers can e.g. activate microglia via toll-like receptor-2 (TLR2)
and thereby stimulate pro-inflammatory cytokine production [69, 70]. In agreement, in a
separate study, we found TLR2 expression to be upregulated in microglia in the HC of iLBD
cases [37].
In addition to increasing the cell population, an alternative, more speculative,
interpretation of proliferation in microglia could be phagocytosis of α-synuclein. The release
of α-synuclein and the subsequent uptake by neighboring neurons or glia suggest possibilities
for cell-to-cell transfer and propagation, that was recently proposed as conceptual model
for proteinopathies [71, 72], and is consistent with the spatiotemporal progression of PD
neuropathology over the brain [73]. Interestingly, neuron-to-glia transmission is accompanied
by microglia activation [74, 26] and could thus underlie some of the proliferative changes
observed in microglia in our current study. For instance, α-synuclein secreted by neurons, is
released into the extracellular space and can be taken up by microglia and phagocytosed. Several
forms of α-synuclein have been found to induce microglial activation [75, 76, 10]. Similar to
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amyloid beta, such secreted proteins can be ‘sensed’ by microglia through Toll-like receptors,
that could lead to the activation of inflammatory response genes and their proliferation [37,
69, 71, 77, 78, 79]. Another possibility is that proliferative changes reflect altered calcium
signaling that was e.g. found to be dysregulated in microglia in close vicinity to amyloid
plaques in AD brain [80]. These options are still speculative, and ongoing phagocytosis of
α-synuclein inside microglia is technically difficult to visualize in postmortem human brain,
but may provide a possible explanation for the microglial proliferation we observed.
Our current hippocampal data are in contrast with a previous study on proliferation
in the SVZ in PD and PD models [29], indicating that cell proliferation in the SVZ, and
possibly also in the DG, may be under dopaminergic control [16, 29, 81, 82]. These authors
used nestin and beta tubulin as markers and found significant reductions in proliferation
in the HC of 3 PD patients and 5 PD patients with dementia, which they compared to 3
controls. Although different markers were used, we did not find any indication for a reduction
in proliferation in the HC of our cohorts, together comprising 20 patients and 9 controls.
Another study on the SVZ failed to find differences in the proliferative capacity between
controls and PD patients too [30]. While followed by an interesting debate [32, 33], this also
suggested that proliferating progenitor cells are at least not reduced in PD. The limitation that
exists for visualization of neuronal proliferation [83, 84, 85, 86, 87, 88], does not hold explicitly
for microglia proliferation. MCM2 can thus be used as a marker to determine non-neuronal
cell proliferation in human post-mortem material.
In conclusion, the increase in numbers of proliferating cells in the HC of iLBD
cases, a prodromal state of PD, but not in clinically established PD patients, indicates an early
response to developing pathology in the PD HC. As almost all proliferating cells in the HC
are microglia, this implies that neuroinflammatory processes may play an important role in
ongoing PD pathology.
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Abstract
Microglia are important cells in the brain that can acquire different morphological and
functional phenotypes dependent on the local situation they encounter. Knowledge on the
region-specific gene signature of microglia may hold valuable clues for microglial functioning
in health and disease, e.g. Parkinson’s disease in which microglial phenotypes differ between
affected brain regions.
Therefore, we here investigated whether regional differences exist in gene expression
profiles of microglia that are isolated from healthy rat brain regions relevant for PD. We
used an optimized isolation protocol based on a rapid isolation of microglia from discrete
rat gray matter regions using density gradients and fluorescent-activated cell sorting (FACS).
Application of the present protocol followed by gene expression analysis enabled us to identify
subtle differences in region-specific microglial expression profiles and show that the genetic
profile of microglia already differs between different brain regions when studied under control
conditions. As such, these novel findings imply that brain region-specific microglial gene
expression profiles exist that may contribute to the region-specific differences in microglia
responsivity during disease conditions, such as seen in e.g. PD.
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Introduction
Microglia are the primary, innate immune cells of the central nervous system (CNS)
responsible for safeguarding and maintenance of brain homeostasis. By constantly surveying
their microenvironment, microglia can quickly respond to a disturbed homeostasis caused
by e.g. pathogens or injury. Under such conditions, microglia undergo typical morphological
and functional alterations and become engaged in processes like phagocytosis, cytokine
production, antigen presentation and/or cell proliferation [1, 2, 3, 4].
Although prior studies have suggested that microglial activation is largely detrimental
in the context of homeostatic brain disturbances, it is now well accepted that microglia can
also benefit CNS function and provide neuroprotection, shape neuronal circuits and promote
axonal regeneration [5, 6, 7, 8, 9]. In addition, while knowledge on general microglial
morphology and function is well established, only recently has it become clear that microglial
activity may be region-specific. Hence, previous views on microglia as a rather uniform cell
population present throughout the brain, have now been replaced by the concept that these
cells can acquire specific phenotypes depending on their region-specific environment [10, 11,
12].
Besides regional differences in microglial density, which are positively correlated
with e.g. differential sensitivity to LPS-induced neurotoxicity [13], microglia display a regiondependent diversity in their surface markers expression [14, 15, 16, 17]. In addition, injection
of interferon gamma (IFN-γ) into the brain caused a significant upregulation of major
histocompatibility complex II (MHC II) molecules by microglia in the brainstem but not in
the hippocampus [12, 18]. Although such overt region-specific microglial responsiveness
could be a mere consequence of differences in the local microenvironment, microglia isolated
from different brain regions also present a distinct inflammatory profile at basal conditions as
well as following endotoxin stimulation in vitro. This suggest that at least some of these traits
are inherent to the microglia cells themselves e.g. M1 or M2 type microglia [19, 20].
Microglial diversity has also raised interest in their role in various neurodegenerative
diseases, including Parkinson’s Disease (PD)[21, 22, 23, 24, 25]. Recent data have shown that
α-synuclein pathology spreads throughout the brain and affects several brain regions in PD
patients [26], including the substantia nigra, olfactory bulb, brainstem, limbic system and
neocortex, in a disease-stage dependent manner [27, 28, 29, 30, 31]. Microglia have been
proposed to contribute to this differential, and evolving pattern of neuropathology that
may underlie at least some of the motor and non-motor symptoms in PD [32]. Besides the
identification of activated microglia in the substantia nigra, i.e., a classical neuropathological
PD site, microglial activation also occurs in non-dopaminergic regions like the olfactory bulb
and hippocampus, notably regions where no or little neuronal loss occurs in PD [33, 34, 35,
32]. In addition, we recently observed expression of microglial Toll-like receptor-2 (TLR2),
that is involved in α-synuclein-mediated microglial activation, to be different between the

137

Chapter 5

hippocampus and substantia nigra of PD patients [32, 36], consistent with the concept of
region-specific microglial phenotypes in human tissue.
The presence and profile of microglial surface markers not only differ between
different brain regions in healthy control mice, also a differential responsiveness to various
stimuli has been documented [12, 15, 18, 37, 38]. Prior to studying region-specific differences
in microglial expression profiles in a disease model, we here study whether gene expression
profiles of rat microglia are already region-specific under baseline conditions. This is of
importance as this expression profile might predict microglial responsivity, and hence
differential pathological outcomes under challenging conditions. To this end, we used an
optimized protocol to isolate microglia under baseline conditions from small amounts of tissue
based on density gradients and fluorescent-activated cell sorting (FACS), which subsequently
allowed the analysis of (inflammatory) gene expression profiles in pure microglia derived
from brain regions of relevance for PD, e.g. the substantia nigra or other regions relevant for
PD.

Materials and methods
Animals
All experimental procedures were performed and carried out with approval of the animal
ethical committee of the VU University Medical Center. In each independent set of
experiments (n=3), 2 adult male Wistar rats (250 g, Harlan) were sacrificed and the brain was
rapidly removed and kept in GKN/BSA buffer (see below) on ice.

Acute microglia isolation
Percoll solutions
Percoll (GE healthcare Biosciences, Uppsala, Sweden) was diluted 1:10 in sterile 10x PBS to
yield 100% isotonic Percoll. This isotonic Percoll was diluted in GKN/BSA buffer (GKN 0.8g/l
NaCl, 0.4g/l KCl, 3,.6 g/l Na2HPO4.12H20, 0.8 g/l NaH2PO4, 2 g/l D-(+)-glucose, 0.3% BSA;
pH 7.4, 4o C) to yield 75% and 50% isotonic Percoll solutions.

Tissue processing
All procedures were carried out on ice. After removal of the meninges, olfactory bulb (OB),
amygdala (AM), hippocampus (HC), striatum (STR) and substantia nigra (SN) were rapidly
dissected, and placed separately in a plastic Petri dish containing 2 ml of ice-cold GKN/BSA
buffer (see Figure 1 for information on anatomical location of dissected regions). Identical
regions from 2 rats were pooled per experiment to increase microglial yield. Tissue was
minced with a razor blade and transferred to a 70 μm pore size strainer (BD Biosciences,
Erembodegem, Belgium) on top of a 50 ml conical tube (Greiner Bio-One). Tissue was then
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Figure 1 Anatomical representation of dissected brain regions (adapted from the Rat Brain Atlas; https://
gaidi.ca/rat-brain-atlas/). Brain regions that were dissected for microglia isolation are indicated in blue;
OB, STR, AM, HC and SN, Bregma coordinates indicate the anterior-posterior range of each region that was
dissected.

gently dissociated and mashed through the strainer to reach a single cell suspension. An
additional 30 ml GKN/BSA was added to the tube containing the cell suspension, and then
the tubes were centrifuged for 10 min at 300x g at 4oC (Hettich, Tuttlingen, Germany).

Density gradient centrifugation
The supernatant was discarded and the remaining cell pellet was resuspended in 1 ml 50%
Percoll and transferred to a new 15 ml polystyrene tube after which an additional 7 ml 50%
Percoll was added. Then 4 ml of 75% Percoll was gently layered underneath the 50% Percoll
layer and subsequently 3 ml GKN/BSA buffer was layered on top of the 50% Percoll layer
using a Pasteur pipette. The density gradient was centrifuged at 1300x g (Hettich, Tuttlingen,
Germany) for 30 min at 4o C.

Microglia collection
Two distinct layers were apparent after centrifugation. The top layer between the GKN/
BSA and 50% Percoll gradient consisted mainly of thick, viscous myelin. The lower layer at
the interphase between the 50% and 75% Percoll phases appeared quite faint and contains
highly enriched microglia. First, the top layer was carefully removed and then, using a new
Pasteur pipette, the microglia containing interphase was aspirated and transferred to a 15 ml
polystyrene tube. Cells were washed twice with 14 ml of GKN/BSA buffer and after adding
another 14 ml of GKN/BSA buffer, the cells were centrifuged for 7 min at 300x g at 4o C and
the buffer was discarded.
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Fluorescence-activated cell sorting (FACS)
Staining of microglial cells
Immediately after Percoll gradient separation and washing steps, cells were stained with the
following antibodies: Pacific blue-labeled mouse anti CD11b (Serotec, MCA275PB; final
dilution 1:30) or Alexa647-labeled mouse anti CD45 (Serotec, MCA 43A647; final dilution
1:30), including isotype controls (IgG2a, IgG1) to control for background staining. Briefly,
cells per region were incubated for 30 min at 4o C in antibody diluted in PBS and shielded
from light. In addition, cells were incubated for 10 min with Sytox green nucleic acid stain
(Molecular Probes, S7020; final dilution 1:500,000) to distinguish living from dead cells,
shortly before flow cytometry. Subsequently, cells were rinsed twice in PBS, pelleted at 1200
rpm for 5 min at 4o C and resuspended in 300 μl PBS before they were filtered over a 70 μm size
strainer to obtain a single cell suspension ready for FACS analysis and sorting.

FACS analysis and sort of microglia
Cell size, granularity, and fluorescence intensity were analyzed per brain region (n=3) with
a MoFlo fluorescent activated cell sorter (Beckman Coulter, Mijdrecht, The Netherlands).
Approximately 2x104 events were counted and subsequently analyzed using Summit software
version 4.3 (DAKO) to determine gates before cells were sorted. Microglia were defined as the
percentage of all living, Sytox green negative, cells that showed CD11bpos/CD45lpos expression
[39]. Subsequently, for each brain region, the FACS sorted microglial cells were transferred
into RNAse-free tubes and centrifuged for 5 min at 300x g (Hettich, Tuttlingen, Germany) at
4o C. The supernatant was aspirated, and cells were lysed with 500 µl Trizol reagent (Invitrogen,
Carlsbad, USA) for 5 min at RT. Lysates were stored at -80o C for subsequent RNA isolation,
cDNA synthesis and qPCR analysis.

RNA isolation, cDNA synthesis and quantitative real-time PCR
Total RNA (n=3/brain region) was isolated from sorted microglia per brain region using
Trizol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
Total RNA was further purified using the RNeasy MinElute Cleanup kit (Qiagen). RNA was
reverse-transcribed into cDNA using the High-Capacity cDNA Reverse Transcription kit (Life
Technologies), using 0.5 µg oligo-dT primers and according to the manufacturer’s instructions.
For subsequent quantitative real-time PCR (qPCR), the Power SYBR Green Master Mix
(Life Technologies) was used. Primers were purchased from Eurogentec (Maastricht, the
Netherlands) and qPCR was performed in MicroAmp Optical 96-well Reaction Plates
(Applied Biosystems) on a StepOnePlus Real-Time PCR system (Applied Biosystems). The
reaction mixture (20 µl) was composed of 1× Power SYBR Green buffer (Applied Biosystems),
3.75 pmol of each primer (see Table 1 for primer details), and 12.5 ng cDNA. The thermal
cycling conditions were an initial 10 min at 95° C followed by 40 cycles of 15 sec at 95° C and
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NM_017008.3

NM_017009.2

NM_012675.3

NM_198769.2

NM_012711.1

NM_017196.3

NM_031512.2

NM_001031638.1

NM_012611.3

NM_0011939.1

NM_001038839.1

GAPDH

GFAP

TNFα

TLR2

ITGAM

AIF1

IL-1β

CD68

NOS2

MSR1

P2X7R

ACCCTCAGTGTTCCATCTTCCG

AAAGGCAGGGAGGTCAGGATTTC

AACTTGAGTGAGGAGCAGGTTGA

CTCATCATTGGCCTGGTCCT

AAAGAAGAAGATGGAAAAGCGGTT

GCCTCATCGTCATCTCCCCA

TTATTGGGGTGGGAAACGCCT

GAGCATCGGCTGGAGGTCT

CCACACCGTCAGCCGATT

CAGACTTTCTCCAACCTCCAG

GAACATCATCCCTGCATCCA

Forward (5’→3’)

TTCCTCCCTGAACTGCCACC

CCGCTACCATCAACCAGTCG

CGCACCGAAGATATCCTCATGA

GTTGATTGTCGTCTGCGGG

GGGAACTGTGCAGACTCAAACTC

AGGAAGTGCTTGTTGATCCCA

CTGGAGCTGGTTCCGAATGGT

CTGGAGCTGCCATCACACAC

TCCTTAGGGCAAGGGCTCTT

CTCCTGCTTCGAGTCCTTAATG

GCCAGTGAGCTTCCCGTTCA

Reverse (5’→3’)

84

89

81

80

81

142

137

160

81

138

79

bp

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFAP, Glial Fibrillary Acidic Protein; TNFα, tumor necrosis factor alpha; TLR2, Toll-like receptor 2; ITGAM, Integrin,
alpha M (CD11b); AIF1, Allograft Inflammatory Factor 1 (Iba-1); IL-1β, interleukin-1 beta; CD68, Cluster of Differentiation 68; NOS2, nitric oxide synthase 2; MSR1,
macrophage scavenger receptor 1; P2X7R, P2X purinoreceptor 7 bp, amplicon size base pair.

Alignment sequence

Rat genes

Table 1 Primer sequences used for qPCR analysis
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1 min at 60° C. The specificity of the reaction was checked by means of melt curve analysis.
The relative expression level of the target genes was determined by the LinRegPCR software
(version 2014.3; website: http://www.hfrc.nl) using the following calculation N0=Nq/ECq
(N0=target quantity, Nq=fluorescence treshold value, E=mean PCR efficiency per amplicon,
Cq=treshold cycle [40], after which the value was normalized relative to glyceraldehyde-3phosphate-dehydrogenase (GAPDH). We chose GAPDH as reference gene based on previous
studies [41, 42]. Furthermore, no in vivo or ex vivo treatments have been performed with the
cells that may change the expression of reference genes.

Statistical analysis
Statistical analyses were performed using the SPPS package version 20.0 (Statistical Product
and Service Solutions, Chicago, IL, USA). The mean and standard deviation of efficiency
corrected and GAPDH normalized mRNA expression in microglia were calculated for each
brain region. Since data was normally distributed, as determined by the Shapiro-Wilk test,
within statistical analysis was performed using a paired sample T-test. Bonferroni corrections
for multiple testing led to a p-value of 0.005 (alpha/number of tests: 0.05/10). However, since
this may be too stringent for our analysis leading to type 2 errors (false negative), we indicated
the results in our graphs as significant with p-value set at 0.05.

Results
FACS sorted microglia from various rat brain regions
For the isolation of microglia, we optimized earlier developed protocols with respect to
microglia survival and purity [43, 15, 42]. Upon flow cytometry, microglia were identified
based on cell size, granularity (Figure 2a, R1) and viability by Sytox green nucleic acid staining
(Figure 2b, R2). As it has been shown that in grey matter brain regions of untreated rodents,
hardly any monocytes/macrophages can be observed [17], we identified a large homogeneous
CD11bhigh/CD45pos cell population which we considered being only microglia, revealing a
population of 90-95% of all viable cells (mean ± SD, Figure 2c; Table 2). A small amount
(mean of 7%) of CD11blow/CD45poscells (Fig 2c), especially observed in the OB, were identified
as lymphocytes [44, 45]. After sorting of the microglial cells, their amount ranged from
1.1x104 microglial cells in the SN to 1.2x105 microglial cells in the OB (Table 2). The CD11bhigh/
CD45pos expressing cells were then sorted to obtain a pure microglia population for further
analysis (Figure 2c).

Brain region-specific gene expression
To determine brain region-specific microglial expression, microglia were sorted from the OB,
SN, Str, HC and AM, and gene expression within these samples was analyzed by means of
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Figure 2 Flow cytometric analysis based on cell size, granularity and viability identified microglia with
CD11bhigh/CD45pos expression. (a) Microglia appeared homogeneous in cell size and granularity (R1). (b) Sytox
green staining, a DNA-binding dye that is actively taken up by dying cells, distinguished the living cells (R2)
from dead cells and debris. (c) Combined selection based on cell size, granularity, and viability (R1 and R2)
resulted in a microglial purity of 92.4% ± 0.87% (mean ± SD), as identified by their characteristic CD11bhigh/
CD45pos expression. A small fraction of lymphocytes was present to within the viable cells. To obtain a 100%
pure microglial population, microglia (R3) were sorted.

Table 2 Quantification of isolated microglia per brain region
Brain regions

OB

SN

HC

STR

AM

% pure microglia of viable cells (R2)

95

90

91

93

93

# sorted microglial cells

1.2x105

1.1x104

6.5x104

7.2x104

4.3x1014

#, number; %, percentage; OB, olfactory Bulb; SN, substantia nigra; HC, hippocampus; STR, striatum; AM,
amygdale

qPCR. The genes chosen for analysis have been described to be expressed in microglia in vivo
or in vitro, both under control and/or inflammatory conditions. We determined clear mRNA
expression of CD11b (itgam; general microglia) and AIF-1 (iba1; general microglia), CD68
(microglial activation), Tumor necrosis factor (TNF; pro-inflammatory cytokine), Toll-like
receptor 2 (TLR2; pathogen recognition), P2X purinoreceptor 7 (P2X7R; receptor for ATP),
C-C chemokines receptor 2 (CCR2; monocyte chemotaxis) and Interleukin-1β (IL-1β; proinflammatory cytokine) (Figure 3). Macrophage scavenger receptor (MSR-1), involved in
alternative microglial activation and phagocytosis, brain-derived neurotrophic factor (BDNF)
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and inducible nitric oxide synthase (NOS-2) expression levels were below the detection limit
(data not shown). Moreover, hardly any GFAP expression was observed, indicating the absence
of astrocyte contamination in the sorted microglia (Figure 3c). Normalized mRNA expression
of the general microglial markers AIF-1 and CD11b showed no significant differences
between the different brain regions studied (Figure 3a, b). There was a trend towards higher
CD11b mRNA expression level in the OB compared to Str, and in the SN compared to the
HC (Figure 3b; p=0.059; p=0.062, respectively). The mRNA level of the microglial activation
marker CD68 was significantly higher in the OB compared to the Str, HC and AM (Figure
3d; *p=0.030, *p=0.049, *p=0.020, respectively), and in the Str compared to the AM (Figure
3d; #p=0.014). Furthermore, trends were present towards higher CD68 mRNA levels in Str
compared to HC (Figure 3d; p=0.075) and in HC relative to AM (Figure 3d; p=0.091).
IL-1β mRNA expression was significantly elevated in the OB compared to Str
(Figure 3e; *p=0.034) and a trend was observed towards more expression in the OB compared
to all other regions (Figure 3e; SN p=0.074; HC p=0.056; AM p=0.063), while TNFα mRNA
level was significantly higher in the SN compared to HC (Figure 3f; *p=0.047) in addition
to a trend towards more expression in the SN compared to OB and AM (Figure 3f; p=0.078;
p=0.068, respectively). TLR2, involved in pathogen recognition, was not different between
the different brain regions and showed a similar expression pattern as AIF-1 mRNA (Figure
3g). This in contrast to CCR2, a receptor for CCL2 involved in microglial recruitment and
proliferation [46], that was significantly elevated in the SN compared to the OB (Figure 3h;
*p=0.027). P2X7R, a purinoreceptor for ATP, was expressed at significantly lower amounts in
the SN compared to HC, Str and AM (Figure 3i; *p=0.015; *p=0.008; *p=0.040, respectively)
but significantly higher in the HC relative to the OB (Figure 3i; #p=0.26). Notably, all values
indicated here are based on paired-sample t-test with a significance set at 0.05, they did
not survive Bonferroni corrections for multiple testing (p≤0.005), and therefore should be
interpreted with care.
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Figure 3 Region specific expression levels of established microglial markers. No significant differences were
found in AIF1 (a), CD11b (b) and TLR2 (c) mRNA levels between the different brain regions. For CD68 (d)
and IL-1β (e), a significantly higher expression was present in the OB compared to other brain regions (CD68:
OB vs Str, HC, AM *p<0.05; IL-1β: OB vs Str *p<0.05), and a significantly higher expression of CD68 (d) in
Str compared to AM was found (#p<0.02). Significantly higher TNF mRNA level (f) was measured in the SN
relative to the HC (*p<0.05), a significantly higher CCR2 mRNA level (g) in SN compared to OB (*p<0.05),
significantly lower P2X7R mRNA level (h) in SN compared to Str, HC and AM (*p<0.05), and significantly more
P2X7R expression (h) in the HC compared to OB (#p<0.05). (i) No GFAP expression was observed, indicating
that the sorted microglia were not contaminated by astrocytes.
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Discussion
By optimizing protocols to isolate pure microglia from several gray matter regions implicated
in PD, we could determine brain-region specific microglial gene expression profiles. We
demonstrate that already under control conditions, grey matter-derived microglial cells
express markers that are essential not only for regulating brain homeostasis, but also do so in
a region-specific manner.
For the present study, region-specific microglial gene expression was determined in
Wistar rats, because this rat strain will be used for subsequent PD-related studies. However,
we cannot exclude that the results obtained thusfar in Wistar rats may differ when other rat
strains, e.g. inbred strains, will be used.
Our current isolation protocol differs from other studies that isolated microglia
from adult brain using enzyme digestion in order to obtain cell suspensions [47, 48]. Since we
avoided enzymatic digestion, this prevented alterations in the expression of surface antigens
that are important for cell identification [49]. Moreover, in the present study we directly
analyzed freshly isolated microglia, which is more representative for the in vivo status of these
cells at the time of isolation [42, 43, 50]. Also the isolation procedure itself may influence the
cell status, which is why all brain regions were dissected, and the cells isolated and processed
immediately and all at the same time. The whole procedure was further performed on ice
to avoid microglial activation as much as possible and biological triplicates were used to
determine variability. Thus, when microglia isolated from one brain region show a different
gene expression profile from microglia isolated from another region, such results should then
reflect region-specific properties of the cells.
FACS analysis revealed that indeed around 93% of all isolated cells were microglia,
characterized by CD11bhigh/Cd45pos expression relative to lymphocytes CD11blow/Cd45pos
expression, after gating on size and granularity and viability. The remaining cells consisted of
lymphocytes. Hence, after sorting for CD11bhigh/CD45pos expressing cells, a pure population of
microglia was obtained. The number of microglial cells obtained from the various grey matter
brain regions differed substantially with the lowest yield from the SN, and the highest from
the OB. This difference can be attributed to the size of the areas excised from which cells were
isolated (Figure 1) but was controlled for during qPCR analysis. In line with previous studies,
enrichment and purity of brain microglia was confirmed at the mRNA level by studying the
expression of established general microglial markers CD11b and Iba1 in all brain regions
[43, 51, 52]. Based on hardly detectable GFAP mRNA levels, astrocyte contamination of the
FACS sorted cells was excluded. We further characterized regional specificity of microglia in
the healthy brain by studying the expression of genes that have previously been reported in
microglia, under control and/or inflammatory conditions [10, 32, 37, 46, 53].
Under healthy conditions, microglia display a ramified phenotype that is generally
characterized by a low expression of molecules like CD68 and MHCII, and by a low phagocytic
activity [54, 55, 56]. CD68 is a glycoprotein which binds to low density lipoprotein and is used
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as a marker for both activated, amoeboid microglia, as well as primed microglia [57, 58, 59].
Its expression has furthermore been related to aging [60, 61]. Our results show that more
CD68 expression is present in the OB compared to other brain regions, which suggests that
an activated or primed state of microglia exists in the OB, as we also confirmed with IL-1β
measures. It has been shown before in naïve mice that expression of activational markers,
including MHCII, is relatively high in parenchymal microglia [62] Together, this could
be representative for the clear antigen-presenting function that microglial cells can have,
and with the notion that microglia in the OB are already in a primed state under normal
conditions. This suggests that OB-derived microglia may be more prone to priming than
microglia derived from other gray matter brain regions, which in turn may lead to differential
outcomes between different brain regions when confronted with pathological conditions, e.g.
α-synuclein aggregation.
Similar to CD68, also the pro-inflammatory cytokine IL-1β was expressed at higher
level in the OB relative to other regions. IL-1β is rapidly upregulated in response to various
inflammatory triggers and exerts a wide range of biological and physiological effects on the
immune, endocrine and nervous system [63, 64, 65]. Our results are in line with previous data
demonstrating that IL-1β protein is abundantly present in the OB of rats [66]. Of interest to
note is that we have demonstrated, using knock-out mice that IL-1β contributes to microgliosis,
i.e. elevated CD68 expression, in the OB, but not in the SN [37]. Our present data thus support
the notion that expression of CD68 and IL-1β expression are related. The enhanced expression
observed in the OB relative to other regions could be due to the important role of the OB in
odor discrimination in rodents. In particular the close connections to the outside world may
be of ultimate importance for the microglial cells to be in an easily alerted state to monitor and
respond to possible changes in homeostasis.
In contrast to IL-1β and CD68, mRNA levels of TNFα were found to be increased
in the SN and to be markedly low in the OB, relative to other brain regions. TNFα has been
considered a possible key inflammatory regulator that can induce cytokine production and [67,
68]. In the CNS, microglia are the primary source of TNFα [69] and TNFα release by microglia
has been implicated in neurotoxicity [70, 53, 71]. Interestingly, a region-specific, but dual role
for TNFα itself has been suggested, e.g. in the brain of MPTP treated mice. In this model, it
was proposed that TNFα promotes neurodegeneration in the Str but has a protective role in
the HC [72]. Here, whereas we did not find differences in baseline TNFα expression between
HC and Str, high expression levels were present in the SN. This increase in TNFα expression in
the SN under normal conditions may underlie the increased neuronal vulnerability seen in the
SN following additional challenges, such as during the development of α-synuclein pathology
[38]. A protein typically known to be involved in oxidative cell stress responses is NOS-2. Since
we could not detect NOS-2 in microglia derived from various brain regions, this supports
the notion that the naïve rats we used did not experience cell stress, and that experimental
handling conditions of our samples did not induce oxidative stress in the cells either.
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To further characterize microglial cell differences between different brain regions,
we investigated their expression levels of several receptors. TLR2, a receptor for pathogen
recognition, was recently implicated in the activation of microglia by α-synuclein in vitro [73,
36] and is thought to stimulate secretion of pro-inflammatory cytokines. Moreover, in tissue
of PD patients, differences in TLR2 expression were found in microglia by us between the
HC and SN of PD patients [32]. Also overexpression of α-synuclein in rodents was reported
to increase TLR2 mRNA specifically in the SN but not in other regions [38]. However, in
our current study using naïve rats, no differences were present in microglial TLR2 mRNA
levels between the regions studied. This supports the idea that TLR2 is distributed in an
evenly manner throughout the brain under normal conditions, and is mainly upregulated
by microglia when they encounter specific pathogens, like α-synuclein, and as such, does not
represent a marker for primed microglia.
Clear differences were found in CCR2 mRNA expression levels that were higher
in the SN than in other grey matter regions. CCR2 is implicated in leukocyte migration and
has recently been shown to be expressed by grey matter microglial cells and to be involved
in cell proliferation [74, 46]. In agreement, CCR2 deficiency markedly impaired microglial
recruitment, accelerated β-amyloid accumulation and disease progression in a mouse model
for Alzheimer’s disease (AD)[75]. Hence, the higher expression of CCR2 mRNA already
at basal conditions in the SN could similarly be beneficial for microglial recruitment when
homeostasis becomes disturbed. In contrast to AD, microglial recruitment in the SN is often
associated with an aversive environment that could promote DAergic vulnerability to cell
death in PD [13]. The related high expression of TNFα in the SN (present study) thus supports
an enhanced sensitivity of the SN to neurotoxicity.
As member of the purinergic receptor family, P2X7Rs are a class of ligand-gated
ion channels activated by ATP that contributes to neuro- and glio-transmission. P2X7Rs are
expressed by both neurons and glia in various brain regions and have been implicated in a
wide variety of behaviors, including learning and memory [76, 77] These receptors have also
been described to be involved in responses to trauma, neurodegeneration, neuropsychiatric
disorders and neuropathic pain [77, 78, 79]. Especially, the fast purinergic synaptic transmission
that is in part mediated through these receptors, has been clearly identified [80] in a number
of brain areas, including the HC [81, 82]. The higher P2X7R mRNA in the HC compared
to other regions as observed in the present study could contribute to its role in regulating
synaptic plasticity and memory formation in the HC [83, 84]; this is likely an indirect effect via
microglial cells [76]. Alternatively, P2X7R on microglial cells are implicated in ATP-mediated
microglial activation and cytokine release, of importance for brain disorders [85, 86]. In
addition, ATP-P2X7R signaling is involved in glial cell proliferation [87] which is apparent in
the HC of presymptomatic PD patients [4]. Thus, P2X7R in the HC has strategic implications
for monitoring deviations in ATP levels resulting in cell proliferation and plasticity changes
that likely contribute to adaptive behavior seen under disease conditions like PD.
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Based on transcriptional profiling, proteomics and functional assays, microglia are
typically classified into ‘classically’ activated microglia (M1 type) or ‘alternatively’ activated
microglia (M2 type)[88, 89, 90]. M1 microglia are polarized by IFN-γ and then produce proinflammatory cytokines (e.g. IL-12, IL-1β, TNFα) and oxidative metabolites that can cause
cytotoxicity. In contrast, IL-4, IL-10 and IL-13 polarize M2 microglia, which then downregulate
pro-inflammatory cytokines, increase their expression of anti-inflammatory molecules and
facilitate wound healing and repair, also within the damaged CNS [21, 88, 91, 92, 93]. MSR1
and BDNF are proteins expressed by alternative activation of microglia and are related to
growth factors, anti-inflammatory cytokine production and neuroprotection [10, 91]. The
fact that these sets of genes were undetectable in our current study, whereas genes related to
the classical activation state of microglia, e.g. CD68, IL-1β and TNFα were present, suggests
that the brain region-specific differences in microglia gene expression profile under healthy
conditions are more related to the classical activation pathway in these cells. This implies that
genes expressed by alternatively activated microglia would become more important when
homeostasis is derailed, but would remain undetectable under naïve conditions.
In conclusion, the present data demonstrate that a unique basal gene expression
signature of microglia exists that differs between different grey matter brain regions of Wistar
rats. Within the local brain microenvironment, glial cells play critical roles in the homeostatic
mechanisms that support neuronal survival. Since the basal profile of microglia is more tuned
towards a pro-inflammatory profile and in a region-dependent way, such region-specific gene
expression profiles of microglia likely predict different outcomes under challenging and disease
conditions. As such, region-specific differences in neuronal susceptibility in conditions like
PD, could at least in part, be attributable to basal differences in levels of inflammation-related
receptors and other factors that are endogenously, and differentially, produced by microglial
cells.
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Abstract
Compelling evidence suggests that accumulation and aggregation of alpha-synuclein (α-syn)
contribute to the pathogenesis of Parkinson’s disease (PD). Both motor symptoms and nonmotor symptoms are thought to be associated with respectively nigral and extranigral changes,
largely comprising α-syn pathology. Of interest, the spatiotemporal development of α-syn
pathology not only parallels PD progression and the appearance of the non-motor symptoms,
but also seems to trigger microglial activation; another prominent neuropathological feature
of PD. To better understand the brain region-specific neuroinflammatory response to α-syn,
we used viral-mediated gene transfer in vivo to overexpress human wild type α-syn for 3 or
8 weeks in rat substantia nigra (SN) and hippocampus (HC), an extranigral brain region
implicated in cognitive decline in PD. Besides studying region specific microglial activation
and neuronal loss in response to α-syn overexpression in the SN and HC, we questioned
whether time-dependent microglial reactivity occurs in response to α-syn. Our observations
support previous findings that overexpression of α-syn leads to a rapid microglial response that
precedes the loss of dopaminergic neurons in the SN. Also, a change in microglial phenotype
over time from an antigen-presenting one to a predominant macrophage-like phenotype, as
identified amoeboid CD68 positive microglia, is apparent. Interestingly, microglial responses
to α-syn were absent in the HC, suggesting regional differences in microglial responses to
α-syn expression in vivo.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by a loss of
dopaminergic neurons in the substantia nigra (SN) and of their terminals in the striatum. This
causes invalidating motor symptoms like bradyskinesia, tremor and rigidity [1]. In addition,
non-motor symptoms are prominent in PD that include neuropsychiatric changes, autonomic
dysfunction, and sensory and cognitive impairments [2, 3, 4, 5, 6, 7, 8, 9]. Importantly, some of
the non-motor symptoms antedate the motor deficits [10, 11] and most are largely refractory
to dopaminergic treatment [12, 13].
The non-motor symptoms are thought to be associated with extranigral changes,
largely comprising alpha-synuclein (α-syn) pathology [3]. The role of the protein α-syn in
PD is widely accepted. Dominant mutations in the α-syn gene, i.e. A53T, A30P, E46K and
multiplications of the α-syn locus are e.g. related to familial PD [14, 15, 16, 17, 18]; while wildtype α-syn was found to be enriched in so-called Lewy bodies (LBs) present in brains of both
familial and sporadic PD patients [19]. As a result, the presence of α-syn inclusions is a general
neuropathological hallmark and is considered a pathogenic feature of PD [20, 21]. Of interest,
the spatiotemporal development of α-syn pathology not only parallels PD progression and
the appearance of the non-motor symptoms, but also parallels microglial activation, another
prominent neuropathological feature of PD [20, 22, 23, 24].
Microglial cells have a specialized role in immune surveillance as they mediate
immune responses to invading pathogens or to the presence of aberrant proteins. Under
normal circumstances, microglia are present in a morphologically ramified state, continuously
surveilling their environment and mainly secreting neurotrophic factors to locally support cell
functioning [25, 26]. Under pathological conditions these ramified microglial cells transform
morphologically into more amoeboid shaped cells and thereby acquire different and specific
functionalities, such as secretion of cytokines and prostaglandins, and the phagocytosis and
clearance of cellular debris [27, 28].
In vitro application of α-syn to cultured microglia influences their phagocytic
properties, and increases their production of e.g. tumor necrosis factor alpha (TNFα) and
reactive oxygen species [29]. Furthermore, depletion of microglia diminishes the dopaminergic
cell death induced by aggregated α-syn in vitro [30]. An important recent finding is that
especially the oligomeric forms appear to be the toxic α-syn species that trigger microglial
activation and neuronal cell death, suggesting that the inclusion of α-syn in Lewy bodies may
possibly be protective [31, 32].
Furthermore, while in vivo imaging and postmortem studies had already
demonstrated the presence of amoeboid microglia and pro-inflammatory mediators in
the SN of PD patients [33, 34, 35, 36], accumulation of amoeboid microglia has now been
established in the hippocampus (HC) [37, 38] and olfactory bulb [39] of PD patients as well as
in relevant animal models [40]. Thus, microglial activation occurs also outside the SN, where
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it coincides with α-syn deposition but where it, in contrast to the SN, is not associated with
neuronal cell death [39]. Though we cannot rule out differences in neuronal vulnerability to
α-syn pathology and microglia activation [41], these observations agree with novel views on
microglia as a heterogeneous cell population with several different phenotypes [27, 37, 42,
43, 44] that are thought to contribute to local inflammatory responses, not in a uniform, but
rather in a brain region-specific manner.
Over the years, data from various animal models based on α-syn overexpression
have consistently shown that this protein can induce a cascade of events including microglial
activation, that lead to neurodegeneration and neuronal cell loss [45, 46, 47]. The identification
of α-syn and a possible role for microglia in PD pathogenesis have opened up new avenues
to develop more specific animal models of PD. For instance, as reviewed by Ulusoy (2010),
recombinant adeno-associated virus (rAAV) and lentivirus (LV) vectors are efficient tools
to locally express human wild-type or mutated α-syn, e.g. selectively in midbrain dopamine
neurons. Unlike more general toxicity models, utilizing e.g. LPS, MPTP or 6-OHDA, local
α-syn overexpression induces many of the characteristic features of PD, including abnormal
protein aggregation, neuronal dysfunction, cell death and motor and non-motor symptoms
[48, 49, 50, 51].
To better understand the brain region-specific neuroinflammatory response in
relation to PD, we set out to develop an animal model in which α-syn is overexpressed in
a time and brain region-specific manner. Because of the possible intrinsic differences in
microglia properties, we questioned whether local differences in α-syn expression induce a
differential microglial response and whether responsivity changes over time. To this end, we
use local viral-mediated gene transfer in vivo, as based on previous studies, to overexpress
human wild type α-syn for 3 and 8 weeks in the rat SN [47, 49, 52] and HC; an extranigral
brain region also involved in the non-motor symptoms in PD. Besides studying neuronal loss
in both regions, we further investigate the brain region-specific neuroinflammatory responses
using various microglial markers

Materials and methods
AAV vector design and production
Recombinant AAV serotype 5 vectors (rAAV5) encoding for human wild-type α-syn or for the
green fluorescent protein (GFP) under the control of the synthetic chicken beta-actin (CBA)
promoter were used. The cDNAs for both genes were followed by a SV40 poly-A sequence
and flanked by inverted terminal repeats (ITR2) for genome replication and packaging. The
final virus titer of rAAV-α-syn and rAAV-GFP was 2,9x1013 and 3,2x1013 genome copies/ml,
respectively.
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Animals and experimental groups
Sixteen young adult male Wistar rats weighing ~250 g at the beginning of the experiment
were purchased from Harlan (Netherlands). Additionally, we included four young adult
female Sprague-Dawley (SD) rats (Charles River, Schweinfurt, Germany) weighing ~225 g to
compare our results with previous studies in which female SD rats were used [49, 53, 47]. All
animals were housed 2-3 per cage and kept under a 12 h light/12 h dark cycle with access to
food and water ad libitum. All experimental procedures were performed with approval from
the Ethical Committee for Use of Laboratory Animals in the Lund-Malmö region. All efforts
were made to minimize the number of rats and their suffering.
Animals were allocated to one of the 4 groups to receive rAAV5 vectors encoding
human α-syn (3 or 8 weeks survival, both groups n=4) or rAAV5 vectors encoding GFP
(vector control group; also 3 or 8 weeks survival, n=4). The contralateral side served as internal
control.

Surgical procedures
All surgical procedures were performed under anesthesia by intraperitoneal injection (6 ml/
kg) of a 20:1 mixture of fentanyl and medetomidine (Dormitor, Apoteksbolaget, Sweden).
The animals were placed in a stereotactic frame (Stoelting, Wood Dale, IL, USA) and an
incision was made in the skin overlying the skull. The anteroposterior (AP) and mediolateral
(ML) coordinates of the injection sites were calculated from bregma and dorsoventral (DV)
coordinates from the dural surface, according to the stereotaxic atlas of Paxinos and Watson
[54]. A 5 μl Hamilton syringe (75 RN) fitted with a glass pipette (OD 60-80 μm) was used for
the injections and the animals received a total of 2 μl of either rAAV5-GFP (n=8; GFP group)
or rAAV5-α-syn (n=8; α-syn group). Unilateral injection of the vectors into the Substantia
nigra pars compacta (SNpc) and HC were performed using the following coordinates (all in
mm): SN: AP=-5.5; ML=-2.2; DV=-7.5; HC: AP=-5.5; ML=-5; DV=-5, and with the tooth
bar set to -2.3. Before injecting the vector, the needle was placed 0.2 mm deeper in the SN
and HC than the established site of injection to create extra space. Hereafter, the needle was
retracted until the exact injection site and the viral vector was delivered at a speed of 0.4 μl/
minute. Once the vector was injected into the SN or HC, the needle was left in place for 5
min, slowly moved 0.2 mm upward and kept in place for an additional 1 min before it was
slowly retracted from the brain (2 min). Post-operative analgics were given to the animals by
subcutaneous injection of atipamezole hydrochloride (Antisedant; 0.6ml/kg; Apoteksbolaget,
Sweden) and Temgesic (1.0 ml/kg). Finally, their skin was sutured with metal clips and the rats
were returned to their home cage for recovery.

Tissue processing
Three or 8 weeks after viral injection, all animals were deeply anesthetized with 1.2 ml of
60 mg/ml pentobarbital (Apoteksbolaget, Stockholm, Sweden) ip and perfused through the

159

Chapter 6

ascending aorta with 50 ml of 0.9% NaCl followed by 250 ml of 4% ice-cold parafomaldehyde
(PFA) in 0.1 M phosphate buffer for 5 min. The brains were removed and post-fixed for 24
h in the same fixative and then transferred to 30% sucrose in PBS at 40C for cryoprotection.
Coronal sections were cut on a freezing microtome at 40 μm thickness. Sections were collected
in 1 in 10 series and stored at -200C in 30% sucrose in 0.1 M phosphate buffer.

Immunohistochemistry
Immunohistochemical stainings were performed on free-floating sections using the following
antibodies against rAAV expressing protein (both α-syn and GFP), dopaminergic neurons
(tyrosine hydroxylase, TH), general neurons (NeuN), total/general microglia (Iba1) and
amoeboid microglia specifically (ED1). See Table 1 for details on the antibodies used. The
sections were rinsed in TRIS-buffered saline (TBS, pH 7.6) for at least 1 h and incubated
for 30 min at RT in TBS containing 0.3% H2O2 and 0.1% sodiumazide to block endogenous
peroxidase activity. Non-specific binding was blocked with 3% bovine serum albumin (BSA,
PAA laboratories, Austria) in TBS containing 0.5% Triton (TBS-T, pH 7.6; blocking solution)
for 1 h at RT. Subsequently, sections were incubated overnight at 4o C with the primary
antibody diluted in blocking solution. After subsequent washing in TBS, the sections were
incubated for 2 hr at RT in the appropriate biotinylated goat anti mouse IgG’s, goat anti
rabbit IgG’s or donkey anti goat IgG’s (1:400; Jackson ImmunoResearch Laboratories Inc.,
West Grove, Pennsylvania, USA) followed by horse radish peroxidase (HRP)-labeled avidinbiotin complex (ABC complex, 1:400; Vector Laboratories, Burlingame, CA, USA) in TBS-T
for 1 hr at RT. Immunoreactivity was visualized with 3,3-diaminobenzidine (DAB, Sigma, St.
Louis, MO, USA) and H2O2 (in Tris-HCl buffer). After rinsing in Tris-HCL, sections were
mounted on SuperFrost slides (Menzel-Glaser SuperFrost, Braunschweig, Germany) and
dried overnight. Counterstaining was performed with haematoxylin (J.T. Baker, Philipsburg,
NJ, USA) and after dehydration in increasing ethanol solutions, all sections were cleared in
xylene and coverslipped with Entellan (Merck, Darmstadt, Germany).

Immunofluorescence
To validate, after transduction, local α-syn and GFP expression by the SNpc dopaminergic
neurons and by the HC pyramidal and dentate gyrus (DG) neurons, double-labeling
experiments were performed using antibodies against α-syn or GFP and TH (SNpc) or NeuN
(HC). Sections were rinsed, incubated in 3% BSA to block non-specific binding, and primary
antibodies were diluted in the blocking solution, as indicated above. After an overnight
incubation at 4⁰C, the sections were washed and then co-incubated for 2h at RT with Alexa
Fluor 488 labeled donkey anti rabbit IgG’s (α-syn or GFP) and Alexa Fluor 594 labeled donkey
anti mouse IgG’s (TH or NeuN). After washing, sections were mounted and dried overnight
and finally coverslipped with Vectashield and examined using a confocal microscope (Leica
TSC-SP2-AOBS; Leica Microsystems, Wetzlar, Germany).
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Semi-quantification of immunoreactivity
Semi-quantitative analysis of GFP, α-syn, TH, NeuN, Iba1 and CD68 immunoreactivity was
determined by the amount of immunoreactivity per region of interest (ROI). To this end,
pictures were taken at a 10x3.3 magnification and a threshold was determined that identified
specific staining while omitting background staining in the sections. The same threshold
setting was applied over all sections, ruling out observer bias. Subsequently, the intensity of
specific immunoreactivity was automatically measured within the defined ROI, and expressed
for GFP, α-syn, TH, NeuN, iba1 and CD68 as percentages of immunoreactivity per ROI. For
TH, NeuN, Iba1 and CD68, the relative immunoreactivity in percentage compared to controls
(contralateral side) was calculated as depicted in the graphs (Figure 4i; 5i; 6i; 7i; 8i,j). Semiquantitative analyses were performed using CellF Olympus Soft Imaging Solutions GmbH
software, version 3.1 (Tokyo, Japan).

Statistical analysis
Statistical analyses were performed with IBM SPSS Statistics 20. All data were expressed as
mean +/- standard error of the mean (SEM). The Shapiro-Wilk significance test was used to
establish normal distribution of the data between the different time and treatment groups. For
within analyses between ipsilateral and contralateral sides of the SN or HC, a paired-sample
t-test or non-parametric Wilcoxon signed ranks test was performed. For between-group
analyses between the α-syn and GFP injected site, an independent t-test or non-parametric
Kruskal-Wallis and Mann-Whitney U test was performed. A p<0.05 was considered
statistically significant. Results were considered a trend when 0.05<p<0.1.

Results
rAAV-mediated α-syn and GFP expression in SN and HC at 3 and 8 weeks post
transduction
We first examined whether rAAV-mediated transduction with α-syn or GFP of neurons in the
SN and HC had been successful. In the SNpc, clear α-syn immunoreactivity was observed at 3
(Figure 1a-a’) and at 8 weeks (Figure 1c-c’) post injection, which was absent in the contralateral
side of the animals (Figure 1b, d). Furthermore, α-syn immunoreactivity was mainly observed
in pyramidal layers and DG of the transduced HC at 3 (Figure 1e-e’) and 8 weeks (Figure
1g-g’) post injection. At the contralateral HC, some α-syn immunoreactivity was observed
in the pyramidal layers as well (Figure 1f, h) possibly related to anterograde transport of the
vector or transgene along the corpus callosum. Semi-quantification of α-syn levels revealed a
significant increase in the ipsilateral (ips) side compared to the contralateral (con) side after
3 and 8 weeks of AAV injection (Figure 1i: (SN) ips vs con *p=0.014; j: (HC) 3wks ips vs con
*p=0.008; 8 wks ips vs con *p=0.001).
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Figure 1 α-Syn immunoreactivity in SNpc and HC at 3 and 8 weeks post AAV-α-syn transduction. In the
SNpc (a, c) and higher magnification (a’, c’) the ipsilateral side shows clear α-syn immunoreactivity at 3 (a) and
8 weeks (c) after AAV-α-syn transduction, whereas the contralateral side shows no α-syn immunoreactivity at
3 weeks (b) and 8 weeks (d) post AAV-α-syn transduction. In the HC (f, h) and higher magnification (f ’, h’)
the ipsilateral side shows widespread α-syn immunoreactivity whereas the contralateral side shows little α-syn
immunoreactivity at 3 weeks (g) and 8 weeks (i) post AAV-α-syn transduction. Bar (a-i) = 400µm; (a’, c’, f ’, h’)
= 100 µm.
(e,j) Semi-quantification shows significant more α-syn immunoreactivity in the ipsilateral SNpc (e) and the
ipsilateral HC (j) compared to the contralateral side, 3 and 8 weeks post AAV-α-syn transduction; *p<0.05. Data
represent Mean + SEM.

Similar observations were made for GFP immunoreactivity, which was clearly present
in SNpc and HC at 3 and 8 weeks post injection (Figure 2a-h), and semi-quantification revealed
a significant increase in the ipsilateral side compared to the contralateral side after 3 and 8
weeks of AAV injection (Figure 2i: (SN) 3wks ips vs con *p=0.001; 8 wks ips vs con *p=0.018;
j: (HC) 3wks ips vs con *p=0.014; 8 wks ips vs con *p=0.037). To further characterize whether
neurons expressed α-syn and GFP, double labeling showed clear colocalization of α-syn or
GFP and TH-positive (dopaminergic) neurons in the ipsilateral and not in the contralateral
SNpc (Figure 3a-d). In the HC, α-syn or GFP colocalized with NeuN in pyramidal and with
DG neurons in the ipsilateral HC and small amounts of α-syn or GFP IR was seen in fiber
tracts close to the pyramidal neurons at the contralateral side (Figure 3 e-h).
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Figure 2 GFP immunoreactivity in SNpc and HC at 3 and 8 weeks post AAV-GFP transduction. In the SNpc
(a, c) and higher magnification (a’, c’) the ipsilateral side shows clear neuronal GFP immunoreactivity at 3 (a)
and 8 weeks (c) after AAV-GFP transduction, whereas the contralateral side shows no GFP immunoreactivity
at 3 weeks (b) and 8 weeks (d) post AAV-GFP transduction. In the HC (f, h) and higher magnification (f ’, h’)
the ipsilateral side shows widespread GFP immunoreactivity whereas the contralateral side shows little GFP
immunoreactivity at 3 weeks (g) and 8 weeks (i) post AAV-GFP transduction. Bar (a-i) = 400µm; (a’, c’, f ’, h’) =
100 µm.
(e,j) Semi-quantification showed significant more GFP immunoreactivity in the ipsilateral SNpc (e) and the
ipsilateral HC (j) compared to the contralateral side, 3 and 8 weeks post AAV- GFP transduction; *p<0.05. Data
represent Mean + SEM.

Loss of TH immunoreactivity in the SNpc but no differences in hippocampal NeuN
immunoreactivity
To assess whether cell death occurred, TH immunohistochemistry was performed for the
SN, and NeuN immunohistochemistry for the HC. In the SNpc, TH immunoreactivity was
less prominent 3 and 8 weeks post AAV-α-syn injection in the ipsilateral side compared
to the contralateral side (Figure 4 a-b, e-f). No obvious differences were observed in TH
immunoreactivity in the GFP group between the ipsilateral and contralateral side at both
time points (Figure 4c-d, g-h). Semi-quantification revealed no significant differences in
TH immunoreactivity in the SNpc of animals 3 weeks after AAV-α-syn injection compared
to the contralateral side and compared to the GFP injection side (Figure 4i). However, at 8
weeks post AAV-α-syn transduction, a reduced TH immunoreactivity was observed in the
ipsilateral SNpc and its main projection area, the striatum (data not shown), compared to
the contralateral side and compared to the ipsilateral AAV-GFP transduced SNpc (Figure
4i; ^p=0.068; πp=0.080 respectively). No differences were observed in TH immunoreactivity
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Figure 3 Colocalization of α-syn or GFP and TH in the SNpc, and α-syn or GFP and NeuN in the HC.
Representative images of confocal laser scanning microscopy revealed clear colocalization of (a-a’) α-syn
(green) and TH (red), (c-c’) GFP (green) and TH (red) in dopaminergic neurons in the ipsilateral side of the
SNpc, and (e-e’) α-syn (green) and NeuN (red), (g-g’) GFP (green) and NeuN (red) in hippocampal pyramidal
neurons. Absence of colocalization in the contralateral side of the SNpc (b,d) and HC (f,h). Bar (a-b, c-d) = 200
µm; (a’, c’) = 30 µm; (e-f, g-h) = 200 µm; (e’, g’) = 40 µm.
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Figure 4 Loss of TH immunoreactivity in the ipsilateral SNpc at 3 and 8 weeks post AAV-α-syn transduction,
not post AAV-GFP transduction.
TH immunoreactivity is less prominent in the ipsilateral side compared to the contralateral sides at 3 (a,b)
and 8 (e,f) weeks post AAV-α-syn transduction TH immunoreactivity is not altered in the ipsilateral versus
contralateral side after AAV-GFP transduction at both time points studied (c,d,g,h). Bar (a-h) = 200µm
(i) Semi-quantification revealed no significant differences in TH immunoreactivity in the ipsilateral versus
contralateral SNpc of animals at 3 weeks post AAV-α-syn transduction, and compared to the GFP injection
side. At 8 weeks post AAV-α-syn transduction, a reduced TH immunoreactivity was observed in the ipsilateral
compared to the contralateral SNpc and compared to the ipsilateral AAV-GFP transduced SNpc (^p=0.068;
π
p=0.080 respectively). No differences were observed in TH immunoreactivity in the ipsilateral SNpc compared
to the contralateral side at 3 or 8 weeks post AAV-GFP transduction. Data represent Mean + SEM.

in the ipsilateral SNpc compared to the contralateral side at 3 or 8 weeks post AAV-GFP
transduction (Figure 4i).
In the HC, no clear differences in NeuN immunoreactivity were observed between
the ipsilateral and contralateral side at 3 and 8 weeks after AAV-α-syn and AAV-GFP injection
(Figure 5a-h). Semi-quantification of NeuN immunoreactivity confirmed the absence of any
difference in NeuN immunoreactivity between the ipsilateral and contralateral sides, and
between the AAV-α-syn and AAV-GFP injections at both time points (Figure 5i).
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Figure 5 No differences in NeuN immunoreactivity in the HC at 3 and 8 weeks post AAV-α-syn or AAVGFP transduction.
NeuN immunoreactivity shows no difference between contralateral and ipsilateral side at 3 (a-d) and 8 (e-h)
weeks post AAV-α-syn (a-b, e-f) and GFP (c-d, g-h) transduction. Bar (a-h) = 200µm.
(i) Semi-quantification revealed no differences in NeuN immunoreactivity in the ipsilateral versus contralateral
HC of animals at both 3 weeks and 8 weeks post AAV-α-syn and GFP transduction. No differences were
observed in NeuN immunoreactivity in ipsilateral HC post AAV-α-syn transduction compared to the ipsilateral
AAV-GFP transduced HC Data represent Mean + SEM.

Microglial distribution and activation
Subsequently, microglial distribution and activational status were examined in the AAVα-syn and AAV-GFP transduced SNpc and HC. To this end, Iba1 and ED1 were used as
markers for ramified and amoeboid microglia, respectively. In the SNpc, an increase in Iba1
immunoreactivity was observed in the ipsilateral compared to the contralateral side at 3 and
8 weeks post AAV-α-syn transduction (Figure 6a-b, e-f). No differences were observed in
Iba1 immunoreactivity between the ipsilateral and contralateral side post GFP transduction
at each time point (Figure 6c-d, g-h). Semi-quantitative analyses showed a trend towards
an increased Iba1 immunoreactivity in the ipsilateral SNpc compared to the contralateral
side 3 weeks post α-syn transduction (Figure 6i ^p=0.068) and a significant increase in the
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Figure 6 Iba1 immunoreactivity in the SNpc at 3 and 8 weeks post AAV-α-syn or AAV-GFP transduction.
More Iba1 immunoreactivity is present in the ipsilateral versus the contralateral SNpc at 3 (a,b) and 8 (e,f) weeks
post AAV-α-syn transduction. The SNpc of AAV-GFP transduced animals show similar Iba-1 immunoreactivity
between the ipsilateral and contralateral sides at 3 (c,d) and 8 (g,h) weeks post transduction. Bar (a-h) = 200µm.
(i) Semi-quantification revealed a trend towards an increased Iba1 immunoreactivity in the ipsilateral SNpc
compared to the contralateral side at 3 weeks post AAV-α-syn transduction (^p=0.068) and a significant
increase in the ipsilateral SNpc compared to the contralateral side at 8 weeks post AAV-α-syn transduction
(*p<0.05). Furthermore, Iba1 immunoreactivity was significantly increased in the AAV-α-syn transduced SNpc
compared to the AAV-GFP transduced SNpc at 3 and 8 weeks post transduction (#p<0.05). Data represent
Mean + SEM.

ipsilateral SNpc compared to the contralateral side 8 weeks post α-syn transduction (Figure
6i *p=0.036). Furthermore, Iba1 immunoreactivity was significantly increased in the α-syn
transduced SNpc compared to the GFP transduced SNpc at 3 and 8 weeks post transduction
(Figure 6i #p=0.021).
In contrast, in the HC, no differences in Iba1 immunoreactivity were apparent
between the AAV-α-syn and AAV-GFP transduced brain regions or between the contralateral
and ipsilateral sides (Figure 7i). We observed a general increase in Iba1 immunoreactivity at 3
weeks (Figure 7a-d) compared to 8 weeks (Figure 7e-h) post transduction with AAV-syn and
AAV-GFP in both ipsilateral and contralateral sides.
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Figure 7 Iba1 immunoreactivity in the HC at 3 and 8 weeks post AAV-α-syn or AAV-GFP transduction.
Widespread Iba1 immunoreactivity is present in ipsilateral and contralateral sides of the HC at 3 weeks post
AAV-α-syn and AAV-GFP transduction, (a-d), whereas little Iba1 immunoreactivity is present in the ipsilateral
and contralateral sides of the HC at 8 weeks post AAV-α-syn and AAV-GFP transduction (e-h). Bar (a-h) =
200µm.
(i) Semi-quantification revealed no differences in Iba1 immunoreactivity between ipsilateral and contralateral
sides of the HC. Neither between time-points nor between AAV-α-syn and AAV-GFP transduced HC,
differences in Iba1 immunoreactivity are observed. Data represent Mean + SEM.

In addition, ED1 positive amoeboid microglia could be visualized in the SNpc and
HC of α-syn or GFP transduced animals (Figure 8). The appearance of ED1 immunoreactivity
closely coincided with the needle tract at 3 weeks post transduction with AAV-α-syn or AAVGFP, suggestive of a response to the tissue damage itself rather than to the gene expression.
Therefore, ED1 was not further studied at this time point. At 8 weeks post AAV-α-syn
transduction, a clear appearance of ED1 immunoreactivity was observed in the ipsilateral
SNpc compared to the contralateral side (Figure 8a-b), whereas no ED1 immunoreactivity
was seen in the AAV-GFP transduced animals (Figure 8c-d). ED1 immunoreactivity was
significantly increased in the ipsilateral SNpc compared to its contralateral side (Figure 8i
*p=0.015). A trend was observed towards an increase in ED1 immunoreactivity at 8 weeks
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Figure 8 ED1 immunoreactivity in the SNpc and HC at 8 weeks post post AAV-α-syn or AAV-GFP
transduction.
ED1 immunoreactivity is clearly present in amoeboid-shaped microglia in the ipsilateral (a) and absent in
contralateral SNpc (b) post AAV-α-syn transduction. Hardly or no ED1 immunoreactivity is present in the
ipsilateral (c) and contralateral (d) SNpc post AAV-GFP transduction and no ED1 immunoreactivity is present
in the HC post AAV-α-syn or AAV-GFP transduction (f-i). Bar (a-d, f-i) = 200µm.
(e-j) Semi-quantification (e) revealed a significant increase in ED1 immunoreactivity in the ipsilateral SNpc
compared to its contralateral side (*p<0.05) after AAV-α-syn transduction, and a trend towards an increase in
ipsilateral versus contralateral SNpc after AAV-GFP transduction (^p=0.065). Also a trend towards an increase
in ED1 immunoreactivity in AAV-α-syn versus AAV-GFP transduced SNpc is found (πp=0.100). No semiquantitative differences in ED1 immunoreactivity are observed in the HC (j). Data represent Mean + SEM.

post AAV-GFP transduction compared to contralateral side (^p=0.065), and towards an
increase in ED1 immunoreactivity in AAV-α-syn compared to AAV-GFP transduced SNpc
(πp=0.100).
In contrast to the SNpc, and similar to the results obtained with Iba1, no differences
were apparent in ED1 immunoreactivity in the HC between AAV-α-syn and AAV-GFP
transduced animals or between contralateral and ipsilateral transduced sides (Figure 8e-h, j).
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Discussion
Based on the observed brain region specific microglial phenotypes in the brain of PD patients,
in the present study we aimed to assess whether time- and region-dependent microglial
changes occur in the SN and HC in response to rAAV-mediated local overexpression of α-syn
in rats as a model of PD. Both dopaminergic neurons and hippocampal neurons were efficiently
transduced by the AAV vector. In line with previous studies, we observed TH loss occurring
after 8 weeks in the SN [47, 52]. Although TH loss can be interpreted as dopaminergic
neuronal loss or merely functional loss, other neuronal markers like Hu and the retrograde
tracer Fluoro-Gold had confirmed previously that up to 50% dopaminergic cell loss occurs 8
weeks after viral α-syn transduction of the SN [52]. Of interest, we here observed an increase
in microglial immunoreactivity already 3 weeks after α-syn transduction in the SN, suggesting
that overexpression of α-syn leads to a rapid change in microglial reactivity that precedes
the loss of dopaminergic neurons. This is largely comparable to what has been reported in
previous studies [45, 55] where the increase in microglial density remained present even up to
8 weeks post α-syn transduction in SN. In clear contrast, in the HC, neither neuronal loss nor
changes in microglial immunoreactivity were apparent following the α-syn overexpression in
that brain region after 3 and 8 weeks post transduction. This clearly indicates a brain regionspecific microglial response that is different between the SN and HC and may relate to the
different neuropathological outcome in PD.
Our results support previous in vivo studies [47] showing that when overexpression
of α-syn induced neuronal cell death in the SN, this was paralleled by microglia taking on
a predominant macrophage-like phenotype, as identified by the phagocytic marker CD68.
Conversely, when α-syn pathology was present but cell death was absent, i.e. mimicking early
stages of PD, microglial activation correlated with a high expression of MHCII in both the
SN and striatum, suggesting an antigen-presenting phenotype [47]. Here, we found increases
in CD68 positive amoeboid microglia 8 weeks after onset of α-syn overexpression, while
Iba1-positive microglia were already increased after 3 weeks. Thus, during the first stages of
α-syn-mediated neuronal impairment, general microglial responses may mediate an antigenpresenting role and may possibly become more sensitive, so-called primed, which could
eventually promote neurodegeneration in the SN. Our data indicate this likely occurs in a
brain region dependent manner.
Interestingly, in previous studies on human post-mortem tissue, increases in
microglia activation have been reported in close proximity to α-syn pathology, notably in the
SN as well as the HC, and irrespective of neuronal cell death [37, 39, 56, 57]. One explanation
for the absence of microglial responsivity and neuronal loss in the HC could be due to
differences in microglial distribution. The SN contains more microglial cells relative to other
brain areas [58], which might increase the change of predisposing and priming of microglia in
this region towards challenges such as α-syn pathology.
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Another possible, more technical, explanation for the discrepancy in results found
between SN and HC could be the fact that the HC was injected with a similar volume of rAAV
as the SN, which may be insufficient to trigger a full microglial activational response due to
differences in brain region size. The injected viral titer has a direct impact on the number of
transgene copies in target cells and hence the eventual transgene expression level. In a previous
study [49], the consequences of targeted overexpression of α-syn in the mesocorticolimbic
dopaminergic pathway were compared with injections in the septohippocampal cholinergic
pathways, and these authors used injection volumes into the ventral tegmental area of 1,5
μl rAAV5-α-syn, and injection volumes in the medial septum/vertical limb of the diagonal
band of Broca of 4μl. Neuronal loss was observed in both regions, based on TH and ChAT
immunostainings respectively, in addition to spatial learning and memory deficits [49].
Nevertheless, it remains very difficult to control the actual amount of transgene expressed in
different brain regions. In addition, region-specific differences in microglial phenotypes have
been shown before in several studies [37, 42] and therefore our results likely represent such
region-specific differences in the rat brain.
One of the advantages why we chose to use the current experimental setup instead of
transgenic mouse models overexpressing α-syn [46], is that α-syn expression can be restricted
to the areas of interest, e.g. SN and HC, and controlled in concentration and in time. Hence,
confounding effects due to a more widespread, e.g. neuron-specific, and/or gradual expression
such as in transgenic mouse lines, can be avoided. Moreover, viral vectors can be administered
at a controlled (young) adult age and compensatory mechanisms are less likely to occur
than in transgenic mouse models with early developmental transgene expression. Another
experimental advantage is that the contralateral side can be used as an internal control [59].
However, despite the valuable insights into PD pathology that have already been
gained from these models, a critical point worth mentioning remains the difficulty to
compare these models across laboratories. This is due to the use of various different virus
species, and in case of AAV, different serotypes, which have different cell transduction
characteristics. Comparison of viral titers between laboratories is almost impossible, due to
the lack of common viral reference preparations and due to different titration procedures
[59]. Furthermore, we here included female Sprague-Dawley (SD) rats in addition to male rats
to control for gender differences, since most of previous studies have been performed using
female SD rats. Interestingly, α-syn overexpression, as well as microglial activation and TH
loss were more prominent in the female SD rats than in our male Wistar rats (data not shown).
Whether this is due to gender differences or strain-specific effects and vulnerability is unclear,
but it is important to acknowledge and incorporate in further research.
Appropriate AAV vector design and production, as well as sharing negative results
would help to overcome such pitfalls and allow establishing a reproducible protocol. This
would furthermore enable the development of therapeutic approaches that can be tested
in viral models of PD by the simultaneous or delayed administration of recombinant virus
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encoding for a potential therapeutic transgene. Nevertheless, our study supports previous
findings that overexpression of α-syn leads to a rapid microglial reactivity that precedes the
loss of dopaminergic neurons in the SN. Also, a change in microglial phenotype over time
from an antigen-presenting one to a predominant macrophage-like phenotype, as identified
by amoeboid CD68 positive microglia, is apparent. Interestingly, microglial responses to
α-syn were absent in the HC, thereby suggesting brain region dependent responsiveness of
microglia to α-syn expression in vivo.
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Summary
‘Brain region-specific microglia phenotypes and responses in Parkinson’s disease’
Parkinson’s disease (PD) is a progressive neurodegenerative disorder that affects 1-2% of
the population over 65 years. While PD has traditionally been regarded as a more or less
isolated disorder of the nigrostriatal dopaminergic system, recent studies indicate that this is
an oversimplification; its complex symptomatology comprises not only classic motor deficits
but also non-motor symptoms, including autonomic dysfunction, sensory and cognitive
impairments, neuropsychiatric and sleep disturbances. These non-motor symptoms greatly
impact the quality of the patients’ lives and are associated with extra-nigral changes, largely
comprising accumulation of alpha-synuclein (α-synuclein) pathology as well as microglial
activation throughout the brain.
Whereas the involvement of microglia and α-synuclein has been studied in relation
to the dopaminergic cell loss in the substantia nigra and/or the motor symptoms, little
attention has been paid to such changes in extra-nigral regions that are involved in non-motor
symptoms. In addition, microglia form a diverse group of cells with possible brain regionspecific phenotypes that can exert either beneficial or detrimental effects, depending on their
local phenotype and context.
Hence, the overall aim of this thesis was to gain insight into differences in microglial
phenotype between brain regions that are differently affected in PD, and to study whether
such differences relate to the neuropathological outcome. Several aspects were studied: a)
region-specific microglial characteristics and properties like morphology, distinct receptor
expression and proliferation. This was studied in relation to the proteopathology and/or
neuronal loss in brain regions differentially affected by PD, i.e. the substantia nigra, olfactory
bulb and hippocampus (chapters 2, 3 and 4), b) intrinsic differences in the genomic profile
of microglia when isolated directly from different rat brain regions under basal conditions
(chapter 5), and c) spatio-temporal changes in microglial morphology in response to local
α-synuclein overexpression, studied in an adeno-associated viral (rAAV) rat model (chapter
6).
In chapter 1.2 we review the literature on the motor and non-motor symptoms of PD, its main
neuropathological hallmarks, and propose a role for neuroinflammation, primarily microglia,
as important modulators of PD etiology. We propose that regional differences in microglial
responses are present in brain regions that are differently affected in PD. Such differences may
relate to the patterns of α-synuclein pathology and neuronal loss that differ between different
brain regions. As such, such differences may contribute to the (development of) non-motor
symptoms in PD.
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Whereas previous studies primarily identified amoeboid types of microglia in the substantia
nigra and hippocampus of PD and Alzheimer’s disease (AD) patients respectively, little was
known about such changes in the olfactory bulb, a region affected early in both PD and AD
and related to smell dysfunction. In chapter 2, we therefore focused on the activation status
of microglial cells in the human olfactory bulb of well-characterized AD and PD patients
compared to age-matched control subjects, and on their relationship with α-synuclein
pathology or neuronal degeneration.
While a significant increase was present in amoeboid microglia within the
anterior olfactory nucleus of AD and PD patients, notably in close proximity to β-amyloid,
hyperphosphorylated tau or α-synuclein deposits, no uptake of pathological proteins by, or
inside, microglia could be detected. This implied, different from in vitro work, that microglia
in the human anterior olfactory nucleus do no exert overt phagocytic activity towards diseasespecific protein deposits at end-stage disease. Moreover, no correlation was found between
amoeboid microglial cell density in the anterior olfactory nucleus and the level of local
α-synuclein pathology, suggesting that proportional changes are not apparent, and that thus
the presence of α-synuclein pathology per se may already be sufficient to evoke microgliosis.
In this respect, the response to α-synuclein pathology appears to differ between the anterior
olfactory nucleus and the substantia nigra. Furthermore, despite clear changes in the neuronal
network, no overt neuronal loss was present in the anterior olfactory nucleus. We thus propose
that rather than neuronal loss, it is the microglial activation and/or neuronal network changes
in the anterior olfactory nucleus that contributes to the related functional deficits in PD, like
hyposmia.
We next compared microglial phenotypes in the hippocampus and substantia nigra of PD
patients in chapter 3. The hippocampus is affected from PD Braak stage 4 onwards and is
implicated in dementia and depression, i.e. important non-motor symptoms in PD. We
investigated tissue of established PD patients (stage 4-6), age- and gender-matched control
subjects (stage 0), and included incidental Lewy body disease (iLBD) cases (stage 1-3) that
did not have clinical PD symptoms, but displayed α-synuclein deposition at autopsy. As such,
these iLBD cases are considered a prodromal state of PD. In 75% of the cases, hippocampus
and substantia nigra tissue was obtained from the same patient, reducing ‘between patient’
variability. Also the Alzheimer Braak stages and scores were matched between the 3 groups,
ruling out possible effects of AD pathology.
Similar to the substantia nigra and anterior olfactory nucleus, the hippocampus
showed a clear α-synuclein pathology-related increase in amoeboid microglia in PD. Since
recent experimental studies suggested an important role for toll-like receptor 2 (TLR2) in the
α-synuclein-triggered microglial activation, we studied whether TLR2 expression is related to
the pathology in iLBD and PD patients. Particularly in iLBD cases, primed/reactive microglial
cells coincided with a profound increase in microglial TLR2 expression, indicative of an
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early activational response to PD pathology. Moreover, in PD, TLR2 expression remained
upregulated in the substantia nigra but not in the hippocampus, consistent with a regionspecific pattern of microglial activation. As such, we show for the first time in human brain,
that TLR2 is an important player in the early neuroinflammatory response during PD
progression.
In summary, chapter 2 and 3 demonstrate that microglial activation extends beyond the
substantia nigra, involving several other regions as well, with the pattern of microglial
responses differing between regions. Outside the substantia nigra, microglial activation largely
coincides with α-synuclein deposition, but is not associated with neuronal loss. Although we
cannot rule out differences in (genetic) neuronal susceptibility, this suggests that microglial
responses may modify the neuropathology in PD.
In chapter 4, we studied cell proliferation in the hippocampus in relation to microglia.
The hippocampus contains stem cells that, in rodents, are implicated in function and can
proliferate in response to e.g. neurodegeneration. We here questioned whether proliferation is
altered in the PD hippocampus. We used minichromosome maintenance protein 2 (MCM2) as
proliferation marker, that was double- labeled with Iba1 to assess the contribution of microglia.
MCM2-positive cells were significantly increased in the hippocampus of presymptomatic
iLBD cases, but not in established PD patients. Interestingly, the majority of the proliferating
cells in the PD hippocampus were microglia, indicating that, similar to our TLR-2 results,
microglia respond early during PD development.
Overall, chapters 3 and 4 support the idea that secreted proteins like α-synuclein oligomers
can affect microglia and may be ‘sensed’ through TLRs, which could lead to microglial
proliferation and/or ‘priming’. These chapters further indicate that the latter occurs early in
PD, with clear differences between the substantia nigra and hippocampus in later stages of PD.
Next to the region-specific differences in microglia in PD, we studied in chapter 5 whether
the gene expression profiles of rat microglia are already brain region-specific under baseline
conditions. Knowledge of this microglia ‘gene signature’, and whether that is region-specific,
may be important for our understanding of their responses during disease conditions. Using an
optimized isolation protocol and cell sorting (FACS), we studied gene expression in microglia
isolated from discrete gray matter regions of the rat brain. Under control conditions, already
subtle differences were found in microglia gene expression patterns between the substantia
nigra, hippocampus, olfactory bulb, striatum and amygdala. Whereas no differences were found
in general microglial markers like CD11b (itgam), AIF-1 (Iba1) and pathogen recognition
receptor TLR2 between these regions, CD68 (microglial activation) and Interleukin-1β (IL1β; pro-inflammatory cytokine) were found to be increased in the olfactory bulb. Tumor
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necrosis factor (TNF; pro-inflammatory cytokine) and C-C chemokines receptor 2 (CCR2;
monocyte chemotaxis) were increased in the substantia nigra, and P2X purinoreceptor 7
(P2X7R; receptor for ATP) was increased in the hippocampus. These intrinsic, brain regionspecific differences in genomic profile under baseline conditions indicate that microglia are
no uniform population and such differences may contribute to region-specific responses of
microglia to e.g. aberrant protein accumulation.
Various studies support the idea that α-synuclein triggers microglial activation in several brain
regions affected by PD. They also suggest this occurs before and independent of neuronal
loss. In order to study this experimentally, we used in chapter 6 an animal model in which
α-synuclein was locally overexpressed using a viral vector in the rat substantia nigra and
hippocampus in vivo that allowed studying the response in microglial activation and neuronal
loss 3 and 8 weeks later.
Eight weeks after α-synuclein transduction, Tyrosine Hydroxylase cell loss was
found in the substantia nigra and striatum while at 3 weeks, increases in microglia were
already observed in the substantia nigra, indicating that α-synuclein overexpression triggers
a microglial response prior to the degeneration of dopaminergic neurons. This increase in
microglia remained present at 8 weeks in the substantia nigra. Increases were further observed
in CD68-positive amoeboid microglia only after 8 weeks of α-synuclein overexpression in the
substantia nigra. This is consistent with earlier research suggesting that microglia fulfill an
antigen-presenting role during the first stages of α-synuclein-mediated neurodegeneration
and may become more sensitive, or ‘primed’, which could eventually promote neurotoxicity in
the substantia nigra. In contrast, neither neuronal loss was observed in the hippocampus, nor
did we observe any activation of microglia or increases in their density in this brain region
following local α-synuclein overexpression. Although certain technical limitations apply, as
discussed in chapter 6, these studies are consistent with the concept that microglial responses,
occurring in a brain region and time dependent manner, can contribute to neurodegeneration.
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General discussion
In this thesis, we investigated microglial phenotypes and responses in brain regions that are
differentially affected by PD in terms of neuropathology and cell loss. Data from literature
suggest that a morphological and functional heterogeneous population of microglial cells
exists. We now show that microglial cells respond to the PD-related pathology in a regionand disease-stage specific manner. Acknowledging such specific repertoire of microglial
responses during PD might contribute to the understanding of PD-related pathology and
symptomatology beyond the substantia nigra.
A long standing question in PD research was whether α-synuclein induces microglial
activation and whether this then causes selective cell loss, or whether, alternatively, microglial
activation is a mere consequence of the initial, and thus preceding, dopaminergic cell death
[1]. It is often argued that any inflammatory or glial response in neurodegenerative diseases
is simply a secondary phenomenon of relatively little pathogenic or therapeutic relevance.
However, accumulating evidence suggests that glial cells do play an important role. With
various approaches, we provide indications that microglial activation in some brain regions
even precedes neuronal loss while in others an absence of neuronal loss is found despite
extensive microglial activation and α-synuclein pathology. Together, this suggests that
microglial activation does occur despite absence of neuronal cell loss, and is therefore not just
a bystander response.
In PD, it is clear that different neuronal populations are selectively vulnerable to
degeneration. Already in 1988, Hirsch et al. used an MPTP model to show that pigmented
dopaminergic neurons are particularly vulnerable, compared to the non-pigmented neurons
in the SN [2]. Recently, Veenvliet and Smidt (2014) further suggest that this selective
vulnerability of dopaminergic neurons in the SNpc, may originate from their very early subsetspecific molecular programming that controls the development of dopaminergic neurons
[3]. Most likely, the interplay between region-specific microglial phenotypes and differential
neuronal susceptibility to pathological factors plays an important role in the differential
neuropathological outcome between brain regions.
PD is a complex and multifaceted disorder with several features possibly interacting
that, together, may shape the disease etiology. Here, I will discuss several aspects relevant for
unraveling the brain region-specific responses of microglia in PD. I will first (re)consider the
role of α-synuclein inclusions in Lewy bodies/Lewy neurites (LBs/LNs) in PD progression.
Next, I will address whether microglia are ‘friend or foe’ in PD etiology and lastly, I will
discuss future therapeutic implications of our findings for PD patients and possibly other
neurodegenerative diseases.
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Neuropathology; reconsidering the bad guys
One key feature of PD neuropathology is the presence of α-synuclein that aggregates in LBs/
LNs throughout the brain [4]. It is still debatable whether these α-synuclein inclusions can
induce microglial activation and/or neuronal death, or whether LBs/LNs represent protective
‘storage depots’ that enable the brain to contain and deposit specific pathogenic forms of
α-synuclein. If the latter is true and the LBs indeed isolate pathological proteins from the
neuropil, then limited, if any, activation of microglia would be expected in response to these
‘containers’ of LBs/LNs [5, 6]. Microgliosis has, however, been observed in several brain
regions containing LBs/LNs. Also literature suggests that it is the extracellular, oligomeric
and fibrillary forms of α-synuclein, that are not aggregated inside the LBs/LNs, that represent
the toxic species responsible for activating microglia [7, 8, 9, 10]. If this is the case, then their
activation most likely occurs during early phases of the disease, and is possibly mediated
through the soluble and/or oligomeric forms, before the emergence of LBs/LNs [11, 12].
In the closely related field of Alzheimer’s disease (AD), the amyloid beta (Aβ)
plaques have been a prime research focus for decades. They largely contain aggregated forms
of aberrantly processed Aβ protein. Recently, however, it became clear that instead of the
plaques, rather the endogenous and intraneuronal forms of soluble, non-fibrillar Aβ are
most likely the major toxic entities, responsible for the synaptic loss and cognitive decline in
AD [13, 14, 15, 16]. While Aβ plaques are important, and prominently visible, pathological
hallmarks in end-stage tissue of AD brains, the intermediate and oligomeric forms of Aβ are
not easy to detect and have been poorly studied in such tissues particularly during early stages
of the disease when they are expected to act and exert clear synaptotoxic effects as suggested
by in in vitro and animal studies [17, 18].
Comparable to, but different from, the work on Aβ oligomers, our current data
support the assumption that microglia become activated early in PD, i.e. before the large
numbers of α-synuclein depositions become visible. Although their exact identity remains so
far unknown, extracellular and diffusible forms of α-synuclein have been proposed, including
oligomers, that could be detected by microglia and trigger their activation. How this is
mediated and which α-synuclein molecules are essential for their activation remains so far
elusive. In vitro work from Kim et al. 2013 indicated that in particular the Toll-like receptors
(TLRs) could be instrumental in this. In their extensive in vitro study, they showed that it is the
TLR type 2, and not type 3 or 4, that mediates in particular the α-synuclein-induced signaling
to and subsequent inflammatory responses in microglia [11]. In our chapter 3, we provide
support for this concept and confirm it for the first time in human postmortem tissue. Our
results on TLR2 expression in the hippocampus and substantia nigra of incidental Lewy Body
Disease (iLBD) cases led us to propose that TLR2 plays an important role in early microglial
activation that likely responds to oligomeric forms of α-synuclein.
In order to convincingly demonstrate an involvement of oligomers in PD etiology in
human brain, further experiments are needed. Since no specific antibodies are commercially
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available yet against the α-synuclein oligomers and fibrils, and also the conservation, fixation
and stabilization of these soluble forms in postmortem tissue will be difficult, such studies
may be challenging. An increasing amount of evidence supports the idea that extracellular
α-synuclein oligomers are toxic and are hence considered the real ‘bad guys’, instead of the
LBs/LNs [9, 11]. The current lack of direct evaluation tools for α-synuclein oligomers hampers
our ability to readily draw firm conclusions. Besides the development of novel antibodies
against different forms of α-synuclein oligomers [19], other models, e.g. TLR2 knock out or
siRNA models could provide useful tools to help elucidating the role of α-synuclein oligomermediated toxicity in PD etiology. Furthermore, radioligand-based brain imaging technologies,
such as positron emission tomography and single-photon emission computed tomography,
could provide a noninvasive method for visualizing α-synuclein oligomers within the brains
of patients, if resolution is sufficiently sensitive [20]. Significant advances have been made in
the development of methods to image protein inclusions in AD; e.g. ligands for Aβ such as
Pittsburgh compound-B (PIB) [21] and florbetapir F18 [22] are now widely used to image
amyloid plaques in vivo. Radioligand-based imaging for PD is less advanced, with α-synuclein
ligands for direct visualization of LBs/LNs still being developed and characterized [23]. Hence,
the development of α-synuclein ligands with specificity for α-synuclein oligomers awaits
future experiments while posing the additional challenge to discriminate between α-synuclein
oligomers and oligomers composed of other proteins.
In addition, the ability to identify toxic oligomeric forms of α-synuclein in vivo could
have important implications for diagnosis and treatment of PD patients. A well validated
biomarker would allow identification of at-risk individuals before clinical diagnosis. The
possibility to identify such diagnostic or even prognostic biomarkers in PD and AD has gained
a lot of attention over the years. A recent study in AD e.g. revealed that changes in CSF Aβoligomer levels were closely related to the development of cognitive decline, suggesting that
secreted Aβ-oligomers could potentially act as a useful biomarker for AD initiation [24]. In
PD, van Dijk et al., 2014 demonstrated that, compared to neurologically healthy controls, total
α-synuclein levels in CSF were reduced in PD patients [25]. Whereas the specific oligomeric
forms involved still need to be identified, reduced α-synuclein levels in PD CSF may reflect
increases in the sequestration of pathological α-synuclein inside the brain [26].
However, in line with other studies, the specificity and sensitivity of CSF total
α-synuclein levels as a diagnostic marker in PD was low. While measurement of overall
α-synuclein levels cannot suffice as single biomarker, such data may yield diagnostic value
when used in combination with e.g. oxidative stress related proteins, proteins involved in
inflammatory processes and other proteins involved in protein aggregation [25]. Interestingly,
increased levels of phosphorylated α-synuclein, which is known to promote fibril formation,
and α-synuclein oligomers have been reported in CSF of PD patients compared to controls
in other studies [27, 28]. Together, these studies stress the importance of oligomeric forms
of α-synuclein, and Aβ, in the progression of PD and AD, respectively that could potentially
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be used for diagnostic purposes. Nevertheless, further validation of these new biomarker
candidates for future use will be essential.

Microglia: Friend or Foe
Microglia respond to aberrant protein accumulation, injury or disease via various effector
functions. These unique innate immune cells can engage in phagocytosis, proliferation,
morphological changes, motility, proteostasis and the production of cellular communication
signals, collectively termed ‘microglial activation’ [29]. However, this terminology per se fails to
distinguish between their pro-inflammatory and anti-inflammatory responses. It furthermore
incorrectly implies that microglia under healthy conditions are passive bystanders. Originally
based on the activation states of related cells like the macrophage [30], different activation
states have now been described for microglia as well, as recently reviewed by Moehle and West
(2014) [31].
Classically activated, so-called M1 type of microglia are associated with the release
of pro-inflammatory cytokines including Tumor Necrosis Factor (TNF), Interleukin-6 (IL-6),
IL-12 and IL-1β, as well as with chemokines like Chemokine ligand 2 (CCL2) and C-X-C motif
chemokine 10 (CXCL10), and with effector molecules like inducible nitric oxide synthase
(iNOS). To induce an M1 state in vitro or in vivo, Interferon-γ (IFN-γ) as well as LPS have
been used that signal through the IFN-y receptor 1 and 2 and the TLRs, respectively. On the
other hand, over recent years, M2 phenotypes of microglia have been subdivided in M2a, M2b
and M2c classes to cover their broad set of responses. In general, M2 activation is associated
with processes like wound healing and scavenging that are, in functional terms, contrary
to the M1 activation states. Upon IL-4 stimulation e.g., M2a microglia increase mannose
receptor CD206 and scavenger receptor expression and secrete polyamines and IL-10, which
will block pro-inflammatory cytokine production and hence may balance M1 responses.
Interestingly, M2b states are also associated with an up-regulation of phagocytosis via TLR
activation during which process both anti-inflammatory IL-10 as well as pro-inflammatory
cytokines TNF, IL-6 and IL-1β are secreted. The M2c activation state is specifically associated
with tissue repair and de-activation of the M1 type of immune response, by secreting e.g.
matrix-related proteins, like Transforming Growth Factor-β (TGF-β) and IL-10 [31, 32]. All
these different states give rise to the current debate as to whether microglial cells are either
‘innocent bystanders’, ‘protective actors’, or ‘agents of destruction’ and whether they are thus to
be considered ‘friend or foe’ of the neuronal network.
When designing our studies, one assumption was that microglia tend towards a M1
or M2 state in a brain region-dependent manner. Therefore, we initially aimed at classifying
microglia as M1 or M2 phenotypes in the PD affected brain regions studied using a broad
set of markers. However, most of these cytokines and chemokines could not be visualized
using immunohistochemistry. One explanation for this lack of immunoreactivity could be
that the expression levels are too low to detect, or that they are sensitive to post-mortem delay-
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related breakdown of proteins in human brain. Clearly, breakdown might be highly protein
dependent and e.g. for structural glial proteins like Iba1 or GFAP, generally no postmortem
effects occur.
For the expression of TLR2, we found clear region-specific differences between the
substantia nigra and hippocampus. As previous studies had implicated TLR2 expression to
promote pro-inflammatory cytokine release [11, 33], the upregulation of TLR2 in the substantia
nigra, but not the hippocampus, of PD patients, indicates that microglia in the former brain
region are in an ‘M1-like’ state, that could possibly contribute to neurotoxicity. Consistent
with this notion, our qPCR data of isolated microglia showed that M1 type microglia were
generally found in the substantia nigra and olfactory bulb, and less so in the hippocampus
and amygdala. It is important to mention that in the human brain, the classification of M1,
M2a, M2b and M2c is probably not as distinct as in in vitro studies [34]. In most in vitro
studies, microglia are stimulated with admittedly rather high concentrations of single or a few
combined stimuli. Microglia in human brain however, most likely have encountered many
different types of stimuli, often combined in, and accumulating over time. Nevertheless, such
subtle differences in microglia that are more or less prone to either classical or alternative
activation, and occur in a region-dependent manner, may hold valuable clues for developing
immune-based adjunctive therapy, as discussed below.
Although the pro-inflammatory responses of microglia have been implicated in
neurodegenerative diseases such as PD, a general consensus in the field is that microglia in the
adult brain act in a protective manner. Hence, it seems counterintuitive to classify them solely
as ‘foe’. Closely related to this is the effect of age on microglia. As reviewed recently by Mosher
and Wyss-Coray (2014) [35], the efficacy of several microglial functions seems to deteriorate
with age. This was illustrated by alterations in their proliferation, morphology, motility,
migration, cellular communication, cytokine production, phagocytosis and proteostasis;
changes that have recently been associated with microglial priming [36]. In our chapter 4,
we found that the proliferative capacity of microglia is not lost with age, but even appears
to be increased under conditions of (early) neurodegeneration, consistent with other studies
[37, 35]. It furthermore supports the concept that such increases in microglial proliferation
may reflect a compensatory mechanism aimed to maintain a minimum level of protection,
as individual microglial cells become less capable to perform specific functions, such as
phagocytosis, with increasing age [38, 39].
Whether ageing affects the phagocytic ability of microglia is unclear and
contradictory results have been described. Some studies demonstrate that ‘aged’ microglia
can still exert phagocytosis of dead cells in a healthy mouse brain [40]. While in vitro studies
illustrate phagocytosis of pathological proteins by young microglia [41], we could not find any
indication for ongoing phagocytosis by microglia in our post mortem PD tissue (chapter 2).
However, as indicated earlier, the reliable visualization of α-synuclein oligomers inside, and/or
actively being phagocytosed by, microglia, awaits future studies. Also cell death as well as the
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phagocytosis and digestion of the remaining debris are very rapid processes and thus difficult
to identify and ‘trap’ in thin tissue sections of an entire brain region taken at the ‘end-stage’
of a slowly progressing brain disorder. Hence, the rapid kinetics of these processes per se will
probably preclude an answer to this question using post-mortem tissue.
In our human brain studies (chapter 2, 3 and 4), we observed microglial activation
in response to developing PD pathology, as identified by an increases in amoeboid shaped
microglia, by an increase in M1 related receptors and by proliferation of microglia. Therefore,
microglia still appear to have the ability to react, and thus to recognize deleterious events.
However, in view of possible changes during the ageing of this population, microglia may on
the one hand, still be able to proliferate and develop a phagocytic morphology, but may on the
other hand, not be able to fulfill their role efficiently due to loss of function; e.g. no lysosomal
degradation. In contrast, according to Franceschi et al. (2007), microglial ageing does not
necessarily imply a loss of function, but can also be characterized by a hyper-reactive response.
Anti-inflammatory networks would then fail to fully neutralize initial inflammatory agents,
which could thereby lead to an imbalance between pro-inflammatory and anti-inflammatory
programs and responses and eventually result in a low grade chronic pro-inflammatory status
[42]. On the other hand, ongoing ageing-related processes in the brain itself may serve as
a ‘priming’ stimulus for microglia. Upon secondary stimulation, such ‘primed’ microglia
may then become over-reactive and release disproportionate quantities of pro-inflammatory
cytokines, which could inflict more harm than good [43, 36, 44].
Taken all these factors into consideration, and including their region-specific distribution
[45, 46] and the heterogeneity of the microglia population [47, 48] an answer as to whether
microglia are ‘friend or foe’ under degenerative conditions, and which subtypes classify for
which category, is by no means simple [49]. New animal models are now emerging, allowing
the manipulation of e.g. α-synuclein in a local and spatiotemporally controlled manner, as
we have done in chapter 6. Such models will provide the possibility to further investigate
the regional and temporal pattern of microglial activation and phenotypes in response to the
development of such pathologies [50, 51, 52].

Therapeutic implications
Over the years it has become clear that immune responses are implicated in many
neurodegenerative processes and that we are only beginning to understand the complex
relationship between the two. As discussed in chapter 1.2, epidemiological evidence has
demonstrated that prolonged use of non-steroidal anti-inflammatory drugs (NSAIDs),
especially ibuprofen, reduces the risk of developing AD [53] and PD [54] by as much as 5%
[55]. This suggests that (systemic) inflammation can modify the extent and development
of neurodegenerative changes. However, while the risk could be influenced, the eventual
occurrence of the disease could neither be prevented, nor have clinical trials using different
NSAIDs resulted in symptom improvement [56, 57, 58].
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Some hypotheses have been put forward to explain these disappointing results; these
include variations in blood brain barrier permeability and an inadequate suppression of key
pro-inflammatory cytokines [36]. A strong focus further exists on preventative strategies
rather than therapeutic approaches, trying to interfere before α-synuclein oligomers form
and microglial priming may occur. As we have shown in our studies (chapter 3 and 4),
microglial cells appear already in a primed and/or activated state in iLBD cases that clinically
are considered as healthy control subjects. This supports the idea that it may simply be too late
to target inflammation with drugs once definite PD motor symptoms have become apparent
and that treatment should preferably be started during the non-motor stage before the motor
symptoms occur. Indeed, neurodegeneration may be exacerbated if NSAIDs were taken at
the wrong stage of the disease process [59, 60]; that thereby may have blocked the beneficial
effects of a protective microglial response.
Regardless the timing of intervention, also more specific targets and modulators of
inflammatory processes would be required. Ideally, future therapy would require cell typespecific interventions that are aimed at controlling this differential microglial response; i.e.
attenuating specific M1 responses, and/or promoting M2 responses in specific brain regions.
In this respect, van Strien et al. (2010) used lentiviral gene transfer to stimulate endogenous
anti-inflammatory processes in selective brain regions which could neutralize the toxic and/
or pro-inflammatory processes in a rat model for multiple sclerosis, thereby improving the
clinical outcome [61]. An example of a M1 target is TNFα, as described earlier. Increased
levels of this monocyte-derived cytokine in the circulation have been associated with cognitive
decline in AD patients [62, 63]. Besides monocytes, other cell types including microglia are
able to produce TNFα. As shown in chapter 5, we found higher TNFα mRNA expression
in microglia derived from the substantia nigra relative to other brain regions. Of note, this
cytokine is able to induce neuronal cell death, especially of dopaminergic neurons of the
substantia nigra [64, 65]. Interestingly, TNFα is a drugable target and can e.g. be blocked
from binding its receptor using a neutralizing antibody therapy, decoy receptors or through
dominant negative TNF gene therapy. Such approaches are already used in a number of
diseases and in animal models with more established M1 activation states, e.g. rheumatoid
arthritis [66, 67, 68, 69]. However, most of these therapies rely on the use of large proteins,
which typically do not cross the blood brain barrier and thus requires new techniques and
approaches, including nanotechnology. Taken together, although still many problems remain,
such observations represent examples that provide the exciting, albeit still largely theoretical
possibility that specific inflammatory factors, e.g. TNFα , could represent promising targets
for novel therapies for neurodegenerative diseases.
Another therapeutic development relates to immunotherapy. In AD, immunotherapy
has been primarily developed to promote amyloid plaque removal by antibodies directed
against specific forms of Aβ. One of the underlying mechanisms of plaque clearance is thought
to be antibody-stimulated phagocytosis by microglia [70]. Successful results have been
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obtained in immunized amyloid precursor protein (APP) transgenic mice where amyloid
plaques were removed and/or reduced in numbers [71, 72], suggesting that passive vaccination
and/or immunization against specific disease-related proteins could form an attractive clinical
approach that may also be applicable for clearance of α-synuclein pathology in PD. However,
in immunized AD patients, no evidence of a beneficial effect on synapse function or tau
pathology was observed. More importantly, no improvements in cognition were noted in
AD patients that received vaccination against amyloid. Moreover, first clinical studies of Aβ
immunization in AD were halted because patients suffered debilitating immunological side
effects. Increases in microglial activation, severity of cerebral amyloid angiopathy and even
increased soluble/oligomeric Aβ levels were found [70, 73]. A recent study in fact revealed
that in established AD patients, this form of passive Aβ immunization even accelerates loss
of damaged degenerating neurons possibly via microglial activation [73]. In PD, studies have
demonstrated that passive immunization against α-synuclein resulted in reduced α-synuclein
accumulation and synaptic loss in a transgenic mouse model, by promoting α-synuclein
clearance via the lysosomal pathway and microglial phagocytosis [74, 75]. Similar to the
findings in animal models in AD, these results highlight the potential for immunotherapy.
However, in terms of vaccination strategies against aberrant proteins in the human brain,
additional research is required, particular in relation to the role of microglia, and in relation
to issues of long-term safety.

Concluding remarks
Currently, we are only beginning to understand the full plethora of microglial phenotypes,
their responses, and their function in relation to PD pathology and etiology. The work
discussed in this thesis put forward the existence of region-specific microglial phenotypes
in different brain regions that are implicated in motor and non-motor symptoms of PD. As
such, we provide new insight into some of the possible mechanisms underlying the regional
vulnerability and local differences that are prominent in the neuropathology of PD. While our
findings highlight that focusing on immune-based approaches could be a fruitful therapeutic
strategy, they also stress the need to consider and develop novel and clinically applicable tools
to deliver selective anti- or pro-inflammatory treatment that ideally, can act in a local manner.
Clearly, many aspects still need to be further investigated, but as new knowledge on microglial
phenotype diversity increases rapidly, this offers hope for improved future treatment options
for devastating neurodegenerative disorders like PD.
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Hersengebied-specifieke verschillen in microglia bij de ziekte van Parkinson
De ziekte van Parkinson is een progressieve neurodegeneratieve aandoening van het centrale
zenuwstelsel. De kans op de ziekte neemt sterk toe vanaf 50 jaar en boven de 65 jaar is 1 tot
2% van de populatie getroffen door de ziekte van Parkinson. De ziekte werd reeds in 1817
beschreven door James Parkinson die voor het eerst de specifieke symptomen beschreef, zoals
traagheid, spier stijfheid, trillen en balansproblemen. Naast deze spier- en houdingsproblemen,
de zgn ‘motor’ symptomen komen echter ook non-motor symptomen veel voor, hoewel minder
bekend, bij Parkinson patienten. Dit zijn; een verminderd reukvermogen, slaapproblemen,
depressie, stoornissen van het autonome zenuwstelsel en cognitieve (geheugen) klachten. Een
aantal hiervan treden zelfs op ver voordat de motor symptomen verschijnen, en dus vaak
voordat de klinische diagnose wordt gesteld.
In de hersenen wordt de ziekte van Parkinson gekenmerkt door het verlies van hersencellen
in een hersengebied genaamd de substantia nigra, waar de neurotransmitter dopamine
geproduceerd wordt. Daarnaast worden in de substantia nigra en vele andere hersengebeiden
abnormale eiwitstapelingen aangetroffen, bekend als zgn. Lewy lichaampjes en Lewy
neurieten. Deze Lewy lichaampjes en neurieten bevatten het eiwit alpha-synucleine.
De distributie van deze eiwitophopingen over het brein blijkt niet willekeurig te zijn, maar
volgens een voorspelbaar patroon te verlopen. Die verspreiding over het brein is in zgn Braak
stadia verdeeld. Interessant is dat de verspreiding van de alpha-synucleine pathologie parallel
verloopt aan de ontwikkeling van de verschillende non-motor en motor symptomen. Er wordt
bv al vroeg in de ziekte alpha-synucleine pathologie waargenomen in de bulbus olfactorius,
een hersengebied betrokken bij de verwerking van geur. Verlies van reukvermogen is tevens
een vroeg klinisch symptoom van de ziekte. Vaak tegelijk treedt ook degeneratie op van de
dorsale kern van de nervus vagus in de hersenstam, betrokken bij slaap (Braak stadia 1-2).
Hierna verspreidt de pathologie zich en wordt ook de substantia nigra aangedaan, betrokken
bij motoriek (Braak stadium 3) en het limbische systeem inclusief de hippocampus, betrokken
bij leren en geheugen (Braak stadium 4). In de latere stadia van de ziekte wordt er ook alphasynucleine pathologie aangetroffen in de hogere corticale hersengebieden (Braak stadia 5-6).
De motorische problemen treden vaak op vanaf Braak stadium 4, als er al enige tijd eiwit
pathologie aanwezig is in de substantia nigra en de dopaminerge cellen daar beginnen af te
sterven.
Deze verspreiding van de alpha-synucleine pathologie verloopt niet alleen parallel aan de
ziekte symptomen maar ook parallel aan de activatie van microglia. Microglia cellen zijn
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belangrijke immuuncellen in het brein. Ze worden gezien als de eerste lijnsverdediging
van het brein, omdat ze continu hun lokale omgeving inpecteren en snel kunnen reageren
op indringers of vreemde stoffen. Naast een beschermende rol kunnen microglia ook
schade aanrichten. Ze vormen dan ook geen uniforme populatie van cellen maar komen in
verschillende vormen, of fenotypes, voor, met verschillende eigenschappen en responsen. De
reactie van de cellen is waarschijnlijk mede afhankelijk van het hersengebied waar ze zich
in bevinden en verdere lokale omstandigheden. Eerder waren er al microglia veranderingen
aangetoond in de substantia nigra van Parkinson patienten maar tot op heden is er nog maar
weinig bekend over de rol van microglia in andere hersengebieden, bv die betrokken zijn bij de
non-motor symptomen. Doel van dit proefschrift is om de verschillen in type microglia tussen
de betrokken hersengebieden in kaart te brengen en hierbij de relatie met alpha-synculeine en
celdood te betrekken.
Kennis over microglia en hun aanwezigheid in verschillende hersenregio’s betrokken bij de
ziekte van Parkinson kan meer inzicht verschaffen in de bijdrage van deze immuuncellen
aan processen als eiwitstapeling en celdood, en daarmee aan de kwetsbaarheid van bepaalde
hersengebieden voor de ziekte van Parkinson. Immuunresponsen zijn tot op zekere hoogte
met farmaca te beinvloeden en een beter begrip van de rol van microglia bij de ziekte van
Parkinson zou dan ook kunnen helpen bij het ontwikkelen van aanvullende therapieen.
In hoofdstuk 1.2 vatten we literatuur samen over motor en non-motor symptomen, de
neuropathologie en de mogelijke bijdrage van onstekingscellen, met name microglia, aan de
ziekte van Parkinson. Op grond hiervan formuleren wij de hypothese dat er verschillen zijn
tussen microglia afkomstig van verschillende hersengebieden, en dat dit kan bijdragen aan
de selectieve kwetsbaarheid van verschillende regio’s voor alpha-synucleine pathologie en
celverlies bij de ziekte van Parkinson.
In hoofdstuk 2 hebben wij een vroeg aangedane hersenregio bestudeerd, en wel de bulbus
olfactorius. Dit gebied is betrokken bij reuk en bij zowel Parkinson als Alzheimer patienten is het
reukvermogen al vroeg verstoord. In de bulbus olfactorius van zowel Parkinson als Alzheimer
patienten vonden we een verhoogd aantal geactiveerde microglia cellen, die bovendien dicht
bij de abnormale eiwitstapelingen lagen. Ondanks de aanwezigheid van zowel eiwitpathologie
als geactiveerde microglia, was er echter geen neuronaal celverlies in de bulbus olfactorius
aanwezig, dit in tegenstelling tot bv de substantia nigra bij Parkinson en de hippocampus bij
Alzheimer patienten. Wel vonden we een verstoord neuronaal netwerk. Dit suggereert dat
het niet cellverlies is, maar eerder microglia activatie, mogelijk samen met neuronale netwerk
veranderingen, die ten grondslag liggen aan de veranderingen in reukvermogen bij patienten
met de ziekte van Parkinson of Alzheimer.
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In hoofdstuk 3 hebben we de rol van microglia verder onderzocht in de hippocampus van
Parkinson patienten en vergeleken met de substantia nigra. De hippocampus is aangedaan
rond Braak stadium 4 en betrokken bij de cognitieve problemen die ook bij deze ziekte
voorkomen. We bestudeerden weefsel van de verschillende hersengebieden van gezonde
donoren, donoren met incidental Lewy body disease (iLBD) en patienten met de ziekte van
Parkinson. De iLBD donoren hebben wel eiwit pathologie in de hersenen maar hadden bij
leven nog geen klinische symptomen of diagnose van Parkinson en worden gezien als een
vroege vorm van Parkinson. Net als eerder bij de substantia nigra en de bulbus olfactorius
vonden we een duidelijke verhoging van geactiveerde microglia cellen in de hippocampus, die
gerelateerd was aan de alpha-synucleine pathologie.
Omdat eerdere studies hadden aangetoond dat de Toll-like receptor 2 (TLR2)
belangrijk is bij de activatie van microglia, en wel specifiek als het alpha-synucleine betreft,
hebben we ook TLR2 bestudeerd in de substantia nigra en hippocampus van gezonde en
iLBD donoren en Parkinson patienten. We vonden een verhoogde expressie van TLR2,
voornamelijk in de substantia nigra en hippocampus van iLBD donoren. Dit geeft aan dat
microglia al vroeg geactiveerd zijn tijdens het beloop van de ziekte van Parkinson. Bovendien
was er in de substantia nigra van Parkinson patienten wel duidelijk TLR2 expressie, maar niet
in de hippocampus. Dit komt overeen met de regio-specifieke verschillen in microglia. Ons
onderzoek laat nu voor de eerste keer ook in humaan hersenweefsel zien dat TLR2 betrokken
is bij vroege inflammatoire responsen in de ziekte van Parkinson.
Hoofdstuk 2 en hoofdstuk 3 maken duidelijk dat microglia activatie niet alleen in de
substantia nigra optreedt, maar ook in andere hersengebieden betrokken is bij de ziekte van
Parkinson. Daarnaast is de mate van activatie van deze microglia cellen verschillend tussen
verschillende hersenregio’s. Net als in de substantia nigra bevinden geactiveerde microglia
zich dicht bij de alpha-synucleine pathologie. Echter, in tegenstelling tot de substantia nigra,
is er in de hippocampus en bulbus olfactorius geen sprake van neuronaal celverlies. Hoewel
we verschillen in neuronale gevoeligheid en kwetsbaarheid niet kunnen uitsluiten, geven deze
studies aan dat microglia activatie verschilt tussen hersengebieden, hetgeen van invloed kan
zijn op de verschillen in neuronale cel dood en neurodegeneratie in PD.
Naast TLR2 expressie in de hippocampus, hebben we ook celproliferatie bestudeerd in
hoofdstuk 4. De hippocampus staat bekend om de aanwezigheid van stamcellen. Van
knaagdieren is bekend dat deze stamcellen betrokken zijn bij hippocampale functies en dat ze
proliferen in reactie op beschadiging. Derhalve vroegen wij ons af of proliferatie is veranderd
in de hippocampus van Parkinson patienten en in hoeverre microglia daaraan bijdragen. We
vonden een verhoogde mate van proliferatie in de hippocampus van iLBD donoren, maar niet
in die van Parkinson patienten. Daarnaast bleek het overgrote deel van de prolifererende cellen
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microglia te zijn. Dus, onze resultaten uit hoofdstuk 4 laten zien dat microglia prolifereren
vooral tijdens de preklinische fase van de ziekte van Parkinson.
Tesamen ondersteunen hoofdstuk 3 en 4 het concept dat het eiwit alpha-synucleine tijdens de
vroege ontwikkeling van de ziekte van Parkinson microglia activeert, mogelijk door activatie
van TLR2.
Naast het bestuderen van regio-specifieke verschillen in microglia in het Parkinson brein,
kwam de vraag op of er dan ook al intrinsieke verschillen aanwezig zijn tussen microglia
afkomstig uit verschillende hersenregio’s onder normale omstandigheden. Zo zouden
eventueel ook verschillende reacties van microglia op dezelfde pathologie verklaard kunnen
worden. Hiertoe isoleerden we pure microglia uit verschillende hersengebieden van de rat die
we vervolgens verder bestudeerden op genexpressie niveau (hoofdstuk 5). Onder normale
omstandigheden vonden we subtiele verschillen in het expressie profiel van microglia cellen
afkomstig uit de substantia nigra, bulbus olfactorius, hippocampus, striatum en amygdala.
Dit geeft aan dat de genexpressie van microglia cellen onderling al sterk verschilt tussen
verschillende hersengebieden betrokken bij de ziekte van Parkinson.
Ons onderzoek ondersteunt de veronderstelling dat alpha-synucleine microglia activeert, en
dat dit proces voorafgaat aan, of zelfs onafhankelijk is van, neuronale celdood. Om dit verder
experimenteel te kunnen bestuderen hebben we in hoofdstuk 6 een diermodel ontwikkelt
waarbij het eiwit alpha-synucleine middels virale vectoren in vivo tot overexpressie wordt
gebracht in de rat hippocampus en de substantia nigra. Hierdoor kon microglia activatie
en celverlies worden bestudeerd in respons op de aanwezigheid van alpha-synucleine, en
verschillende tijdspunten werden vergeleken (3 en 8 weken). In overeenstemming met
eerder onderzoek vonden we een verlies van dopaminerge cellen in de substantia nigra 8
weken na alpha-synucleine overexpressie. Na 3 weken was er al een toename van microglia
zichtbaar, wat duidt op alpha-syncucleine geïnduceerde microglia activatie en mogelijke
proliferatie, voorafgaand aan dopaminerge celdood. De verhoging van het aantal microglia
cellen bleef vervolgens aanwezig en was 8 weken later ook nog zichtbaar. Daarnaast was er 8
weken na overexpressie sprake van grote, geactiveerde microglia cellen, wat duidt op verdere
verandering van hun morfologie en functie. In tegenstelling echter tot de substantia nigra,
vonden we in de hippocampus geen enkel neuronaal verlies en geen microglia activatie in
reactie op de alpha-synucleine overexpressie. Ondanks technische beperkingen, besproken in
hoofdstuk 6, bevestigt dit model dat microglia op een hersenregio-specifieke manier reageren
op aanwezigheid van alpha-synucleine.
In hoofdstuk 7 worden de resultaten van de onderzoeken die beschreven zijn in dit proefschrift
samengevat en bediscussieerd. De studies in dit proefschrift onderstrepen het belang van
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onderzoek naar zowel pathologie, neuronale celdood als microglia activatie in hersengebieden
betrokken bij de non-motor symptomen bij de ziekte van Parkinson. Daarnaast blijkt
microglia een erg heterogene groep cellen te zijn met verschillende reacties op hetzelfde ziekte
gerelateerde eiwit, afhankelijk van hun lokatie in het brein. Aangezien ontstekingsfactoren
in principe te beinvloeden zijn, kan meer inzicht in de precieze rol van microglia mogelijk
bijdragen aan de ontwikkeling van nieuwe, aanvullende therapieen gericht op modulatie van
de immuunrespons bij de ziekte van Parkinson.
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Dankwoord
‘It always seems impossible until it’s done’ – Nelson Mandela
Vierenhalf jaar geleden leek het nog zo ver weg, nu is het af! Als ik terug kijk op de afgelopen
4,5 jaar schiet even het nummer ‘bloed, zweet en tranen’ door mijn hoofd, maar vooral ook
wat ik allemaal geleerd heb op zowel wetenschappelijk als persoonlijk vlak. Daarnaast zijn
er uiteraard talloze momenten die ik nooit zal vergeten; tot laat op het lab met de Coen en
Sander show, buurten bij John & John, de slappe lach met Marloes en Nathaly, de internationale
congressen, het bericht dat een paper geaccepteerd is en nog veel meer.
In andere woorden; onderzoek doen en het schrijven van een proefschrift doe je
niet alleen. Heel veel mensen zijn op een of andere manier betrokken geweest bij het tot stand
komen van dit ‘boekje’. Afgelopen jaren heb ik veel mogen leren van experts in het veld, veel
plezier gehad met collega’s en mogen leunen op schouders van familie en vrienden. Daarom
wil ik iedereen bedanken die dit mogelijk heeft gemaakt en een aantal mensen wil ik in het
bijzonder noemen.
Beste Paul, onze eerste kennismaking gaat veel verder terug dan 4,5 jaar. In mijn
3e jaar van de bachelor Psychobiologie (8 jaar geleden) liep ik een korte stage bij het SILS, en
mocht ik ook binnen jouw onderzoeksgroep een kijkje nemen; oftewel DCX coupes bekijken
en de Morris water maze van Harm bewonderen. Toen al gaf je aan dat, mocht ik ooit interesse
hebben in een masterstage, ik dit moest laten weten. Een masterstage heb ik niet gedaan op het
SILS, maar jij was wel mijn externe begeleider tijdens mijn stage in Parijs. Ondanks deze, op
zijn zachts gezegd, minder leuke stageperiode twijfelde ik geen seconde over de promotieplek
onder jouw supervisie in samenwerking met de VU. En ik heb er absoluut geen spijt van 
Ookal hadden we geen wekelijks contact, als ik raad of advies nodig had was je er. Daarnaast
heb je afgelopen jaar ook nachten doorgewerkt om mijn laatste hoofdstukken van commentaar
te voorzien met het doel het proefschrift zo snel mogelijk af te ronden; hier ben ik ontzettend
dankbaar voor. Het is duidelijk dat je me goed kent, aangezien je vaker laat weten dat ik niet
te veel moet stressen of mij druk moet maken om dingen.. dat advies heb ik soms hard nodig!
Paul, dank voor de goede en erg prettige samenwerking en het vertrouwen wat je al die jaren
in mij hebt gehad!
Beste Anne-Marie, wat vliegt de tijd! Ik kan mij nog goed herinneren dat Robin op
mijn eerste werkdag op de VU een grap maakte dat ik het ‘kind’ was van twee onderzoekers,
niet wetende dat jij en Paul getrouwd zijn. De eerste keer samen een project, en ik, als
proefkonijn, kan zeker beamen dat het een geslaagde missie was. Ik ben erg dankbaar dat ik op
dit project heb mogen werken! Daarnaast wil ik je bedanken voor je inzet en betrokkenheid!
Je hebt mij de afgelopen jaren de ruimte gegeven om mezelf te ontwikkelen en experimenten
op te zetten, dat vond ik erg fijn. Het is een heel gek idee dat ik niet meer iedere dag langs jouw
kamer op de VU zal lopen!
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Beste Benjamin, bedankt voor jouw kritische blik en nuttige commentaren op zowel
mijn artikelen als experimenten. Ik heb hier niet alleen veel aan gehad de afgelopen jaren,
maar ook veel van geleerd voor de toekomst.
Beste leden van de leescommissie; Marten Smidt, Eleonora Aronica, Elly Hol, Henk Berendse
en Inge Huitinga, heel erg bedankt voor het lezen en beoordelen van dit proefschrift en voor
de verscheidene samenwerkingen gedurende de afgelopen 4 jaar!
John & John, ik weet niet wat ik zonder jullie had gedaan. John Brevé, de titel van het
proefschrift is toch niet ‘Various Pilot Studies’ geworden, en dat heb ik mede aan jou te danken.
Als klap op de vuurpijl werd ook nog het ‘FACS’ paper geaccepteerd, waar we allebei vooral in
het begin van mijn promotie periode erg hard aan gewerkt hebben met veel lol maar ook veel
frustratie (verder noem ik geen namen). John Bol, allereerst dank voor het mij aanleren van
stereotactisch opereren bij ratten! Ik zal de lange dagen zonder daglicht in de operatiezaal met
Sudoku en radio niet snel vergeten; maar het was altijd gezellig. En wat hebben wij veel coupes
gesneden en opgesleept! Het heeft niet tot een publicatie mogen leiden maar wel tot een mooi
hoofdstuk! John & John, jullie deur stond altijd open en zo niet, zag ik alsnog door de glazen
muren of jullie er zaten of niet ;-) het was altijd fijn om met jullie over experimenten te praten
maar ook over problemen die ik tegen kwam als promovendus. Ik zal het buurten missen.
Marloes & Nathaly, aka Marla en en Natha, mijn maatjes! Marloes, vanaf dag 1 hadden wij een
klik en ik voelde mij gelijk welkom. Meteen ‘onze’ kamer opruimen en beetje op-pimpen en
uiteraard kletsen over van alles en nog wat, waaronder trouwen.. en inmiddels ben je Marloes
Prins-Berendsen! Na 3 maanden kwam Nathaly erbij, en het werd alleen maar gezelliger
(naast het harde werken uiteraard). ‘Anne-Marie’s Angels’, ‘de Drie Musketiers’ en nu zijn jullie
mijn paranymfen. Dat jullie naast mij zitten tijdens deze ceremonie (en het vragenvuur) geeft
mij steun en rust. Lieve Marloes en Nathaly, wat hebben veel samen meegemaakt; je zou wel
kunnen zeggen ‘for better and worse, door dik en dun’. Dank voor al jullie steun, humor,
gezelligheid, en wijze raad afgelopen 4 jaar en hopelijk ook nog in de toekomst! 1 down, 2 to
go! Ik kan niet wachten tot dat ik bij jullie promotieceremonie zit!
Verder wil ik graag iedereen van de afdeling ANW op het Vumc bedanken. Ik heb mijn tijd
op ANW als zeer prettig ervaren en kon altijd bij iedereen terecht voor hulp, zowel op de 1e als
de 4e verdieping. In bijzonder wil ik nog Mieke, Rolinka, Niels, Chris, Roeland, Zsuzsika, Anke
en Roel bedanken voor de gezelligheid binnen en buiten het lab en de memorabele momenten
tijdens de jaarlijkse AIO retraites en andere congressen; mooie tijden! Dit geldt uiteraard ook
voor de afdeling Plasticiteit van het Zenuwstelsel van de UvA en enkele andere directe en
indirecte collega’s van de SILS-CNS groep! Ookal was ik zelden te vinden op de UvA, Els
heeft toch zeker de eerste 3 jaar van mijn promotie mijn plekje vrij kunnen houden! Maar ook
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daarna voelde ik mij altijd welkom, was de input gedurende de MMMs erg nuttig en waren de
borrels een tikkie anders dan op de VU ;-)
En niet te vergeten dank aan de talentvolle studenten die ik heb mogen begeleiden:
Esther, Tim en Hanna! Esther, jij kwam ‘vrijwillig’ in de zomer een korte stage bij mij lopen
en hielp me gelijk een stuk vooruit. Tim, inmiddels zelf promovendus op de afdeling ANW,
na alle testkleuringen en protocol optimalisaties is er toch mooi een paper uigekomen. En
last, but definately not least, Hanna (ja, sta je toch in m’n boekje!), wat heb je mij het laatste
halve jaar van mijn promotietraject goed geholpen; heerlijk zelfstandig, secuur en... gezellig!
Helaas werd je harde werk niet beloond met een publicatie, maar wel een mooi hoofdstuk en
er komen vast publicaties in de toekomst met jouw naam als eerste auteur.
Heel veel mensen zijn op een of andere manier betrokken geweest bij het tot stand komen van
dit ‘boekje’...
Lieve Erik, dank voor deze cover; precies wat ik voor ogen had maar dan nog mooier!
Lieve vrienden, ik ben dol op jullie en hoop na mijn promotieceremonie weer meer
tijd te hebben om met jullie af te spreken; of beter, ik ga vaker met jullie afspreken!! Jullie zijn
fan-tas-tisch!
Lieve mama en papa, kleine meisjes worden groot. Het vertrouwen in mijzelf en
mijn doorzettingsvermogen heb ik aan jullie te danken; door altijd in mij te geloven, mij te
pushen en jullie onvoorwaardelijke liefde en steun kan ik voor mijn gevoel de hele wereld aan.
Ik hou oneindig veel van jullie en stiekem blijf ik altijd jullie kleine meisje.
Lieve Wouter, grote broer met een nog gróter hart.. Of ik nou wil lachen of ergens
ontzettend mee zit, ik kan en kom bij jou terecht. Jij valt eigenlijk ook onder het kopje
‘vrienden’, maar onze vriendschap gaat dieper en verder terug dan dit leven en weet niet wat
ik zonder jou zou doen. Dank voor al het advies, steun, verzetjes en hilarische momenten; ik
hou van jou.
Lieve Geert, wat een jaar! We hebben het onszelf niet makkelijk gemaakt, maar ons er wel
moedig doorheen geslagen. Ik ben ontzettend trots op wat je afgelopen jaar hebt bereikt en
ontzettend dankbaar voor je kracht en energie om mij op te vangen als ik het even zwaar had.
Straks eerst samen 4 weken backpacken door Vietnam. En wat hebben wij dat verdient, al zeg
ik het zelf ;-) en daarna komt de lang verwachte rustigere periode. Lieverd, ik hou ontzettend
veel van je. We hebben de finish line gehaald!
Proost!
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List of abbreviations
6-OHDA
AAV
AD
AM
AON
ATP
Aβ
BDNF
CA
CCR
CD
CNS
DA
EC
FACS
GAPDH
GDNF
GFAP
HC
HLA
HPtau
hWT
Iba1
IFNγ
IL
iLBD
I-MIBG
iNOS
IR
KS
LB
L-Dopa
LN
LPS
LRRK2
MHC-II
MS

6-Hydroxydopamine
Adeno-associated virus
Alzheimer’s disease
Amygdala
Anterior olfactory nucleus
Adenosine triphosphate
Amyloid-beta
Brain derived neurotrophic factor
Cornus ammonis
Chemokines receptor type 2
Cluster of differentiation
Central nervous system
Dopaminergic
Enthorhinal cortex
Fluorescent-activated cell sorting
Glyceraldehyde-3-phosphate dehydrogenase
Glial cell-derived neurotrophic factor
Glial fibrillary acidic protein
Hippocampus
Human leukocyte antigen
Hyperphosphorylated tau
Human wild-type
Ionized calcium binding adaptor molecule 1
Interferon-gamma
Interleukin
Incidental lewy body disease
I-meta-iodobenzylguanidine
Inducible nitric oxide synthase
Immunoreactivity
Keratan sulfate
Lewy body
Levo-dopa
Lewy neurite
Lipopolysacharide
Leucine-rich repeat kinase 2
Major histocompatibility complex class 2
Multiple sclerosis
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MSR1
MPTP
NADPH
NBB
NF-κB
NFT
NO
NSAIDs
Nurr1
OB
P2X7R
PARK gene
PD
PET
PINK1
PMD
qPCR
RBD
REM
ROI
ROS
RT
SD
SEM
SN
SNpc
SPSS
Str
Syn
TBS
TLR
TGFβ
TH
TNFα
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Macrophage scavenger receptor 1
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinel
Nicotinamide adenine dinucleotide phosphate
Netherlands brain bank
Nuclear factor-κB
Neurofibrillary tangles
Nitric oxide
Non-steroidal anti-inflammatory drugs
Nuclear receptor related-1
Olfactory bulb
P2X purinoreceptor 7
Parkinson disease gene
Parkinson’s disease
Positron emission tomography
PTEN (Phosphatase and tensin homolog)-induced putative kinase 1
Post mortem delay
Quantitative polymerase chain reaction
Rapid eye movement sleep disorder
Rapid eye movement
Region of interest
Reactive oxygen species
Room temperature
Sprague-Dawley
Standard error of the mean
Substantia nigra
Substantia nigra pars compacta
Statistical package for the social sciences
Striatum
Synuclein
Tris-buffered saline
Toll like receptor
Tumor grow factor-beta
Tyrosine-hydroxylase
Tumor necrosis factor-alpha,
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