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Summary

Neuroinflammation is present in practically all neurological disorders. Microglial cells, the main
representatives of the endogenous immune system of the brain, play a key role in
neuroinflammation, although peripheral immune cells can also be involved. In the last years, a
considerable effort has been focused on the study of the modulation of the inflammatory response
as a possible therapeutic strategy in neurological diseases. Parkinson’s disease (PD) is the
second most common neurodegenerative disease and is mainly characterized by a loss of
dopaminergic neurons in the substantia nigra pars compacta (SNpc) and an abnormal
intracellular accumulation of a-synuclein protein, known as Lewy bodies. Mounting evidence
suggests that dopaminergic cell death is influenced by the innate immune system. Activated
microglia has been described in the post-mortem brains of PD patients; however, the pathogenic
role of the immune system in PD remains enigmatic. In the present thesis, we have studied one
of the inhibitory mechanisms suggested to be involved in the control of the inflammatory response
in microglial cells: CD200 ligand (mainly expressed in neurons and astrocytes) - CD200R1

receptor (mainly microglial) interaction.

The aim of this thesis was to study the involvement of the microglial inhibitory immune receptor

CD200R1 in the modulation of neuroinflammation and its potential as therapeutic target in PD.

In vitro, the disruption of the CD200-CD200R1 system potentiated the pro-inflammatory response
of glial cells. Mesencephalic cultures from CD200-deficient mice showed a higher microglial
proportion and increased sensitivity of dopaminergic neurons to the neurotoxin 1-methyl-4-
phenylpyridinium (MPP+). The parkinsonian neurotoxins MPP+ and rotenone impaired the
immune response of glial cells to pro- and anti-inflammatory stimuli and changed CD200 and
CD200R1 expression.

In vivo, in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) experimental mouse model
of PD dopaminergic neurodegeneration and glial activation were associated to changes in CD200
and CD200R1 expression: mainly a transient increase in striatal CD200R1 and a sustained
decrease in CD200full in the ventral midbrain. When we potentiated the CD200-CD200R1 system
by administering a CD200R1 agonist, we observed partial protection in dopaminergic neurons of
the SNpc, which was accompanied by an attenuated microglial activation. On the contrary,
CD200-deficient mice showed a more reactive microglial phenotype at early stages after MPTP

administration, although it was not associated to an exacerbated neurodegeneration.

XiX



Post-mortem brain samples from substantia nigra, frontal cortex and hippocampus of PD patients
had particular changes in the expression of the mRNA variants and protein isoforms of the
CD200-CD200R1 system.

In conclusion, these results suggest that the CD200-CD200R1 system is a potential target to
control microglial activation in PD, and that the mechanisms of control of microglial activation may
be used to modulate microglial activation and its potential neurotoxicity on neurodegenerative

diseases.

XX



ntroduction







INTRODUCTION

1 Neuroinflammation and neurodegenerative diseases

Neuroinflammation is a complex cascade of self-defensive response to injurious stimuli in the
nervous system and it is present in practically all neurological disorders (Dendrou, McVean, and
Fugger 2016). Neurological disorders are diseases of the central and peripheral nervous system
and include dementia (e.g. Alzheimer’s disease); autoimmune diseases (e.g. multiple sclerosis);
Parkinson’s disease (PD); motor neuron diseases (e.g. amyotrophic lateral sclerosis);
cerebrovascular diseases (e.g. stroke); neuropsychiatric disorders (e.g. schizophrenia);
headache disorders (e.g. migraines); sleep disorders (e.g. narcolepsy); epilepsy; neuroinfections;
traumatic brain injuries; brain tumours and others (WHO 2006). Their prevalence is increasing
and currently affect around 1 billion people worldwide (Cottler et al. 2015). The disability
associated with these diseases affects not only the patient but also the family and community,
representing ~7% of the total global burden of disease measured in disability-adjusted life years,
across all causes and ages (Chin and Vora 2014). Neuroinflammation is emerging as a key
process in these conditions, either as a causative factor or as a secondary response, and
considering its ubiquity, it represents an important avenue to address therapeutic approaches
(Dendrou, McVean, and Fugger 2016).

Specifically, neurodegenerative diseases are a heterogeneous group of neurological disorders
characterized by chronic, progressive and selective loss of neurons that leads to deficits in
specific functions performed by the affected neurons (Kovacs 2016). Primary neurodegenerative
diseases include Alzheimer’s disease, PD, amyotrophic lateral sclerosis, Huntington’s disease,
and Creutzfeldt-Jakob disease, among others, and their neuropathological features involve
intracellular and/or extracellular protein aggregation (e.g. proteopathies) and, although they are
not considered to be primarily inflammatory, activation of glial cells is a well-established hallmark
of these diseases. Neuroinflammation in primary neurodegenerative diseases is a chronic
inflammatory process of unknown origin, in which activated glial cells, mainly microglia, play an
important role, and it is suggested to contribute to the progress of neuronal damage (Glass et al.
2010). This neuroinflammation is principally typified by the innate immunity, mediated by central
nervous system (CNS)-resident cells and accompanied by low to moderate levels of inflammatory
mediators in the parenchyma, although the role of the adaptive immunity and changes in the
permeability of the blood-brain barrier (BBB) are gradually gaining interest (Fig. 1) (Zlokovic 2008;
Mosley et al. 2012). In contrast to primary neurodegenerative diseases, in other degenerative
diseases considered primarily inflammatory, such as multiple sclerosis, neuroinflammation is
characterized by an important infiltration of the CNS parenchyma by lymphocytes and monocyte-
derived macrophages, as well as a drastic loss of BBB integrity and glial reactivity (Fig. 1)
(Ransohoff 2016).
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A Figure 1. The immune system in
neurological diseases. In physiological
conditions, the blood-brain barrier (BBB)
prevents blood cell engraftment (A). In
primary neurodegenerative diseases, such
as Alzheimer’'s disease (B), activation of
glial cells is a hallmark. In contrast, in
multiple sclerosis (C) and stroke (D), a
considerable leakage of the BBB and T-
and B-cell, neutrophil, and monocyte
infiltrates are typical. AB: amyloid B-peptide
(Prinz and Priller 2017).
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Some authors support the idea that the concept of neuroinflammation should be used only when
there is an important involvement of the adaptive immune system including the presence of T and
B lymphocytes and other hematopoietic cells within the CNS. This is a typical feature of multiple
sclerosis and encephalitis. In contrast, primary neurodegenerative diseases should be considered
innate immune reactions (Prinz and Priller 2017). However, neuroinflammation has gradually

become a general term that includes all types of immune reactions in the CNS.
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Neuroinflammation is a protective response to initiate a healing process by removing harmful
stimuli and cellular debris, releasing neurotrophic factors, promoting tissue repair and regrowth,
secreting reactive oxygen species (ROS), proteases and cytokines to restore homeostasis.
However, uncontrolled neuroinflammation can become harmful, because an excessive and
prolonged reaction leads to the accumulation of potential neurotoxic factors such as ROS and
pro-inflammatory cytokines. In addition, the beneficial effects of neuroinflammation seem to be

ineffective in neurodegenerative diseases (Gao and Hong 2008).

2 The immune system in the CNS

The immune system that protects the CNS is comprised of cells that reside within the CNS and
cells that traffic into the CNS with disease (Prinz and Priller 2017).

2.1 MICROGLIA: THE MAIN COMPONENT OF THE IMMUNE SYSTEM OF
THE CNS

Under homeostatic conditions, the immune system within the CNS is comprised mainly of innate
immune cells and consists of the microglia in the CNS parenchyma, and meningeal macrophages,
perivascular macrophages and choroid plexus macrophages in CNS-periphery interfaces
between parenchyma and the circulation (Li and Barres 2018; Prinz and Priller 2017). In the CNS

parenchyma, astrocytes can also participate in neuroinflammation (Sofroniew 2015).

As microglial cells represent the principal component of the endogenous immune system of the
brain, these cells will be explained below.

Microglial cells are generated during early development from yolk sac primitive macrophages.
The microglial population in the CNS is maintained by local self-renewal in physiological
conditions, with no requirement for influx of circulating progenitors from the blood or bone marrow
(Figs. 2A and 3A) (Ajami et al. 2007; Ginhoux et al. 2010; Mildner et al. 2007; Madore, Baufeld,
and Butovsky 2017). Microglia remains self-proliferating at turnover rates that depend on the
region. In mice, hippocampus and olfactory bulb, niches of cell proliferation, there are
subpopulations of microglia with increased self-renewal (Tay et al. 2017). Under acute
neurodegeneration or CNS inflammation such as nerve axotomy or amyotrophic lateral sclerosis

model, microglia expand clonally without recruitment of blood monocytes (Figs. 2B and 3B) (Ajami
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et al. 2007). When there is resolution of the damage, the original microglia network is restored by

apoptosis of excess cells (Fig. 2C) (Tay et al. 2017; Madore, Baufeld, and Butovsky 2017).

A B C

il gk

AT RS

€, S
< ] 3
ﬂ%w}r

Steady state Local damage Resolution
Random local self-renewal Clonal expansion Egress and cell death

Figure 2. Microglial network regulation in health and disease. A In steady-state conditions, there is random
local self-renewal of microglia. B Local damage induces microgliosis through clonal expansion. C Resolution
involves egress (red arrow) and apoptosis (grey cell) of excess cells. From: Madore, Baufeld et al. 2017.

Experimental studies showed that after exposure mice to irradiation, the integrity of the BBB is
compromised and allows entry of blood cells; however, recruited monocytes, although
contributing to inflammation, are unable to persist in the CNS and do not contribute to the resident
microglial population (Fig. 3C) (Ajami et al. 2011; Ginhoux and Garel 2018). These short-lived
monocytes recruited when BBB is disrupted, although not contributing to microglia pool, may have
important roles in disease. This is the case of multiple sclerosis and the experimental mouse
model of autoimmune encephalomyelitis (EAE), where there is disruption of the BBB and
recruitment of short-lived monocytes that do not contribute to microglial pool but are essential

drivers of disease severity (Ajami et al. 2011).

The contribution of circulating cells to the microglial pool has been described after irradiation plus
a bone marrow transplantation, when there is disruption of the BBB in conjunction with circulating
bone marrow hematopoietic progenitors (Fig. 3D). In this unique circumstance, the early
hematopoietic progenitors enter the CNS and can give rise to microglial-like cells that are able to
persist long time in CNS and do contribute to the microglial pool. However, this is a non-
physiological state because early hematopoietic progenitors are not normally found in peripheral
blood (Ajami et al. 2007; Ginhoux and Garel 2018; Ajami et al. 2011).
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Figure 3. Participation of microglia and blood monocytes in different adulthood scenarios. ALS:
amyotrophic lateral sclerosis BM: bone marrow. From: Ginhoux and Garel 2018.

In conclusion, circulating precursors do not contribute to the microglial pool, neither to maintain
microglial population in healthy brain nor to microgliosis seen in axotomy or amyotrophic lateral
sclerosis model. Recent studies support similar ideas for Alzheimer’s disease, prion disease or
stroke. In Alzheimer’s disease, microglial population is increased without contribution of bone
marrow-derived cells, and interestingly microglia and bone marrow-derived phagocytes may have
distinct roles (Bolmont et al. 2008; Martin et al. 2017; Mildner et al. 2011); in stroke, microglia and
infiltrating circulating cells represent two distinct populations of cells with different functions (EIAl
and Jean LeBlanc 2016; Li et al. 2013); in prion disease, circulating progenitors contribute to the
perivascular macrophages population but not to microglial population (Gomez-Nicola, Schetters,
and Perry 2014). In other neurodegenerative diseases where there is also microgliosis such as
PD, bone marrow cells may infiltrate the brain but its contribution to the expansion of parenchymal

microglial population remains to be elucidated (Gomez-Nicola and Perry 2015).

Meningeal macrophages, perivascular macrophages and choroid plexus macrophages also
participate in the immune system within the CNS and, as in the case of microglia, arise from
embryonic yolk sac precursors (Fig. 4A) (Prinz, Erny, and Hagemeyer 2017). Under steady-state
conditions, microglia, meningeal macrophages and perivascular macrophages maintain their
populations by self-renewal, and only choroid plexus macrophages population receive input from
circulating monocytes (Fig 4B). Each immune cell is localized in a specific niche and has its own
expression signature, which is related to its function. Only under certain disease states or

experimental manipulations (e.g. irradiation), monocytes can infiltrate the brain parenchyma (Fig.
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4B) (Li and Barres 2018; Prinz and Priller 2017). Little evidence is available about the possible
contribution of choroid plexus macrophages, meningeal macrophages and perivascular
macrophages to the expansion of the microglial population in the diseased brain (Gomez-Nicola
and Perry 2015).
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Figure 4. Origen and turnover of macrophages in the CNS. A In mice, at E7.0-E8.0, there is a transient early
wave of myeloid cell development called “primitive hematopoiesis”, in which erythromyeloid precursor (EMP) cells
from the yolk sac proliferate, differentiate and migrate to several tissues including the brain. In the brain, these
precursors differentiate into microglia, perivascular macrophages (pvM®), meningeal macrophages (mM®) and
choroid-plexus macrophages (cpM®). At E12.5, myelopoiesis takes place by progenitor cells in the fetal liver and
maturing myeloid cells continue to engraft in all tissues beyond E14.5-E15.5; however, due to the BBB, the
microglia, pvM®, mM® and cpM® are thought to be excluded from this fetal contribution. B At birth, myelopoiesis
is restricted to bone marrow. In the healthy adult brain, microglia, pvM® and mM® have extreme longevity and
self-renewal potential and only cpM® have a contribution from bone-marrow progenitors. Under disease conditions
or following irradiation, bone-marrow cells can enter the CNS. HSC: hematopoietic stem cell. From: Prinz, Erny et
al. 2017.

2.2 OTHER COMPONENTS OF THE IMMUNE SYSTEM OF THE CNS

Several layers protect the surface of the brain, including the skull, the dura mater and the
leptomeninges composed by the arachnoid and the pia mater. The pia mater covers the brain and
the intracerebral vascular system (Fig. 5), surrounding the arteries entering the brain (Engelhardt,
Vajkoczy, and Weller 2017). The arachnoid mater establishes a barrier between the dura mater
and the cerebrospinal fluid and it is impermeable to fluids and expresses efflux pumps
(Engelhardt, Vajkoczy, and Weller 2017). The pia mater is permeable to solutes and immune
cells, but not to erythrocytes (Hutchings and Weller 1986).

The cerebrospinal fluid is produced as a filtrate of the fenestrated blood vessels in the choroid
plexus of ventricles and flows in the subarachnoid space, between the arachnoid and the pia

maters and the ventricular system (Fig. 5). It provides buoyancy to the CNS and transports
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cytokines, neurotransmitters and hormones (Whedon and Glassey 2009). In homeostatic
conditions, the cerebrospinal fluid also contains, although in low quantities, antigen-presenting
cells, monocytes and CD4+ T lymphocytes (Fig. 5), most of them effector-memory T cells that
can produce immediate effector functions without the need for further differentiation (Ransohoff
and Engelhardt 2012; Kivisakk et al. 2006).

Under homeostatic conditions, it is nowadays believed that the CNS parenchyma is devoid of
leukocytes (granulocytes, T and B cells and monocytes), both in human and mouse brain,
although it is an ongoing research topic in neuroscience today (Prinz and Priller 2017; Prinz, Erny,
and Hagemeyer 2017). Moreover, in the CNS parenchyma there are not classical dendritic cells,
the cells that present antigens to T naive cells. However, memory T cells in the cerebrospinal fluid
monitor the CNS and can encounter meningeal, perivascular and choroid plexus macrophages
that can function as antigen-presenting cells upon activation, and this provides CNS immune
surveillance under homeostasis (Ransohoff and Cardona 2010). Meningeal, perivascular and
choroid plexus macrophages may modulate immune cells entry and phenotype during

inflammation (Brendecke and Prinz 2015).
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Figure 5. Anatomy of the immune system of the CNS during homeostasis. CSF: cerebrospinal fluid, DC:
dendritic cell. From: Prinz and Priller 2017.
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Two extracellular systems exist in the CNS, the cerebrospinal fluid, which occupies the
subarachnoid space and the ventricular system, and the interstitial fluid (Kida, Pantazis, and
Weller 1993), which is found in the CNS parenchyma (Carare et al. 2008). The cerebrospinal fluid
in the subarachnoid space can drain through arachnoid villi into venous sinuses (Upton and Weller
1985), but the cerebrospinal fluid and soluble antigens therein can also drain to cervical and
lumbar lymph nodes via cribriform plate, dural lymphatic vessels and spinal nerve roots (Kida,
Pantazis, and Weller 1993; Aspelund et al. 2015; Louveau et al. 2015). Immune cells including
CD4+ T cells in the cerebrospinal fluid, dendritic cells and monocytes, can use this pathway to
reach the lymph nodes (Cserr, Harling-Berg, and Knopf 1992; Goldmann et al. 2006; Kaminski et
al. 2012). In contrast, interstitial fluid and soluble antigens in the CNS parenchyma drain to lymph
nodes along the walls of cerebral capillaries and arteries. This pathway does not allow immune-
cell trafficking (Carare et al. 2008). A direct interconnection between cerebrospinal fluid and
interstitial fluid at the surface of the brain, named glymphatic system, has been recently proposed
(lliff et al. 2012).

The main brain barriers that prevent from the entry of peripheral immune cells into the CNS
parenchyma are the glia limitans, the BBB and the choroid plexus (Engelhardt, Vajkoczy, and
Weller 2017). Compacted astrocyte foot processes compose the glia limitans, a barrier at the
surface of the CNS parenchyma and around blood vessels (Fig. 5). The BBB is a barrier between
the blood and the CNS parenchyma and is composed of specialized endothelial cells, astroglial
end-feet and pericytes. It regulates the passage of immune cells, which have to cross the BBB
and the glia limitans to reach the CNS parenchyma (Owens, Bechmann, and Engelhardt 2008).
The choroid plexus epithelial cells also establish a barrier in the ventricles between the blood and
the cerebrospinal fluid, because the choroid plexus stroma contains a microvascular network that
does not have a BBB (Spector, Robert Snodgrass, and Johanson 2015; Engelhardt et al. 2016).

3 The biology of microglia

3.1 STRUCTURE AND GENERAL MICROGLIAL FUNCTIONS IN
HOMEOSTASIS

The concept of microglia was introduced by Pio del Rio-Hortega in 1932 (Rio-Hortega 1932).
Microglial cells are the resident macrophages of the brain parenchyma and are considered the
main effector of immune brain function (Ransohoff and Perry 2009; Manich et al. 2019). They

represent approximately 10% of the adult brain cell population (Salter and Stevens 2017).
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3.1.1 Microglial morphology

In homeostatic conditions, microglial cells have a highly ramified morphology and are composed

by a multitude of fine and exceptionally motile processes emanating from a small cell body (Fig.

6). The cell soma has a relative fixed position whereas processes have high degree of motility

and are constantly surveying the surrounding microenvironment (Nimmerjahn, Kirchhoff, and

Helmchen 2005). Microglia are ubiquitously distributed in the CNS parenchyma and each cell has

its own territory, but their density varies depending on the region, being less abundant in the

cerebellum and more abundant in the substantia nigra (SN) (Lawson, Perry, and Gordon 1992;

Perry 2016). In rodents, microglia show higher densities in grey matter, whereas in humans they

are denser in white matter (Mittelbronn et al. 2001).
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Figure 6. Microglial morphology. The branching of the processes in microglial cells and the territory occupied

by each cell in the outer plexiform layer of the mouse retina is shown. From: Perry 2016.

3.1.2 Microglial functions

Microglial cells participate in different functions in the healthy CNS.

Microglial surveillance and monitoring

In physiological conditions, microglia actively scan the extracellular space and cellular

neighbourhood with their motile processes. They continuously detect, transduce, integrate and
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respond to environmental signals to maintain brain homeostasis and transform to executive states
of activation when required (Heneka, Kummer, and Latz 2014; Kettenmann et al. 2011; Salter
and Stevens 2017). Microglia scan the entire volume of the brain over a course of a few hours
(Nimmerjahn, Kirchhoff, and Helmchen 2005).

Developmental synaptic pruning

During development, microglia contribute to synaptic pruning by engulfing and eliminating axons
and dendritic spines (Paolicelli et al. 2011; Tremblay, Lowery, and Majewska 2010). An aberrant
microglial pruning leads to defects in synaptic development and abnormal wiring, which could
contribute to neurodevelopmental disorders including schizophrenia or autism (Schafer et al.
2012; Sekar et al. 2016)). Classical-complement cascade and chemokine (C-X3-C motif) ligand
(CX3CL)1 - CX3C chemokine receptor (CX3CR)1 system, among others, are involved in
microglial synaptic pruning (Paolicelli et al. 2011; Schafer et al. 2012; Stevens et al. 2007; Lui et
al. 2016).

Neuronal programmed cell death

Microglial cells act as scavengers and phagocyte neuronal debris after programmed neuronal cell
death. Neuronal apoptosis occurs in the healthy brain to eliminate the excess of neurons
generated during development (Brown and Neher 2014; Marin-Teva et al. 2011). Moreover,
microglia can have a more active role by inducing the neuronal apoptosis during development.
Superoxide ions, nerve growth factors, tumor necrosis factor (TNF) and cell-surface receptor CR3
have been implicated in this process (Frade and Barde 1998; Marin-Teva et al. 2011; Sedel et al.
2004; Wakselman et al. 2008).

Synaptic plasticity in the adult

Not only during development but also in the healthy adult brain, microglia remove synapses in the
context of neuronal plasticity. While microglia are scanning the environment by constantly
extending and retracting their processes in homeostatic conditions, some processes can rest for
several minutes and make direct contact with neuronal synapses. Preferentially, the less active
inputs are removed by the microglia (Hong et al. 2016; Kettenmann, Kirchhoff, and Verkhratsky
2013) Activated microglia can also affect synaptic transmission, for instance through toll-like
receptor (TLR)4 (Pascual et al. 2012). Microglia are crucial regulators of learning and memory,
adult neurogenesis and activity-triggered synaptic plasticity (Gemma and Bachstetter 2013;
Parkhurst et al. 2013; Sipe et al. 2016; Salter and Stevens 2017).

3.2 MICROGLIAL ACTIVATION

Any disturbance in the CNS environment is sensed by microglial cells and induces their activation.

Microglial activation is defined as the triggering of rapid and profound morphological, gene
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expression and functional changes in microglia after sensing any loss of brain homeostasis
(Kettenmann et al. 2011). Activated microglia shorten their processes, increase their cellular size
and finally adopt an amoeboid morphology. In addition, activated microglia rearrange surface
molecules, change intracellular enzymes, proliferate and move to the side of lesion following
chemotactic gradients and release multiple factors with inflammatory effects. They can also
phagocyte tissue debris, damaged cells or microbes and produce neurotrophic factors. Activated
microglial release chemoattractive molecules to recruit immune cell populations to CNS, and
present antigens to T cells (Heneka, Kummer, and Latz 2014; Kettenmann et al. 2011; Salter and
Stevens 2017).

3.2.1 Phenotypes of microglial activation

The term microglial activation comprises a range of different “activated” stages (Cherry,
Olschowka, and O'Banion 2014b). A classical classification based on the M1/M2 polarisation
described in macrophages was adopted as the standard designation for microglial activation
profiles (Fig. 7) (Heneka, Kummer, and Latz 2014; Wolf, Boddeke, and Kettenmann 2017).

The termed M1 or classically activated state is induced in vitro by treating primary microglial
cultures with lipopolysaccharide (LPS) and interferon (IFN)y and is typified by the production of
ROS and pro-inflammatory molecules including interleukin (IL)1B, IL2, IL6, IFNy, CXCL9,
CXCL10, inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)2 or TNFa (Chhor et al.
2013; Fenn et al. 2012; Varnum and lkezu 2012). In vivo, the M1 phenotype is induced by IL1j3,
TNFa or a high concentration of adenosine triphosphate (ATP) (Davalos et al. 2005; Ransohoff
and Perry 2009). M1 cells are involved in antigen presentation, killing of intracellular pathogens
and cytotoxicity, induction of Thl and Th17 cells, which in turn mediate inflammation (Cherry,

Olschowka, and O'Banion 2014b; Franco and Fernandez-Suarez 2015).

In the M2 or alternative activated state, microglial cells acquire an anti-inflammatory phenotype
and are involved in the resolution of inflammation, wound repair and debris clearance. In turn, M2
microglial cells are divided into three different subtypes that are induced by different
environmental factors.

The treatment of cultured microglial cells with IL4 or IL13, closely related cytokines that signal
through IL4Ra, leads to the M2a phenotype and is characterized by the expression of anti-
inflammatory molecules including Argl, found in inflammatory zone (Fizz)1, mannose receptor
(MR), insulin growth factor 1 (IGF1), transforming growth factor (TGF)B or Chitinase 3-like 3
(Ym1), inhibition of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and the
expression of receptors for phagocytosis (Gadani et al. 2012; Sica and Mantovani 2012). The
main function of M2a phenotype is the suppression of inflammation, phagocytosis of cellular

debris and tissue repair promotion (Cherry, Olschowka, and O'Banion 2014b; Chhor et al. 2013).
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After ligation of immunoglobulin Fcy receptors by immune complexes on LPS- or IL1B-primed
microglia, the M2b phenotype is acquired by microglial cells. M2b microglia express IL10Mah,
IL12'ew, MHCII and CD86, suggesting the ability to induce Th2 T cells and the capability to initiate
the M2 response in general (Mantovani et al. 2013; Mosser and Edwards 2008; Filardy et al.
2010).

The treatment of cultured microglial cells with IL10 and glucocorticoid hormones or TGFf leads
to the M2c phenotype and it is typified by the expression of anti-inflammatory molecules as
CXCL13, sphingosine kinase and suppressor of cytokine signalling 3 (Chhor et al. 2013;
Mantovani et al. 2004; Fenn et al. 2012; Hu et al. 2012; Varnum and lkezu 2012). The M2c
phenotype is involved in tissue remodelling and matrix deposition after inflammation has been

down-regulated (Mantovani et al. 2004).

The existence of an MO phenotype is in debate (Cherry, Olschowka, and O'Banion 2014a) and it
would correspond to microglia in homeostatic conditions displaying the functions required for the
maintenance of healthy environment including debris clearance, plasticity, production of insulin

growth factor (IGF1) and brain-derived neurotrophic factor (BDNF), among others (Fig. 7).

Pro-
Anti-inflammatory/repair inflammatory
MO M2a M2b M2c M1
+1L4/1L13 +LPS/IC +I1L10/GIcH  |[+ LPS/IFNy/TNF

BDNF Arg1 Fizz1 IGF1  MHCII IL10 SR-B1 SR-A1 || IL1B IL2 IL6
IGF1 MR TGFB Ym1 COX2 G-CSF  Arg1 CXCL13 ||COX2 iNOS
GM-CSF MHCII CD68

Figure 7. Activated states of microglia based on M1/M2 classification. The M1 phenotype is implicated in the
pro-inflammatory response, the M2a, M2b and M2c phenotypes are implicated in the anti-inflammatory/repair
response and the MO phenotype is present in homeostasis and it may be included in the M2 polarised cell group.
The molecules that induce each state (top), the microglial morphology acquired in each state (middle) and some
molecules expressed by each polarised cell (down) are indicated. Argl: arginasel, BDNF: brain-derived
neurotrophic factor, CD68: cluster of differentiation 68, COX2: cyclooxygenase 2, CXCL13: chemokine (C-X-C
motif) ligand 13, Fizz1: found in inflammatory zone 1, G-CSF: granulocyte colony-stimulating factor, GlcH:
glucocorticoid hormones, GM-CSF: granulocyte-macrophage colony-stimulating factor, IC: immune complexes,
IFNy: interferon gamma, IGF1: insulin growth factor, IL: interleukin, iINOS: inducible nitric oxide synthase, LPS:
lipopolysaccharide, MHCI: major histocompatibility complex type | receptor, MHCII: major histocompatibility
complex type Il receptor, SR-Al: scavenger receptor class Al, SR-B1: scavenger receptor class B1, TGF@:
transforming growth factor beta, Ym1: chitinase 3-like 3. Adapted from: Franco and Fernandez-Suarez 2015.
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This classification of microglial activation as M1/M2 categories has its limitations, as it was defined
in vitro following exposure to one or two stimuli, and most likely does not represent the complexity
of all in vivo subtypes (Cherry, Olschowka, and O'Banion 2014b). An extensive diversity of
microglial phenotypes upon activation has been described in transcriptomic and single-cell assay
studies (Ransohoff 2016; Wes et al. 2016; Gosselin et al. 2017). Moreover, different microglial
activated subtypes may coexist in vivo, together with a combination of infiltrating macrophages

(Franco and Fernandez-Suarez 2015).

Neither the morphological changes that undergo activated microglia nor the cell-surface markers
known to be expressed by these cells are enough to specifically define which particular state of
activation is occurring in microglia in a given CNS disease state (Perry, Nicoll, and Holmes 2010;
Salter and Stevens 2017). Transcriptomic, proteomic, and epigenomic features of microglia in

specific contexts are a current issue of study (Salter and Stevens 2017).

3.2.2 Microglial activation/dysfunction and neurodegenerative diseases

In the human CNS, microglia are rapidly activated after an acute injury to adopt one of many
diverse phenotypes depending on the stimuli, disease type, stage of the disease and the age of
the individual (Fig. 8) (Nimmerjahn, Kirchhoff, and Helmchen 2005; Perry, Nicoll, and Holmes
2010). Activated microglia have beneficial functions for neuron survival including innate immunity,
debris clearance, repair facilitation though neurogenesis and migration guidance of stem cells to
the injury site. However, overactivated and dysregulated microglia can become dysfunctional and
ellicit detrimental effects for neurons by producing an excess of cytotoxic factors such as reactive
nitrogen and oxygen species and pro-inflammatory cytokines. In neurodegenerative diseases, a
chronic state of neuroinflammation has been described with an activated microglia, although the
beneficial or detrimental effects of the overactivated microglia and whether or not microglial
activation is a consequence of neuronal damage is poorly understood. In neurodegenerative
diseases, misfolded proteins, aggregates, degeneration of neurons and environmental toxins,
such as rotenone, have been proposed to participate in the persistent activation of microglia,
which probably acquire a different phenotype from that found after an acute insult (Fig. 8) (Block,
Zecca, and Hong 2007; Perry, Nicoll, and Holmes 2010; Heneka 2019; Song and Colonna 2018;
Hickman et al. 2018). Interestingly, age is the main risk factor for many neurodegenerative
diseases and microglial cells become dysregulated with aging. An aging of microglia could,
therefore, contribute to age-associated brain changes (von Bernhardi, Eugenin-von Bernhardi,
and Eugenin 2015).

15



INTRODUCTION

Acute
neurodegeneration

Chronic neurodegeneration
with extracellular
protein misfolding

‘Resting’
microglia

Systemic
inflammation

Chronic neurodegeneration with
intracellular protein misfolding

Figure 8. Multiple microglial phenotypes. Depending on the stimuli, disease type, stage of the disease,
chronification of the disease or age of the individual microglial acquire different phenotypes of activation. From:
Perry, Nicoll et al. 2010.

3.2.3 Mechanisms of control of microglial activation

In microglia, the transition between surveillance and activated states is triggered by the loss of

existing constitutive inhibitory signals termed “off signals” or by the presence of “on signals”
(Block, Zecca, and Hong 2007; Hanisch and Kettenmann 2007).

“Off signals” maintain a persisting signalling to keep microglia in a surveillance state and its

interruption activates microglia (Kettenmann et al. 2011). Many of them are produced by neurons

(Ransohoff and Cardona 2010). In contrast to “on signals”, “off signals” allow microglia to react to

unknown signs of danger (Fig. 9) (Kettenmann et al. 2011). “Off signals” can be divided into:

Membrane-bound molecules including CD200-CD200R1, CX3CL1-CX3CR1 and
SIRPa(CD172a)-CD47 systems (Brooke et al. 2004; Hernangomez et al. 2014).
Soluble mediators including TGF@, IL34 and CSF1 (Wohleb 2016).
Neurotransmitters including glutamate, GABA, acetylcholine and noradrenaline,
suggesting that neuronal activity also controls microglial function (Pocock and

Kettenmann 2007).
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“On signals” are signalling molecules that appear in the brain upon homeostatic disturbance and
are sensed by microglial cells triggering their activation (Kettenmann et al. 2011). “On signals”
can be divided into:

e Soluble factors including cytokines, chemokines and trophic factors, whose receptors
are expressed by activated microglia (Kettenmann et al. 2011). ATP is one of the main
soluble “on signals” and is released by injured cells. Excessive neuronal activity can
constitute also an “on signal” through increased concentration of neurotransmitters
(Burnstock 2016; Kettenmann et al. 2011).

e Microglial membrane-bound receptors whose counter-receptors are expressed by
damaged neurons (Manich et al. 2019). This mechanism includes Triggering receptor
expressed on myeloid cells (TREM)2, whose microglial expression increases in various
CNS neurodegenerative diseases such as Alzheimer’s disease (Krasemann et al. 2017;
Yeh, Hansen, and Sheng 2017). CD22-CD45 and CD172a-CD47 are also included in this
class (Manich et al. 2019; Mott et al. 2004).

e Infectious agents. Bacterial or viral structures constitute the pathogen-associated
molecular patterns (PAMPSs) sensed by microglia through pattern recognition receptors
(PRR), such as the TLRs (Kettenmann et al. 2011; Wolf, Boddeke, and Kettenmann
2017).

e Damaged endogenous molecules including cellular debris, nucleic acids, aggregated,
biochemically-altered or misfolded proteins such as B-amyloid, a-synuclein, mutant
huntingtin and superoxide dismutase 1. All these altered endogenous molecules are
observed in neurodegenerative diseases and can act as damage-associated molecular
patterns (DAMPs) and activate PRRs, such as TLR4 and 6, leading to the sustained
production of neuroinflammatory factors (Kettenmann et al. 2011; Manich et al. 2019;
Wolf, Boddeke, and Kettenmann 2017).

The loss of specific “off signals” or the presence of certain “on signals” will determine the
phenotype of microglial activation (Manich et al. 2019). Furthermore, the surveillance features,
the receptors repertoire, the interpretation of environmental signals and the signalling outcomes
may differ among microglial populations in different CNS regions, since each area has specific

properties and microglia may display distinct reactive options (Kettenmann et al. 2011).
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Figure 9. Principal “Off signals” and “On signals” regulating microglial activation. Neurons, astrocytes and
oligodendrocytes maintain microglia in homeostatic conditions by expressing constitutive “off signals”, including
CD200 ligand that interacts with the microglial CD200R1 receptor. When these communications are altered or “on
signals” appear, microglial activation is induced. (< binding; — release). ATP: adenosine triphosphate, CD: cluster
of differentiation, CSF-1: colony stimulating factor 1, CX3CL1: chemokine (C-X3-C motif) ligand 1, CX3CR1:
chemokine (C-X3-C motif) receptor 1, IL34: interleukin, OLG: oligodendrocyte, P1IR P2R P2X6 and P2Y12:
purinergic receptors, R: receptor, TGFf: transforming growth factor. From: Manich, Recasens et al. 2019.
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3.2.4 Microglial metabolism

In macrophages, M1/M2 polarisation is associated with a metabolic reprogramming and this has
been extensively studied (O'Neill and Hardie 2013; Pearce and Pearce 2013). M1 macrophages
increase glycolysis by increasing 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3
(PFKFB3) expression (Fig 10A i) (Rodriguez-Prados et al. 2010). High rates of glycolysis allow
macrophages to quickly trigger microbicidal activity and have energetic advantages in hypoxic
microenvironments (Nizet and Johnson 2009). M1 macrophages also activate the hypoxia-
inducible factor (HIF)1a, which regulates glycolysis (Palazon et al. 2014) and increases IL13
expression (Tannahill et al. 2013). To increase phagocytic activity, phospholipid synthesis is
increased and fatty acid oxidation (FAQ) is not modified (Fig 10A iii) (Ecker et al. 2010). M1
macrophages produce large quantities of ROS by nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase and reactive nitrogen species including nitric oxide (NO) by iNOS (Fig 10A vii).
NADPH is necessary for both enzymes and is produced in the pentose phosphate pathway flux
(Fig 10A ii) and by the metabolism of citrate, a tricarboxylic acid (TCA) cycle intermediate (Fig
10A v) (O'Neill and Hardie 2013). Glutamine metabolism generates intermediate metabolites to
fuel the TCA cycle (Fig 10A iv). The TCA cycle intermediate cis-aconitate (CAC) is converted
into itaconic acid by the up-regulated immune-responsive gene 1 (IRG1l) to generate also
mitochondrial ROS (Fig 10A vi) (Michelucci et al. 2013). In order to protect themselves, M1
macrophages also generate the antioxidant glutathione (GSH) via pentose phosphate pathway
flux (Fig 10A ii).

M2 state is energetically demanding and can be long-lasting. In contrast to M1 macrophages, M2
macrophages have low glycolysis rates but rely on oxidative metabolism, a pathway that provides
sustained energy for tissue remodelling and repair. For this purpose, FAO and oxidative
phosphorylation are increased in M2 macrophages (Fig. 10B i) (Biswas et al. 2012; Ghesquiere
et al. 2014; O'Neill and Hardie 2013). IL4 induces M2 phenotype and up-regulates peroxisome
proliferator-activated receptor gamma coactivator (PGC)1B, which enhance mitochondrial
biogenesis and the switch to FAO (Vats et al. 2006). Carbohydrate kinase-like protein (CARKL)
catalyses the formation of sedoheptulose-7-phosphate to inhibit pentose phosphate pathway flux
(Fig. 10B iii) (Haschemi et al. 2012). Glutamine metabolism generates polyamines and TCA cycle
intermediates (Fig. 10B ii). Finally, Arginase activity is potentiated instead of INOS pathway (Fig.
10B iv) (Ghesquiere et al. 2014).
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Figure 10. Macrophage metabolism. Metabolic reprogramming in M1 (A) and M2 (B) macrophages. Key steps
are indicated in roman numerals. a-KG: a-ketoglutarate, Ac-CoA: acetyl-coenzyme A, ARG: arginase, ASL:
argininosuccinate lyase; Asp: aspartate, ASS: argininosuccinate synthase, CARKL: carbohydrate kinase-like
protein, Cit: citrate, CPT: carnitine palmitoyltransferase, GSH: reduced glutathione, ETC: electron transport chain,
F1,6BP: fructose 1,6-bisphosphate, F2,6BP: fructose 2,6 bisphosphate, F6P: fructose 6-phosphate, FA, fatty acid,
FABP: fatty acid binding protein; FAO: fatty acid oxidation, FATP: fatty acid transfer protein; Fum, fumarate; G6P,
glucose 6-phosphate, Glc: glucose, GIn: glutamine, Glu: glutamate, GLUT: glucose transporter, GSSG: oxidized
glutathione, iNOS: inducible nitric oxide synthase; IRG1: immunoresponsive gene 1, Lac: lactate, MCT:
monocarboxylate transporter, NADPH, nicotinamide adenine dinucleotide phosphate, NO: nitric oxide, OAA:
oxaloacetate, Orn: ornithine; OTC: ornithine transcarbamylase, OxPhos: oxidative phosphorylation, PFK1:
phosphofructokinase-1, PFKFB1: 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-1, PFKFB3: 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3, PPP: pentose phosphate pathway, Pyr: pyruvate, ROS:
reactive oxygen species, TCA: tricarboxylic acid. From: Ghesquiere et al. 2014.
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Most of the studies describing the metabolic changes during polarisation of immune cells have
been performed in peripheral cells (O'Neill and Hardie 2013; Pearce and Pearce 2013) and little
is known about metabolic states in microglial cells (Durafourt et al. 2012; Orihuela, McPherson,
and Harry 2016; Moss and Bates 2001; Chenais, Morjani, and Drapier 2002; Bernhart et al. 2010;
Voloboueva et al. 2013; Gimeno-Bayon et al. 2014; Sohn 2012). Similar to macrophages,
microglial cells increase glycolysis rates after an M1 stimulus. However, after an M2 stimulus,
mitochondrial oxygen consumption is not altered in microglial cells, in contrast to the increased
mitochondrial oxidative metabolism reported in macrophages (Orihuela, McPherson, and Harry
2016). Furthermore, microglial cells are more reluctant to adopt an M2 phenotype than

macrophages (Durafourt et al. 2012).

4 The CD200-CD200R1 system

Microglial activation is controlled by different mechanisms. Among them, the CD200-CD200R1
system constitutes an “off signal” to keep microglia in a surveillance state. In the CNS, the surface
molecule CD200 is mainly expressed in neurons, astrocytes and oligodendrocytes (Barclay et al.
2002). Its receptor, CD200R1, is mainly expressed in macrophages including microglia. CD200-
CD200R1 interaction leads to the inhibition of the production of pro-inflammatory signals in
microglial cells (Hoek et al. 2000; Manich et al. 2019; Biber et al. 2007). Its powerful
immunoregulatory functions confer to CD200-CD200R1 system an interesting potential to
explore.

4.1 CD200 GENE IN MOUSE AND HUMAN

The mouse CD200 gene is located on chromosome 16, whereas the human CD200 gene is
located on chromosome 3 (Wright et al. 2003). The CD200 gene is highly conserved across
humans and rodents, showing a high degree of sequence and structural similarity (Borriello et al.
1998; Wright et al. 2003).

4.1.1 Mouse CD200 gene

In mice, the CD200 gene is composed of six exons and five introns and can generate two different
transcripts by alternative splicing, termed full-length CD200 (CD200full) mRNA variant and
truncated CD200 (CD200tr) mRNA variant (Chen et al. 2008; McCaughan, Clark, and Barclay
1987).
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CD200full variant is considered the canonical transcript and it encodes de CD200full isoform.
CD200tr variant is originated by alternative splicing and it lacks exon 2 (Fig. 11A Grey box). In
1998, Borriello and collaborators described that the absence of exon 2 results in a translation
frameshift and a premature stop codon 10 nt from the 5 end of exon 3 (Fig. 11A Red box)
(Borriello et al. 1998). They concluded that the resulting transcript would originate a translated
product of only 7 amino acids and therefore, unlikely to be a functional protein (Fig. 11A Orange
box) (Borriello et al. 1998). However, Chen and collaborators carried out a detailed examination
of the cDNA sequence and revealed the existence of another consensus Kozak start sequence
116 nt downstream of this stop codon (Fig. 11A Blue box), which corrects the frameshift from the
alternative splicing and results in the expression of an N-terminal deleted truncated protein, the
CD200tr (Fig. 11A) (Chen et al. 2008; Chen et al. 2010). Despite missing the N-terminal, CD200tr
has the same frameshift as CD200full. Therefore, CD200tr protein has the same protein structure

as CD200full protein but it lacks the N-terminal region.

4.1.2 Human CD200 gene

In humans, CD200 gene can generate ten different transcripts by alternative splicing, termed
CD200 variant 1 to 10, according to the NCBI database (May 2019). On the one hand, two of the
CD200 mRNA variants are termed truncated CD200 (CD200tr) mRNA variants for the analogy to
mouse CD200tr mRNA variant (Fig. 11). Human CD200tr protein lacks the N-terminal region, as
in mice. On the other hand, eight of the CD200 mRNA variants are termed full-length CD200
(CD200full) mRNA variants (Borriello et al. 1998; Chen et al. 2008; McCaughan, Clark, and
Barclay 1987). There are no studies regarding the possible functional relevance of each CD200full
and CD200tr variant.

A Mouse CD200 leader sequence ----------

exonl — lexon2 —
ATGGGCAGTCTd GTATTCAGGAGACCTTTCTGCCATCTCTCCACCTACAGCCTGATTT GGGGCATAG]

1V-like domain -----------

lexon3 —
[CAGCAGTAGCGCTGAGCACAGCTCAAGTGGAAGTGGTGAL CCAGGATGAAAGAAAGGCGCTGCACAC

AACTGCATCCTTACGATGTTCTCTAAAAACATCCCAGGAACCCTTGATTGTGACATGGCAGAAAAAG

AAAGCCGTGAGCCCAGAAAAC E . gkiTCACCTACAGCAAAACCCATGGGGTTGTAATCCAGCC’I‘ GCCT

B Human CD200 leader sequence ---«------

exonl — lexon? —»

ATGGAGAGGCTGGTGATCAGGATGCCCTTCTCTCATCTCTCCTCCTACAGCCTGGTTTGGGTCATGG I

|V-like domain «=-=-r-v---

lexon3 —

| CAGCAGTGGTGCTGTGCACAGCACAACTGCAAGTG( CCCAGGATGAAAGAAAGGAGCTGTACAC

AACTGCTTCCTTAAAATCTTCTCGCAAAAATGCCCAGGAACGCTCGCTTGTGACATGGCAGAAAAAG

AAAGCTGTGAGCCCAGAAAAQATAGTCACCTTCAGCGAGAACCATGGGGTGGTGATCCAGCCTGCCT
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Figure 11. Murine and human CD200 cDNA sequence. Representation of murine (A) and human (B) CD200full
cDNA corresponding to the initial region of the coding sequence (CDS). Notice that the completed CDS is not
represented, as the 3’ end of exon 3, as well as exons 4 and 5 are not shown (exon 6 is not part of the CDS).
Colour boxes highlight important regions in the generation of CD200tr. Orange box: sequence encoding a 7 amino
acids peptide unlikely to be functional, generated when exon 2 is missing by alternative splicing in the production
of CD200tr. Grey box: exon 2, spliced in CD200tr. Red box: premature stop codon 10 nt from the 5" end of exon
3 (the V-region). Blue box: consensus Kozak start sequence 116 nt downstream of the stop codon. Underlined:
sequence codifying N-terminal deleted truncated protein, CD200tr. Modified from: Chen et al. 2008.

4.2 CD200 PROTEIN STRUCTURE

Comparing the murine CD200 protein with the rat or human CD200 protein homologs reveals 92-
100% (Clark et al. 1985) and 71-79% (McCaughan, Clark, and Barclay 1987) overall
conservation, respectively. This high degree of homology between mouse, rat and human CD200
proteins, suggests conservation of function (Walker and Lue 2013). Remarkably, CD200 has a

high content of potential N-linked glycosylation sites, both in mouse and human (Khatri 2012).

Mouse and human CD200full

CD200full, previously known as OX2, is a ~32 kDa type-1 transmembrane-anchored glycoprotein
with two immunoglobulin superfamily domains arranged in a typical V/C2 set with an extracellular
domain composed by the N-terminal tail, a transmembrane domain and a short cytoplasmic
domain (Clark et al. 1985; McMaster and Williams 1979) (UniProtkB - P41217 and UniProtKB -
054901). CD200full is devoid of any known intracellular signalling motifs and is a ligand for
CD200R1 (Preston et al. 1997; Wright et al. 2000). In humans, eight mRNA variants of CD200full
are described in the NCBI database, but only three protein isoforms have been described so far
(UniProtkB - P41217).

Mouse and human CD200tr

CD200tr is a transmembrane protein lacking part of the N-terminal region of the CD200full
isoform. The N-terminal region is important for the interaction with CD200R1. In consequence,
CD200tr binds to CD200R1 but it blocks CD200full function in a competitive fashion, making
CD200tr a physiologic antagonist of CD200full (Chen et al. 2008; Chen et al. 2010).

Mouse and human sCD200

A soluble form of CD200 (sCD200) has also been described in mouse serum (Gorczynski et al.
2010) and in human plasma (Wong et al. 2012; Wong et al. 2010). Although the structure and
function of mouse sCD200 are not clear, it is suggested to be generated by proteolytic cleavage
of cell surface CD200 (Gorczynski et al. 2013) and to have an immunosuppressive function
(Gorczynski et al. 2013). In humans, sCD200 is also thought to be generated by proteolytic
cleavage of cell surface CD200, as in mice (Wong et al. 2012; Wong et al. 2010). Although it is
able to signal through CD200R1 (Wong et al. 2016), its function is unclear. It is suggested to have
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immunosuppressive functions, especially in cancer (Kacerovsky et al. 2013; Wong et al. 2012;
Wong et al. 2010), but also to promote inflammation in skin and allergic diseases (Akman-Karakas
et al. 2014; Tural Onur et al. 2015). However, little is known about the presence of sCD200 in the
brain. Previous reports in mouse and human suggest a localization for CD200 in the brain
exclusively in membranes (Costello et al. 2011; Walker et al. 2009; Walker and Lue 2013).

Human CD200c.tai

In humans, the cleavage of the cytoplasmic tail of CD200 by a consensus y-secretase generating
the human CD200..i, has recently been described. CD200c-i translocates to the nucleus and
binds to DNA regions encoding transcription factors implicated in the regulation of cell proliferation
in human chronic lymphocytic leukemia cells (Chen et al. 2018). CD200ctsi may be important in
cancer growth; however, whether it has also implications in non-cancer cells including neurons,

astrocytes or B and T cells, remains to be elucidated (Chen et al. 2018).

Table 1. CD200 gene, proteins and function in Mus musculus.

Species: Mus musculus

Gene Protein Function

CD200 CD200full (Borriello et al. 1998) Ligand of CD200R1 (Preston et al. 1997).
(Borriello et

al. 1998)

CD200tr

Generated by alternative mRNA splicing.
(Chen et al. 2008).

sCD200

Generated probably by protein cleavage
(Gorczynski et al. 2013; Gorczynski et al.
2010).

Ligand of CD200R1 (Chen et al. 2008).

Immunosuppressive (Gorczynski et al.
2013).

Table 2. CD200 gene, proteins and function in Homo sapiens.

Species: Homo sapiens

Gene Protein Function

CD200 CD200full (McCaughan, Clark, and Barclay Ligand of CD200R1 isoform 4 (Vieites et al.
(McCaughan,  1987) 2003).

Clark, and

Barclay 1987)

CD200tr
Generated by alternative mRNA splicing
(Chen et al. 2008).

Ligand of CD200R1 isoform 4
(Chen et al. 2008).

sCD200

Generated by protein cleavage (Wong et al.

2010, 2012, 2016).

Unclear (Akman-Karakas et al. 2014;
Kacerovsky et al. 2013; Wong et al. 2010).

CD200c-tail

Generated by protein cleavage. (Chen et al.

2018).

Cancer growth (Chen et al. 2018).
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4.3 CDZ200R GENE FAMILY IN MOUSE AND HUMAN

CD200 receptor (CD200R) family is a paired receptor family. Paired receptors are families of
membrane proteins that are characterized by i) being encoded by different genes, but located as
a gene cluster on a given chromosome, i) having similar extracellular regions, iii) being expressed
on overlapping immune populations, and iv) being conformed by members with activating
potential and also members with inhibitory potential (Yamada and McVicar 2008). Although their
extracellular regions typically have about 90% amino acid sequence identity, paired receptors can
produce opposite type of signalling due to different cytoplasmic regions or to different ligand

specificities.

Mouse CD200R gene family

The mouse CD200R family is located as a gene cluster on chromosome 16 region B5, within ~400
kbp of the CD200 gene (Fig. 12) (Gorczynski, Chen, Clark, et al. 2004). The mouse CD200R
family is composed by one inhibitory member termed CD200R1, and five members termed
CD200R-like a, (CD200RLa), CD200R-like b (CD200RLb), CD200R-like ¢ (CD200RLc),
CD200R-like d (CD200RLd) (Wright et al. 2003) and CD200R-like e (CD200RLe) (Hatherley et
al. 2005). CD200RLd is presumably a pseudogene (Wright et al. 2003). CD200RLa,b,c,e are also
termed CD200R4,3,2,5 as synonyms, respectively (Gorczynski, Chen, Kai, et al. 2004). Most of
the authors use the nomenclature “RL” meaning “receptor-like” rather than “R” meaning “receptor”
because they are not considered receptors for CD200 (Hatherley et al. 2005; Hatherley et al.
2013; Wright et al. 2003)

CD200RL1 is a receptor for CD200 and the binding leads to an inhibitory transduction signal
(Preston et al. 1997; Wright et al. 2000). Gorczynski and collaborators had reported that all
members of CD200R family described until then (CD200R1, CD200La,b,c) could bind to CD200
ligand (Gorczynski, Chen, Clark, et al. 2004); however, this was later rejected (Hatherley et al.
2005; Hatherley et al. 2013; Wright et al. 2003).

The ligands of CD200RLa, CD200RLb, CD200Lc and CD200RLe are unknown but pathogen
components are a possibility (Hatherley et al. 2005). There are contradictory data regarding
whether CD200RLc binds to CD200 ligand (Hatherley et al. 2013; Hayakawa, Wang, and Lo 2016;
Khatri 2012). The functional and biological significance of these receptors remains unknown.
CD200RLa and CD200RLb products pair with the adaptor protein, DAP12, and are expected to
cause an activating signal transduction, in contrast to the inhibitory signal produced by CD200R1
(Wright et al. 2003; Voehringer, Shinkai, and Locksley 2004). CD200RLc and CD200RLe are
predicted to be associated with DAP12 creating also the potential for activating signal transduction
(Hatherley et al. 2005).
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Whereas CD200R1 gene is detected in all mouse strains analysed (Akkaya and Barclay 2010),
most mouse strains have only three of the CD200R activating genes, either the combination of
CD200RLa, Lb and Lc or CD200RLa, Lb and Le. The CD200RLc and CD200RLe genes are
mutually exclusive (Akkaya and Barclay 2010). CD200RLe is found in CD1 and NOD1 mouse
strains but not in CD57B/L6 (Voehringer, Shinkai, and Locksley 2004).

Human CD200R family

The human CD200R gene family is located on chromosome 3 (Fig. 12) (Gorczynski, Chen, Clark,
et al. 2004) and is composed by one inhibitory member termed CD200R1, and one member
termed CD200R-like a (CD200RLa) (Wright et al. 2003) or as a synonym CD200R2 (Gorczynski,
Chen, Kai, et al. 2004). CD200R1 and CD200La are located as a gene cluster on chromosome
3012-13 (Fig. 12) (Vieites et al. 2003). CD200La might be a non-functional gene, as no expression
have been detected (Wright et al. 2003).

CD200 CD200R and CD200RLs -
R1 RLa RLd RLc  RLb chromosome 16
44 44M 44 81M 44.86M  44.90M 44 95M 44.98M
<« > = B T
CD200 CD200R and CD200RLs
R1 RLa
RN —/ —1 human
108.86M 109.38M 109.48M chromosome 3
<« <« -«

Figure 12. Organization of CD200 and CD200R genes in the mouse and human genomes. The approximate
position on the genome of CD200, CD200R1, CD200RLa, CD200RLb, CD200RLc and CD200RLd genes is shown
as oblongs. The numbers indicate the bases and the arrows the direction of transcription. From: Wright et al. 2003.
CD200RLe is not shown because it was described later by Hatherley and collaborators (Hatherley et al. 2005).

The CD200R gene is highly conserved across humans and rodents (Wright et al. 2003). CD200R
family members have been generated by extensive gene duplication of the CD200R gene (Wright
et al. 2003).

4.3.1 Human CD200R1 gene

In humans, the inhibitory receptor CD200R1 gene comprises nine exons and can generate four
different transcripts by alternative splicing, termed CD200R1 variant 1 (V1 CD200R1), variant 2
(V2 CD200R1), variant 3 (V3 CD200R1) and variant 4 (V4 CD200R1) (Fig. 13). Alternative
splicing involves i) the insertion of exon 5 which creates a frameshift leading to a premature stop

codon that produces mRNA variants encoding soluble proteins and/or ii) splicing of exon 2 which
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produces the deletion of 23 amino acids. The insertion of exon 5 is observed in variants 2 and 3.

The splicing of exon 2 is observed in variants 3 and 4 (Fig. 13) (Vieites et al. 2003).

In this way, the mRNA termed V1 CD200R1 is composed by exons 1, 2, 3, 4, 6, 7, 8 and 9 (exon
5 functions as an intron in this variant), and encodes a transmembrane protein named CD200R1
isoform 1. When insertion of exon 5 occurs, the resulted mMRNA is termed V2 CD200R1 and it is
composed by exons 1, 2, 3, 4, 5 and 6, and encodes a soluble protein named CD200R1 isoform
2. When both insertion of exon 5 and splicing of exon 2 occur, the resulting mRNA is termed V3
CD200R1 and it is composed by exons 1, 3, 4, 5 and 6 and encodes a soluble protein named
CD200R1 isoform 3. When only splicing of exon 2 occurs, the resulted mRNA is termed V4
CD200R1 and it is composed by exons 1, 3, 4, 6, 7, 8 and 9 and encodes a transmembrane
protein named CD200R1 isoform 4 (Fig. 13) (Vieites et al. 2003).
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Figure 13. Genomic organization, splicing pattern and protein structure of human CD200R1. A Genomic
structure of the human CD200R1 gene. Exons are depicted on scale as black boxes and introns as thin lines. B
The mRNA variants produced by the human CD200R gene. Exon 5 functions as an intron (thin line) or exon (grey
box). C Domain structure of CD200R1 isoforms. Modified from Vieites et al. 2003.
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Since this thesis is focused on CD200R1, | have dedicated the next sections to this protein.

4.4 CD200R1 PROTEIN STRUCTURE

In mice, CD200R1 protein (~35 kDa UniProtKB - Q9ES57) is a type | transmembrane-anchored
glycoprotein with an extracellular domain composed by the N-terminal tail, a transmembrane
domain and a cytoplasmic domain, containing two immunoglobulin superfamily domains in a V/C2

set arrangement.

In humans, CD200R1 isoform 4 (~36.6 kDa, UniProtkKB - Q8TD46) is the canonical sequence. It
has a 52% amino acid sequence identity with mouse CD200R1 (Vieites et al. 2003). CD200R1
isoform 4 is also a transmembrane glycoprotein with an extracellular domain composed by the N-
terminal tail, a transmembrane domain and a cytoplasmic domain, containing two immunoglobulin
fold-family domains in a typical V/C2 set arrangement. It has a peptide cleavage site between
positions 24-25 and nine potential N-linked and one potential O-linked glycosylation sites (Vieites
et al. 2003).

Both in mouse and human, CD200 has a minimal cytoplasmic domain and does not activate an
intracellular signalling pathway. In contrast, CD200R1 has a larger cytoplasmic domain and is

capable of down-regulating the activity of the immune system (Walker and Lue 2013).

In humans, apart from CD200R1 isoform 4, three more CD200R1 isoforms exist:

CD200R1 isoform 1 (~39 kDa, UniProtKB - Q8TD46) is encoded by human V1 CD200R1 mRNA.
V1 CD200R1 has the same mRNA sequence as V4 CD200 except for the presence of exon 2.
Exon 2 encodes 23 amino acids at position 23 of the protein, which are not present in mouse
CD200R1. These amino acids generate a putative dihydroxyacid dehydratase domain in
CD200R1 isoform 1. However, structural evidence suggests that CD200R is not a dihydroxyacid
dehydratase enzyme. The implications of this domain are unknown, whether it allows the binding
to CD200 ligand remains to be elucidated and thus, the function of CD200R1 isoform 1 has not
been described (Vieites et al. 2003).

CD200R1 isoform 2 and isoform 3 (~21.3 kDa and ~18.8 kDa, respectively, UniProtKB -
Q8TD46) are soluble proteins found in humans. This is a unique feature of human CD200R gene
expression, as soluble CD200R1 proteins are not described in mouse. The function of soluble
CD200R1 isoforms 2 and 3 is unknown (Vieites et al. 2003). In this regard, CD200R1 isoform 3
might bind to CD200 ligand blocking its function. In contrast, CD200R1 isoform 2 contains the 23

amino acids encoded by exon 2, and it is not known whether it binds to CD200 ligand.
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Kos and collaborators reported a soluble form of CD200R1 (sCD200R1) in human plasma (Kos

et al. 2014). This soluble form could correspond to the soluble CD200R1 isoform 2 or 3; however,

it could also be generated from the cleavage of the transmembrane CD200R1 isoform 1 or 4.

Neither the origin nor the function of this soluble form of CD200R1 are known.

A remarkable feature of CD200R1, as in the case of CD200, is the high content of potential N-

linked glycosylation sites, both in mouse and human (Khatri 2012).

Table 3. CD200R family genes, proteins, function and receptor ligands in Mus musculus.

Species: Mus musculus

Gene Protein Function Ligand
CD200R1 (Wright et al. CD200R1 (Preston et al. Inhibitor (Wright et al. CD200full
2003) 1997; Wright et al. 2003) 2000). CD200tr (Preston et al.
1997).
CD200RLa = CD200R4 CD200RLa = CD200R4 Activator Unknown
(Wright et al. 2003) (Wright et al. 2003) (Voehringer, Shinkai,
and Locksley 2004;
Wright et al. 2003).
CD200RLb = CD200R3 CD200RLb = CD200R3 Activator Unknown

(Wright et al. 2003)

(Wright et al. 2003)

(Voehringer, Shinkai and
Locksley 2004; Wright et
al. 2003).

CD200RLc = CD200R2
(Wright et al. 2003)

CD200RLc= CD200R2
(Wright et al. 2003)

Probably activator
(Hatherley et al. 2005).

Unclear (Hatherley et
al. 2013; Khatri 2012;
Hatherley et al. 2005).

CD200RLd (Wright et al. Pseudogene
2003) (Wright et al. 2003).
CD200RLe = CD200R5 CD200RLe = CD200R5 Probably activator Unknown

(Hatherley et al. 2005)

(Hatherley et al. 2005)

(Hatherley et al. 2005).

Table 4. CD200R family genes, proteins, protein function and receptor ligands in Homo sapiens.

Species: Homo sapiens

Gene Protein Function Ligand
CD200R1 (Vieites etal. CD200R1 isoform 1 (Vieites et al. 2003) Unknown Unknown
2003; Wright et al. CD200R1 isoform 2 (Vieites et al. 2003) Unknown Unknown
2003) CD200R1 isoform 3 (Vieites et al. 2003) Unknown Unknown
CD200R1 isoform 4 (Vieites et al. 2003) Inhibitory CD200full and
(Vieites et al. CD200tr
2003) (Vieites et al.
2003)
sCD200R1 Bone loss

Unknown origin; it could be CD200R1 isoform
2 or 3, or generated by cleavage of CD200R1

al. 2014)

isoform 1 or 4. (Kos et al. 2014).

marker (Kos et

CD200RLa = CD200R2
(Wright et al. 2003)

Pseudogene (Wright et al. 2003).
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4.5 CELLULAR CD200 AND CD200R1 EXPRESSION

CD200 is highly expressed in neurons but also in endothelial cells, astrocytes and
oligodendrocytes, dendritic cells, thymocytes, T and B lymphocytes, osteoblasts and trophoblasts
(Lee et al. 2006; Webb and Barclay 1984; Dick et al. 2001; Rosenblum et al. 2004; Dorfman and
Shahsafaei 2011; Clark et al. 2003; Koning et al. 2009). In the brain, CD200 expression is
widespread with higher levels in grey matter than in white matter (Webb and Barclay 1984). In
physiological conditions, CD200tr is expressed in brain but at very low levels (almost negligible)
compared with CD200full (Chen et al. 2008); however, CD200tr expression can increase in

pathological conditions (Moertel et al. 2014; Valente et al. 2017).

CD200R1 expression is restricted to myeloid cells: dendritic cells, mast cells, eosinophils,
basophils, neutrophils, macrophages, lymphoid cells (T, B cells, natural killer) and osteoclasts
(Kos et al. 2014; Lee et al. 2006; Masocha 2009; Rijkers et al. 2008; Wright et al. 2003). In the
CNS, CD200R1 expression has been reported mainly in microglia. There are two publications
from the same research group showing CD200R1 expression in astrocytes and oligodendrocytes
in mouse but at levels much lower than that of microglial CD200R1 (Chitnis et al. 2007; Liu et al.
2010).

4.6 CD200 AND CD200R1 INTERACTION AND FUNCTION IN THE CNS

4.6.1 CD200 and CD200R1 signalling

Both CD200full and CD200tr bind CD200R1 but whereas CD200full produces the activation of a
signalling pathway, CD200tr does not (Chen et al. 2008; Chen et al. 2010; Clark et al. 1985;
McMaster and Williams 1979). In the text below the function of CD200R1 signalling pathway is
described and the term CD200 is used to refer to CD200full.

CD200 interacts with CD200R1 in adjacent cells. Unlike most of the inhibitory receptors,
CD200R1 does not contain ITIM motifs (Daeron et al. 2008; Mihrshahi and Brown 2010). In the
cytoplasmic region, CD200R1 contains three tyrosine residues, the most distal tyrosine residue
being part of an NPxY motif which is able to interact with PTB domains (Fig. 14) (Wright et al.
2000). The binding of CD200 to CD200R1 results in the phosphorylation of these tyrosine
residues in CD200R1. Dok?2 binds to the third phosphotyrosine in the cytoplasmic tail of CD200R1
via its PTB domain. Then, Dok2 is phosphorylated and recruits, through an SH2 (Src homology?2)
domain, the Ras/GAP (Ras GTPase-activating protein), which suppresses Ras-ERK (Ras-
extracellular signal-regulated kinases) and Ras-PI3K (Ras-phosphoinositide 3-kinases) signalling
pathways. This results in the inhibition of macrophage activation, the decrease in iINOS activity

and the down-regulation of the synthesis of pro-inflammatory cytokines such as TNFa, IFNy, IL1,
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IL17, IL6, IL8, IP10 (IFNy-induced protein 10 kDa) and MIG (monokine induced by IFNy) (Fig.
14). A down-regulation of NF-kB presumably contributes to CD200R1-inhibition of pro-
inflammatory signals, although other pathways may be involved (Fig. 14) (Holmannova et al.
2012; Jenmalm et al. 2006; Lyons et al. 2012; Mihrshahi, Barclay, and Brown 2009; Mihrshahi
and Brown 2010; Walker and Lue 2013; Zhang et al. 2004; Manich et al. 2019). Dok1 negatively
regulates Dox2-mediated CD200R1 signalling through the recruitment of CrkL (CT10 sarcoma
oncogene cellular homologue-like) (Fig. 14) (Mihrshahi and Brown 2010).

In the CNS, CD200 and CD200R1 expression is regulated by the transcription factors C/EBPf
(CCAAT/enhancer-binding protein ) and PPARYy (peroxisome proliferator-activated receptor y),
both involved in inflammatory processes (Dentesano et al. 2014; Dentesano et al. 2012;
Hayakawa, Wang, and Lo 2016; Frank et al. 2018). Moreover, CD200 treatment induces the
MRNA expression of CD200R1 in microglia in vitro (Varnum et al. 2015).

Neuron
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Figure 14. Intracellular signalling pathway after CD200-CD200R1 interaction. When CD200 binds CD200R1,
Dok2 is phosphorylated leading to the inhibition of Ras-PI3K and Ras-ERK pathways which results in inhibition of
pro-inflammatory signals, presumably through the down-regulation of NK-kB. Dok1 negatively regulates CD200R1-
signaling through CrkL. C/EBPB and PPARYy control the expression of CD200R1. C/EBPB: CCAAT/enhancer-
binding protein-B, CrkL: CT10 sarcoma oncogene cellular homologue-like, NF-kB: nuclear factor kappa-light-chain-
enhancer of activated B cells, PPARy: peroxisome proliferator-activated receptor y, PI3K: phosphoinositide 3-
kinases, Ras-ERK Ras-extracellular signal-regulated kinases, Ras-PI3K Ras-phosphoinositide 3-kinases. From:
Manich et al. 2019.
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4.6.2 CD200 and CD200R1 functions

Some authors refer to the inhibitory CD200 receptor as CD200R instead of CD200R1. We have
maintained this nomenclature when we have cited their work. Similarly, CD200full and CD200tr

are not distinguished in some reports and we have referred as “CD200” in these cases.

In the CNS, the best characterized function of the CD200-CD200R1 system is the inhibition of the
pro-inflammatory microglial activation, especially in the presence of LPS or IFNy (Copland et al.
2007; Costello et al. 2011; Cox et al. 2012; Denieffe et al. 2013; Meuth et al. 2008). Furthermore,
the inhibition of CD200-CD200R1 interaction produces microglial priming by increasing the
expression of PAMP and DAMP receptors (Costello et al. 2011; Deckert et al. 2006; Denieffe et
al. 2013; Hoek et al. 2000), which leads to a more disinhibited and vigilant microglial phenotype
that will produce an exacerbated response to a secondary inflammatory stimulus (Perry and
Holmes 2014). Aging, peripheral immune challenges as well as chronic neurodegenerative

diseases have been related to primed microglia (Perry and Holmes 2014).

Under inflammatory conditions, potentiation of CD200-CD200R1 interaction is also associated
with down-regulation of antigen-presenting capacity (Cox et al. 2012; Liu et al. 2010), inhibition
of microglial migration (Carter and Dick 2004) and contradictory data have been found regarding
phagocytosis (Bilkei-Gorzo 2014; Varnum et al. 2015; Lyons et al. 2017). In homeostatic
conditions, stimulation of CD200-CD200R interaction does not modify microglial migration (Carter
and Dick 2004) and the link between the CD200-CD200R1 system and the capability of antigen-
resenting, phagocytosis and proliferation is unclear (Costello et al. 2011; Deckert et al. 2006;
Denieffe et al. 2013; Broderick et al. 2002).

As a consequence of its inhibitory effect on pro-inflammatory microglial activation, CD200-
CD200R1 interaction confers tissue protection. Neuroprotective effects of the potentiation of
CD200-CD200R interaction have been described in vitro (Meuth et al. 2008; Yi et al. 2016) and
in vivo in multiple sclerosis (Chitnis et al. 2007), optic nerve crush (Huang et al. 2018) and
uveoretinitis (Banerjee and Dick 2004) experimental models. Furthermore, CD200-CD200R1
interaction also participates in tissue repair and homeostasis recovery after injury (Lago et al.
2018; Mecha et al. 2013; Hernangomez et al. 2012; Procaccini et al. 2015; Cohen et al. 2017)
and CD200 treatment enhances the expression of glial cell-derived neurotrophic factor (GDNF)
and promotes neuronal maturation in vitro (Varnum et al. 2015). Some studies show the capability
of CD200 to bind to the fibroblast growth factor receptor (FGFR) and have neuritogenic and
survival-promoting effects (Pankratova et al. 2016; Turner et al. 2016). In addition, FGFR
activation inhibits inflammation and it is associated with an increased CD200 expression (Cox et
al. 2012).
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The CD200-CD200R1 interaction also promotes a pro-reparative microglial activation. For
instance, potentiation of the CD200-CD200R1 system increases IL10 and decreases IL6
expression in in vivo nerve injury and multiple sclerosis experimental models (Chitnis et al. 2007;
Hernangomez et al. 2016; Huang et al. 2018). Also, the suppression of CD200 expression
decreases the expression of the pro-reparative markers IL4R, dectin and MR after spinal cord
injury (Cohen et al. 2017) and prevents the induction of an anti-inflammatory phenotype upon IL4

treatment in vitro (Yi et al. 2016).

Although inhibition of the pro-inflammatory response is the most studied effect of the CD200-
CD200R1 system, the CD200R1-signalling also induces the expression of the anti-inflammatory
markers IL10 and Argl in microglial cells (Yi et al. 2016; Hernangomez et al. 2012). After the anti-
inflammatory IL4 stimulus, there is an up-regulation of CD200 expression in neurons (Lyons et al.
2007; Lyons et al. 2009; Varnum et al. 2015; Yi et al. 2012). In contrast, contradictory effects have
been reported regarding the up-regulation of neuronal CD200 expression after IL10 stimulation
(Hernangomez et al. 2014; Hernangomez et al. 2012; Varnum et al. 2015). With regard to
CD200R expression, up-regulation after IL4 or IL13 treatment has been reported in human
(Koning et al. 2009; Walker et al. 2009) but not in mouse (Koning et al. 2009; Yi et al. 2016)

microglia.

Another function for CD200-CD200R interaction is the contribution to CNS development
(Shrivastava, Gonzalez, and Acarin 2012). Thus, the CD200-CD200R system has been
suggested to play a role during development in synapse formation and refinement process,
axogenic sprouting and elongation, spine density and migration of myeloid precursors (Bartolome,
Ibanez-Olias, and Gil-Loyzaga 2002; Loh et al. 2016; Shrivastava, Gonzalez, and Acarin 2012).
These processes are known to be regulated by microglial cells. During development, the
CD200R1 mRNA expression in the mouse brain increases with time reaching a peak at the first
week postnatal and decreases progressively until the low levels found in the adult brain (Manich
et al. 2019). In contrast, CD200 mRNA expression is kept at moderate levels throughout
adulthood (Manich et al. 2019).

4.7 CD200 AND CD200R1 IN AGING AND AUTOIMMUNE DISEASES

Aging is characterised by an enhancement of the pro-inflammatory environment in the brain.
Although microglial CD200R expression is preserved in aging, CD200 expression in neurons
progressively decreases, which suggest an involvement of this system in the establishment of
age-related neuroinflammation (Cao et al. 2010; Frank et al. 2006; Cox et al. 2012; Walker et al.
2009; Wang et al. 2011). In addition, decreased CD200 expression in aging has been related with
alterations in neuronal function (Cox 2012, Ojo 2012) and the potentiation of the CD200-CD200R1

system in aged animals results in reduced neuroinflammation (Cox et al. 2012).
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Because of its immunoregulatory function, the CD200-CD200R1 system plays a role in
autoimmune diseases and its potentiation displays a protective effect and ameliorates the
symptomatology and the tissue preservation (Manich et al. 2019). In experimental models of
multiple sclerosis (Chitnis et al. 2007; Hoek et al. 2000; Liu et al. 2010; Meuth et al. 2008; Valente
et al. 2017; Hernangomez et al. 2012), uveoretinitis (Broderick et al. 2002; Banerjee and Dick
2004; Copland et al. 2007) and rheumatoid arthritis (Gorczynski et al. 2002; Hoek et al. 2000)
CD200-CD200R1 modulation modifies the course and severity of the disease. Furthermore,
CD200-CD200R1 modulation not only exerts its effect on microglia/macrophages but also on
peripheral immune cell infiltration in EAE and autoimmune uveoretinitis experimental models
(Banerjee and Dick 2004; Chitnis et al. 2007; Copland et al. 2007; Hoek et al. 2000; Liu et al.
2010; Meuth et al. 2008; Broderick et al. 2002).

4.8 CD200 AND CD200R1 IN NEURODEGENERATIVE DISEASES

While the contribution of the CD200-CD200R1 system to autoimmune diseases is well
established, this is still a current issue of study in neurodegenerative diseases. Age is the major
risk factor for PD and Alzheimer’s disease and aging has been related to neuroinflammation, that
can be modulated by the CD200-CD200R1 system (Cox et al. 2012). Therefore, the CD200-
CD200R1 system may also play a role in the neuroinflammation observed in PD (Tansey and
Goldberg 2010; Wang, Liu, and Zhou 2015) and Alzheimer’s disease (Calsolaro and Edison 2016;
Heneka et al. 2015). Furthermore, in the SN (Wang et al. 2011) and hippocampus (Walker et al.
2009), the most affected areas in PD and Alzheimer’s disease, respectively, decreased CD200

expression has been observed in aged mice.

Regarding Alzheimer’s disease, hippocampus and inferior temporal gyrus of Alzheimer’s disease
patients have decreased CD200 and CD200R expression (Walker et al. 2009). Moreover,
activation of the CD200-CD200R1 system in Alzheimer’s disease experimental models has
shown a reduction in neuroinflammation, hippocampal amyloid B-plaque accumulation and

restoration of neurogenesis (Lyons et al. 2012; Varnum et al. 2015).

In contrast, in experimental models of amyotrophic lateral sclerosis, a disease where
neuroinflammation is also present (Liu and Wang 2017), an up-regulation of CD200R1 mRNA
expression from pre-symptomatic stages has been observed (Chen et al. 2004), suggesting a
different contribution of the CD200-CD200R1 system in this pathology. Patients diagnosed with
neurovascular age-related macular degeneration have a higher proportion of CD11b+/CD200+
monocytes in the blood. This has been suggested to be a peripheral mechanism to attenuate
central microglial activation and it highlights the importance of peripheral-central immune

communication (Singh et al. 2013)
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4.8.1 CD200 and CD200R1 in Parkinson’s disease

Due to the presence of neuroinflammation in PD, it has been proposed that the CD200-CD200R1
system may play a role in its pathogenesis or progression by modulating not only microglial

activation but also peripheral inflammation (Liu, Gao, and Hong 2003).

Post-mortem studies have shown no alterations in the expression of CD200 protein in temporal
cortex and cingulate cortex of PD patients, but patient stratification by LB stage showed
decreased CD200 protein expression in the temporal cortex of cases with an early stage (I and
IIb) and in the cingulate cortex of stage | cases (Walker et al. 2017). However, no information is

provided regarding which CD200 isoform was analysed in this study.

In vivo studies have demonstrated a down-regulation of CD200 and CD200R expression in
MPTP-injected mouse brain (Ren, Ye, et al. 2016). In a 6-hydroxydopamine (6-OHDA) PD rat
model, administration of an anti-CD200R blocking antibody aggravated the symptomatology,
increased the dopaminergic neurodegeneration and dopamine loss and increased microglial

activation and expression of pro-inflammatory markers (Zhang, Wang, et al. 2011).

In vitro studies, where the CD200-CD200R1 axis is modulated, also provide evidence of the role
of this system on dopaminergic neurodegeneration in the PD context. On the one hand, CD200-
treated microglial cultures show enhanced GDNF gene expression, a survival factor for
dopaminergic neurons (Varnum et al. 2015). On the other hand, disruption of CD200-CD200R
interaction with an anti-CD200R blocking antibody selectively increases the susceptibility of
dopaminergic neurons to neurotoxicity induced by rotenone in mesencephalic cultures (Wang et
al. 2011). Moreover, CD200-treated microglial cultures show inhibition of MPP+-induced INFy,
TNFa and IL1B release (Ren, Ye, et al. 2016).

Peripheral immunity dysfunction has been suggested to also participate in the development of PD
(Sampson et al. 2016; Qin et al. 2007). Macrophages derived from blood monocytes of PD
patients show an impaired CD200R expression in response to stimuli (LPS, conditioned medium
from healthy or dying differentiated PC12 cells, co-culture with healthy or dying differentiated
PC12 cells for 24 h), suggesting an intrinsic abnormality in these cells in PD (Luo et al. 2010).
Apart from exerting an effect on microglial function, the CD200-CD200R1 system also influences
the communication between the peripheral immune system and the CNS (Xie et al. 2017). In this
sense, intraperitoneal injection of LPS in rats induces peripheral inflammation which is
propagated to the CNS and results in dopaminergic neuronal loss, microglial activation and
increased pro-inflammatory cytokines (Xie et al. 2017). The presence of microglia and monocytes
is essential for this propagation. Although intraperitoneal LPS administration is also associated
with increased CD200 and CD200R1 expression in the SN, activation of the CD200-CD200R1

system attenuated the dopaminergic neurodegeneration in this model whereas blockade of the
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CD200-CD200R1 system aggravated it (Xie et al. 2017). Therefore, the CD200-CD200R1
signalling is also critical in regulating the transmission of inflammation from the periphery to the
CNS (Xie et al. 2017).

5 Parkinson’s disease

In 1817, James Parkinson described for the first time in his publication 'Essay on the Shaking
Palsy' the motor and non-motor features of a syndrome he termed ‘Shaking Palsy’ or ‘Paralysis
Agitans’, although components of possible PD can be found in earlier documents (Parkinson
2002). Five decades after the publication of the Shaking Palsy, Jean-Martin Charcot first used the
term ‘Maladie de Parkinson’ and he was particularly influential in refining and expanding this early
description (Goetz 2011). Today, about 200 years after the first clear medical description, the
main goal of PD research remains the same: finding strategies for a cure.

5.1 EPIDEMIOLOGY

PD is the second-most common neurodegenerative disorder, after Alzheimer’s disease, and it
affects 2 - 3% of the population 265 years of age. PD is a chronic, progressive, incurable disease
(Poewe and Mahlknecht 2009). Meta-analysis of the worldwide data showed a rising prevalence
of PD with age (all per 100000): 41 in 40 to 49 years; 107 in 50 to 59 years; 173 in 55 to 64 years;
428 in 60 to 69 years; 425 in 65 to 74 years; 1087 in 70 to 79 years; and 1903 in older than age
80 (Pringsheim et al. 2014). Age is considered the main risk factor for PD (de Lau and Breteler
2006) and the number of people with PD is expected to double between 2005 and 2030, alongside
the increased longevity of the human population (Dorsey et al. 2007). Differences in prevalence
by geographic location and sex can be detected. PD is twice as common in men than in women
and this may be explained by sex hormones, sex-associated genetics or sex-related differences
in the exposure to environmental risk factors (Van Den Eeden et al. 2003). In Asia, there is a
significantly lower prevalence of PD than in North America, Europe, and Australia in the 70- to

79-year-old population (Pringsheim et al. 2014).

Worldwide incidence estimates of PD range from 5 to >35 new cases per 100000 individuals
yearly (Twelves, Perkins, and Counsell 2003). The incidence seems to vary depending on the
race, ethnicity, genotype or environment. However, geography and race are often related, and it

might be difficult to determine the relative contribution of each to the risk of developing PD.
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Mortality does not increase during the first decade after disease onset, although it increases from
then on doubling that of the general population (Pinter et al. 2015). Years lived with disability due

to this disease are expected to increase in the future.

5.2 CLINICAL FEATURES AND DIAGNOSIS

The average age of PD onset is in the late fifties. Age of onset before 45 years is considered an
early onset and may have genetic basis (Alcalay et al. 2010; Marder 2010). PD is clinically defined
by the presence of bradykinesia in combination with rest tremor, rigidity, or both; as well as
additional supporting and exclusionary criteria. Motor symptoms appearing as the disease
progresses include abnormal posture, postural instability and motor blocks. The majority of
patients also present non-motor symptoms, which can antedate the onset of classic motor
symptoms, and include depression, pain, cognitive impairment (dementia, hallucinosis, memory
deficits), sensory symptoms (hyposmia, impaired colour vision), sleep disturbance (idiopathic
rapid eye movement (REM)-sleep behaviour disorder) and autonomic dysfunction (constipation,
bladder hyperreflexia, erectile dysfunction, orthostatic hypotension) (Schapira, Chaudhuri, and
Jenner 2017). Non-motor symptoms increase in prevalence as the disease advances and
become a major determinant for quality of life and disability. A particularly prevalent and disabling
non-motor symptom is dementia which is present in 83% of patients after 20 years of disease
duration (Poewe et al. 2017).

For the diagnosis of PD, firstly, parkinsonism syndrome has to be diagnosed (as bradykinesia in
combination with either rest tremor, rigidity, or both) (Postuma et al. 2015). PD is the most
common cause of parkinsonism, accounting for ~80% of cases (Dauer and Przedborski 2003).
However, there are other etiologies that present parkinsonism and must be considered as
differential diagnoses: multiple system atrophy, dementia with Lewy Bodies, progressive
supranuclear palsy, corticobasal syndrome; as well as secondary causes of parkinsonism as
drug-induced parkinsonism (Keener and Bordelon 2016). Once parkinsonism has been
diagnosed, MDS-PD criteria are applied to determine whether PD is the cause of this
parkinsonism (Movement Disorder Society - Clinical diagnostic criteria for PD (MDS-PD Criteria),

2015 (Postuma et al. 2015). Two distinct levels of diagnostic can be defined:

1) Clinically established PD requires all the following three parameters (Postuma et al.
2015):

a) Absence of absolute exclusion criteria: evidence of alternate unrelated cause.

b) at least two of the following supportive criteria: L-DOPA responsiveness, L-

DOPA-induced dyskinesia, rest tremor and the presence of either olfactory loss

or cardiac sympathetic denervation on metaiodobenzylguanidine scintigraphy.
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¢) no red flags: no presentation of unusual features even though they are not
absolutely exclusionary for PD.

2) Diagnosis of clinically probable PD requires (Postuma et al. 2015):
a) absence of absolute exclusion criteria.

b) presence of red flags counterbalanced by supportive criteria.

Full diagnostic certainty is impossible during life and diagnosis can only be confirmed on autopsy.
Error rates for clinical diagnosis can be as high as 24% (Poewe et al. 2017). Parkinsonian
symptoms, used in clinical diagnosis, are estimated to appear only after dopamine levels have
declined by approximately 80% and SNpc dopaminergic neurons are greatly lost (~30-60%)
(Burke and O'Malley 2013; Dauer and Przedborski 2003). Therefore, the inaccuracy of the
diagnosis and its delay represents a major barrier for a treatment aimed to prevent neuronal
death. For this reason, one of the greatest current challenges is to develop diagnostic tests and
biomarkers not only for diagnostic confidence but particularly for early diagnosis. In this regard,
some complementary tests are: imaging techniques, such as positron emission tomography
(PET), single photon emission computed tomography (SPECT) or magnetic resonance imaging
(MRI), that help to differentiate between PD and clinical mimics without loss of SNpc neurons;
genetic testing that, although not being part of the routine diagnostic process, is used in patients
with suggestive family history or specific clinical features; cerebrospinal fluid and blood test that
have suboptimal sensitivities and specificities and are currently not clinically useful; and finally,
non-motor prodromal symptoms for screening and prevention that are in study (Poewe et al.
2017). The MDS has recently published diagnostic criteria for prodromal and early PD (Berg et
al. 2018; Berg et al. 2015).

5.3 MANAGEMENT

Currently, there is no cure for PD and the therapies are symptomatic treatments that do not
prevent or stop the progression of the disease. Treatment of PD is currently based on
pharmacological substitution of striatal dopamine. The gold standard since more than 50 years
ago is the systemic administration of the dopamine-precursor amino acid L-DOPA, despite the
development of a wearing-off effect of shorter duration responses and motor complications with
the chronic use of this dopaminergic drug. Other therapies aimed to replace striatal dopamine are
catechol-O-methyltransferase inhibitors, monoamine oxidase type B inhibitors and dopamine
agonists (Poewe et al. 2017). Non-motor symptoms may not respond to dopamine replacement
therapy or can even be aggravated or precipitated by this treatment. There are numerous non-
dopaminergic approaches to address both motor and non-motor symptoms, some of them
previously approved for another indication (anticholinergics for tremor, amantadine for L-DOPA-
induced dyskinesia, safinamide for motor fluctuations and parkinsonism, cholinesterase inhibitors

for cognitive disturbances, clozapine for psychotic symptoms, pro-kinetic drugs such as macrogol
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for constipation, among others) (Poewe et al. 2017). Deep brain stimulation (DBS) of the
subthalamic nucleus is a valid option for patients with advanced PD who experience intractable
L-DOPA-related motor complications. DBS of the globus pallidus internus is an alternative target
for the treatment of motor complications (Poewe et al. 2017). An increasing number of studies
report exercise as a beneficial adjunct to pharmacologic therapy (Ahlskog 2011; Palmer et al.
1986). Experimental therapies including targeting a-synuclein aggregation and transport, gene-
based approaches, fetal cell transplantation and stem cells have tried to restore striatal dopamine.
Future clinical trials focused on patients at the prodromal or preclinical phase of disease could
have a greater likelihood of success as pathology is less-advanced (Poewe et al. 2017).

5.4 RISK FACTORS

Longitudinal studies have reported factors associated with the risk of developing PD. Specifically,
the following items have been associated with an increased risk of PD: male sex, family history
of PD, exposure to pesticides, genetic factors, history of melanoma, traumatic brain injury and
consumption of dairy products as high milk intake. Nevertheless, other factors have been
associated with a reduced risk of PD: smoking, caffeine consumption, generic variants, higher
serum urate concentrations, physical activity and use of the non-steroidal anti-inflammatory drug
(NSAID) ibuprofen (Ascherio and Schwarzschild 2016). Although sporadic PD is the most

common type, 10% of PD patients have familial forms (Klein and Westenberger 2012).

Anti-inflammatory drugs as protective factors and neurotoxins as contributors to the development
of PD are presented below, since this thesis is focused on neuroinflammation and the

experimental models used in this thesis are based on the exposure to neurotoxins.

5.4.1 Anti-inflammatory drugs

Several studies have reported an association between the use of anti-inflammatory drugs and
PD. Meta-analysis support that regular use of ibuprofen is associated with a reduction in PD risk,
whereas no association is found for other NSAIDs. This suggests that ibuprofen has specific
protective properties, possibly by activating PPARYy. Interestingly, Ibuprofen is also more strongly
associated with lower risk of Alzheimer’s disease than other NSAIDs (Ascherio and Schwarzschild
2016). Recently, evidence of an association between immunosuppressants, such as
corticosteroids and inosine monophosphate dehydrogenase inhibitors, with a lower risk of PD has
been described (Racette et al. 2018). Neuroinflammation may play a role in the pathogenesis of
PD and these pharmacoepidemiological studies provide additional evidence for the potential of
the immune system as a pharmacological target for PD.
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5.4.2 Neurotoxins

Exposure to neurotoxic agents may contribute to the development of some neurodegenerative
diseases (Mostafalou and Abdollahi 2013). In 1982, the accidental exposure to the neurotoxin 1-
methyl-4-phenyll,2,3,6-tetrahydropyridine (MPTP) in drug abusers caused parkinsonism
(Langston et al. 1983). Epidemiological studies show that the exposure to the pesticides rotenone
and paraquat, which are functional and structural analogs of MPTP respectively, as well as to
other pesticides, is a risk factor for PD (Goldman 2014; Kamel et al. 2014; Tanner et al. 2011).
MPTP and its analogs impair mitochondrial respiration by inhibiting complex | of the electron
transport chain, and it has been suggested that mitochondrial dysfunction is involved in the
induction of oxidative damage in dopaminergic neurons in parkinsonism (Goldman 2014).
Experimental models of PD have been developed by exposing neuronal cell cultures or laboratory
animals to these agents (Bove and Perier 2012). These models are useful for studying
mechanisms of dopaminergic neuronal cell degeneration and testing potential therapeutic

approaches.

5.5 PATHOLOGY

The characteristic features of PD include the loss of the nigrostriatal dopaminergic neurons, the
presence of gliosis and the presence of intraneuronal protein (a-synuclein) accumulation (Fig. 1)
(Gelb, Oliver, and Gilman 1999; Poewe et al. 2017). a-synuclein accumulates in neuronal
perikarya and in neuronal processes, termed Lewy bodies (LBs) and Lewy neurites (LNS),
respectively. Classical LBs are round eosinophilic cytoplasmic protein aggregates that stain
strongly for a-synuclein and have a hyaline appearance on haematoxylin and eosin staining
(Dickson 2012). Although most of them are intraneuronal, a-synuclein immunoreactive glia,
particularly oligodendroglia, can be also detected (Wakabayashi et al. 2000; Wakabayashi and
Takahashi 1997). LBs are composed also of neurofilament, ubiquitin and ubiquitin binding protein
p62 (Dickson 2012).

According to Braak staging model, Lewy-pathology follows a spatio-temporal pattern and spreads
caudal-to-rostrally from peripheral and enteric autonomic nervous system, through the medulla
oblongata and pontine tegmentum (stage 1-2), midbrain and basal prosencephalon (stage 3-4)
to neocortex (stage 5-6) (Braak et al. 2003; Braak et al. 2004; Dickson et al. 2009).

Neither the loss of pigmented dopaminergic neurons in the SN nor the presence of LBs is specific
for PD (Poewe et al. 2017). Neuronal loss in the SNpc is found in a wide range of parkinsonian
disorders, which can be classified as those with and without a-synuclein pathology (Dickson et
al. 2009; lacono et al. 2015). In the same manner, LBs can be found in a variety of diseases

including dementia with Lewy bodies, multiple system atrophy or Alzheimer’s disease, or even in
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people of advanced age without clinical neurodegenerative disease (Gibb and Lees 1988;
Halliday, Lees, and Stern 2011).

Nigrostriatal neurons contain the pigment neuromelanin and their loss is responsible for the
classic macroscopic finding of SNpc depigmentation (Fig. 15). The cell bodies of these neurons
are located in the SNpc and project primarily to the putamen, being the dorsolateral putamen the
striatal component with the highest dopamine depletion when SNpc dopaminergic neurons die.
Caudate, the other striatal component, is more preserved than putamen because it is mainly
innervated by mesolimbic dopaminergic neurons from the ventral tegmental area, which are less
affected in PD (Fig. 15). The dopaminergic neuronal loss is progressive. In early stages, cell loss
is restricted to the ventrolateral SN but spreads to other midbrain dopaminergic neurons as the
disease progresses. The depletion of dopamine in the striatum exceeds the dopaminergic
neuronal loss in the SNpc at the onset of symptoms (~80% dopamine depletion in the putamen
and ~30-60% of SNpc dopaminergic neuronal loss) (Burke and O'Malley 2013; Dauer and
Przedborski 2003). Neuropathological studies in humans reported that the loss of dopaminergic
markers in the dorsal putamen occurs rapidly and is virtually complete by four years after PD
diagnosis (Kordower et al. 2013). This suggests that degeneration occurs first in the striatal
dopaminergic nerve terminals and that neuronal death may result from a “dying back” process.
Moreover, growing evidence supports that axon degeneration takes the initial brunt of injury and
that the molecular mechanism of axon degeneration is distinct from the soma destruction (Cheng,
Ulane, and Burke 2010). As the disease progresses, other neurons are affected including
noradrenergic (locus coeruleus), serotonergic (raphe) and cholinergic (nucleus basalis of
Meynert, dorsal motor nucleus of vagus) systems and areas as cerebral cortex, olfactory bulb and

autonomic nervous system (Kalia and Lang 2015).

A. Normal B. Parkinson’s ‘ Figure 15. Neuropathology of PD. A
Disease Schematic representation of the normal
Caudate . A nigrostriatal pathway. Dopaminergic neurons,

which have the cell bodies in the substantia
nigra pars compacta (SNpc), project to the
basal ganglia and synapse in the putamen and
caudate nucleus. B Schematic representation
of the degenerated nigrostriatal pathway in PD.
There is a marked loss of dopaminergic
neurons that project to the putamen and a
modest loss of the ones projecting to the
caudate. The photograph shows the
depigmentation of the SNpc in PD. C a-
synuclein and ubiquitin immunostainings reveal
Lewy bodies in the dopaminergic neurons of the
SNpc. From: Dauer and Przedborski 2003.
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The motor symptoms in PD are due to nigrostriatal dopaminergic degeneration (Hornykiewicz
2008). SNpc forms part of the basal ganglia, a group of subcortical nuclei that control voluntary
movements. When neuronal loss occurs in the SNpc, the ultimate result is the inhibition of the
thalamus, and this leads to an inhibition of motor cortex that results in bradykinesia (Fig. 16)
(Burch and Sheerin 2005).

(—>( (Associative) motor cortex %

Hyperdirect
pathway

Substantia
nigra pars
compacta

pallidus
externus

( Subthalamic nucleus )

Globus pallidus internus y )
Substantia nigra pars reticulata
ki

( Mesencephalic motor regions )

= |ncreased excitatory activity —i Increased inhibitory activity
—> Reduced excitatory activity — Reduced inhibitory activity

Figure 16. Motor cortex circuitry activity changes in PD. The motor circuit consists of corticostriatal projections
from the primary motor cortex, supplementary motor area, cingulate motor cortex and premotor cortex to the
striatum. The hyperdirect pathway has direct glutamatergic connectivity from the motor cortex to the subthalamic
nucleus. The striatal projections to globus pallidus internus and the substantia nigra pars reticulate (SNpr) are
divided into ‘direct’ and ‘indirect’ pathways. The direct pathway originates from striatal neurons that express
dopamine D1 receptors, which project to the GABAergic neurons in the globus pallidus internus and the SNpr. The
‘indirect’ pathway originates from striatal neurons that express D2 receptors, which project to the globus pallidus
externus, and reaches the globus pallidus internus via the subthalamic nucleus as a glutamatergic relay. Through
these two pathways, the striatal dopaminergic tone regulates the GABAergic output activity of the basal ganglia.
As indicated, parkinsonism is associated with changes in these relays, resulting in the net effect of a strong
increase in the firing rate of GABAergic basal ganglia output neurons, which over-inhibit downstream
thalamocortical and brainstem areas. From: Poewe et al. 2017.

Recently, neuromelanin levels in the SN have been related with the development of PD.
Neuromelanin accumulation increases with age and when reaches a threshold it may initiate the
development of PD. Laboratory animals commonly used in research lack neuromelanin but the

overexpression of tyrosinase in the SN of rats leads to neuromelanin accumulation. When
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neuromelanin levels reach a threshold, parkinsonian phenotype, LBs and nigrostriatal

neurodegeneration are observed in these animals (Carballo-Carbajal et al. 2019).

5.6 EXPERIMENTAL MODELS OF PD

5.6.1 Experimental in vivo models of PD: MPTP

In order to investigate processes thought to be involved in PD and to evaluate and select drug
candidates, experimental models have been created. Experimental models of PD can be divided
in neurotoxin models (6-OHDA, MPTP), pesticide/herbicide models (rotenone, paraquat),
inflammation models (acute and chronic LPS) and genetic models (Jackson-Lewis, Blesa, and
Przedborski 2012; Meredith, Sonsalla, and Chesselet 2008). These models have been developed
in a large number of organism such as yeast, C.elegans, zebrafish, flies, snails, rodents, or non-
human primates (Cooper and Van Raamsdonk 2018; Tenreiro et al. 2017; Emborg 2007; Makhija
and Jagtap 2014; Whitworth 2011; Maasz et al. 2017; Zeng, Geng, and Jia 2018). None of the
models captures all the clinical and pathological features of PD (Jackson-Lewis, Blesa, and
Przedborski 2012). Therefore, the experimental model should be selected depending on the

hypothesis being asked.

5.6.1.1 MPTP mouse model

The MPTP experimental model was established after the observation, in 1982, that accidental
exposure to MPTP in young drug abusers caused an acute, severe and irreversible parkinsonism
syndrome characterized by all of the cardinal features of PD (Langston et al. 1983). The MPTP
mouse model of PD recapitulates the nigrostriatal dopaminergic degeneration, oxidative stress,
ROS, energy failure, and inflammation observed in PD. It is considered the gold standard model
of PD but some drawbacks have to be considered: neuronal death is not gradual and LBs are not
present, although in old MPTP-injected monkeys proteinaceous inclusions have been described
(Forno et al. 1986).

Primates and mice are the most popular species where this model is applied. Remarkably,
depending on the strain of mice, the sensitivity to MPTP changes. Not only different levels of
nigrostriatal damage but also different rates of mortality due to peripheral toxicity are observed
(Muthane et al. 1994; Smeyne and Jackson-Lewis 2005).

MPTP is lipophilic and, after systemic administration, it rapidly crosses the BBB (Markey et al.
1984). Then, MPTP, which is a pro-toxin, is oxidized to 1-methyl-4-phenyl-2,3-dihydropyridinium

(MPDP+) by monoaminase oxidase B (MAO-B) in cells having this enzyme: astrocytes (Ransom
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et al. 1987) and serotonergic neurons (Shen et al. 1985). Next, it is converted to the active
metabolite MPP+ probably by spontaneous oxidation, and released from the cells by an unknown
mechanism. MPP+, a polar molecule, enters the cells through dopamine transporters (DAT), but
also through serotonin and norepinephrine transporters (Fig. 17) (Javitch et al. 1985; Mayer,
Kindt, and Heikkila 1986). DAT does not explain the specificity of MPTP-induced dopaminergic
neurodegeneration because MPP+ accumulates in all monoaminergic neurons producing
biochemical alterations; however, degeneration is most prominent in dopaminergic neurons.
(Burns et al. 1983; Hallman, Olson, and Jonsson 1984; Ovadia, Zhang, and Gash 1995; Rose et
al. 1993; Wallace et al. 1984) Moreover, not all dopaminergic neurons show the same sensitivity
to MPTP-induced neuronal loss, dopaminergic neurons in the SNpc being the ones most affected
(Dauer and Przedborski 2003). Strikingly, after MPTP administration the highest levels of MPP+
are found in the adrenal medulla but no cytotoxicity of chromaffin cells is observed (Reinhard et
al. 1987).

¢ Figure 17. MPTP metabolism. Pro-toxin MPTP
‘/\‘\ crosses the blood-brain barrier and it is converted into
_ ‘ ) . . +
Blood brain ’ AQ‘_‘ its active metabolite MPP+ in astrocytes and
barrier IOQ serotonergic neurons (not shown). MPP+ enters
!  ——— ; i .
s dopaminergic neurons through DAT. From: Dauer and

Przedborski 2003.
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Once inside dopaminergic neurons, MPP+ 1) interact with cytosolic enzymes, 2) is partly
internalized in vesicles, which may prevent from its damage, and 3) is concentrated in the
mitochondria where it inhibits the complex | of the mitochondrial electron transport chain causing
an inhibition of oxidative phosphorylation. This results in a decreased ATP production, particularly
in the striatum and ventral midbrain (Chan et al. 1991; Fabre et al. 1999), and in an increased
production of free radicals causing oxidative stress and activation of programmed cell death
molecular pathways. In vitro and in vivo studies also demonstrate that MPP+ induces a massive
dopamine release from vesicles to cytosol causing an increase in intracellular ROS levels by
dopamine autoxidation (Fig. 18) (Chang and Ramirez 1986; Pileblad, Nissbrandt, and Carlsson
1984)
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Figure 18. MPP+ intracellular pathways. MPP+ is concentrated into mitochondria where it blocks complex I. This
interrupts the transfer of electrons decreasing ATP synthesis and enhancing ROS production. MPP+ can also
interact with cytosolic enzymes or be sequestered into synaptic vesicles. From: Dauer and Przedborski 2003.

The MPTP mouse model is useful to study mechanisms of dopaminergic neuronal degeneration
and to test potential therapeutic approaches (Dauer and Przedborski 2003; Vila and Przedborski
2003). Three different MPTP regimens of administration have been widely used in mice: acute,

sub-acute and chronic.

The acute regimen consists of four intraperitoneal injections of MPTP (20 mg/kg) in saline at 2
hour intervals within a single day (Jackson-Lewis and Przedborski 2007). This causes 90%
dopamine depletion in the striatum and 70-80% loss of SNpc dopaminergic neurons by a
mechanism mainly involving oxidative stress and a non-apoptotic form of death. Loss of
dopaminergic cell bodies in the SN peaks at day 2 after MPTP administration and it remains stable
by day 7 after MPTP administration. This regimen is traditionally used to study the implication of
oxidative stress in the pathogenic process (Jackson-Lewis and Przedborski 2007; Przedborski
2001). The sub-acute regimen consists of one intraperitoneal injection of MPTP per day (30
mg/kg/day) in saline for 5 consecutive days (Tatton and Kish 1997). This, causes less dopamine
depletion in the striatum (40-50%) and less SNpc dopaminergic neuronal loss (30-50%)
compared to the acute regimen. The neuronal death is mainly apoptotic, peaks at day 4 after the
last MPTP injection and is stable by day 21 after MPTP administration. It is traditionally used to
study the molecular pathways of apoptosis (Przedborski 2001). Finally, the chronic regimen
consists of ten intraperitoneal injections of MPTP (25 mg/kg) and an adjuvant, probenecid (250
mg/kg in tris-HCI buffer), every 3.5 days for 5 weeks. This is the model that most resembles the
human PD pathology as the SNpc dopaminergic loss is more progressive and inflammation more
prolonged (Schintu et al. 2009; Meredith et al. 2008). However, the chronic regimen is not as well

characterized as the acute and subacute regimens.
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Inflammation is present in the MPTP mouse model and it is composed of activated microglia,
reactive astrocytes and T lymphocytes. In the acute MPTP mouse model, activation of microglia
occurs before astrocytic reactivity and, interestingly, it reaches a maximum before the peak of
dopaminergic neuronal death. The astrocytic reaction in the SNpc appears at the same time or
after dopaminergic neurodegeneration suggesting that it may be secondary to neuronal death. T
lymphocytes infiltration is observed after microglial activation and before astrocytic reactivity
(Fig.19). MPTP-injected monkeys show activated microglial cells months and even years after
intoxication, whereas in MPTP-injected rodents this is observed only for a few days (Czlonkowska
et al. 1996; Hirsch and Hunot 2009; Kohutnicka et al. 1998; Liberatore et al. 1999; Barcia 2013;
Przedborski 2001).

Neuronal death

—— Microglial-cell
activation
T-cell infiltration
— Astrogliosis

Figure 19. Sequence of cellular events within the substantia nigra in the acute MPTP mouse model of PD.
After exposure to MPTP, there is neuronal distress and death but also microglial activation, T-cell infiltration and
astrogliosis. From: Hirsch and Hunot 2009.

5.6.2 Experimental in vitro models of PD: MPP+ and rotenone

In in vitro models, MPP+ and other neurotoxins related to PD including rotenone can be used to
treat cellular cultures. Mesencephalic neurons/glia cultures from rodent embryos enriched in
dopaminergic neurons are useful for studying cellular alterations induced by these neurotoxins
(Chen et al. 2013; Shimohama et al. 2003).
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5.7 MOLECULAR PATHOGENESIS: NEUROINFLAMMATION AND PD

The underlying molecular pathogenesis in PD involves alteration in multiple pathways and
mechanisms: a-synuclein proteostasis, mitochondrial function, oxidative stress, calcium

homeostasis, axonal transport and neuroinflammation (Poewe et al. 2017).

5.7.1 Neuroinflammation and PD

Growing evidence suggests that a neuroinflammatory process is involved in the development of
PD. A large number of post-mortem, human cerebrospinal fluid and blood, brain imaging,
epidemiological, genetic, animal and in vitro studies clearly associate inflammation with PD and
these are summarized in Figure 20 (Gelders, Baekelandt, and Van der Perren 2018). However,
the understanding of the contribution of neuroinflammation in the pathogenesis of PD is still to be
elucidated, as well as whether this inflammatory process is a cause or a consequence of the

neuronal degeneration.
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Figure 20. Overview of clinical and preclinical evidence linking neuroinflammation to neurodegeneration

in PD. CSF: cerebrospinal fluid, DN: dopaminergic neurons, KO: knock-out,

LBs: Lewy bodies, NI:

neuroinflammation, STR: striatum, a-SYN: a-synuclein, Tg: transgenic, TLR: toll-like receptor. From: Gelders,
Baekelandt, and Van der Perren 2018.

The first evidence of neuroinflammation in PD came from the evaluation of post-mortem brain

tissue from PD. In 1988, the presence of activated microglia, expressing high levels of human

leukocyte antigen D-related (HLA-DR), in the SNpc of PD post-mortem samples was first reported

(McGeer et al. 1988). This was interpreted as the presence of an innate immune response with

inflammatory profile that could contribute to the neurodegenerative process (Mosley et al. 2012).

Subsequent post-mortem studies reported the presence of a spectrum of cytokines such as IL18,
IL6, TNFa, TGFB, CXCR4 or CXCL12, and different immune cells such as activated microglial
and astroglial cells and infiltrated T cells, in the SN and other affected brain regions associated

with a-synuclein aggregation (Bartels et al. 2010; Boka et al. 1994; Gerhard et al. 2006; Imamura
et al. 2003; McGeer et al. 1988; Mogi et al. 1995; Mogi, Harada, Kondo, et al. 1994; Mogi, Harada,

Riederer, et al. 1994; Shimoji et al. 2009). The increase in both pro- and anti-inflammatory
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cytokines suggests different microglial phenotypes in affected areas. Importantly, neurons
express receptors for these cytokines, highlighting that they are sensitive to these inflammatory
mediators. These findings in human post-mortem tissue indicate that PD patients undergo a

neuroinflammatory state in the affected brain areas, both at cellular and molecular level.

In accordance with the post-mortem data, studies of serum, plasma and cerebrospinal fluid also
support the presence of neuroinflammation in PD. Pro- (e.g. IL1B, TNFa, IL6, IL2, IFNy) (Blum-
Degen et al. 1995; Mogi et al. 1996; Nagatsu et al. 2000) and anti- (e.g. TGFpB, IL4) (Mogi et al.
1995; Mogi et al. 1996) inflammatory cytokines have been observed in serum, plasma or
cerebrospinal fluid from PD patients. These findings are of relevance because they indicate that
inflammation in PD goes beyond the brain. These cytokines are probably released by microglia,
astroglia, macrophages and lymphocytes (Barcia 2013; Mount et al. 2007; Van Eldik et al. 2007).
Their specific function in PD is unclear. Initially, the purpose of increased cytokine levels may be
the restoration of damaged tissue, but a perpetuated inflammatory state may be detrimental as
there is evidence that pro-inflammatory cytokines have deleterious consequences for remnant
neurons (Barcia 2013; Hirsch et al. 2003; McGeer and McGeer 1998). High levels of TNFa and
IFNy, but not of IL1B, IL6 and TGF have been described in plasma of chronic parkinsonian
monkeys suggesting that TNFa and IFNy maintain the long-term inflammatory response (Barcia
et al. 2011). As microglial and astroglial activation, the increased circulating cytokines in MPTP-
injected mice are transient and return to the basal levels when neurodegeneration is stabilized
(Hebert et al. 2003; Luchtman, Shao, and Song 2009), whereas, in human or non-human
primates, cytokines levels in serum and brain remain elevated years after the MPTP insult (Barcia
et al. 2011).

PET-scan analysis with PK-11195 have also revealed microglial activation in pons, basal ganglia
and cortical regions of PD patients (Gerhard et al. 2006), indicating the presence of microglial
activation not only in late stages, but also in early stages of the disease (Bartels et al. 2010;
Edison et al. 2013; Gerhard et al. 2006; lannaccone et al. 2013; Ouchi et al. 2005). Patients
followed for 2 years after the original PET scan did not show fluctuations in microglial activation,
suggesting a plateau or a limitation of the technique (Edison et al. 2013; Gerhard et al. 2006;
lannaccone et al. 2013). However, the specificity of PK-11195 for M1 or M2 microglia binding is
not clear, therefore it can be concluded that microglia are activated but not in which state (M1 or
M2 phenotype). These in vivo studies in patients indicate the presence of an ongoing

inflammatory process throughout the course of the disease.

Risk factors studies provide support to the hypothesis that neuroinflammation is not only
associated with the progression of the disease but also directly involved in the pathogenesis. PD
onset has been reported following incidental bacterial or viral infection in susceptible humans
(Jang et al. 2009; Niehaus and Lange 2003). The search for susceptibility genes has reported

polymorphisms in inflammatory genes associated with increased risk of developing PD (Hirsch
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and Hunot 2009), such as genes encoding TNF, TNF receptor 1, IL183, IL1 receptor antagonist,
CD14 (Hirsch and Hunot 2009) and TREM2 (Rayaprolu et al. 2013). Recent genome-wide
association studies (GWAS) have revealed the association of a large amount of loci with PD and,
interestingly, several of them are implicated in immunity such as the HLA region or LRRK2
(Dzamko, Geczy, and Halliday 2015). Furthermore, epidemiological studies have associated the
anti-inflammatory drug ibuprofen with a reduction in PD risk supporting also a role of

neuroinflammation in the progression of PD (Ascherio and Schwarzschild 2016).

Both cellular and molecular features described in PD patients have been reproduced in a diversity
of PD animal models, including inflammation (Chesselet et al. 2012; Cicchetti et al. 2002;
Kurkowska-Jastrzebska et al. 1999). Several evidence from PD animal models support that

neuroinflammation is involved in the death of dopaminergic neurons (Hirsch and Hunot 2009).

At the cellular level, the role of microglia, astrocytes, oligodendrocytes and T cells in the pathology
of PD is unclear. Regarding microglia, it is unclear whether their presence and activation are a
cause or a consequence of dopaminergic damage (Barcia 2013; Block, Zecca, and Hong 2007;
Perry, Nicoll, and Holmes 2010). Microglial activation is found in the SN, putamen, hippocampus,
transentorhinal cortex, cingulate cortex and temporal cortex of PD patients (Imamura et al. 2003).
Direct role of microglial activation in neuronal degeneration is supported by animal studies
showing that inhibition of microglial activation prevents neuronal degeneration (Brochard et al.
2009; Liberatore et al. 1999; Wu et al. 2002). Importantly, injection of inflammatory agonists, such
as bacterial LPS (Herrera et al. 2000; Qin et al. 2007) or viral pathogens (Jang et al. 2009; Ogata
et al. 1997) to experimental animals, activates glial cells and selectively kills dopaminergic
neurons, illustrating that activation of microglia can indeed induce neurotoxicity in dopaminergic
neurons. In addition, a PD animal model based on the intraperitoneal injection of LPS has been
described (Liu and Bing 2011). A study also showed that the administration of LPS in combination
with MPTP is synergistic and exacerbates both MPTP-induced glial activation and
neurodegeneration (Gao et al. 2003c). However, evidence has also shown that glial cells can be
potentially beneficial for dopaminergic neurons by providing trophic factors (BDNF, GDNF)
(Batchelor et al. 2002; Kirschner et al. 1996; Tomac et al. 1995) or by phagocytosing debris from
apoptotic cells (McGeer et al. 1988).

Astrocytes become reactive and also participate in the neuroinflammatory process in PD.
Evidence in animal models indicate that astrocytic reaction occurs in parallel or after neuronal cell
death (Barcia 2013; Przedborski 2001). In general, astrocyte reactivity is considered a
neuroprotective process (Escartin and Bonvento 2008) by releasing factors that contribute to
tissue repair (Chen, Yung, and Chan 2005; Lin et al. 1993), scavenging toxic compounds released
by dying neurons, reducing oxidative stress by metabolizing dopamine, protecting from NO
neurotoxicity (Chen, Yung, and Chan 2005; Hirsch et al. 1998), regulating macrophage and

lymphocyte infiltration (Cardona, Gonzalez, and Teale 2003; Carrillo-de Sauvage et al. 2012) or
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eliminating debris (lliff et al. 2012). Furthermore, the most vulnerable area affected in PD, the

SNpc, is a region with a low density of astrocytes (Hirsch et al. 1998).

Nevertheless, astrocytes can release pro-inflammatory cytokines contributing to the inflammatory
and neurodegeneration process (Barcia 2013). It has been reported that neuroinflammation
induces a type of reactive astrocytes termed Al, whereas ischemia induces A2 reactive
astrocytes. This terminology is analogue to M1 and M2 microglial/macrophage nomenclature and
astrocytes might have, as well, more than two states of polarisation. Al reactive astrocytes up-
regulate genes (e.g. complement genes) involved in synapse destruction suggesting that Al
astrocytes may have a “harmful” effect. In contrast, A2 reactive astrocytes up-regulate genes
involved in synapse repair, survival and neuronal growth (e.g. thrombospondins, neurotrophic
factors genes) suggesting a “helpful” phenotype (Liddelow and Barres 2017). Complement
component 3 (C3) is one of the most characteristically up-regulated genes in Al astrocytes and
is not expressed by A2 reactive astrocytes, hence, it is used as a marker for Al state. Interestingly,
the presence of abundant C3-positive Al reactive astrocytes has been recently described in post-
mortem brain regions of a variety of neurodegenerative diseases including PD (Liddelow et al.
2017). Furthermore, M1 activated microglia can induce Al reactive astrocytes, both in vitro and
in vivo, by secreting IL1a, TNF and C1q (Liddelow et al. 2017). Surprisingly, it has been also
reported that, besides many complement components inductors of synaptic degeneration, Al
reactive astrocytes can also secrete a soluble yet-to-be-identified neurotoxin that rapidly induces
apoptosis of neurons and oligodendrocytes. Therefore, although reactive astrocytes are generally
considered part of a neuroprotective process (Barcia 2013), it is important to consider which
astrocytic state is playing the major role. It is unknown whether inflammation is secondary to
neurodegeneration but the presence of both M1 phenotype activated microglia and A1 phenotype

activated astrocytes in PD might contribute the neurodegeneration.

Another evidence of the detrimental role of astrocytes is that it is unclear whether microglia are
sufficient by themselves to induce neuronal death. Some studies show microglial toxicity (Boje
and Arora 1992; Burguillos et al. 2011) but these are in vitro studies that do not recapitulate in
vivo microglia phenotypes (Bohlen et al. 2017). Liddelow and collaborators reported that activated
microglia were insufficient by themselves to kill neurons, but they strongly induce Al astrocytes,
which could drive neurodegeneration by secreting not only multiple complement components but

also a yet-to-be-identified neurotoxin (Liddelow et al. 2017).

The role of oligodendroglia in PD is still to be elucidated. In the SN of post-mortem PD tissue,
complement-activated oligodendroglia is an early sign of neurodegenerative change and it has
been suggested that complement opsonizes damaged oligodendroglia for microglial phagocytosis
and (Yamada 1991). Moreover, inclusions of a-synuclein have been reported in oligodendroglia
of PD patients (Wakabayashi et al. 2000) and oligodendroglia appear increased in number and

with a reactive phenotype in PD models (Annese et al. 2013).
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Both innate and adaptive immune responses are implicated in the pathophysiology of PD. The
presence of CD8+ and CD4+ T lymphocytes in the SN of post-mortem PD tissue has been
reported, although no B cells or natural killer cells have been described so far (Brochard et al.
2009). The localization of these cells is thought to be specific to damaged areas, as no CD8+ or
CD4+ T lymphocytes have been detected in the red nucleus, an area not affected in PD. a-
synuclein has been postulated as a plausible antigen, which would support the hypothesis of an
autoimmune disease (Appel, Beers, and Henkel 2010). Infiltration of CD4+ T lymphocytes has
been reported to contribute to neurodegeneration in a mouse model of PD (Brochard et al. 2009).
Infiltration of peripheral cells suggests changes in BBB function in these patients. Regarding this,
the normal contacts between nigral neurons and capillary are lost in the early stages of the
disease in PD patients (Farkas et al. 2000). Increased density of endothelial cells in the SN
(Farkas et al. 2000), pathological changes in the microanatomy of capillaries (Faucheux et al.
1999) and BBB dysfunction have been shown in PD brain (Zlokovic 2008).

There are several hypotheses about which mechanisms are responsible for the induction of the
neuroinflammation observed in PD. a-synuclein has been postulated as one of the triggers of the
M1 phenotype. a-synuclein can be secreted to the extracellular space by exocytosis from neurons
but it may also be released from dying cells. In the extracellular space, a-synuclein is
phagocytosed by microglial cells, what can induce microglial activation, increase the expression
of pro-inflammatory enzymes and cytokines, as well as increase NO and ROS production (Zhang
et al. 2005) contributing to dopaminergic neuronal death progression (Hirsch and Hunot 2009),
due to the sensitivity of dopaminergic neurons to oxidative damage (Gao et al. 2003b). It has
been reported a correlation between a-synuclein deposition and the number of MHCII-positive
cells (M1 activation state marker) in post-mortem PD brain (Croisier et al. 2005). MHCII deficiency
prevented a-synuclein-induced microglial activation and dopaminergic neurodegeneration in vivo
(Harms et al. 2013). In addition, it has been suggested that a-synuclein aggregation induces both
innate and adaptive immunity in PD and that neuroinflammation can also promote a-synuclein
misfolding (Gao et al. 2008; Hirsch and Hunot 2009; Ferreira and Romero-Ramos 2018). Another
microglial activation trigger is extracellular neuromelanin released from damaged dopaminergic
neurons (Viceconte et al. 2015; Zecca et al. 2008; Zhang, Phillips, et al. 2011). Furthermore, there
is evidence supporting the hypothesis that dopaminergic neuronal death is enough to activate
microglial cells (Roodveldt, Christodoulou, and Dobson 2008). Neuronal degeneration is
associated with the release of signals from early stages that can activate microglia. In this regard,
ATP released and calcium waves transmitted from damaged neurons can be sensed by microglial
cells, which phagocyte debris and engulf degenerating neurons to restore the tissue (Davalos et
al. 2005; Sieger et al. 2012; Barcia et al. 2012).

Increasing evidence suggests that intestinal inflammation is a silent driver of PD pathogenesis

(Houser and Tansey 2017). Gastrointestinal dysfunction often precedes the onset of motor
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symptoms in PD patients and it has been proposed that PD originates in the intestine and
progresses to the brain through the spreading of inflammation. In susceptible individuals,
intestinal tissue damage or exposure to inflammatory triggers such as aggressive pathogens can
provoke the activation of the immune system in the gut, which increases a-synuclein aggregation.
The a-synuclein aggregates may be transmitted from the gut to the brain via the vagus nerve.
Ultimately, chronic intestinal inflammation becomes systemic and promotes neuroinflammation,
which drives neurodegeneration (Forsyth et al. 2011; Hawkes, Del Tredici, and Braak 2007;
Holmaquist et al. 2014; Houser and Tansey 2017; Weller et al. 2005). Moreover, a distinct microbial
community in the gut of PD patients has been described and also a role of gut microbiota in
promoting motor deficits and microglial activation in mice with overexpression of a-synuclein
(Sampson et al. 2016).

Regarding the molecular pathways linking neuroinflammation with dopaminergic neuronal death
in PD, it has been suggested that activated glial cells can create a toxic oxidative environment
that damages dopaminergic neurons. Specifically, activated microglial cells can induce enzymatic
systems including iINOS (Hunot et al. 1996) and NADPH oxidase (Fig. 21) (Wu et al. 2003). iINOS
leads to an increase in the levels of NO- free radicals, whereas NADPH oxidase leads to an
increase in superoxide free radicals (Oz-"). NO- and O2:- free radicals react and form the highly
reactive nitrogen species peroxynitrite (ONOO"), which can induce oxidative damage to proteins
in dopaminergic neurons such as tyrosine hydroxylase decreasing its enzymatic activity (Ara et
al. 1998), and a-synuclein potentiating its aggregation (Przedborski, Chen, et al. 2001;
Schildknecht et al. 2013). Furthermore, Oz~ can be dismutated into H202, which reacts with free
ferrous iron producing the highly reactive hydroxyl free radical (-OH) that contribute to the
oxidative damage in dopaminergic neurons. Reactive astrocytes, usually associated with
protective properties, can also participate in oxidative damage by inducing the expression of
myeloperoxidase (Giasson et al. 2000), which produces hypochlorous acid (HOCI) from H202 and
Cl. HOCI can produce oxidative damage to dopaminergic neurons directly or indirectly when
combined with O2-- to generate -OH radicals. Moreover, non-reactive nitrites (NOz2), an end
product of NO free radicals, can be converted into reactive NO2:- free radicals by myeloperoxidase
contributing also to oxidative damage in dopaminergic neurons. In addition, dopaminergic

neurons can also contribute to the formation of ROS through COX2 expression (Fig. 21).

Supporting this hypothesis, increased expression of INOS, NADPH oxidase and MPO have been
described in the SN in both PD patients and animal models of PD (Knott, Stern, and Wilkin 2000;
Choi et al. 2005; Hunot et al. 1996; Wu et al. 2003). Furthermore, SN is highly enriched in iron
content and in both animal models of PD and PD patients shows increased COX2 expression in

dopaminergic neurons (Hirsch 2006).
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Figure 21. Possible link between neuroinflammatory processes and oxidative damage to dopaminergic
neurons in PD. COX2: cyclooxygenase 2, INOS: inducible nitric oxide synthase, NOX: NADPH oxidase, MPO:
myeloperoxidase. From: Hirsch and Hunot 2009.

Neuroinflammation might contribute to dopaminergic cell death also through pro-inflammatory
cytokines released by activated microglia, including TNFa, IL1B, and IFNy. All these cytokines
can have a direct effect (Fig. 22, only TNFa is shown) on dopaminergic neurons by interacting
with their neuronal receptors, which can activate intracellular death pathways (NFkB, JNK, p38).
These cytokines can also have an indirect effect (Fig. 22) by inducing iINOS expression through
CD23 receptor in microglial cells leading to the production of NO free radicals. Furthermore, Fas
ligand derived from CD4+ T cells might have a direct effect on dopaminergic neurons by
interacting with its receptor and activating death pathways, or an indirect effect by increasing the
release of additional inflammatory factors in microglial cells (Fig. 22) (Hirsch and Hunot 2009).
Both in PD patients and in MPTP-injected mice, Fas expression is increased (Ferrer et al. 2000;
Hayley et al. 2004).
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Figure 22. Possible mechanisms underlying the deleterious consequences of neuroinflammatory
processes in PD. COX2: cyclooxygenase 2, IL: interleukin, iNOS: inducible nitric oxide synthase. MCP: monocyte
chemoattractant protein, NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells, NO: nitric oxide,
TNF: tumour necrosis factor, TNFR: tumour necrosis factor receptor. From: Hirsch and Hunot 2009.

In summary, the role of innate and adaptive immune responses in PD has not yet been fully
established, but internal and external factors that influence inflammation may affect the

physiology of innate immune cells in the brain and thus influence disease progression.
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Objectives

The aim of this thesis is to study the involvement of the microglial inhibitory immune receptor
CD200R1 in the modulation of neuroinflammation and its potential as a therapeutic target in

Parkinson’s disease. The specific objectives are:

1. To study the effect of CD200-CD200R1 alterations on glial activation and dopaminergic
neurodegeneration using in vitro approaches.
1.1 To determine the effect of an anti-CD200 blocking antibody on glial activation in mixed
glial cultures.
1.2 To evaluate the effect of the disruption of the CD200-CD200R1 system on glial
activation in mixed glial and microglial cultures from CD200 knock-out mice.
1.3 To study the effect of the disruption of the CD200-CD200R1 system on dopaminergic

neurodegeneration in mesencephalic cultures from CD200 knock-out mice.

2 To determine the effect of parkinsonian neurotoxins on glial activation and on the CD200-
CD200R1 system in primary mixed glial and microglial cultures.
2.1 To analyse the effect of MPP+ and rotenone on the pro-inflammatory response of glial
cells.
2.2 To study the effect of MPP+ and rotenone on the anti-inflammatory response of glial
cells.
2.3 To assess the effect of MPP+ and rotenone on the CD200-CD200R1 system.

3 To evaluate the effect of CD200-CD200R1 modulation in the acute MPTP mouse model of PD.
3.1 To characterize the temporal pattern of neuroinflammation, dopaminergic
neurodegeneration and CD200 and CD200R1 expression changes.

3.2 To determine the effect of the potentiation of the CD200-CD200R1 system using a
CD200R1 agonist.

3.3 To study the effect of the disruption of the CD200-CD200R1 system using CD200
knock-out mice.

4 To determine the expression of the CD200-CD200R1 system in human samples.
4.1 To analyse the expression of CD200R1 mRNA variants in human monocytes and
microglia-like cells.
4.2 To evaluate the expression of CD200R1 mRNA variants in microglia-like cells in
response to different stimuli.
4.3 To study the CD200 and CD200R1 expression in post-mortem brain tissue of PD

patients.
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MATERIALS AND METHODS

1 Animals

We used C57BL/6 mice from Charles River (Lyon, France) and from a CD200-deficient mice
colony (Hoek et al. 2000). Animals were housed under controlled conditions (22°C + 1°C; 12h
light/dark cycle) with food and water available ad libitum and maintained under veterinary
supervision. Experiments were carried out in accordance with European Union directives
(86/609/EU) and Spanish regulations (BOE 67/8509-12, 1988) on the use of laboratory animals,
and were approved by the Ethics and Scientific Committees of University of Barcelona and
Consejo Superior de Investigaciones Cientificas (CSIC). All the animal procedures and methods
carried out at Vall d’Hebron Research Institute (VHIR) followed the Guide for the Care and Use
of Laboratory Animals (Guide, 8th edition, 2011, NIH) and European (2010/63/UE), Spanish
(RD53/2013) and Catalan (Decret 214/97) legislation. All the procedures had been approved by

the Vall d’Hebron Research Institute Animal Ethical Experimental Committee.
1.1 CD200-DEFICIENT MICE
We received CD200-deficient mice from Dr. David Copland (University of Bristol, United

Kingdom). CD200-deficient mice (CD200 knock-out, CD200 -/-) on the C57BL/6 background were
generated at DNAX (Palo Alto, CA) (Hoek et al. 2000) using C57BL/6 embryonic stem cells.

2 Invitro experiments

2.1 PRIMARY GLIAL CULTURES

2.1.1 Primary mixed glial cultures

Mouse primary mixed glial cultures were prepared from 1- or 2-day-old neonatal C57BL/6 mice
(Charles River, Lyon, France). The culture medium used consisted of Dulbecco’s modified Eagle
medium (DMEM)-F12 nutrient mixture (Invitrogen, Ref. 31330-038) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Invitrogen, Ref. 10270-106; Inactivation: 30 minutes at
60°C), 20 U/mL penicillin - 20 pg/mL streptomycin (Invitrogen, Ref. 15140-114) and 0.5 pg/mL
amphotericin B (Invitrogen, Ref. 15290-018).
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For each culture, 5 to 8 cerebral cortices were dissected, placed in a petri dish with cold phosphate
buffer (PBS) and carefully stripped of their meninges. In sterile conditions, the tissue was minced
with a scalpel and transferred to a 50-mL tube for centrifugation (3 minutes at 200 g). The
supernatant was discarded and the pellet was resuspended in 12 mL of warm 0.25% trypsin (Life
Technologies, Ref. 25200-072) and transferred to a glass bottle with width base to improve the
enzymatic digestion process. It was incubated in a shaking water bath for 25 min at 37°C (100
rpm). Trypsinization was stopped by adding an equal volume of culture medium and the solution
was transferred to a 50-mL tube. To avoid aggregation of cells by released sticky DNA from
disrupted cells, 0.02% deoxyribonuclease | was added and mixed by inversion 6 to 8 times. The
solution was gently dispersed by pipetting up and down 25 times with a 10 mL serologic pipette
and centrifuged for 7 minutes at 200 g. The supernatant was discarded and the pellet was
resuspended in 30 mL of warm culture medium. The cell suspension was filtered through a 100-
pm-pore mesh. Cells were counted using a Neubauer chamber, seeded at a density of 350000
cells/mL in multi-well culture plates and cultured at 37°C in a 5% CO2 humidified atmosphere.
The working volume was 100, 300, 500 pL or 2.5 mL per well of 96-, 48-, 24- or 6-well plates,
respectively. Medium was replaced every 7 days and cultures were used at 21 days in vitro (DIV).
At this point, they are composed of 75% astrocytes and 25% microglia (Fig. 23). We usually
obtained 4-5x1068 cells/pup.

To obtain CD200 +/+ and CD200 -/- cultures, homozygous female and male mice from the CD200
knock-out colony (see section “3.4.1 Colony formation”) were crossed. CD200 +/+ and CD200 -/-

cultures were obtained in parallel.

Figure 23. Primary mixed glial culture at 21 DIV. Phase-contrast image. Scale bar: 100 pm.
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2.1.2 Primary microglial cultures

2.1.2.1 Mild trypsinization method

Mouse primary microglial cultures were prepared from mouse primary mixed glial cultures by the
mild trypsinization method previously described in our group (Saura, Tusell, and Serratosa 2003).
After 21 DIV, conditioned medium from mixed glial cultures was removed from plates and kept at
37°C. Cultures were washed once with DMEM-F12 (Life technologies, Ref. 31330-038). Then,
cultures were incubated for 30 min at 37°C with trypsin (0.25% Trypsin-EDTA solution, Life
Technologies, Ref. 25200-072) diluted 1:4 in DMEM-F12. This results in the detachment of an
upper layer of cells in one piece containing astrocytes, leaving a population of cells firmly attached
to the well identified as >98% microglia (Fig. 24). Trypsinization was stopped by adding an equal
volume of serum-containing DMEM-F12. The medium containing the detached layer of cells was
removed and conditioned medium was returned to the plates. Microglial cultures were used 24 h

after isolation by this procedure.

Figure 24. Microglial cultures obtained by the mild trypsinization method of mixed glial cultures. A-D
Phase-contrast images. Detachment of the upper layer of cells containing astrocytes, leaving microglial cells
attached. Scale bar: 40 um. From: Saura et al. 2003.
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2.1.2.2 PEI method

A simplified approach for high-yield isolation of microglial cells described by Dr. Raisman-Vozari
and Dr. Michel's research team (Sepulveda-Diaz et al. 2016) was established in our laboratory
after a short-term stage in their laboratory (Experimental therapeutics of Parkinson’s disease
laboratory, headed by Dr. Hirsch; Institut du Cerveau et de la Moelle Epiniére, Paris). Microglial
cells in culture were obtained from the brain of 1-day-old neonatal C57BL/6 mice (Charles River,
Lyon, France). Before starting the culture procedure, polycation coating solution consisting of 2
mg/mL polycation polyethyleneimine (PEI, Fluka, Ref. P3143) diluted in a pH 8,3 borate buffer
was applied (8 mL) to T-75 culture flasks (Corning, Ref. 430641U) for at least 30 minutes at 37°C.
Then, four washes with PBS (8 mL each) were done before cell seeding. The culture medium
used consisted of 1X DMEM (Gibco, Ref. 31885-023) supplemented with 10% heat-inactivated
FBS (Biowest, Ref S1820-500; Inactivation: 30 minutes at 60°C) and 1% penicillin/streptomycin
(Gibco, Ref. 15140-122) filtered using a 0.2-um filter (Thermo Scientific, Ref. CASE 00186
00202A).

For each culture, 5 to 8 brains were dissected, placed in a petri dish with cold PBS and carefully
stripped of their meninges. Brains were placed in a 15-mL tube containing 3 mL of cold L15
Leibovitz medium (Gibco, Ref. L11415-049) and, in sterile conditions, cells where mechanically
dissociated by repeated pipetting (10 strokes plus 60 times up and down carefully) using a 1 mL
sterile tip fitted to a Gilson pipette set to 900 uL. Culture medium was added to dissociated cells
to complete a total volume of 12 mL. Cells were gently mixed by inversion and debris allowed to
settle down for 10 minutes at room temperature. Then, the supernatant containing dissociated
cells in suspension was carefully transferred to a 50-mL tube, while tissue pieces that remained
not dissociated at this stage were taken for another round of trituration. The final supernatant was
then centrifuged at 1000 rpm for 6 min at 4°C. The resulting pellet was resuspended before plating
at a density of 2 brains/12 mL and cultured at 37°C in humidified 5% CO2/95% air. The working
volume was 12 mL per PEI-coated Corning T-75 flask. Over time, astrocytes die and progressively
detach while microglial cells remain attached and proliferate (Fig. 25A,B). When astrocytes have
totally disappeared (16-18 DIV, Fig. 25C), cultures are ready to use. If not used, 1 mL of
medium/day has to be added (for maximum 10 days from that day). If medium is added too early
when some astrocytes still remain in the flask, astrocytes proliferate and we will not obtain a pure
microglial culture, whereas if medium is added too late microglia will die. Therefore, regular

observation of cultures is extremely important.

Once astrocytes had totally disappeared, flasks were washed three times with 10 mL of serum
free-DMEM and incubated with 5 mL of trypsin (0.05%)-EDTA (2 mM) solution (Gibco, Ref:
25300-054) 5-10 minutes at 37°C for microglial cell detachment. Then, 10 mL of culture medium
was added to neutralize the trypsin solution. Cells recovered by centrifugation at 1000 rpm for 6
min at 4°C were counted using a Neubauer chamber and seeded at a density of 100000 and
250000 cells in a volume of 500 and 1000 pL per 48 and 24-well plate, respectively. At 20 DIV
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(Fig. 25D) we usually obtained 4x10¢ cells/T-75 flask. Cells were cultured at 37°C in 5% CO:
humidified atmosphere and used at 24 h in vitro.

To obtain CD200 +/+ and CD200 -/- cultures, homozygous female and male from the CD200
knock-out colony (see section “3.4.1 Colony formation”) were crossed. CD200 +/+ and CD200 -/-

cultures were obtained in parallel.

Figure 25. Primary microglial cultures following PEI method. Phase-contrast images. Detachment of the
astrocytes over time, leaving microglial cells attached. Culture in a T-75 flask at 6 DIV (A), 12 DIV (B), 16 DIV (+1
mL of medium added) (C) and 20 DIV (D) ready for trypsinization. Scale bar: 50 um.

2.2 PRIMARY MESENCEPHALIC NEURON-GLIA CULTURES

Mouse ventral mesencephalic neuron-glia cultures were established following the protocol
described by Professor J.S. Hong (Research Triangle Park, NC, USA) (Chen, Oyarzabal, and
Hong 2013), with some modifications. Ventral mesencephalic tissue was carefully dissected from
gestational age 13/14 days C57BL/6 mouse embryos. Simultaneously pregnant CD200 -/-
females and CD200 +/+ females from the CD200 knock-out colony (see section ““3.4.1 Colony
formation”) were used to obtain CD200 -/- and CD200 +/+ embryos and cultures were done in

parallel.
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Before starting the culture procedure, 48-well plates (Thermo Scientific, Nunc™ 150687), were
coated with poly-D-lysine (300 pL/well, 25 mg/L in H20, Sigma-Aldrich, Ref. 27964-99-4) for at
least 2 h at 37°C.

The culture medium was freshly prepared. 12,5 mL of DMEM (Millipore, Ref. FO455) were diluted
in 112,5 mL of miliQ water and, once adjusted to pH 7, it was supplemented with 147.88 mg of
D-glucose (Sigma-Aldrich, Ref. G6152) and 275 mg of NaHCOs (Sigma-Aldrich, Ref. S8875).
Then, 12.5 mL of this medium were discarded and 0.125 mL of 4-aminobenzoic acid (Sigma-
Aldrich, Ref. A9878), 0.25 mL of penicillin G (Sigma-Aldrich, Ref. P3032), 0.438 mL of insulin
(Sigma-Aldrich, Ref. I5500) and 3.87 mg of L-glutamine (Sigma-Aldrich, Ref. G8540) were added.
The medium was filtered using 0.2 um syringe filter (TPP, Ref. 99722) and supplemented with
12.5 mL of heat-inactivated FBS (Life Technologies, Ref. 10270-106. Inactivation: 30 minutes at
60°C).

For each culture, two pregnant females were used. Embryos were removed from the amniotic
membrane, transferred into a petri dish with cold PBS for a rinse and transferred into a new petri
dish with cold PBS. Under the microscope, the ventral mesencephalic region was dissected (Fig.
26) and placed in a petri dish with cold culture medium. Figure 26 illustrates the procedure for
mesencephalic isolation. In sterile conditions, midbrain tissue was transferred into a 50-mL tube
and PBS was added up to 7 mL. Mechanical dissociation was done by slowly passing 15 times
the tissue through a 10 mL serological pipette. Then, 1 mL pipette tip was fitted to the end of a 5
mL serological pipette and the tissue was passed through it 10 times. Finally, a 200 pL pipette tip
was fitted to the end of a 5 mL serological pipette and tissue was passed through it 5 times. After
centrifugation (430 g for 6 minutes at 4°C) supernatant was discarded and the pellet was

resuspended in 10 mL of warm culture medium.

A B C D

e R

Figure 26. Illustration of the steps to isolate the mesencephalic region. Under the microscope (A) separate
the rostral forebrain (use the traverse sinus as hallmark) and the caudal hindbrain from the mesencephalic region
as indicated by the dotted lines. B Butterfly the tissue by inserting the microdissection scissors through the inside
of the mesencephalic region of the neural tube and slicing open the tissue along the dorsal midline. C Remove the
meninges from the butterflied mesencephalic tissue. D In order to increase the proportion of dopaminergic neurons,
make two horizontal cuts to remove the dorsal mesencephalon (DM) from the ventral mesencephalon (VM).

Modified from: Chen, Oyarzabal, and Hong 2013.

The cell suspension was filtered through a 70-um-pore mesh. Using trypan blue stain, viable cells

were counted in a Neubauer chamber and seeded at a density of 1 x 108 cells/mL in poly-D-
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lysine-coated 48-well plates and cultured at 37°C in a 5% CO2 humidified atmosphere (Fig. 27).
The working volume was 300 pL per well of 48-well plate. Cultures were used at 10 DIV. We

usually obtained 0.8-1.5x108 cells/pup.

Figure 27. Primary mesencephalic culture. Phase-contrast image of mesencephalic culture at 10DIV. Scale bar:
100 pm.

2.3 HUMAN MONOCYTE AND MICROGLIA-LIKE CELL CULTURES

Monocyte cultures were prepared from peripheral blood cells of healthy adult volunteers. To this
end, 60 mL of peripheral blood were collected in collaboration with the Neurology Unit, Hospital
Clinic de Barcelona using 18 mg EDTA tubes (BD Biosciences, Ref. 367525). Peripheral blood
mononuclear cells were isolated by Histopaque-1077 (Sigma-Aldrich, Ref. 10771) density
gradient centrifugation following the manufacturer’s protocol. Three 50-mL tubes were filled with
20 mL of Histopaque-1077 each and brought to room temperature. 20 mL of blood were gently
layered onto the Histopaque-1077. This step was done very carefully to avoid mixing the two
liquids. The samples were centrifuged at 400 g for 30 minutes at room temperature. During
centrifugation, erythrocytes aggregate and rapidly sediment, granulocytes become slightly
hypertonic resulting in pelleting at the bottom of the tube, and lymphocytes and other mononuclear

cells band at the interface between Histopaque-1077 and plasma (Fig. 28).
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Figure 28. Histopaque-1077 density gradient centrifugation (Sigma-Aldrich, Ref. 10771).

After centrifugation, the opaque interface containing the mononuclear cells (approximately 4 mL)
was carefully transferred from each 50-mL tube into three clean 15-mL tubes and washed three
times by adding 10 mL of culture medium and centrifuging at 250 g for 10 minutes. In the last
wash, the 3 pellets were collected in a single 15-mL tube. The culture medium consisted of RPMI-
1640 Glutamax (Invitrogen, Ref. 61870-044) supplemented with 10% heat-inactivated FBS (Life
Technologies, Ref. 10270-106. Inactivation: 30 minutes at 60°C), 100 U/mL penicillin - 100 pg/mL
streptomycin (Life Technologies, Ref. 15140-122), and 0.25 pg/mL amphotericin B (Life
Technologies, Ref. 15290-018). Peripheral blood mononuclear cells were counted using a
Neubauer chamber, plated onto 48-well plates (200 pL per well) at a density of 4 x 10° cells/mL
and cultured at 37°C in a 5% CO2 humidified atmosphere. The next day, culture medium and
non-adherent cells were aspirated. The remaining adherent cells correspond to monocytes and
at this time point were used.

To obtain human induced microglia-like cells, these monocyte cultures were used, following the
protocol described by Ohgidani and collaborators (Fig. 29) (Ohgidani et al. 2014). The monocyte
cultures described above were cultured with RPMI-1640 Glutamax supplemented with 100 U/mL
penicillin - 100 pg/mL streptomycin, 0.25 pg/mL amphotericin B and a mixture of cytokines:
recombinant human GM-CSF (10 ng/mL; R&D Systems, Ref. RYD-215-GM-010) and
recombinant human IL34 (100 ng/mL; Peprotech (Bionova), Ref. 200-34) in order to obtain
induced microglia-like cells (Ohgidani et al. 2014). After 7 DIV the medium containing cytokines

was changed for medium without cytokines and at 14 DIV cultures were used.

Quick and Simple Method

Induced Microglia (iMG)
A AL <

Monocytes

GM-CSF + IL-34

14 days culture

Figure 29. Induced microglia-like cells from human peripheral blood cells. From: Ohgidani et al. 2014.
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2.4 TREATMENTS

2.4.1 Pro-inflammatory stimuli

Lipopolysaccharide and interferon-y (LPS/IFNy)

Cultures were treated with LPS from Escherichia coli 026:B6 (100 ng/mL diluted in medium;
Sigma-Aldrich, Ref. L8274) plus recombinant mouse IFNy produced by Escherichia coli (0.1, 1 or
30 ng/mL diluted in medium; Sigma-Aldrich, Ref. 14777) for different lengths of time.

2.4.2 Anti-inflammatory stimulus

Interleukin (IL)4

Cultures were treated with recombinant mouse IL4 produced by CHO Cells (50 ng/mL diluted in

medium; Creative BioMart, Ref. 297M) for different lengths of time.

2.4.3 CD200-CD200R1 modulation

Anti-CD200 blocking antibody

Rat anti-mouse CD200 (0.1, 0.5, 1, 5 pg/mL diluted in medium; Bio-Rad, Ref. MCA1958GA) or
its corresponding isotype control (rat IgG2a) (0.1, 0.5, 1, 5 pyg/mL diluted in medium; AbD, Bio-
Rad, Ref. MCA1212) was added to the culture medium 30 minutes prior to LPS/IFNy treatment.

2.4.4 Parkinsonian neurotoxins

1-methyl-4-phenylpyridinium (MPP+) and rotenone

Glial cultures were treated with 10, 25, 50 or 100 uM MPP+ (Sigma-Aldrich, Ref. D048) or 20, 40,
100 or 150 nM rotenone (Sigma-Aldrich, Ref. R8875) for different lengths of time, in the absence
or presence of LPS/IFNy or IL4. MPP+ or rotenone, and LPS/IFNy or IL4 were added
simultaneously to the culture medium. Mesencephalic cultures were treated with 0.1, 1, 5 or 10
UM MPP+ (Sigma-Aldrich, Ref. D048) or 0.1, 1, 5 or 10 nM rotenone (Sigma-Aldrich, Ref. R8875)
for different lengths of time. Stock solutions of 50 mM MPP+ in milliQ H20 and 10 mM rotenone

in dimethyl sulfoxide (DMSQO) were freshly prepared on the day of treatment and diluted in

medium. DMSO in the cell cultures was always below 1/1000.
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2.5 CELL VIABILITY

251 MTT assay

Despite being used to determine cell metabolic activity, the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay is also used to estimate cell viability. MTT is converted
to water-insoluble MTT-formazan of dark blue colour by mitochondrial dehydrogenases of living
cells. The blue crystals are solubilized with DMSO and the intensity is measured colorimetrically
at a wavelength of 570 nm. 96-well plates of mixed glial or microglial cultures were treated in
quadruplicate. After 24 h of treatment, MTT (5 mg/mL; Sigma-Aldrich, Ref. M2128) was added to
each well and plates were incubated for 30 (mixed glial cultures) or 90 minutes (microglial
cultures) at 37°C and 5% CO.. Then, the medium was removed and 200 pL (mixed glial cultures)
or 100 uL (microglial cultures) of DMSO (Scharlau, Ref. SU01581000) were added. Finally, the
reduction of MTT was estimated by optical density at 570 and 650 nm using a microplate reader
(Multiskan Spectrum, Thermo Electron Corporation, Waltham, CA). The results were expressed

as percentage of control.

2.5.2 Propidium iodide/Hoechst 33342 staining

Propidium iodide/Hoechst 33342 double staining was performed to detect dead cells. Propidium
iodide (PI) is a red-fluorescent nuclear and chromosome counterstain that is not permeant to live
cells. It binds to DNA by intercalating between the bases, with no sequence preference, of those
cells that have lost their membrane integrity. On the contrary, Hoechst 33342 is a cell-permeant
nuclear counterstain. It emits blue fluorescence when bound to dsDNA, regardless of whether
cells have lost their membrane integrity or not. 96-well plates of mixed glial cultures or microglial
cultures were treated in duplicate. After 24 h of treatment, PI (7.5 ug/mL; Molecular Probes, Ref.
P-1304) and Hoechst 33342 (3 pg/mL; Molecular Probes, Ref. H21492) were added to each well
and plates were incubated for 10 minutes. Two images were taken per well under a fluorescence
microscope with 4X (microglial cultures) or 10X objectives (mixed glial cultures) using an Olympus
IX70 microscope (Olympus, Okoya, Japan) and a digital camera (CC-12, Olympus Soft Imaging
Solutions GmbH, Hamburg, Germany). The results were expressed as percentage of dead cells
[(P1+ cells/Hoechst+ cells) x 100].

2.6 NITRIC OXIDE PRODUCTION

Nitric oxide (NO) production was assessed by measuring the accumulation of nitrite ion (NO2") in
culture supernatants using the colorimetric Griess reaction. Culture supernatants were collected

24 and 48 h after treatment. Fifty uL of each experimental sample and 50 L of each point of a
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sodium nitrate standard curve (100, 50, 25, 12.5, 6.25, 3.13, 0 uM of NaNO2) were added to a
96-well plate in duplicate. Then, 50 pyL of Griess reagent [25 pL of 0.1% N-(1-
naphthyl)ethylenediamine dihydrochloride (Sigma-Aldrich, Ref. N5889) in Milli-Q water and 25 uL
of 1% sulfanilamide (Sigma-Aldrich, Ref. S9251) in 5% phosphoric acid and Milli-Q water] were
dispensed to all wells containing experimental samples or standards. After 10 minutes of
incubation at room temperature, optical density at 540 nm was determined using a microplate
reader (Multiskan Spectrum, Thermo Fisher Scientific, Vantaa, Finland). Nitrite concentration was

determined from the standard curve.

2.7 GENE EXPRESSION

2.7.1 RNA extraction

Isolation of RNA was performed 6 or 24 h after cell treatments. One well from 6-well plates, or
two wells from 6-well plates, or twelve wells from 48-well plates were used per experimental
condition for primary mixed glial cultures, primary microglial cultures or monocytes and microglia-
like cultures, respectively. Total MRNA was isolated from mixed glial cultures with High Pure RNA
Isolation Kit (Roche Diagnostics, Ref. 11 828 665 001). For primary microglial, monocyte and
microglia-like cultures, samples with small amount of RNA, we used the PureLink RNA micro kit
(Invitrogen, Ref. 12183-016). RNA was extracted according to the manufacturer’s instructions.
Total RNA concentration was measured on a Nanodrop 1000 (Thermo Fischer Scientific). The

resulting RNA was stored at -80°C until further use.

2.7.2 Reverse transcription

Before assessing mRNA expression levels, RNA samples were retrotranscribed to
complementary DNA (cDNA). To this end, 0.2 - 1 ug of RNA were reverse transcribed with random
and oligo(dT) primers by using gScript™ cDNA Synthesis Kit (Quanta Biosciences, Ref. 95047)
or with gene-specific primers by using qScript™ Flex cDNA Synthesis Kit (Quanta Biosciences,
Ref. 95049) and according to manufacturer’s instructions. The reverse transcription was
performed using a thermal cycler under the following protocol: 25°C for 5 minutes, 42°C for 30
minutes and 85°C for 5 minutes (in the case of random and oligo(dT) primers) or 65°C for 5
minutes, 42°C for 45 minutes and 85°C for 5 minutes (in the case of gene-specific primers). The

resulting cDNA was stored at -20°C until used.
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2.7.3 Quantitative real-time PCR (qPCR)

To analyse mRNA expression levels quantitatively, 3 ng of cDNA were used. Specific primers

(Integrated DNA Technology) for each gene were used (Table 5). gPCR was carried out using
SYBR Green Mix (PCR Biosystems, Ref. PB20.11-50) in 15 pL of final volume, using an iCycler

MylQ apparatus (Bio-Rad Laboratories). Samples were run at 95°C for 2 minutes to activate the

polymerase followed by 40 cycles consisting on denaturation: 95°C for 15 s; annealing: 60°C for

30 s; and extension: 72°C for 15 s. The mRNA levels were quantified using threshold cycle (Ct)

obtained using the CFX Manager software (Bio-Rad Laboratories). Relative gene expression

values were calculated using the 2-22CT method (Livak and Schmittgen 2001). The result obtained

is the fold change of the target gene in the test sample relative to the control sample and

normalized to the expression of the reference genes (Table 5).

Table 5 Primers used for gPCR.

Species: Mus musculus

Target Accession Forward primer (5> 3’) Reverse primer (5’2 3’)

mMRNA number

Argl NM_007482.3 TTGCGAGACGTAGACCCTGG CAAAGCTCAGGTGAATCGGC
Carkl NM_029031.3 CAGGCCAAGGCTGTGAAT GCCAGCTGCATCATAGGACT
Cdi1lb NM_008401.2 AAGCAGCTGAATGGGAGGAC GAATGACCCCTGCTCTGTCT
Cd200full NM_010818.3 GGGCATGGCAGCAGTAGCG TGTGCAGCGCCTTTCTTTC
Cd200tr NM_001358443.1 GATGGGCAGTCTGTGGAAGTG GAGAACATCGTAAGGATGCAGTTG
Cd200R1 NM_021325.3 AGGAGGATGAAATGCAGCCTTA TGCCTCCACCTTAGTCACAGTATC
COX2 NM_011198.4 TGCAGAATTGAAAGCCCTCT CCCCAAAGATAGCATCTGGA
Fizz1 NM_020509.3 TCCCAGTGAATACTGATGAGA CCACTCTGGATCTCCCAAGA

Gfap NM_010277.3 AAGGTCCGCTTCCTGGAA GGCTCGAAGCTGGTTCAGTT
Glutl NM_011400.3 CATCCTTATTGCCCAGGTGTTT GAAGATGACACTGAGCAGCAGA
gp91phox NM_007807.5 ACTCCTTGGGTCAGCACTGGCT GCAACACGCACTGGAACCCCT
Hifa NM_010431.2 ACAAGTCACCACAGGACAG AGGGAGAAAATCAAGTCG

Hk1 NM_010438.3 GATGGAGGTGAAGAAGAAGC GGAAACGAGAAGGTGAAGC

Ibal NM_019467.3 GAAGCGAATGCTGGAGAAAC AAGATGGCAGATCTCTTGCC

IL10 NM_010548.2 TGAATTCCCTGGGTGAGAAG ACACCTTGGTCTTGGAGCTT

IL1B NM_008361.4 TGGTGTGTGACGTTCCCATTA CAGCACGAGGCTTTTTTGTTG
IL1ra NM_031167.5 AGGCCCCACCACCAGCTTTGAGTC TCACCCAGATGGCAGAGGCAACAA
IL4 NM_021283.2 CGAGGTCACAGGAGAAGGG AAGCCCTACAGACGAGCTCACT
IL6 NM_031168.2 CCAGTTTGGTAGCATCCATC CCGGAGAGGAGACTTCACAG
iNOS NM_010927.3 GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC

MR NM_008625.2 TCTTTTACGAGAAGTTGGGGTCAG ATCATTCCGTTCACCAGAGGG
Nrf2 NM_010902.4 GATCCGCCAGCTACTCCCAGGTTG CAGGGCAAGCGACTCATGGTCATC
Pfkp NM_019703.4 AAGCTATCGGTGTCCTGACC TCCCACCCACTTGCAGAAT

Pgci1B NM_133249.3 TCCAGAAGTCAGCGGCCT CTGAGCCCGCAGTGTGG

TGFB NM_011577.2 TGCGCTTGCAGAGATTAAAA AGCCCTGTATTCCGTCTCCT
TNFa NM_013693.3 TGATCCGCGACGTGGAA ACCGCCTGGAGTTCTGGAA

Yml NM_009892.3 GGGCATACCTTTATCCTGAG CCACTGAAGTCATCCATGTC
Reference

genes:

Bactin NM_007393.5 CAACGAGCGGTTCCGATG GCCACAGGATTCCATACCCA
Gapdh NM_008084.3 GGTGAAGGTCGGTGTGAACG CTCGCTCCTGGAAGATGGTG
Rn18s NR_003278.3_ GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

Argl, arginase 1; Carkl, carbohydrate kinase-like protein; CD11b, cluster of differentiation 11b; CD200full, full-
length CD200; CD200tr, truncated CD200; CD200R1, CD200 receptor 1; COX2, cyclooxygenase 2; Fizz1, found
in inflammatory zone 1; Gfap, glial fibrillary acidic protein; Glutl, glucose transporter 1; GAPDH, glyceraldehyde-

74



MATERIALS AND METHODS

3-phosphate dehydrogenase; gp91phox, catalytic subunit of NADPH oxidase; Hif1a, glycolysis activator hypoxia-
inducible factor 1a; Hk1, hexokinase 1; Iba1, ionized calcium binding adaptor molecule 1; IL10, interleukin 10;
IL1B, interleukin 1B; IL1ra, interleukin 1 receptor antagonist; IL6, interleukin 6; INOS, inducible nitric oxide
synthase; MR, mannose receptor; Nrf2, nuclear factor erythroid 2-related factor 2; Pfkp, phosphofructokinase,
platelet; Rn18s, 18S ribosomal RNA; TGFf, transforming growth factor 8; TNFa, tumor necrosis factor a; Ym1,
chitinase 3-like 3.

Species: Homo sapiens

Target Accession Forward primer (5> 3’) Reverse primer (5°>3’)

mRNA number

CD200full NM_005944.6 CAGCCTGGTTTGGGTCATG GCAGAGAGCATTTTAAGGAAGCA
CD200tr NM_001318828.1 GATGGAGAGGCTGTGCAAGTG GCAGAGAGCATTTTAAGGAAGCA

For CD200R1 primers see Section “4.1 CD200R1 mRNA expression in human monocytes and microglia-like cells”

Reference

genes:
GAPDH NM_002046.7 GAAGGTGAAGGTCGGAGTCA GTTAAAAGCAGCCCTGGTGA
RPS18 NM_022551.3 GATGGGCGGCGGAAAAT CTTGTACTGGCGTGGATTCTGC

CD200full, full-length CD200; CD200tr, truncated CD200; CD200R1, CD200 receptor 1; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; RPS18, ribosomal protein S18.

2.7.4 Conventional PCR

The cDNA was diluted 1/10 to perform conventional PCR. Specific primers (Integrated DNA
Technology) for each gene were used (Table 4.3 in section “Results: 4 Expression of CD200-
CD200R1 system in human samples”). Conventional PCR was carried out using 2x PCRBIO Ultra
Mix (PCR Biosystems, Ref. PB10.32-01) in 20 pL of final volume according to manufacturer’'s
instructions in a thermal cycler under the following protocol: 95°C for 2 minutes followed by 37
cycles consisting on: 95°C for 20 s; 60°C for 35 s; and 72°C for 30 s. The amplified DNA was
loaded onto an agarose gel, together with a DNA ladder (Thermo Scientific, Ref. SM0311). For
DNA detection, Midori green nucleic acid staining solution was used (Nippon Genetics Europe,
Ref. MG04) and images were obtained using a UV Transilluminator (Gel Doc System, Bio-Rad
Laboratories).

2.8 PROTEIN EXPRESSION

2.8.1 Protein extraction and western blot

2.8.1.1 Protein extraction and quantification

Protein levels were determined in primary mixed glial and microglial cells 24 or 48 h after
treatments. For isolation of total protein, one or two wells from 6-well plates were used per

condition for primary mixed glial or microglial cultures, respectively.
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After a cold PBS wash, mixed glial or microglial cells were scrapped and recovered in 100 or 25
pL of radioimmunoprecipitation assay (RIPA) buffer (1% Igepal CA-630, 5 mg/mL sodium
deoxycholate, 1 mg/mL sodium dodecyl sulphate (SDS) and protease inhibitor cocktail
Complete® (Roche, Ref. 1836145) in PBS) per well, respectively. The content of the wells was
pooled, sonicated and centrifuged for 5 min at 10400 g at 4°C. Harvested supernatants were
stored at -20°C. Protein concentration was determined using the Bio-Rad Protein assay kit (Bio-
Rad Laboratories, Ref. 500-0006), based on the Bradford assay (Bradford 1976).

2.8.1.2 Western blot

To analyse protein levels semi-quantitatively, western-blot technique was used. Thirty pg of
protein were loaded per lane. Protein extracts were diluted in Loading Buffer (120 mM Tris HCI
pH 6.8, 10% glycerol, 3% SDS, 20 mM dithiothreitol, 0.4% bromophenol blue) and denatured at
100°C for 5 minutes. Following a standard protocol (Mahmood and Yang 2012), the protein
solutions were resolved by SDS-poliacrilamide gel electrophoresis (PAGE) on 8 or 12%
polyacrylamide gels, together with a molecular weight marker (PageRuler™ Plus Prestained
Protein Ladder, Thermo Scientific, Ref. 26619). Polyacrylamide gels were composed of a stacking
gel (pH 6.8 125 mM Tris, 0.1 % SDS, 4% bis-acrylamide (29:1), 0.1 % PSA, 0.1 % TEMED) and
a separating gel (pH 8.8 375 mM Tris, 0.1 % SDS, 8 or 12% bis-acrylamide (29:1), 0.1 % PSA,
0.1 % TEMED). A 90V current for 10 minutes followed by 120V current for 90 minutes was applied
through the gel, using a running buffer (25 mM Tris (pH 8.3), 192 mM glycine, 0.1% SDS). Proteins
were transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Ref. IPVYH00010) by
traditional wet transfer method for 120 minutes at 60V in transfer buffer (pH 8.3 25 mM Tris, 192
mM glycine, 0.02% SDS, 20% methanol).

Membranes were blocked for non-specific interactions with 5% non-fat dry milk in Tris-Buffered
Saline (TBS)-Tween-20 (pH 7.5 20 mM Tris, 150 mM NacCl, 0.05% Tween-20) for 1 h at room
temperature and incubated overnight at 4°C with the desired primary antibody (Table 6). Then,
the membranes were incubated with the corresponding horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h at room temperature (Table 7), followed by repeated
washing with TBS (pH 7.5 20 mM Tris, 150 mM NaCl, 0.2%). The signal was developed with the
western blotting detection kit WesternBrith™ Sirius HRP substrate (Advansta, Ref. K-12043) and
images were obtained using a VersaDoc System (Bio-Rad Laboratories). Data are expressed as
the ratio between the band intensity of the protein of interest and the loading control protein (Bactin
or Btubulin).

Table 6. List of primary antibodies used for western blot.

Primary antibodies

Epitope Weight  Source Dilution Reference Company
(kDa)

ARG1 38 Goat polyclonal 1/250 sc-18354 Santa Cruz

Bactin 42 Mouse monoclonal ~ 1/60000 A1978 Sigma-Aldrich

Btubulin 50 Mouse monoclonal ~ 1/50000 T4026 Sigma-Aldrich

76



MATERIALS AND METHODS

CD200 44 Goat polyclonal 1/500 AF3355 R&D
CD200R1 38 Goat polyclonal 1/250 sc-14392 (M-21) Santa Cruz
COX2 72 Rabbit polyclonal 1/1000 sc-1747 (M-19) Santa-Cruz
iNOS 130 Rabbit polyclonal 1/1000 sc-651 (N-20) Santa-Cruz
MR 190 Rabbit polyclonal 1/1000 ab64693 Abcam

ARG1, arginase 1; CD200R1, CD200 receptor 1; CD68, cluster of differentiation 68; COX2,
cyclooxygenase 2; iNOS, inducible nitric oxide synthase; MR, mannose receptor.

Table 7. List of HRP-conjugated secondary antibodies used for western blot.

HRP-conjugated secondary antibodies

Epitope Source Dilution Reference Provider

Goat immunoglobulins Rabbit 1/2000 P0449 Dako

Mouse IgG (H+L) Goat 1/5000 170-6516 Bio-Rad
Rabbit IgG Donkey 1/5000 NA934V GE Healthcare

2.8.2 Secreted protein detection: ELISA

The amount of cytokines released into the culture medium in primary mixed glial or microglial
cultures was measured using specific Enzyme-linked immuno sorbent assay (ELISA) kits (mouse
IL1B ELISA Ready-SET-GO!, mouse IL6 ELISA Ready-SET-GO! and mouse TNFa ELISA Ready-
SET-GO!, eBioscience - Affimetrix, Ref. 88-7013-88, 88-7064-88, 88-7324-88, respectively)
following manufacturer’s instructions. Two wells from 48-well plates or one well from 6-well plates
were used per experimental condition for primary mixed glial or microglial cultures, respectively.
Culture medium was collected 24 h after treatments and stored at -80°C until assayed for cytokine

content. Cytokine concentrations were determined from standard curves.

2.9 IMMUNOCYTOCHEMISTRY

To observe morphological changes, to quantify changes in cell number of a certain cell type or to
evaluate the presence or absence of a certain protein in cultured cells, we performed single or
double immunofluorescence in 48-well plates. After 24 h of treatment in duplicates, cells were
fixed. For microglial cultures, the fixation procedure consisted in aspirating the medium and
incubating the cells with 4% paraformaldehyde (PFA) in 0.1 M sodium PBS for 15 minutes at
room temperature. For mixed glial cultures, it consisted of three steps: first, 300 pL 4% PFA was
added to the culture wells without having removed the culture medium; after 5 minutes, half of the
liquid was removed and 300 pL 4% PFA were added to the culture wells; 5 minutes later, the
liquid was totally removed and 300 pL 4% PFA were added to the culture wells for 5 minutes. This
gradual fixation in mixed glial cultures avoided losing superficial microglial cells not firmly attached
to the astrocyte layer. Non-specific interactions were blocked by incubating cells with 10% normal

donkey serum (Vector Laboratories) in PBS containing 1% bovine serum albumin (BSA), for 20
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minutes at room temperature. After that, cells were incubated overnight at 4°C with one (single
immunofluorescence) or two (double immunofluorescence) primary antibodies (Table 8). After
rising in PBS, cells were incubated for 1 h at room temperature with the corresponding secondary
fluorescent antibodies (Table 9). All antibodies were diluted in 0.1 M PBS, 1% BSA, 10% normal
donkey serum. Cell nuclei were stained with 4',6-diamidino-2-fenilindol (DAPI) (Sigma Aldrich,
Ref. D9542). After washing carefully with PBS, cells were preserved in 0.1 M PBS and 0.1%
Thimerosal. When necessary, cells were permeabilized by adding 0.3% Triton X-100 to the
blocking solution and to the primary and secondary antibody solutions. Immunofluorescent
samples were immediately assessed under fluorescent microscope or stored at 4°C protected
from light. Images were obtained with an Olympus IX70 microscope (Olympus, Okoya, Japan)

and a digital camera (CC-12, Olympus Soft Imaging Solutions GmbH, Hamburg, Germany).

Table 8. List of primary antibodies used for immunocytochemistry.

Primary antibodies

Epitope Source Dilution Reference Company
CD200R1 Goat polyclonal 1/20 AF2554 R&D
CD200 Goat polyclonal 1/50 AF3355 R&D
CD68 Rat monoclonal 1/1000 MCA1957 Bio-Rad
GFAP Rabbit polyclonal 1/1000 20334 Dako
IBA1 Rabbit polyclonal 1/500 019-19741 Wako
MAP2 Mouse monoclonal 1/2000 M1406 Sigma

TH Rabbit polyclonal 1/2000 ab112 abcam

CD200R1, CD200 receptor 1; CD68, cluster of differentiation 68; GFAP, glial fibrillary acidic protein; IBA1, ionized
calcium binding adaptor molecule 1; MAP2, Microtubule-associated protein 2; TH, tyrosine hydroxylase.

Table 9. List of secondary antibodies used for immunocytochemistry.

Alexa Fluor® conjugated secondary antibodies

Epitope Source Dilution Reference Provider
Goat IgG (H+L) Donkey 1/1000 A11055 488 Invitrogen
Mouse IgG (H+L) Donkey 1/1000 A21203 594 Invitrogen
Mouse IgG (H+L) Donkey 1/1000 A21202 488 Invitrogen
Rabbit IgG (H+L) Donkey 1/1000 A21207 594 Invitrogen
Rabbit IgG (H+L) Donkey 1/1000 A21206 488 Invitrogen
Rat IgG (H+L) Donkey 1/1000 A21209 594 Invitrogen
Rat IgG (H+L) Donkey 1/1000 A21208 488 Invitrogen

2.10 In vitro CELL COUNTING

For mesencephalic culture characterisation, the percentage of microglia, astrocytes, and
dopaminergic neurons was calculated using the total number of cells (DAPI staining) after ionized
calcium binding adaptor molecule (IBA)1 + CD68-, glial fibrillary acidic protein (GFAP)- or tyrosine
hydroxylase (TH)-immunocytochemistry, respectively. To count microglial and astroglial cells,
three 10X fields/well and two wells per experimental condition of four independent experiments
were considered. For dopaminergic neuronal loss estimation after MPP+ or rotenone treatment

in mesencephalic cultures, cell counting of TH-positive cells was done in nine 4X fields/well and
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considering two wells per experimental condition of four independent experiments. To assess the
total number of cells, cell counting of DAPI-stained nuclei was done in three 10X fields/well and

considering two wells per experimental condition of four independent experiments.

2.11 PHAGOCYTOSIS

To assess the phagocytic activity of microglial cells, fluorescent latex microspheres (FluoSpheres,
carboxylate-modified microspheres, 2.0 um, red fluorescent (580/605), 2% solids; Thermofisher
Scientific, Ref. F8826) were added to the medium (1/1000) for 1 h at 37°C 23 h after treatment.
Before addition to the cells, latex microspheres were sonicated to produce a homogeneous
suspension. Two or three wells from 48-well plates were used per experimental condition. After
incubation with microspheres, microglial cell cultures were washed three times with PBS and fixed
with 4% PFA in 0.1 M PBS for 15 minutes at room temperature. Immunofluorescence against
IBA1 was performed as described in section “2.9 Immunocytochemistry”. Images of three
microscopic fields using a 20X objective were obtained with an Olympus IX70 microscope
(Olympus, Okoya, Japan) and a digital camera (CC-12, Olympus Soft Imaging Solutions GmbH,
Hamburg, Germany). Two to three wells per experimental condition were processed and each
experimental condition was repeated at least four times. Visual counting of microspheres was
performed. The percentage of phagocytic cells and the average number of fluorescent
microspheres per microglial cell were calculated. To further characterise the phagocytic activity,
we also calculated the % of cells showing phagocytic activity lower than control cells and the %

of cells showing higher phagocytic activity than control cells.

2.12 INTRACELLULAR ATP LEVELS

The intracellular ATP levels in primary mixed glial and microglial cultures was assessed using the
ATPlite Luminescence kit (PerkinElmer, Ref. 6016943) according to the manufacturer's
recommendations. Briefly, cells in 96-well plates (mixed glia) or 6-well plates (microglia) were
lysed 24 h after treatments and ATP concentration was measured based on the production of
light caused by the reaction of ATP with added luciferase and D-luciferin. The emitted light is
proportional to the ATP concentration and was measured using a luminometer (Orion Microplate
Luminometer, Berthold Detection System, Germany). The ATP concentration in the samples was

calculated from an ATP standard curve.
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3 In vivo experiments

3.1 THE ACUTE MPTP MOUSE MODEL OF PD

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  (MPTP) administration was performed in
collaboration with Dr. Miquel Vila’s laboratory at Vall d’'Hebron Institute of Research (VHIR,
Barcelona, Spain). Eleven to 15-week-old mice received MPTP injections following an acute
regimen (Jackson-Lewis and Przedborski 2007), which consisted of one intraperitoneal injection
of MPTP-HCI (20 or 18 mg/kg, Sigma-Aldrich, Ref. M0896) every 2 hours for a total of 4 doses in
one day. Control mice received saline injections. Mice were killed at indicated time points after
the last MPTP injection. Each experimental group was composed of an average of 8 mice. Male
mice were used in all experiments with the exception of the experiments with CD200-deficient
mice, in which females were used in the control group because we did not obtain enough male

mice to complete all the experimental groups.

The collection of samples from the MPTP-injected mice was performed in a dedicated procedure
room and with personal protection equipment (Przedborski, Jackson-Lewis, et al. 2001). Tissue
remains were discarded as hazardous waste. Surfaces and non-disposable instruments were

sprayed with 1% bleach.

The following experimental approaches were considered using this model.

3.1.1 Time course experiment

C57BL/6NCrl mice (Charles River, Lyon, France) were administered with MPTP (20 mg/kg)

following the acute regimen and killed at 2 hours, 1, 2, 4 and 7 days after the last MPTP injection.

3.1.2 CD200R1 agonist experiment

C57BL/6NCrl mice (Charles River, Lyon, France) were administered with MPTP (20 mg/kg)
following the acute regimen. The CD200R1 agonist (CD200 fusion protein (CD200Fc), 1.8 or 3.6
mg/kg, dissolved in PBS) or its corresponding isotype control (1.8 or 3.6 mg/kg, dissolved in PBS)
was administered twice, by intraperitoneal injection, 30 minutes before MPTP injections and 24 h
after the last MPTP injection. The CD200Fc and its corresponding isotype control were kindly
provided by Genentech Inc. The CD200Fc is a fusion protein constituted by the extracellular
domain of mouse CD200 and the mouse IgG2a Fc region. Mouse anti-ragweed 1gG2a was used

as isotype control. Animals were killed at 7 days after the last MPTP injection.
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3.1.3 CD200-deficient mice experiments

The genetic background of the mice is important for MPTP sensitivity. Although C57BL/6 mice
are usually used in the MPTP model, increased toxicity of MPTP is observed in certain substrains,
such as C57BL/6J mice (Jackson-Lewis and Przedborski 2007). We submitted the CD200 knock-
out mice to background strain characterisation (Jackson Laboratories).

CD200-deficient mice (67% C57BL/6NJ and 33% C57BL/6J) were administered with MPTP (18

mg/kg) following the acute regimen and killed at 1 or 7 days after the last MPTP injection.

3.1.3.1 Colony formation

We received 5 female and 5 male CD200 knock-out mice from Dr. David Copland (University of
Bristol, United Kingdom). We generated a colony by crossing CD200 knock-out mice with wild-
type C57BL/6N mice to yield F1 offspring with an enriched C57BL/6N background. Heterozygous
(CD200 +/-) male and female mice of the F1 offspring were crossed to obtain CD200 -/-, CD200
+/- and CD200 +/+ genotypes. All genotypes were produced at the expected Mendelian
frequency. CD200 -/- and CD200 +/+ mice were used henceforth. CD200 +/- and CD200 -/- mice
were grossly normal in appearance, bred normally, exhibited a normal life-span and fertility, and

showed no obvious behavioural changes.

3.1.3.2 Genotyping

To evaluate the genotype (CD200 +/+, CD200 +/-, CD200 -/-) of mice, genomic DNA from tail
tissue was extracted and amplified with REDExtract-N-Amp™ Tissue PCR Kit (Sigma-Aldrich,
Ref. XNAT) following the manufacturer’s instructions. The amplified DNA was loaded onto an
agarose gel, together with a DNA ladder (Thermo Scientific, Ref. SM0311). For DNA detection,
Midori green nucleic acid staining solution was used (Nippon Genetics Europe, Ref. MG04) and
images were obtained using a UV Transilluminator (Gel Doc System, Bio-Rad Laboratories). The
primers (Integrated DNA Technology) used are listed in Table 10. The two pairs of primers were
used in each reaction because each DNA sample was screened for both the normal and the
mutant allele by using a single PCR. DNA from CD200 +/+ mice was amplified by mCD200
primers, producing one band of 506 bp. DNA from CD200 +/- mice was amplified by mCD200
and mNEO primers, producing one band of 506 bp and one band of 596 bp. DNA from CD200 -

/- mice was amplified by mNEO primers, producing one band of 596 bp.

Table 10. Primers used for genotyping.

Genotype Forward 5’ > 3’ Reverse 5’ > 3’ Amplicon

CD200 +/+ mCD200-Fw mCD200-Rv 506 bp
GAAGACAAACCTAGCGGAGACATTAC CTCTTCAGCAATATCACGGGTAGC

CD200 -/- mMNEO-Fw mNEO-Rv 596 bp
GGGAGTGGAACTGTAGAAGGGTG AGGCTATTCGGCTATGACTGGG
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3.2 EVALUATION OF BRAIN INJURY AND GLIAL ACTIVATION

3.2.1 Tissue collection

For histological analysis, mice were intraperitoneally anesthetized with 0.2 mL of 5% pentobarbital
sodium and perfused with physiological saline (0.9% NacCl) through the ascending aorta using a
peristaltic pump at a flow rate (9 mL/min for 3 minutes), followed by ice-cold 4% PFA (Panreac,
Ref. A3697.9010) diluted in 0.2 M PBS containing 0.15 M sodium phosphate dibasic (Sigma-
Aldrich, Ref. S0876) and 0.05 M sodium phosphate monobasic (Sigma-Aldrich, Ref. S9638) for 8
minutes. Brains were removed immediately after the perfusion, immersed overnight in the same
fixation solution at 4°C and then 48 h in 30% sucrose (SCHARLAU, Ref. SA00211000) at 4°C.
Finally, brains were frozen on dry ice and kept at -80°C until sectioning.

In experiments where mRNA expression analysis was performed, mice were perfused with
physiological saline (0.9% NaCl) at 9 mL/min for 11 minutes. The two hemispheres of the
cerebrum were separated down the longitudinal fissure. The right hemisphere was fixed as
described above for histological analysis. Striatum, ventral midbrain and cerebral cortex from the

left hemisphere were dissected and frozen on dry ice and kept at -80°C until analysis.

3.2.2 Immunohistochemistry

Serial coronal brain sections (20 um thick) containing the striatum or the SN were obtained with
a cryostat (Leica CM1950) at -23°C and collected in 0.1 M PBS containing 0.01% sodium azide
(Sigma-Aldrich, Ref. S8032).

To assess glial reactivity in the striatum and SN, four representative sections of each area per
animal were immunostained against GFAP, and four against IBA1. Assessment of nigrostriatal
integrity was performed in TH-immunostained tissue sections. TH-immunohistochemistry was
performed in four representative sections of striatum per animal covering different striatal levels
and in every sixth section throughout the entire SNpc, yielding twelve serial sections per animal.
In the experiments using CD200-deficient mice, CD200-immunohistochemistry was also

performed to corroborate the genotype of mice.

Free-floating sections were first permeabilized in TBS containing 10% methanol and 3% H20: for
5 minutes, rinsed in PBS and, blocked with 5% normal goat serum (Vector Laboratories, Ref.
S100) for 1 h at room temperature. Sections were incubated overnight at 4°C in agitation with
primary antibodies (Table 11) diluted in TBS containing 2% normal goat serum. After rinsed in
PBS, the sections were incubated for 1 h at room temperature with the corresponding secondary
biotinylated antibodies (Table 12) diluted in TBS with 2% normal goat serum, followed by PBS

washes. To amplify signal intensity, tissue sections were incubated with the avidin-biotin complex
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(ABC) Reagent (Thermo Fisher, Ref. 32050) for 30 minutes and washed with PBS. For the
visualization of peroxidase activity, we used 3,3'-diaminobenzidine (Sigma-Aldrich, Ref. D5637).
Sections were mounted on gelatine-coated slides and air dried overnight. TH-immunostained
sections of the SN were counterstained with Nissl stain. Briefly, after 10 minutes of incubation
with chloroform, sections were rehydrated through 95%, 70% ethanol to distilled water, stained in
0.1% cresyl violet solution for 10 minutes, rinsed quickly in distilled water and differentiated in
acetic acid + 70% ethanol (2 drops of glacial acetic acid in 100 mL of 70% ethanol). All sections
were dehydrated through 70%, 95%, 100% ethanol to xylene and coverslips were placed over

slides using DPX mounting medium.

Table 11. List of primary antibodies used for immunohistochemistry.

Epitope Source Dilution Reference Company
CD200 Goat 1/100 AF3355 R&D
GFAP Rabbit 1/2000 70334 Dako
IBA1 Rabbit 1/1000 019-19741 Wako

TH Rabbit 1/5000 (St) abl112 abcam

1/2000 (SN)

GFAP, glial fibrillary acidic protein; IBAL, ionized calcium binding adaptor molecule 1; TH, tyrosine
hydroxylase.

Table 12. List of biotinylated secondary antibodies used for immunohistochemistry.

Epitope Source Dilution Reference Company
Goat IgG Horse 1/1000 PI1-9500 Vector
Rabbit IgG Goat 1/1000 BA1000 Vector

3.3 QUANTITATIVE MORPHOLOGY

3.3.1 Striatal TH-positive fibers

The extent of striatal dopaminergic denervation was measured by optical densitometry in four TH-
immunostained sections from each animal (Fig. 30), as previously described (Recasens et al.
2014; Perier et al. 2013). Sections were scanned in an Epson Perfection V750 PRO scanner and
the grey intensity of the staining in the striatum of both hemispheres of each section was
measured using SigmaScan Pro 5.0 software (Systat Software, USA). The measured values were
corrected for non-specific background staining by subtracting values obtained from the cortex.
The optical density (OD) was assessed with the formula OD=-log(Intensity in the striatum/Intensity

in the cortex).
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Figure 30. TH-immunohistochemistry in four brain sections corresponding to different striatal levels. The
areas of interest, striatum (St) and cortex (Cx), were selected to quantify immunostaining intensity.

3.3.2 SNpc TH-positive neurons

The total number of TH-positive neurons in the SNpc was estimated by stereological quantification
using twelve regularly-spaced sections per animal and employing the optical fractionator principle
with Stereoinvestigator Software (MBF Bioscience, Williston, VT) on a Zeiss ImagerD1
microscope, as previously described (Recasens et al. 2014; Liberatore et al. 1999). The SNpc
was delineated for each section (Fig. 31) and probes for stereological counting were applied to
the map obtained (size of counting frame was 50 x 50 pum spaced by 250 x 250 pm). Only TH-

positive neurons with their nuclei included within the counting frame were counted.

Figure 31. Stereological counting using optical fractionator. Any nucleus of a TH-positive cell inside the
counting frame (* in A-D) or touching the green line (* in B) was counted, while if it was touching the red line (- in
D) was excluded. If the nucleus of a TH-positive cell crossed both, green and red lines, the cell was counted only
when the nucleus crossed the right bottom vertex (+ in C) and not when crossing the left top vertex (° in D).
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3.3.3 SN IBA1-positive microglia

Microglial reactivity in SN was measured in four IBA1-immunostained sections from each animal.
Images of SN of each section using a 4X objective were obtained with an Olympus 1X70
microscope (Olympus, Okoya, Japan) and a digital camera (CC-12, Olympus Soft Imaging
Solutions GmbH, Hamburg, Germany). Two parameters were measured:

A) IBAl-labelled area:
A grey level threshold was fixed and the area occupied by IBAl-staining in the total SN and SNpc
of each animal was measured using ImageJ 1.50 software (National Institutes of Health) (Fig.
32). Values were expressed as % of area occupied by IBA1-staining in SNpc or total SN. SNpr
values were obtained as the difference between total SN and SNpc measurements.

B) IBAL optical density:
The mean grey intensity in the total SN and SNpc of each section was measured using ImageJ
1.50 software (National Institutes of Health) (Fig. 32). Non-specific background staining was
obtained from an IBA1-staining free area. The optical density (OD) was assessed with the formula

OD=-log(Intensity in SNpc or total SN /Intensity of background area).

Total SN
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Figure 32. Area selected in the SN to quantify the IBAl-immunohistochemistry. Four brain sections
corresponding to different SN anatomical levels from mice 7 days after MPTP administration. Area selected for
total SN and SNpc is represented.

3.4 GENE EXPRESSION

Total RNA was extracted at the indicated time points from striatal, ventral midbrain and frontal
cortex samples from saline and MPTP-injected mice using the Trizol method (Tri®Reagent,
Sigma-Aldrich. Ref. T9424). RNA quantification, reverse transcription and gPCR was performed
as described in section “2.7 Gene expression “. One pg of RNA was retrotranscribed and cDNA

was diluted 1/30 to perform gPCR.
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4 Post-mortem human brain analysis

Post-mortem human brain samples were supplied from the Banc de Teixits Neurologics (Biobanc,
Hospital Clinic de Barcelona, IDIBAPS) in accordance with the Helsinki Declaration, Convention
of the Council of Europe on Human Rights and Biomedicine and Ethical Committee of the
University of Barcelona. Frozen tissue blocs containing SN, hippocampus and frontal cortex were
obtained from 8 control subjects (age range 56 - 90 years, post-mortem delay range: 4 - 20 h)

and 21 PD patients (age range 50 - 92 years, post-mortem delay range: 5 - 18 h).

4.1 GENE EXPRESSION

Total RNA was extracted from frozen tissue samples using the Trizol method (Tri®Reagent,
Sigma-Aldrich, Ref. T9424). RNA quantification, everse transcription and qPCR or conventional
PCR were performed as previously described in section “2.7 Gene expression “. One ug of RNA

was retrotranscribed and cDNA was diluted 1/30 to perform gPCR.

4.2 PROTEIN EXPRESSION

Total tissue protein was isolated in 1x sodium dodecyl sulfate (SDS) - buffer (pH 6.8 0.125 M Tris-
HCI, 2% SDS, 10% glycerol, 0.001% bromophenol blue and 5% 2-mercaptoethanol) (Laemmli
1970; Laemmli and Favre 1973). After vortex and incubation for 10 minutes at 70 °C, samples
were centrifuged (16100 g, 10 minutes at room temperature) and the supernatant was collected.
Samples were kept at -20°C until further use. Western blot in post-mortem tissue samples was

performed as previously described in section “2.8.1.2 Western blot”.

5 Statistical analysis

The results are presented as the mean + or + standard error of the mean (SEM). At least three
independent experiments were performed for analysis. Data were statistically analysed with
GraphPad Prism software. Statistical analyses when comparing two groups were determined by
a two-tailed unpaired Student’s t test or unpaired t test with Welch’s correction. When comparing

more than two groups, statistical analyses were performed using one-way analysis of variance
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(ANOVA) followed by Newman-Keuls post-test, or two-way ANOVA followed by Bonferroni post-

test. Values of p<0.05 were considered statistically significant.
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RESULTS

1 Effect of CD200-CD200R1 alterations on glial activation
and dopaminergic neurodegeneration using in vitro

approaches

In the CNS, a decreased expression of CD200 and/or CD200R1 in Alzheimer's disease (Walker
et al. 2009) and multiple sclerosis (Koning et al. 2007; Koning et al. 2009) has been described.
These alterations in the CD200-CD200R1 system may contribute to the chronic inflammation
observed in these diseases. With the aim of further understanding the consequences of this
decreased expression, we evaluated the effect of CD200-CD200R1 disruption using two different
in vitro approaches: anti-CD200 blocking antibody and CD200-deficient mice.

1.1 INHIBITION OF CD200-CD200R1 SYSTEM IN GLIAL CELL CULTURES
USING AN ANTI-CD200 BLOCKING ANTIBODY. EFFECT ON GLIAL
ACTIVATION

1.1.1 CD200 and CD200R1 are expressed in mixed glial cultures and their
expression is modified by LPS/IFNy treatment

We confirmed that both CD200 and CD200R1 mRNA expression were basally detected in primary
mixed glial cultures (composed of 75% astrocytes and 25% microglia) (Fig. 1.1), and that this
expression was modified after LPS/IFNy treatment. LPS/IFNy induced an increase in CD200tr
mMRNA expression, the mRNA isoform encoding the truncated form of the protein, 6 h after
treatment, while the expression of CD200full mMRNA was not modified (Fig. 1.1A). On the contrary,
a decrease in CD200R1 mRNA expression was observed 6 h after LPS/IFNy treatment (Fig.
1.1B). CD200 and CD200R1 expression changes were also detected at protein level 24 h after
LPS/IFNy treatment by immunocytochemistry. Thus, LPS/IFNy-induced an increase in CD200
(Fig. 1.1C) and a decrease in CD200R1 (Fig. 1.1D) immunostaining 24 h after treatment. CD200
immunostaining was found to colocalize with the astrocyte marker EAAT1 (Fig. 1.1C), while
CD200R1 immunostaining colocalized with the microglial cell markers CD68 and Ibal (Fig. 1.1D).
A stranger CD200R1 immunostaining was detected in the microglial cells present above the
astrocyte layer than in microglial cells in or below the astrocyte layer (Fig. 1.1D). Note that CD200
antibodies available detect CD200full and probably CD200tr as well.
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Figure 1.1. LPS/IFNy treatment induces changes in CD200 and CD200R1 expression in primary mixed glial
cultures. CD200full and CD200tr mRNA expression (A) and CD200R1 mRNA expression (B) in mixed glial
cultures 6 h after LPS/IFNy treatment (L/I, 100 ng/mL LPS + 30 ng/mL IFNy). Rn18s and Bactin were used as
genes for normalization. Bars are means + SEM of 3 independent experiments. **p<0.01 vs. C; Student’s t test. C
Cellular localization of CD200 and CD200R1-immunolabelling in control and L/I-treated primary mixed glial cultures
24 h after treatment. Scale bar: 100 um.

1.1.2 Anti-CD200 blocking antibody does not induce per se glial activation

To study whether an anti-CD200 blocking antibody or its corresponding isotype (rat IgG2a,
negative control) had per se an effect on glial activation, we first determined the expression of

pro- and anti-inflammatory molecules in mouse mixed glial cultures treated with these molecules.

In a preliminary study, dose-response experiments were performed in order to select working
concentrations of the anti-CD200 blocking antibody and isotype that did not result in significant
alterations in cell viability. We evaluated glial cell metabolic activity and viability with the MTT
assay and by PI staining, respectively, 24 h after treating mixed glial cultures with increasing
concentrations of anti-CD200 blocking antibody or isotype (0.1, 0.5, 1, 5 pg/mL). Anti-CD200
blocking antibody treatment had no effect on MTT reduction (Fig. 1.2A). Surprisingly, all
concentrations of isotype used induced a decrease in MTT reduction with the only exception of
0.1 pg/mL isotype (Fig. 1.2A). To determine whether the decrease in MTT reduction was due to
cell death and not to a decrease in metabolic activity, Pl staining was performed. We observed in
cultures treated with 0.5 - 5 pg/mL isotype a tendency to increase the percentage of Pl positive
cells (Fig. 1.2B,C). The concentration of 0.1 pg/mL was used in subsequent studies for both anti-

CD200 blocking antibody and isotype.
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Figure 1.2. Effect of anti-CD200 blocking antibody and isotype on glial cell viability. Primary mixed glial
cultures were treated for 24 h with 0.1, 0.5, 1 and 5 pg/mL anti-CD200 blocking antibody (BIADb) or isotype (Iso). A
MTT reduction expressed as the percentage of control (C). B Cell death expressed as the percentage of propidium
iodide (PI) positive nuclei in each experimental condition. Bars are means + SEM of 4 independent experiments.
*p<0.05 and ***p<0.001 vs. C; one-way ANOVA (repeated measures) and Newman-Keuls post-test. C
Representative photomicrographs of Pl and Hoechst staining of all experimental conditions. Scale bar: 100 um.

PI

Hoechst

PI

Hoechst

We next evaluated the effect of anti-CD200 blocking antibody treatment on the mRNA levels of
the cytokines IL18, IL6, and TNFa, and the enzymes iNOS and COX2 in primary mixed glial
cultures, as markers of a pro-inflammatory response. We also analysed the cytokines IL4, IL10
and TFG as markers of an anti-inflammatory response.

The mRNA expression of pro- and anti-inflammatory cytokines (Fig. 1.3A,C) and pro-inflammatory

enzymes (Fig. 1.3B) was not modified in mixed glial cultures 6 h after anti-CD200 blocking
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antibody treatment. The isotype did not produce any effect on the expression of these markers
either (Fig. 1.3).
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Figure 1.3. Anti-CD200 blocking antibody does not modify the mRNA levels of pro- and anti-inflammatory
markers in mixed glial cultures. mRNA levels of (A) pro-inflammatory cytokines (IL18, IL6 and TNFa) and (B)
enzymes (iNOS, COX2) and (C) anti-inflammatory cytokines (IL4, TGFB, IL10) in primary mixed glial cultures
treated for 6 h with anti-CD200 blocking antibody (BIAb, 0.1 pg/mL) or corresponding isotype (Iso, 0.1 pg/mL).
Rn18s and Bactin were used as reference genes. Bars are means + SEM of 3 independent experiments. One-way
ANOVA (repeated measures) and Newman-Keuls post-test.

We also analysed the effect of the CD200-CD200R1 system disruption on NO production and on
the protein levels of the pro-inflammatory enzymes iNOS and COX2 in mixed glial cultures. After
24 h of 0.1 pg/mL anti-CD200 blocking antibody treatment, mixed glial cultures showed an
increase in NOz accumulation in the culture medium, whereas higher concentrations of anti-
CD200 blocking antibody or isotype produced no effect (Fig. 1.4A). COX2 and iNOS protein levels
were not modified after 24 h of anti-CD200 blocking antibody (0.1 pug/mL) or isotype (0.1 pg/mL)
treatment (Fig. 1.4B).
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Figure 1.4. Effect of anti-CD200 blocking antibody on NO production and pro-inflammatory enzymes at the
protein level. NO; accumulation (A) was determined by the Griess method in culture medium of mixed glial
cultures 24 h after treatment with anti-CD200 blocking antibody (BIAb, 0.1, 0.5, 1, 5 pg/mL) or isotype (Iso, 0.1,
0.5, 1, 5 pg/mL). Representative immunoblots of COX2 and iNOS protein levels (B) in mixed glial cultures 24 h
after treatment with BIAb (0.1 pg/mL) or Iso (0.1 pg/mL) or LPS/IFNy (L/I, 100 ng/mL LPS + 30 ng/mL IFNy). Data
are expressed as fold change to control (C) condition. Btubulin was used as loading control. Treatment with
LPS/IFNy (L/I, 100 ng/mL LPS / 30 ng/mL IFNy) is shown as positive control. Bars are means + SEM of 4
independent experiments. *p<0.05 vs. C; one-way ANOVA (repeated measures) and Newman-Keuls post-test.

1.1.3 Blocking CD200-CD200R1 interaction potentiates the mRNA expression of
pro-inflammatory markers in LPS/IFNy-treated primary mixed glial cultures

We next studied whether CD200-CD200R1 disruption had an effect on the response of glial cells
to an inflammatory stimulus. We determined the expression of pro- and anti-inflammatory
molecules after inducing glial activation with LPS/IFNy in mixed glial cultures, in the absence and

the presence of an anti-CD200 blocking antibody.

We first confirmed that concentrations of anti-CD200 blocking antibody and isotype plus LPS/IFNy
did not result in significant alterations in cell viability. We evaluated glial cell viability with the MTT
assay and Pl staining 24 h after treating the cultures with 100 ng/mL LPS + 30 ng/mL IFNy in the
presence or absence of 0.1 pg/mL anti-CD200 blocking antibody or isotype. Anti-CD200 blocking
antibody or isotype was administered 30 minutes before LPS/IFNy. LPS/IFNy treatment induced
a decrease in MTT reduction (Fig. 1.5A) but did not alter cell viability as assessed by Pl assay
(Fig. 1.5B,C). Anti-CD200 blocking antibody or isotype did not modify the LPS/IFNy effect (Fig.
1.5).
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Figure 1.5. Effect of LPS/IFNy, anti-CD200 blocking antibody and isotype on glial cell viability. Primary
mixed glial cultures were treated for 24 h with LPS/IFNy (L/I, 100 ng/mL LPS + 30 ng/mL IFNy) in the absence or
presence of 0.1 pg/mL anti-CD200 blocking antibody or isotype (BIAb, Iso, 30 minutes before L/l treatment). A
MTT reduction expressed as the percentage of control (C). B Cell death expressed as the percentage of propidium
iodide (PI) positive nuclei in each experimental condition. Bars are means + SEM of 4 independent experiments.
*p<0.05 and ***p<0.001 vs. C; one-way ANOVA (repeated measures) and Newman-Keuls post-test. C
Representative photomicrographs of Pl and Hoechst staining in mixed glial cells untreated or treated with L/l in the
absence or presence of BIAb or Iso. Scale bar: 100 pm.
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We then evaluated the effect of anti-CD200 blocking antibody treatment on the mRNA expression
of pro-inflammatory (IL18, IL6, and TNFa, iNOS, COX2) and anti-inflammatory (IL4, IL10 and
TFGP) genes in LPS/IFNy-treated primary mixed glial cultures. The mRNA expression of all the
pro-inflammatory markers studied was clearly induced at 6h in LPS/IFNy-treated cells (Fig.
1.6A,B). At the same time, mRNA expression of the anti-inflammatory molecules 1L10, IL4 and
TGFB was not modified (Fig. 1.6C). When mixed glial cultures were pre-treated with anti-CD200
blocking antibody, a further increase in mRNA expression of IL13, IL6 and COX2 was detected,
while the mRNA expression of the anti-inflammatory markers remained unaltered. Isotype pre-
treatment increased IL6 mMRNA expression induced by LPS/IFNy (Fig. 1.6).
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Figure 1.6. Anti-CD200 blocking antibody potentiates the induction of IL1B, IL6 and COX2 mRNA
expression in LPS/IFNy-treated mixed glial cultures. mRNA expression of pro-inflammatory (A) cytokines
(IL1B, IL6 and TNFa) and (B) enzymes (iNOS, COX2) and (C) anti-inflammatory cytokines (IL4, TGF, IL10) in
primary mixed glial cultures treated for 6 h with LPS/IFNy (L/I, 100 ng/mL LPS + 30 ng/mL IFNy) in the absence or
presence of anti-CD200 blocking antibody or isotype (BIAb, Iso, 0.1 pg/mL, 30 minutes before L/l treatment). Rn18s
and Bactin were used as reference genes. Bars are means + SEM of 7 independent experiments. *p<0.05, **p<0.01
and ***p<0.001 vs. C; #p<0.05 and ##p<0.01 vs. L/I; one-way ANOVA (repeated measures) and Newman-Keuls
post-test.

We also analysed the effect of the disruption of the CD200-CD200R1 system on NO production
and pro-inflammatory cytokine (IL18, TNFa and IL6) and enzyme (iNOS, COX2) protein levels in
LPS/IFNy-treated mixed glial cultures. After LPS/IFNy treatment, mixed glial cultures showed an
increase in NO2" accumulation in the culture medium at 24 h, which was not modified by anti-
CD200 blocking antibody pre-treatment (Fig. 1.7A). LPS/IFNy increased TNFa and IL6
extracellular levels after 6h and 24h whereas IL1( levels were increased only after 24 h (Fig.
1.7B). COX2 and iNOS protein levels were increased 24 h after LPS/IFNy treatment (Fig. 1.7C).
Neither cytokine release nor enzyme protein levels induced by LPS/IFNy were modified by anti-

CD200 blocking antibody or isotype pre-treatment (Fig. 1.7B,C).
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Figure 1.7. Anti-CD200 blocking antibody does not modify pro-inflammatory markers induced by LPS/IFNy
at the protein level. Primary mixed glial cultures were treated for 6 or 24 h with LPS/IFNy (L/I, 100 ng/mL LPS +
30 ng/mL IFNy) in the absence and in the presence of anti-CD200 blocking antibody or isotype (BIAb, Iso, 0.1
pg/mL, 30 minutes before L/I treatment). A NO2 accumulation was determined by the Griess method in culture
medium 24 h after treatment. B IL1[3, IL6 and TNFa release was determined in culture medium 6 and 24 h after
treatment. C Representative immunoblots of COX2 and iINOS protein levels 24 h after treatment. Data are
expressed as fold change to control (C) condition. Btubulin was used as loading control. Bars are means + SEM
of 4 - 6 independent experiments. *p<0.05, **p<0.01 and ***p<0.001 vs. C; one-way ANOVA (repeated measures)
and Newman-Keuls post-test.
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1.2 GLIAL CELL CULTURES FROM CD200-DEFICIENT MICE. EFFECT ON
GLIAL ACTIVATION

To further study the role of CD200-CD200R1 interaction in the response of glial cells to a pro-
inflammatory stimulus, we determined the expression of pro-inflammatory genes up-regulated by
LPS/IFNy and LPS in mixed glial cultures of CD200 knock-out mice and their corresponding wild-
type mice with the same genetic background.

We first confirmed that CD200 was not present in primary mixed glial cultures from CD200 knock-
out mice (Fig. 1.8A,B). We observed no differences in the cellular composition between cultures
from CD200 knock-out and wild-type mice: 75% astrocytes (GFAP-positive cells) and 25%
microglia (IBA1+CD68-positive cells) (Fig. 1.8C). LPS/IFNy and LPS treatment induced the
expression of all pro-inflammatory markers analysed (IL1B, IL6, TNFa, COX2, iNOS and
gp91phox (the catalytic subunit of NADPH oxidase)) in mixed glial cultures and surprisingly, no
differences were observed between CD200 +/+ and CD200 -/- cultures (Figs. 1.9A and 1.10A).
To study whether microglial cells from CD200 knock-out mice had a differential response to pro-
inflammatory stimuli, we determined the expression of pro-inflammatory molecules after inducing
microglial activation with LPS/IFNy in microglial cultures from CD200 knock-out and wild-type
mice. LPS/IFNy and LPS treatment induced the expression of all pro-inflammatory markers
analysed (IL1B, IL6, TNFa, COX2, iINOS and gp91phox). The increase in TNFa mRNA levels
induced by LPS/IFNy and the increases in TNFa, COX2 and IL10 mRNA levels induced by LPS
alone were significantly higher in CD200 -/- than in CD200 +/+ microglial cultures (Figs. 1.9B and
1.10B). We also determined the expression of 0.1 ng/mL IFNy-induced inflammatory molecules
in mixed glial and microglial cultures of CD200 -/- mice and no differences between CD200 -/-
and CD200 +/+ mice were obtained (data not shown).
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Figure 1.8. CD200 is not present in mixed glial cultures from CD200 -/- mice. Cell composition of mixed
glial cultures is the same in CD200 -/- and CD200 +/+ mice with the same genetic background. CD200-
immunocytochemistry (A) and genotyping (B) of CD200 +/+ and CD200 -/- primary mixed glial cultures. Scale bar:
50 um. C Cell composition of mixed glial cultures in CD200 +/+ and CD200 -/-. Bars are means + SEM of 3
independent experiments. p>0.05; two-way ANOVA (repeated measures).
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Figure 1.9. Pro-inflammatory response in mixed glial and microglial cultures from CD200-deficient mice
treated with LPS/IFNy. mRNA expression of inflammatory markers (IL18, IL6, TNFa, COX2, iNOS, gp91phox and
IL10) in primary mixed glial (A) and microglial (B) cultures from CD200 +/+ and CD200 -/- mice treated for 6 h with
LPS/IFNy (LI, 100 ng/mL LPS + 0.1 ng/mL IFNy). Rn18s and Bactin were used as reference genes. Bars are
means + SEM of 4 - 5 independent experiments. *p<0.05, **p<0.01 and **p<0.001 vs. CD200 +/+ control (C);
#p<0.05 vs. CD200 +/+ LI; two-way ANOVA (repeated measures) and Newman-Keuls post-test.
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Figure 1.10. Pro-inflammatory response in mixed glial and microglial cultures from CD200-deficient mice
treated with LPS alone. mRNA expression of inflammatory markers (IL13, IL6, TNFa, COX2, iINOS, gp91phox
and IL10) in primary mixed glial (A) and microglial (B) cultures from CD200 +/+ and CD200 -/- mice treated for 6 h
with 100 ng/mL LPS. Rn18s and Bactin were used as reference genes. Bars are means + SEM of 4 - 5 independent
experiments. *p<0.05, **p<0.01 and ***p<0.001 vs. CD200 +/+ control (C); #p<0.05 and ##p<0.01 vs. CD200 +/+
LPS; two-way ANOVA (repeated measures) and Newman-Keuls post-test.
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We then analysed the role of CD200-CD200R1 interaction in the anti-inflammatory response of
glial cells. To this end, mixed glial and microglial cultures from CD200 +/+ and CD200 -/- mice
were treated with 50 ng/mL IL4 for 24 h, and the mRNA expression of anti-inflammatory markers
(IL10, TGFB, Fizz1, Ym1 Argl and MR) was determined. Fizz1, Ym1, Argl and MR were induced
in mixed glial cultures and Argl and MR in microglial cultures after IL4 treatment. No differences
between CD200 +/+ and CD200 -/- cultures were found (Fig. 1.11).
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Figure 1.11. Anti-inflammatory response in mixed glial or microglial cultures from CD200-deficient mice
treated with IL4. mMRNA expression of anti-inflammatory markers (IL10, TGFB, IL1ra, Fizz1, Ym1 Argl and MR)
in primary mixed glial (A) and microglial (B) cultures from CD200 +/+ and CD200 -/- mice treated for 24 h with IL4
(50 ng/mL). Rn18s and Bactin were used as reference genes. Bars are means + SEM of 4 - 5 independent
*p<0.05, **p<0.01 and ***p<0.001 vs. control (C); two-way ANOVA (repeated measures) and

experiments.
Newman-Keuls post-test.
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RESULTS

1.3 EFFECT OF CD200-DEFICIENCY ON THE INDUCTION OF NEURONAL
DEATH

The effect of the absence of CD200 in the sensitivity of neuronal cells to neurotoxic stimuli was
investigated in vitro using primary mesencephalic neuron-glia cultures (Fig. 1.12). When
compared with cortical cultures, mesencephalic cultures are enriched in dopaminergic neurons,
the main neuronal cell type affected in PD (Fig. 1.13) (Chen, Oyarzabal, and Hong 2013).
Dopaminergic neuronal death was induced in primary mesencephalic cultures with the
parkinsonian toxins MPP+ or rotenone, and the role of CD200 in this neurodegeneration was
studied using CD200 knock-out mice.
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Figure 1.12. Characterisation of mesencephalic cultures. Representative immunocytochemistry and phase-
contrast images of cell populations in 10 DIV mesencephalic cultures. A Phase-contrast image. B Nuclei detected
with DAPI. C, E Neurons visualised by MAP2 immunostaining D,F Dopaminergic neurons visualised by TH
immunostaining. G Astrocytes visualised by GFAP immunostaining. H Microglia visualised by IBA1 + CD68
immunostaining. Scale bars: 100 um (A-D, G, H) and 50 um (E,F).

106



RESULTS

Figure 1.13. Primary
mesencephalic cultures
are enriched in
dopaminergic neurons
in  comparison  with
cortical cultures.
Immunohistochemistry of
TH (green) and MAP2
(red) in 10 DIV primary
murine mesencephalic
and cortical cultures.
Scale bar: 100 pm.

Mesencephalic
culture

Cortical
culture

We performed dose-response experiments in order to select working concentrations of MPP+
and rotenone that resulted in the selective death of dopaminergic neurons but maintained the
integrity of the rest of the neuronal network (Beck 1991). Mesencephalic neuronal cultures were
treated at 10 DIV for 24 h with MPP+ (0.1, 1, 5, 10 pM) or rotenone (0.1, 1, 5, 10 nM).
Immunocytochemistry of dopaminergic neurons revealed a minor decrease in the number of TH-
positive neurons and shortening of TH-positive nheuronal projections caused by 0.1 uM MPP+ and
0.1 nM rotenone, which was higher at 1 yM MPP+ and 1 nM rotenone. At these concentrations,
microtubule-associated protein (MAP)2 immunocytochemistry showed that the neuronal network
remained unaltered. In contrast, 5 and 10 uM MPP+ treatment and 5 and 10 nM rotenone
treatment induced a marked decrease in both the number of TH- and MAP2-positive neurons, as
well as shortening of TH- and MAP2-positive neuronal projections (Fig. 1.14). 1 yM MPP+ and 1
nM rotenone were used in subsequent studies.
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C

MPP+ (uM)

Figure 1.14. Effect of MPP+ and rotenone on neuronal integrity in primary mesencephalic cultures.
Immunocytochemistry of MAP2 (red) and TH (green) in control mesencephalic cultures (C), and 24 h after 0.1, 1,
5and 10 uM MPP+ or 0.1, 1, 5 and 10 nM rotenone (Rot) treatment. Scale bar: 100 pm.

We next studied whether CD200-CD200R1 disruption affected dopaminergic neuronal death
induced by parkinsonian neurotoxins. To this end, CD200 +/+ and CD200 -/- primary
mesencephalic cultures with the same genetic background were treated with MPP+ or rotenone
(Fig. 1.15A,B). Mesencephalic cultures from CD200 +/+ embryos were composed of 2.72% + 0.39
microglia, 4.14% + 1.13 of astrocytes and 93.14% + 1.5 of neurons, 0.20% + 0.02 of which were
dopaminergic neurons. In contrast, mesencephalic cultures from CD200 -/- embryos where
composed of 4.82% + 0.58 microglia, 4.31% * 1.13 of astrocytes and 90.87% + 0.41 of neurons,
0.18% + 0.02 of which were dopaminergic neurons. The percentage of IBA1 + CD68- positive
cells was significantly increased in CD200 -/- cultures compared to CD200 +/+ cultures (Fig.
1.15C). After MPP+ or rotenone treatment, no effect on neuronal network integrity was observed.

CD200 +/+ cultures showed a significant decrease (21.09%) in TH-positive neurons after 1 nM
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rotenone treatment whereas CD200 -/- cultures showed a significant decrease after 1 yM MPP+

(24.97%) and 1 nM rotenone (18.23%) treatment (Fig. 1.15D).
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Figure 1.15. MPP+- and rotenone-induced dopaminergic neurotoxicity in mesencephalic cultures. CD200-
immunocytochemistry (A) and genotyping (B) of CD200 +/+ and CD200 -/- primary mesencephalic cultures with
the same genetic background. Scale bar: 100 um. C Quantification of IBA1 + CD68 - positive cells (microglial cells).
Bars are means + SEM of 3 independent experiments. *p<0.05 vs. CD200 +/+; one-way ANOVA (repeated
measures) and Newman-Keuls post-test. D Percentage of TH-positive cells (dopaminergic neurons) in primary
mesencephalic cultures of CD200 -/- and CD200 +/+ mice with the same genetic background treated for 24 h with
1 uM MPP+ or 1 nM rotenone. Bars are means + SEM of 4 independent experiments. *p<0.05 and **p<0.01 vs.
each CD200 +/+; two-way ANOVA and Bonferroni post-test.
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2 Effect of MPP+ and rotenone on glial activation and on
CD200-CD200R1 system

Since reciprocal communication exists in the CNS between neuronal and glial cells, alterations in
neuronal function may affect glial function and vice versa. In fact, a possible role of glial activation
in the development of neuronal damage in neurodegenerative diseases has been repeatedly
proposed (Colonna and Butovsky 2017; Perry, Nicoll, and Holmes 2010) Consequently,
alterations in glial function due to exposure to neurotoxic compounds merit study, especially in
the context of neurodegenerative diseases in which such exposure is considered a risk factor.
The aim of the present work was, therefore, to characterize the effects of MPP+ and rotenone on
glial activation using primary mixed glial and microglial cultures. We determined the direct effect
of these neurotoxins on glial cell function, and also whether they could interfere with glial
activation induced by a classical pro-inflammatory stimulus, such as LPS/IFNy or by a classical
anti-inflammatory stimulus, such as IL4. The chapter “2.1 Pro-inflammatory response” is already
published (Rabaneda-Lombarte et al. 2018).

2.1 PRO-INFLAMMATORY RESPONSE

2.1.1 Effects of MPP+ and rotenone on glial cell viability

In a preliminary study, we performed dose-response experiments in order to select working
concentrations of MPP+ and rotenone that did not result in significant alterations in cell viability
after 24 h exposure. We evaluated glial cell viability after treating the mixed glial or the microglial
cultures with increasing concentrations of MPP+ (10, 25, 50 and 100 uM) or rotenone (20, 40,
100 and 150 nM), both in the absence and in the presence of LPS/IFNy (L/I, 100 ng/mL LPS +
0.1 ng/mL IFNy), using the MTT assay and PI staining. In mixed glial cell cultures, MPP+ induced
a concentration-dependent decrease in MTT reduction that was accentuated in the presence of
LPS/IFNy (Fig. 2.1A). On the contrary, no alterations in MTT reduction were observed in microglial
cell cultures treated with MPP+, either in the absence or presence of LPS/IFNy (Fig. 2.1B).
Rotenone-treated mixed glial cell cultures showed a significant decrease in MTT reduction from
100 nM rotenone. In the presence of LPS/IFNy, there was a significant decrease in MTT reduction
even at 20 nM rotenone (Fig. 2.1C). As in the case of MPP+ treatments, no alterations in MTT
reduction were observed in microglial cell cultures treated with rotenone or rotenone and
LPS/IFNy (Fig. 2.1D). To determine whether the decrease in MTT reduction in MPP+ and
rotenone-treated mixed glial cell cultures was due to a decrease in metabolic activity or to cell
death, PI staining was performed. Mixed glial cultures treated with 50 and 100 uM MPP+ showed

a significant increase in the percentage of Pl positive nuclei. This effect was accentuated in the

110



RESULTS

presence of LPS/IFNy, and a significant increase was also detected at 25 yM MPP+ (Fig. 2.1E).

No alterations in the percentage of Pl-positive nuclei were observed in microglial cultures treated

with MPP+ (Fig. 2.1F). In addition, no significant increases in the percentage of Pl-positive nuclei

were observed in rotenone-treated mixed glial cell cultures or microglial cultures (Fig. 2.1G,H),

with the only exception of cells treated with 100 uM rotenone and LPS/IFNy. Based on these

results, the concentrations of 10 and 25 yM MPP+ and 40 and 100 nM rotenone were selected

for subsequent studies. Representative images of the cultures in these experimental conditions

are shown in Figure 2.2, which corroborate the lack of toxic effect of the selected concentrations
of MPP+ (Fig. 2.2A) and rotenone (Fig. 2.2B).
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Figure 2.1. Effect of MPP+
and rotenone on glial cell
viability. A-D MPP+ and
rotenone induced alterations in
MTT reduction in primary glial
cultures. Effect of 10, 25, 50
and 100 yM MPP+ treatment
for 24 h on mixed glial cultures
(A) and microglial cultures (B),
both in the absence and the
presence of LPS/IFNy (L/I).
Effect of 20, 40, 100 and 150
nM rotenone (Rot) treatment for
24 h on mixed glial cultures (C)
and microglial cultures (D), both
in the absence and the
presence of L/I. E-H
Percentage of propidium iodide
(PI) positive nuclei in mixed glial
cultures (E) and microglial
cultures (F) treated for 24 h with
10, 25, 50 and 100 yM MPP+,
both in the absence and the
presence of LPS/IFNy (L/I).
Percentage of PI positive nuclei
in mixed glial cultures (G) and
microglial cultures (H) treated
for 24 h with 20, 40, 100 and
150 nM rotenone (Rot), both in
the absence and the presence
of L/I. Bars are means + SEM of

4 independent experiments.
*p<0.05, **p<0.01 and
***n<0.001 vs. control (C);
#p<0.05, ##p<0.01 and

###p<0.001 vs. L/I; &p<0.05 vs.
MPP+ or Rot alone; one-way
ANOVA (repeated measures)
and Newman-Keuls post-test.
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Figure 2.2. Phase contrast images of MPP+- and rotenone-treated primary glial cultures. Images show the
appearance of mixed glial cultures and microglial cultures treated for 24 h with 10 and 25 yM MPP+ (A) or 40 and
100 nM rotenone (Rot) (B), the working concentrations used in further studies. Bar = 200 pm.

2.1.2 MPP+ and rotenone induce alterations in the expression of pro-

inflammatory genes in LPS/IFNy-treated primary glial cultures

We next determined whether MPP+ and rotenone induced a pro-inflammatory phenotype in
primary glial cell cultures, as well as whether they had any effect on the development of the pro-
inflammatory response induced by LPS/IFNy. We determined the mRNA expression of the
cytokines IL1B, IL6 and TNFa and the enzymes iINOS, COX2 and gp91phox, as markers of a pro-
inflammatory response. MPP+ (Fig. 2.3) and rotenone (Fig. 2.4) treatment did not significantly
induce the mRNA expression of these pro-inflammatory markers in primary glial cell cultures,
although a trend towards increased expression was observed for some mRNASs, especially in
rotenone-treated mixed glial cultures. On the contrary, 6 h after LPS/IFNy treatment the mRNA
expression of all the pro-inflammatory markers tested was clearly induced (Figs. 2.3 and 2.4).
However, MPP+ and especially rotenone induced alterations in the pattern of expression of these
markers in LPS/IFNy treated cultures. When glial cell cultures were treated with LPS/IFNy in the
presence of MPP+, the induction of IL18 mRNA expression was significantly inhibited in mixed
glial and microglial cultures (Fig. 2.3A,B), while COX2 mRNA expression was further increased
in mixed glial cultures (Fig. 2.3A) and gp91phox mMRNA was induced in microglial cultures (Fig.
2.3B). More importantly, rotenone exposure significantly abrogated LPS/IFNy induction of the
MRNA expression of all pro-inflammatory markers in mixed glial cultures (Fig. 2.4A), as well as
IL1B, IL6 and COX2 mRNA expression in microglial cultures (Fig. 2.4B).
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Figure 2.3. Effect of MPP+ treatment on the mRNA expression of pro-inflammatory markers. mRNA
expression of pro-inflammatory cytokines (IL-18, IL-6 and TNFa) and enzymes (iNOS, COX2, gp91phox) in primary
mixed glial cultures (A) and microglial cultures (B) treated for 6 h with 10 and 25 yM MPP+, both in the absence
and the presence of LPS/IFNy (L/I). Rn18s and Bactin were used as reference genes. Bars are means + SEM of
4 independent experiments. **p<0.01 and ***p<0.001 vs. C; #p<0.05, ##p<0.01 and ###p<0.001 vs. L/I; one-way
ANOVA and Newman-Keuls post-test. $p<0.05 MPP+ alone vs. C, one-way ANOVA and Newman-Keuls post-test
only considering the L/I-free groups. This latter analysis was performed to detect whether the high values observed
in the L/l group may hinder the detection of statistical significance of the effects of MPP+ and Rot alone.
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Figure 2.4. Effect of rotenone treatment on the mRNA expression of pro-inflammatory markers. mRNA
expression of pro-inflammatory cytokines (IL-1B, IL-6 and TNFa) and enzymes (iNOS, COX-2, gp91phox) in
primary mixed glial cultures (A) and microglial cultures (B) treated for 6 h with 40 and 100 nM rotenone (Rot), both
in the absence and the presence of LPS/IFNy (L/I). Rn18s and Bactin were used as reference genes. Bars are
means + SEM of 4 independent experiments. *p<0.5, **p<0.01 and ***p<0.001 vs. control (C); #p<0.05, ##p<0.01
and ###p<0.001 vs. L/I; one-way ANOVA and Newman-Keuls post-test.
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2.1.3 MPP+ and rotenone inhibit LPS/IFNy-induced NO and pro-inflammatory

cytokine production in primary glial cultures

We also analysed the effect of MPP+ and rotenone on NO, IL13, IL6 and TNFa release into the
culture medium. MPP+ alone induced a decrease in NO production and an increase in IL6 release
into the culture medium in mixed glial cell cultures 24 h after treatment (Fig. 2.5A). The latter effect
was also observed in MPP+-treated microglial cultures (Fig. 2.5B), as well as in rotenone-treated
mixed glial (Fig. 2.5C) and microglial cultures (Fig. 2.5D). LPS/IFNy-treatment clearly increased
NO production in mixed glial cultures, and MPP+ (25 pM) and rotenone (40 and 100 nM)
significantly inhibited this effect (Fig. 2.5A,C). Significant NO production was not detected in
microglial cultures treated with LPS/IFNy for 24 h (Fig. 2.5B,D). However, an increase in NO
production was observed when microglial cultures were treated with LPS/IFNy for 48 h, but MPP+
and rotenone did not modify this effect (data not shown). With regards to cytokine release,
LPS/IFNy-treatment resulted in drastic increases in IL183, IL6 and TNFa levels in mixed glial (Fig.
5A,C) and microglial (Fig. 2.5B,D) cultures. MPP+ exposure (25 uM) significantly inhibited
LPS/IFNy-induced release of IL13 and IL6, but not TNFa, in mixed glia (Fig. 2.5A), while it had
no significant effect on the production of these cytokines in microglial cell cultures (Fig. 2.5B).
Interestingly, rotenone (40 and 100 nM) significantly inhibited IL183, IL6 and TNFa release induced
by LPS/IFNy in both mixed glial (Fig. 2.5C) and microglial cultures (Fig. 2.5D).
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Figure 2.5. NO and pro-inflammatory cytokine production in primary glial cell cultures treated with MPP+
and rotenone. NO production was estimated from NO, accumulation by the Griess method and IL18, IL6 and
TNFa levels were determined by ELISA in the culture medium of MPP+-treated mixed glial (A) and microglial (B)
cultures, and rotenone (Rot)-treated mixed glial (C) and microglial (D) cultures. The cell cultures were treated with
10 and 25 pM MPP+ or 40 and 100 nM Rot for 24 h, in the absence or in the presence of LPS/IFNy (L/I). Bars are
means + SEM of 4 independent experiments. *p<0.5, **p<0.01 and ***p<0.001 vs. control (C); #p<0.05, ##p<0.01
and ###p<0.001 vs. L/l; one-way ANOVA and Newman-Keuls post-test. $p<0.05, $$p<0.01 and $$$p<0.001
MPP+ and Rot alone vs. C, one-way ANOVA and Newman-Keuls post-test only considering the L/I-free groups.
This latter analysis was performed to detect whether the high values observed in the L/I group may hinder the
detection of statistical significance of the effects of MPP+ and Rot alone.

2.1.4 MPP+ and rotenone treatment inhibit the phagocytic activity of microglial

cells

We then evaluated whether MPP+ and rotenone modify the phagocytic activity of microglial cells,
another important parameter used to characterize the microglial activation phenotype. Both MPP+

and rotenone treatment showed a tendency to decrease the percentage of phagocytic microglial
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cells that was statistically significant when the cells were also treated with LPS/IFNy (Fig. 2.6A).
In addition, MPP+ and rotenone treatment resulted in a significant increase in the percentage of
microglial cells showing low phagocytic activity (number of microspheres per cell equal or lower
than control) and a subsequent significant decrease in the percentage of cells showing high
phagocytic activity (number of microspheres per cell higher than control) (Fig. 2.6B). These effects
were accentuated in the presence of LPS/IFNy.
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Figure 2.6. Effect of MPP+ and rotenone treatment on microglial cell phagocytosis in primary microglial
cell cultures. Phagocytic activity was evaluated through the ingestion of fluorescent microspheres after treating
the cell cultures with 10 and 25 uM MPP+ or 40 and 100 nM rotenone (Rot) for 24 h, in the absence and in the
presence of LPS/IFNy (L/1). Internalization of microspheres was quantified after immunofluorescence labelling of
microglial cells using an anti-IBA1 antibody. A Percentage of cells with microspheres. Bars are means + SEM of 4
independent experiments. *p<0.05 and **p<0.01 vs. control (C); one-way ANOVA and Newman -Keuls post-test.
B Percentage of cells with low phagocytic activity (number of microspheres/cell equal < C) and cells with high
phagocytic activity (number of microspheres/cell > C). Bars are means + SEM of 4 independent experiments.
*p<0.05 and **p<0.01 vs. corresponding C; #p<0.05 and ##p<0.01 vs. low-phagocytic cells; two-way ANOVA and
Bonferroni post-test.

2.1.5 Intracellular ATP levels are decreased by MPP+ and rotenone in the

absence or presence of LPS/IFNy in glial cell cultures

In an attempt to better characterize the metabolic status of the cells, we determined the
intracellular ATP levels in response to MPP+, rotenone and LPS/IFNy treatments. In general,
intracellular ATP levels were modified in mixed glial cultures in our MPP+ and rotenone
experimental models (p<0.001, one-way ANOVA) (Fig. 2.7). In particular, ATP levels were
significantly decreased after 25 yM MPP+ treatment (Fig. 2.7A). On the contrary, a significant
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increase in ATP levels was detected in LPS/IFNy-treated mixed glial cultures, which was
abrogated in the presence of MPP+ and rotenone (Fig. 2.7A,B). ATP levels were also modified in
microglial cultures in the MPP+ and rotenone experimental models (p<0.05, one-way ANOVA),

but to a lesser extent than in mixed glial cultures (Fig. 2.7C,D).

Figure 2.7. ATP levels in primary
glial cell cultures treated with
MPP+ or rotenone. Intracellular ATP
levels were determined in mixed glial
cultures and microglial cultures
treated with 10 and 25 yM MPP+ (A
and B) or 40 and 100 nM rotenone
(Rot) (C and D) for 24 h, in the
absence and in the presence of
LPS/IFNy (L/l). Bars are means +
SEM of 5 independent experiments.
*p<0.5, **p<0.01 and ***p<0.001 vs.
control ©); ##p<0.01 and
###p<0.001 vs. L/I; one-way ANOVA
and Newman-Keuls post-test.
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2.1.6 Metabolic changes in LPS/IFNy-treated glial cultures: effect of MPP+ and

rotenone

In immune cells, the development of specific immune responses is associated with specific
metabolic changes. Increased glycolysis and potentiation of the pentose phosphate pathway,
together with the inhibition of oxidative phosphorylation has been reported for immune cells
showing a pro-inflammatory phenotype. We checked whether this was the case in our glial
cultures treated with LPS/IFNy and whether MPP+ and rotenone were able to modify it. We
determined the mMRNA expression of genes encoding critical proteins for the switch to glycolysis:
glucose transporter (Glut) 1 (glucose entrance into the cell), key glycolytic enzymes such as
hexokinase (Hk)1 (glycolysis initial rate limiting step) and phosphofructokinase (PFK)1 (master
regulator of glycolysis), the glycolysis activator hypoxia-inducible factor (Hif)1a and Carkl,
involved in the control of the pentose phosphate pathway. In microglial cell cultures, MPP+ and
rotenone alone did not modify per se the expression of these genes (Fig. 2.8). On the contrary,
as expected, LPS/IFNy treatment induced an increase in their expression (Fig. 2.8), with the
exception of Carkl mRNA (Fig. 2.81,J), which showed a decrease. MPP+ treatment further
increased LPS/IFNy-induced Glutl mRNA expression (Fig. 2.8A), while rotenone inhibited
LPS/IFNy-induced Pfk1 (Fig. 2.8F) and Hif1a (Fig. 2.8H) mRNA expression. We also evaluated
the expression of these mRNAs in mixed glial cultures. MPP+ and rotenone alone increased Glutl
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mRNA (Fig. 2.9A,B), MPP+ and Hifla mRNA expression (Fig. 2.9G). LPS/IFNy treatment
inhibited the expression of the glycolytic genes Glut 1 (Fig. 2.9A,B), Hk1 (Fig. 2.9C,D) and Pfk1
(Fig. 2.9E,F), as well as Carkl mRNA expression (Fig. 2.91,J), and increased the expression of
Hif1a (Fig. 2.9G,H). Rotenone inhibited LPS/IFNy-induced Hifta mRNA expression (Fig. 2.9H).
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Figure 2.9. Effect of MPP+ and
rotenone treatment on the
expression of genes involved in
the control of glycolysis in mixed
glial cell cultures. mMRNA
expression of the glucose transporter
Glutl (A and B) and the glycolytic
enzymes Hk1 (C and D) and Pfk1 (E
and F), as well as Hif1a (G and H)
and Carkl (I and J). Primary mixed
glial cultures were treated for 6 h with
10 and 25 yM MPP+ or 40 and 100
nM rotenone (Rot), both in the
absence and the presence of
LPS/IFNy (L/). Rn18s and Bactin
were used as reference genes. Bars
are means + SEM of 4 independent
experiments. *p<0.05, **p<0.01 and
***p<0.001 vs. control (C); #p<0.05
vs. L/l; one-way ANOVA and
Newman-Keuls post-test.
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2.2 ANTI-INFLAMMATORY RESPONSE

After having shown that MPP+ and rotenone impair the pro-inflammatory response of glial cells,
we were interested to study whether these parkinsonian neurotoxins also disturb the glial anti-
inflammatory response. To this end, we determined the effects of MPP+ and rotenone exposure

on the response of primary glial cell cultures to the anti-inflammatory cytokine IL4.

2.2.1 Effects of MPP+, rotenone and IL4 on glial cell viability

We first evaluated whether the treatment of glial cells with MPP+ or rotenone in the presence of
IL4 could result in alterations in cell viability. We treated mixed glial cultures and microglial
cultures with the same concentrations of MPP+ (10, 25 uM) and rotenone (40, 100 nM) used in
the pro-inflammatory study, but in this case in the absence and in the presence of 50 ng/mL IL4.
We evaluated glial cell viability using the MTT assay and PI staining. In mixed glial cell cultures,
MPP+ induced a decrease in MTT reduction at 24 h of treatment, in the absence and presence
of IL4 (Fig. 2.10A). On the contrary, a tendency to increase MTT reduction was observed in
microglial cell cultures treated with MPP+ in the absence or presence of IL4 (Fig. 2.10B).
Rotenone-treated mixed glial cell cultures showed a significant decrease in MTT reduction in the
absence and presence of IL4 at 24 h of treatment (Fig. 2.10C). An increase in MTT reduction was

observed in microglial cell cultures treated for 24 h with rotenone or rotenone plus IL4 (Fig. 2.10D).

Figure 2.10. MPP+ and rotenone
B MPP+ - Microglia

A MPP+ - Mixed glia induce alterations in MTT reduction

in primary glial cultures. Effect of 10
and 25 yM MPP+ treatment for 24 h
on mixed glial cultures (A) and
microglial cultures (B), both in the
absence and the presence of IL4.
Effect of 40 and 100 nM rotenone
(Rot) treatment for 24 h on mixed glial
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According to PI labelling, no cell death was observed after treatments in mixed or microglial cell
cultures (Fig. 2.11A-D). To determine whether the increase in MTT reduction in MPP+ and

rotenone-treated microglial cell cultures was due to an increase in cell number, Hoechst positive
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nuclei were counted. The results showed no differences in cell number among experimental
conditions (Fig. 2.11E,F).

A MPP+ - Mixed lia B Figure 2.11. Effect of MPP+ and
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2.2.2 MPP+ and rotenone induce alterations in the expression of anti-

inflammatory genes in IL4-treated primary glial cultures

We then evaluated the effect of MPP+ and rotenone on the expression of anti-inflammatory
markers in primary mixed glial cultures and microglial cultures in the presence or the absence of
IL4. As markers of an anti-inflammatory response, we determined the mRNA expression of IL10,
TGFB, IL1P receptor antagonist (IL1ra), Fizz1, MR, Arg1 and Ym1.

After 24 h of treatment, MPP+-treated mixed glial cultures (Fig. 2.12A) showed a decrease in
IL10, TGFB, IL1ra and MR mRNA expression. In contrast, MPP+-treated microglial cultures (Fig.
2.12B) showed a decrease in IL10 and MR mRNA expression but an increase in IL1ra mRNA.
Regarding rotenone treatment, this neurotoxin induced a decrease in IL10 mRNA expression in
mixed glial cultures (Fig. 2.13A), but no effects were observed in microglial cultures. After IL4

treatment, the mRNA expression of most of the anti-inflammatory markers analysed was markedly
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induced in mixed glial and microglial cultures (Figs. 2.12 and 2.13). Both neurotoxins, especially
MPP+, induced alterations in the pattern of expression of these markers in IL4-treated cultures.
Specifically, in mixed glial cell cultures, all the IL4-induced mRNA expression of anti-inflammatory
markers were significantly inhibited by MPP+ and rotenone (Figs. 2.12A and 2.13A). In contrast,
in microglial cultures, MPP+ treatment only inhibited the IL4 induction of Fizz1 and MR mRNA
expression (Fig. 2.12B) and both MPP+ and rotenone treatment potentiated IL4-induced IL1ra
MRNA expression (Fig. 2.13B).
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A

Figure 2.12. Effect of MPP+ treatment on mRNA expression of anti-inflammatory markers in glial cultures.
mRNA expression of IL10, TGF, IL1ra, Fizz1, MR, Arg1, Ym1 in primary mixed glial cultures (A) and microglial
cultures (B) treated for 24 h with 10 and 25 uM MPP+, both in the absence and the presence of IL4. Rn18s and
Bactin were used as reference genes. Bars are means + SEM of 4 independent experiments. *p<0.05, **p<0.01
and ***p<0.001 vs. control (C); #p<0.05, ##p<0.01 and ###p<0.001 vs. IL4; one-way ANOVA and Newman-Keuls
post-test. &p<0.05, &&p<0.01 and &&&p<0.001 MPP+ alone vs. C; one-way ANOVA and Newman-Keuls post-

test.
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Figure 2.13. Effect of rotenone treatment on mRNA expression of anti-inflammatory markers in glial

cultures. mRNA expression of IL10, TGFB, IL1ra, Fizz1, MR, Arg1, Ym1 in primary mixed glial cultures (A) and

microglial cultures (B) treated for 24 h with 40 and 100 nM rotenone (Rot), both in the absence and the presence

of IL4. Rn18s and Bactin were used as reference genes. Bars are means + SEM of 4 independent experiments.

*p<0.5, **p<0.01 and ***p<0.001 vs. control (C); #p<0.05, ##p<0.01 and ###p<0.001 vs. IL4; one-way ANOVA and
Newman-Keuls post-test. &&&p<0.001 MPP+ alone vs. C, one-way ANOVA and Newman-Keuls post-test.
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2.2.3 MPP+ and rotenone inhibit IL4-induced expression of anti-inflammatory

enzymes in primary glial cultures

We also analysed the protein levels of MR and Argl after MPP+ and rotenone treatment in the
presence or absence of IL4 in primary glial cultures. After 24 h of treatment, MPP+ and rotenone
did not modify protein levels of ARG1 and MR in mixed glial cultures. On the contrary, IL4
treatment induced both ARG1 and MR protein expression, which was inhibited by MPP+ (Fig.
2.14A) and rotenone (Fig. 2.14B). When treating microglial cells with MPP+ or rotenone, no effect
was observed on ARG1 and MR protein levels. Induction of the expression of these two proteins
was observed following IL4 treatment, and MPP+ (Fig. 2.14C), but not rotenone (Fig. 2.14D),

prevented this effect.
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Figure 2.14. Effect of MPP+ and rotenone on IL4-induced ARG1 and MR protein expression in glial cultures.
ARG1 and MR protein levels were determined by western blot in mixed glial (A,B) and microglial cultures (C,D)
treated for 24 h with MPP+ (10 or 25 uM) (A,C) or rotenone (Rot) (40 or 100 nM) (B,D), in the absence and the
presence of IL4. Results are presented as fold change to control condition (C). Representative immunoblots are
shown. Bactin was used as loading control. Bars are means + SEM of 4 independent experiments. *p<0.05,
**p<0.01 and ***p<0.001 vs. C; #p<0.05, ##p<0.01 and ###p<0.001 vs. IL4; one-way ANOVA and Newman-Keuls

post-test.

2.2.4 MPP+ and rotenone inhibit the phagocytic activity of microglial cells

We then evaluated whether MPP+ and rotenone modified the phagocytic activity of microglial
cells in the presence of IL4. As observed in the study of the pro-inflammatory response, both
MPP+ and rotenone treatment alone showed a tendency to decrease the percentage of
phagocytic microglial cells. In the case of MPP+, this tendency was statistically significant in the
presence of IL4 (Fig. 2.15A). When classifying the phagocytic cells as cells showing low- or high-
phagocytic activity, both MPP+ and rotenone treatment decreased the percentage of cells
showing high phagocytic activity (number of microspheres per cell higher than control) and
increased the percentage of microglial cells showing low phagocytic activity (number of
microspheres per cell lower than control; Fig. 2.15B). These effects were also observed after IL4
treatment, but no additive effect was observed in microglial cultures treated with MPP+ or

rotenone in the presence of IL4.
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Figure 2.15. Effect of MPP+ and rotenone treatment on microglial cell phagocytosis in the absence or
presence of IL4. Cell cultures were treated with 10 and 25 yM MPP+ or 40 and 100 nM rotenone (Rot) for 24 h,
in the absence and in the presence of IL4 and the phagocytosis of fluorescent microspheres by microglial cells
was quantified after the IBAl-immunofluorescence. A Percentage of cells with microspheres. Bars are means +
SEM of 4 independent experiments. *p<0.05 vs. control (C); one-way ANOVA (repeated measures) and Newman-
Keuls post-test. B Percentage of cells with low phagocytic activity (number of microspheres/cell < C) and cells with
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high phagocytic activity (number of microspheres/cells > C). Bars are means + SEM of 5 independent experiments.
*p<0.05, **p<0.01 and ***p<0.001 vs. corresponding C; ##p<0.01 and ###p < 0.001 vs. low-phagocytic cells; two-
way ANOVA and Bonferroni post-test.

2.2.5 MPP+ and rotenone decrease intracellular ATP levels in glial cell cultures

As MPP+ and rotenone are inhibitors of the mitochondrial respiratory chain and given that IL4
increases oxidative phosphorylation, we determined whether ATP production was modified in glial
cells under our experimental conditions. In general, intracellular ATP levels tended to decrease
in MPP+- and rotenone-treated cultures (Fig. 2.16), with this decrease being statistically
significant in the mixed glial cells treated with the higher concentration of MPP+ (Fig. 2.16A). By
contrast, ATP levels were significantly increased in IL4-treated mixed glial cell cultures (Fig.
2.16A,B). However, this increase was significantly abrogated by 10 and 25 yM MPP+ and 100
nM rotenone (Fig. 2.16A,B). ATP levels were not significantly affected in the microglial cultures,
although ATP levels tended to decrease in response to MPP+ or rotenone exposure (Fig.
2.16C,D).
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Figure 2.16. ATP levels in primary glial cell cultures treated with IL4, MPP+ and rotenone. Intracellular ATP
levels were determined in mixed glial cultures and microglial cultures treated with 10 and 25 yM MPP+ (A and B)
or 40 and 100 nM rotenone (Rot) (C and D) for 24 h, in the absence and in the presence of IL4. Bars are means
+ SEM of 5 independent experiments. *p<0.5 and **p<0.01 vs. control (C); ##p<0.01 and ###p<0.001 vs. IL4; one-
way ANOVA and Newman-Keuls post-test.
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2.2.6 Metabolic changes in IL4-treated glial cultures: effect of MPP+ and

rotenone

Macrophages/microglia developing a pro-inflammatory phenotype switch to glycolysis to obtain
energy supply, where lactate production from pyruvate and the pentose phosphate pathway are
potentiated. On the contrary, when displaying an anti-inflammatory phenotype these cells
increase oxidative phosphorylation. However, MPP+ and rotenone inhibit complex | of the
mitochondrial respiratory chain, and the ATP production by this metabolic pathway is
compromised. In order to obtain some clues about how glial cells may adapt their cellular
metabolism to be able to respond to IL4 in the presence of MPP+ or rotenone, we determined the
MRNA expression of several genes encoding critical proteins for the glycolytic or the oxidative
pathways. We focused on a) molecules critical for reprogramming in M1 and M2 polarisation,
such as PGC1p3, a regulator of beta-oxidation and oxidative phosphorylation, and CARKL,
involved in the control of the pentose phosphate pathway, and b) molecules playing a central role
in glycolysis, such as the glucose transporter GLUT1 (glucose entrance into the cell), the
glycolytic enzyme phosphofructokinase PFKP (one of the most important regulatory enzymes of
the glycolysis) and the glycolysis activator HIF1a. Pgc1B mRNA was significantly increased in
microglial cultures stimulated with IL4 in the presence of MPP+, and a trend to increase was
observed in microglial cultures treated with I1L4, both in the absence and in the presence of
rotenone (Fig. 2.17A,B). Carkl mRNA was not modified in our experimental conditions (Fig.
2.17C,D). As regards the expression molecules involved in glycolysis, we detected an increase
in Glutl mRNA expression in microglial cells treated with MPP+ or IL4, and a further increase in
cells treated with IL4 in the presence of MPP+ (Fig. 2.17E,F). An increase in Pfkp mRNA levels
was also observed in cultures treated with IL4 in the presence of MPP+ (Fig. 2.17G,H). Microglial
cells treated with MPP+ showed a trend to increased Hiftfa mRNA levels (Fig. 2.171,J). Alterations
in the expression of these metabolic enzymes were much more apparent in mixed glial cultures
(Fig. 1.18), mainly after MPP+-treatment. Thus, Pgc1 (Fig. 2.18A,B) and Carkl mRNAs (Fig.
1.18C,D) were significantly decreased in MPP+-treated mixed glia, both in the absence and the
presence of IL4. Carkl MRNA expression was also inhibited by rotenone in IL4-treated mixed glial
cultures (Fig. 2.18C,D). A trend to decreased Pfkp mRNA levels was observed in all the
experimental conditions (Fig. 2.18G,H). On the contrary, MPP+ increased Glutl mRNA (Fig.
2.18E,F) expression in mixed glia, and this effect was potentiated in the presence of IL4. No
alterations were detected in Hiftfa mRNA levels (Fig. 2.18l,J).
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Figure 2.17. Effects of MPP+
and rotenone on the
expression of genes
involved in the control of
energy metabolism in
microglial  cell  cultures.
mRNA expression of Pgc1 (A
and B), Carkl (C and D),
glucose transporter (Glutl) (E
and F), the glycolytic enzyme
Pfkp (G and H), as well as
Hifta (I and J). Cell cultures
were treated for 24 h with 10
and 25 yM MPP+ or 40 and
100 nM rotenone (Rot), both in
the absence and the presence
of IL4 (50 ng/mL). Rn18s and
Bactin were used as reference
genes. Bars are means + SEM
of 4 independent experiments.
*p<0.05, **p<0.01 and
***n<0.001 vs. control (C);
##p<0.01 and ###p<0.001 vs.
IL4; one-way ANOVA and
Newman-Keuls post-test.
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Figure 2.18. Effects of MPP+

and rotenone on the
expression of genes
involved in the control of

energy metabolism in mixed
glial cell cultures. mMRNA
expression of Pgc1f (A and
B), Carkl (C and D), glucose
transporter (Glutl) (E and F),
the glycolytic enzyme Pfkp (G
and H), as well as Hif1a (l and
J). Cell cultures were treated
for 24 h with 10 and 25 pM
MPP+ or 40 and 100 nM
rotenone (Rot), both in the
absence and the presence of
IL4 (50 ng/mL). Rn18s and
Bactin were used as reference
genes. Bars are means + SEM
of 4 independent experiments.
**p<0.01 and ***p<0.001 vs.
control (C); ##p<0.01 and
###p<0.001 vs. IL4; one-way
ANOVA and Newman-Keuls
post-test.
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2.3 EFFECT OF MPP+ AND ROTENONE ON THE CD200-CD200R1 SYSTEM
IN THE ABSENCE AND PRESENCE OF A PRO- OR ANTI-
INFLAMMATORY STIMULUS

As the CD200-CD200R1 system is involved in the control of the inflammatory response of
microglial cells, we also studied the effect of MPP+ and rotenone on CD200R1, CD200full and

CD200tr mRNA expression on glial cultures.

In mixed glial cultures, the CD200R1 mRNA expression was not modified 6 h after MPP+
treatment (Fig 2.19A), but it was decreased 6 h after rotenone exposure (Fig 2.19B). The mRNA
expression levels from both astrocytic forms of CD200 (full and tr) showed a decrease 6 h after
exposure to MPP+ (Fig 2.19A), whereas rotenone at 6 h produced a reduction on CD200tr mRNA
expression (Fig 2.19B). In microglial cultures, there was an increase in CD200R1 expression 6 h
after MPP+ or rotenone treatment (Fig 2.19). Six hours after LPS/IFNy treatment, the CD200R1
and CD200full mRNA expression were decreased whereas the CD200tr mRNA expression was
increased in mixed glial cells, and the CD200R1 mRNA was also decreased in microglial cultures
(Fig 2.19). Co-treatment of MPP+ or rotenone with LPS/IFNy did not modify the effect of LPS/IFNy
treatment (Fig 2.19).

When analysing the mRNA expression at 24 h, MPP+ decreased the CD200R1 mRNA levels (Fig
2.20A) in mixed glial cultures, but rotenone had no effect (Fig 2.20B). CD200full and CD200tr
MRNA levels showed a decrease 24 h after both MPP+ and rotenone treatment in mixed glial
cultures (Fig 2.20). IL4 induced an increase in CD200R1 and a decrease in CD200full and
CD200tr mRNA expression (Fig 2.20). MPP+ inhibited the CD200R1 mRNA expression induced
by IL4 (Fig. 2.20A). In microglial cell cultures, an increase in CD200R1 mRNA expression after

rotenone plus IL4 treatment was observed (Fig. 2.20B).
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Figure 2.19. Effect of 6 h MPP+, rotenone and L/l treatment on the CD200 and CD200R1 mRNA expression
in glial cultures. The mRNA expression of CD200R1, CD200full and CD200tr in primary mixed glial cultures and
microglial cultures treated for 6 h with 10 and 20 uM MPP+ (A) or 40 and 100 nM rotenone (Rot) (B), both in the
absence and the presence of LPS/IFNy (L/l). Rn18s and Bactin were used as reference genes. Bars are means +
SEM of four independent experiments. *p<0.5, **p<0.01 and ***p<0.001 vs control (C); #p<0.05, ##p<0.01 and
###p<0.001 vs L/I; one-way ANOVA and Newman-Keuls post-test.
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Figure 2.20. Effect of 24 h MPP+, rotenone and IL4 treatment on the CD200 and CD200R1 mRNA expression
in glial cultures. The mRNA expression of CD200R1, CD200full and CD200tr in primary mixed glial cultures and
microglial cultures treated for 24 h with 10 and 20 uM MPP+ (A) or 40 and 100 nM rotenone (Rot) (B), both in the
absence and the presence of IL4. Rn18s and Bactin were used as reference genes. Bars are means + SEM of four
independent experiments. *p<0.5, **p<0.01 and ***p<0.001 vs control (C); #p<0.05, ##p<0.01 and ###p<0.001 vs
IL4; one-way ANOVA and Newman-Keuls post-test.
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3 Evaluation of the effect of CD200-CD200R1

modulation in the MPTP mouse model of PD

We studied the involvement of the CD200-CD200R1 system in the development of
neurodegeneration in a mouse model of PD, the acute MPTP model. We first characterized the
temporal pattern of dopaminergic neuronal death and neuroinflammation and the change in
CD200 and CD200R1 expression occurring after MPTP administration. Then, we evaluated the
involvement of the CD200-CD200R1 system using two different approaches: the potentiation of
CD200R1 signalling with a CD200R1 agonist and the disruption of CD200-CD200R1 function
using CD200 knock-out mice.

3.1 CHARACTERIZATION OF THE MPTP EXPERIMENTAL MODEL OF PD.
ALTERATIONS IN CD200 AND CD200R1 EXPRESSION

Adult male C57BL6NCrl mice (Charles River, Lyon, France) were administered with saline or
MPTP and killed at 2 hours, 1, 2, 4 and 7 days after the last MPTP injection (Jackson-Lewis and
Przedborski 2007) (n = 8 mice per group) (Fig. 3.1A). We chose 7 days as the last time point
because it has been previously reported that loss of dopaminergic cell bodies in the SNpc is stable
at this time (Jackson-Lewis et al. 1995). Dopaminergic neurodegeneration and glial reactivity in
the striatum and SNpc, as well as the expression of inflammatory mediators in the striatum, ventral
midbrain and cerebral cortex were analysed. We determined the correlation between these

phenomena and the pattern of CD200 and CD200R1 expression.

Only 1 mouse out of a total of 40 died after MPTP administration (2.5%). The extent of striatal
dopaminergic denervation induced by MPTP administration was measured by optical
densitometry of striatal TH-positive fibers, and the total number of TH-positive SNpc neurons was
determined by stereological cell counts of SNpc TH-positive cells, as previously described
(Recasens et al. 2014). Saline-injected controls showed abundant TH-positive terminals in the
striatum and a dense network of cell bodies and fibers in the SNpc. Administration of MPTP led
to a gradual reduction in striatal dopaminergic terminals and dopaminergic neurons in SNpc,
starting at 2 hours and 2 days after the MPTP challenge, respectively (Fig. 3.1B,C). At day 2 after
MPTP administration, mice exhibited a dramatic 73% reduction in striatal dopaminergic terminals,
which were reduced by 79% at day 7 (Fig. 3.1B). In the SNpc, MPTP induced a 41% and 54% of

dopaminergic neuronal loss at day 2 and 7, respectively (Fig. 3.1C).

Microglial (IBAl-immunolabelling) and astroglial (GFAP-immunolabelling) activation was
observed throughout the striatum (Fig. 3.1D) and SNpc (Fig. 3.1E) in MPTP-injected mice as
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increased number of positive cells, hypertrophied morphology and intensified IBA1 or GFAP
staining. Although SNpc was the main area of the SN where glial activation was induced by MPTP
administration, the entire SN displayed glial activation. Microglia displayed a reactive phenotype
as early as 2 hours post-MPTP in the striatum and from day 1 after treatment in the SNpc. In
contrast, astroglial reactivity was not evident until day 1 after treatment in both striatum and SNpc.
In addition, microglial activation was more intense than astroglial activation in the SNpc at day 1
after MPTP administration. Microglial activation peaked at day 1 - 2 after MPTP injection in the
striatum and day 2 - 4 after MPTP injection in the SNpc. Astroglial activation peaked at day 2 - 4
after MPTP injection in the striatum and SNpc. Both microglia and astroglial activation were

attenuated, but still remained higher than in controls, at day 7 after MPTP treatment.
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Figure 3.1. Loss of striatal dopaminergic fibers and dopaminergic neurons in the SNpc after MPTP
administration is accompanied by microglial and astroglial reactivity. A Experimental design. Mice were
injected intraperitoneally with saline or MPTP (20 mg/kg) every 2 hours for a total of 4 doses in one day. Animals
were killed at 2 h, 1, 2, 4, and 7 days after the last injection. Right hemispheres were fixed for
immunohistochemistry (IHC) and left hemispheres were processed for gene expression analysis (RNA). B Optical
densitometry of striatal TH-positive dopaminergic fibers. C Stereological cell counts of dopaminergic neurons in
SNpc. Bars are means + SEM of 7 - 8 mice per group. **p<0.01 and ***p<0.001 vs. saline; one-way ANOVA and
Newman-Keuls post-test. D Representative photomicrographs of TH-, IBA1- and GFAP-immunostained striatum
of control mice administered with saline and MPTP-injected mice killed at the indicated time points after MPTP
injections. Scale bars: 500 ym (TH), 100 um (IBAl, GFAP) and 50 pm in the insets. E Representative
photomicrographs of TH-, IBA1- and GFAP-immunostained SNpc of control mice administered with saline and
MPTP-injected mice at the indicated time points after MPTP injection. Scale bars: 200 um (TH, IBA1, GFAP) and
50 um in the insets (IBA1, GFAP).

To better characterize the neurodegeneration and neuroinflammation observed, mRNA levels of
pro-inflammatory cytokines (IL183, IL6 and TNFa) and enzymes (COX2, iNOS and gp91phox)
were measured in the striatum, ventral midbrain and cerebral cortex of the same saline- and
MPTP-injected mice in which TH-, IBA1- and GFAP-immunostaining were analysed. We also
determined the mRNA expression of anti-inflammatory cytokines (IL10, TGF(), enzymes (Argl),
receptors (MR) and transcription factors (nuclear factor erythroid 2-related factor (Nrf2)). Glial-

specific markers (Gfap, Ibal, CD11b) were also determined.

Pro-inflammatory cytokine mRNA levels in the striatum showed two peaks after MPTP
administration: TNFa mRNA increased as early as 2 hours, whereas IL13 and IL6 mRNAs were
not increased until day 4 (Fig. 3.2A). In contrast, ventral midbrain mRNA levels of the three
cytokines increased between 2 hours and 1 day. In the cerebral cortex no significant changes in
the mMRNA levels of these cytokines were observed (Fig. 3.2A).

Surprisingly, down-regulation of the expression of pro-inflammatory enzymes gp91phox and
iINOS was observed after MPTP administration: gp91phox mRNA levels decreased at 2 hours
and day 1 in the three areas analysed, and INOS mRNA levels decreased in the ventral midbrain
at 2 hours and day 2 after MPTP administration (Fig. 3.2B). In contrast, COX2 mRNA levels
increased dramatically in the striatum, while no significant changes were observed in the ventral

midbrain and cerebral cortex (Fig. 3.2B).
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Figure 3.2. Time course of the mRNA expression of pro-inflammatory markers in the striatum, ventral
midbrain and cortex after MPTP administration. IL13, IL6 and TNFa mRNA expression (A) and iNOS, gp91phox
and COX2 mRNA expression (B) in the striatum (St), ventral midbrain (VM) and cerebral cortex (Cx) of saline- and
MPTP-injected mice. GAPDH and Bactin were used as reference genes. Bars are means + SEM of 7 - 8 mice per
experimental group. *p<0.05, **p<0.01 and ***p<0.001 vs. saline; one-way ANOVA and Newman-Keuls post-test.

Regarding anti-inflammatory markers, TGF mRNA levels increased at day 1 and 2 in the striatum
and at day 2 in the ventral midbrain whereas they decreased at 2 hours in the cerebral cortex
(Fig. 3.3A). IL10 mRNA was significantly increased at day 4 in the cerebral cortex. The mRNA
levels of Argl were significantly increased at day 1 in the ventral midbrain and decreased at 2
hours in the cerebral cortex (Fig. 3.3B). MR mRNA levels increased at 2 hours in both the striatum
and cerebral cortex but also at day 4 in the striatum. In the ventral midbrain, MR mRNA levels
decreased at day 1 after MPTP administration. Finally, Nrf2 mRNA levels decreased at 2 hours

and increased at day 4 in the striatum and decreased at day 4 in the cerebral cortex.
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Figure 3.3. Time course of the mRNA expression of anti-inflammatory markers in the striatum, ventral
midbrain and cortex after MPTP administration. IL10 and TGFB mRNA expression (A) and Argl, MR and Nrf2
mRNA expression (B) in the striatum (St), ventral midbrain (VM) and cerebral cortex (Cx) of saline- and MPTP-
injected mice. GAPDH and factin were used as reference genes. Bars are means + SEM of 7 - 8 mice per
experimental group. *p<0-05, **p<0.01 and ***p<0.001 vs. saline; one-way ANOVA and Newman-Keuls post-test.

Regarding glial markers, Gfap mRNA levels increased dramatically in the striatum following MPTP
administration and returned to basal levels at day 7 post MPTP injection (Fig. 3.4A). Increased in
Gfap mRNA levels were also observed in the ventral midbrain, but not in the cerebral cortex (Fig.
3.4A). Strikingly, mRNA expression of microglial markers (Ibal, CD11b) showed an irregular
pattern with a down-regulation predominance after MPTP administration: Ibal mRNA decreased
at 2 hours in the ventral midbrain and cerebral cortex and increased at day 1 in the ventral
midbrain (Fig. 3.4B). CD11b mRNA in the striatum decreased at day 1 and increased at day 2,
whereas ventral midbrain CD11b mRNA was decreased at all the time points analysed. In the
cerebral cortex a decrease in CD11b mRNA was observed at 2 hours after the last MPTP injection
(Fig. 3.4C).
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Figure 3.4. Time course of the mRNA expression of glial markers in the striatum, ventral midbrain and
cortex after MPTP administration. Gfap (A), Ibal (B) and CD11b (C) mRNA expression in the striatum (St),
ventral midbrain (VM) and cerebral cortex (Cx) of saline- and MPTP-injected mice. GAPDH and Bactin were used
as reference genes. Bars are means + SEM of 7 - 8 mice per experimental group. *p<0.05, **p<0.01 and ***p<0.001
vs. saline; one-way ANOVA and Newman-Keuls post-test.

Interestingly, all changes observed in the mRNA expression of pro-inflammatory, anti-
inflammatory and glial markers analysed after MPTP administration were transient and mRNA

expression returned to basal levels at day 7 post MPTP injection (Figs. 3.1-3.4).

Dopaminergic degeneration and neuroinflammation observed after MPTP challenge were
accompanied by alterations in CD200 and CD200R1 expression. In the striatum (Fig. 3.5A),
CD200full mRNA expression was not modified by MPTP administration, while CD200tr mRNA
levels showed a significant increase at 4 days after MPTP administration. In striking contrast,
CD200R1 mRNA levels were increased dramatically at 2 and 4 days after treatment. In the ventral
midbrain (Fig. 3.5B), a rapid and long-lasting decrease in CD200full was observed, beginning at

2 hours after MPTP administration and sustained until at least 7 days of treatment. CD200tr and
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CD200R1 mRNAs were transiently decreased 2 hours after MPTP injection. Curiously, CD200R1
mMRNA also showed a transient decrease at day 4 after MPTP injection while levels were
equivalent to saline-injected animals at days 1, 2 and 7. In the cortex (Fig. 3.5C), only a transient
decrease in CD200tr mRNA at 2 hours after MPTP administration was observed. The expression
of CD200full, CD200tr and CD200R1 mRNA in the three brain areas analysed returned to basal
levels at day 7 after MPTP administration, with the exception of CD200 mRNA in the ventral

midbrain, which remained decreased.
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Figure 3.5. Time course of CD200full, CD200tr and CD200R1 mRNA expression in the striatum, ventral
midbrain and cortex after MPTP administration. CD200full, CD200tr and CD200R1 mRNA expression in the
striatum (St) (A), ventral midbrain (VM) (B) and cerebral cortex (Cx) (C) of saline- and MPTP-injected mice. GAPDH
and Bactin were used as reference genes. Bars are means + SEM of 7 - 8 mice per group. *p<0.05, **p<0.01 and
***p<0.001 vs. saline; one-way ANOVA and Newman-Keuls post-test.

3.2 EFFECT OF A CD200R1 AGONIST ADMINISTRATION ON MICROGLIAL
ACTIVATION AND DOPAMINERGIC NEURODEGENERATION IN THE
MPTP MODEL OF PD

To study the effect of the CD200-CD200R1 modulation in the context of PD, a CD200R1 agonist
(CD200Fc) or its negative control (isotype) was intraperitoneally administered to MPTP-injected
male C57BL6NCr| mice (Charles River, Lyon, France) (Fig. 3.6A), and we studied their effects on
the nigrostriatal dopaminergic neurodegeneration induced by MPTP. Six groups of n=8 mice were
administered with: 1) saline, 2) MPTP, 3) 1.8 mg/kg CD200Fc and MPTP, 4) 1.8 mg/kg isotype
control and MPTP, 5) 3.6 mg/kg CD200Fc and MPTP, and 6) 3.6 mg/kg isotype control and
MPTP. Animals were injected with MPTP following the acute regimen and killed at day 7 after the
last MPTP injection.

One mice from the 1.8 mg/kg CD200Fc + MPTP group (12.5%), 3 from the 1.8 mg/kg isotype +

MPTP group (37.5%), 2 from the 3.6 mg/kg CD200Fc + MPTP group (25%), and 1 from the 3.6
mg/kg isotype + MPTP group (12.5%) died after MPTP administration.
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Optical densitometry of striatal TH-positive terminals showed that MPTP injection produced an
86% depletion of dopaminergic terminals (Fig. 3.6B,C,F). The administration of CD200Fc did not
prevent this effect. Isotype injection also had no effect on the MPTP-induced striatal degeneration.
When analysing neuronal cell bodies of the SNpc, stereological TH-positive cell counts showed
that MPTP toxicity induced a significant loss of dopaminergic neurons (51% decrease) (Fig.
3.6D,E,F). The administration of two doses of 1.8 mg/kg of CD200Fc (Fig. 3.6D,F) had no effect
on MPTP-induced dopaminergic neuronal loss. However, this loss was attenuated in MPTP-
injected mice that received two doses of 3.6 mg/kg CD200Fc (30% decrease) (Fig. 3.6E,F). A
significant decrease in TH positive neurons was still observed in isotype + MPTP injected-mice
(Fig. 3.6D,E,F).

We next evaluated whether the dopaminergic neuroprotection observed in MPTP-injected mice
treated with 3.6 mg/kg CD200Fc was accompanied by effects on microglial cells. The SNpc of
MPTP-treated mice exhibited increased microglial cell number, with hypertrophied morphology
and intensified IBAl staining (Fig. 3.6G). CD200Fc treatment, and not the isotype treatment,
decreased the MPTP-induced microglial activation at the level of SNpc (Fig. 3.6G).
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Figure 3.6. Pharmacological stimulation of CD200R1 in MPTP-injected mice attenuates dopaminergic
neuronal loss in SNpc. A Experimental design. Male C57BI/6 mice were injected intraperitoneally with MPTP (20
mg/kg) every 2 h for a total of 4 doses in 1 day. In mice treated with the CD200R1 agonist, 1.8 or 3.6 mg/kg
CD200Fc was intraperitoneally administered twice, 30 minutes before the first MPTP injection and 24 h after the
last one. Isotype administration regimen was the same as for CD200Fc. Mice were killed 7 days following the last
MPTP injection and brains were fixed for immunohistochemistry (IHC). B Optical densitometry of striatal TH-
positive dopaminergic fibers of saline, MPTP, 1.8 mg/kg CD200Fc and MPTP and 1.8 mg/kg isotype and MPTP.
C Optical densitometry of striatal TH-positive dopaminergic fibers of saline, MPTP, 3.6 mg/kg CD200Fc and MPTP
and 3.6 mg/kg isotype and MPTP. D Stereological cell counts of dopaminergic neurons in SNpc of saline, MPTP,
1.8 mg/kg CD200Fc and MPTP and 1.8 mg/kg isotype and MPTP. E Stereological cell counts of dopaminergic
neurons in SNpc of saline, MPTP, 3.6 mg/kg CD200Fc and MPTP and 3.6 mg/kg isotype and MPTP. Bars are
means + SEM of 5 - 8 mice per experimental group. *p<0.05, *p<0.01 and ***p<0.001 vs. saline; one-way ANOVA
and Newman-Keuls post-test. F Representative photomicrographs of TH-immunostained striatum and SNpc
sections of mice treated with saline, MPTP, 1.8 mg/kg CD200Fc and MPTP, 1.8 mg/kg isotype and MPTP, 3.6
mg/kg CD200Fc and MPTP or 3.6 pg isotype and MPTP. Scale bars: 500 um (striatum) and 200 pm (SNpc). G
Representative photomicrographs of IBAl-immunostained SN of saline- and MPTP-injected mice administered or
not with 3.6 CD200Fc or 3.6 isotype. Scale bar: 200 um (SNpc).

3.3 EFFECT OF CD200-DEFICIENCY ON THE ACUTE MPTP MODEL OF PD

In order to further study the involvement of the CD200-CD200R1 system in the development of
dopaminergic neurodegeneration in the acute MPTP model of PD, we used CD200-deficient

mice.

The genetic background of the mice is important for MPTP sensitivity. Although C57BL6 mice are
usually used in the MPTP model, increased toxicity of MPTP is observed in certain substrains,
such as C57BL/6J mice (Jackson-Lewis and Przedborski 2007). We submitted the CD200 knock-
out mice to background strain characterisation (Jackson Laboratories) and they were identified to
be 67% C57BL/6J and 33% C57BL/6NJ. As the MPTP experiments reported above were
performed with C57BL/6N mice, we generated a colony by crossing CD200 knock-out mice with
wild-type C57BL/6N mice to yield F1 offspring with an enriched C57BL/6N background. Male and
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female heterozygous mice (CD200 +/-) of the F1 offspring were crossed to obtain CD200 -/-,
CD200 +/- and CD200 +/+ genotypes. CD200 -/- and CD200 +/+ mice were used henceforth. The
genotype of mice used in the experiments was further corroborated by genotyping tail tissue (Fig
3.7A) and CD200 immunohistochemistry of brain sections (Fig 3.7B). The MPTP doses were
reduced from 20 to 18 mg/kg because in a preliminary study we detected a higher MPTP
sensitivity in mice of the CD200 colony (66% N and 33% J) than in the mice used in the previous
experiments (100% N).

A Hl e Hm = ol e - Figure 3.7. Genotype of CD200 +/+,
i CD200 +/- and CD200 -/- mice. A
; - 596 b Representative agarose gel analysis
.“.---..-.. ~— 506 bg after genotyping tail tissue of CD200
+/+, CD200 +/- and CD200 -/- mice.
B Representative photomicrographs
of CD200-immunostained striatum
Striatum SNpc and SNpc of CD200 -/- mice and their
CD200 +/+ littermates. Scale bars:
500 pm (striatum) and 200 pm

(SNpc).

o

CD200 +/+

CD200 -/-

Four groups of mice were treated as follows: 1) control group of CD200 +/+ mice with saline (n=8),
2) CD200 +/+ mice with MPTP(n=12), 3) CD200 -/- mice with saline (n=8), 4) CD200 -/- mice with
MPTP (n=11). Female mice were used in the saline groups because we did not obtain enough
male mice to complete all experimental groups. Mice were killed 7 days after the last
administration of MPTP (Fig. 3.8A).

In total, 7 mice died in the MPTP-injected CD200 +/+ group (4, 1 and 2 mice died at day 1, 5 and
7 post MPTP injection, respectively) (58%) and 5 from the MPTP-injected CD200 -/- group (1, 1,
2 and 1 mice died at day 1, 2, 5 and 7 post MPTP injection, respectively) (45.5%). In MPTP-
injected CD200 +/+ mice, we observed a significant reduction of the density of dopaminergic fibers
in the striatum (90% decrease) and the number of TH-positive cell bodies in the SNpc (42%
decrease) at day 7 after MPTP administration (Fig. 3.8B,C). In CD200 -/- mice, similar striatal TH
loss (90% decrease vs. saline CD200 -/-) and dopaminergic cell death (33% decrease vs. saline
CD200 -/-) 7 days after MPTP injections were observed when compared with their CD200 +/+
littermates (Fig. 3.8B,C).
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Figure 3.8. CD200-deficiency does not modify the dopaminergic neuronal damage in the striatum and SNpc
7 days after the last MPTP injection. A Experimental design. CD200 -/- mice and their CD200 +/+ littermates
were injected intraperitoneally with MPTP (18 mg/kg) every 2 hours for a total of 4 doses in one day. Animals were
killed 7 days after the last injection and brains were fixed for immunohistochemistry (IHC). B TH
immunohistochemistry and optical densitometry of TH-positive dopaminergic fibers in the striatum of CD200 -/-
mice and their CD200 +/+ littermates injected with saline or MPTP. Scale bar: 500 um. C TH immunohistochemistry
and stereological cell counts of dopaminergic neurons in SNpc of CD200 -/- mice and their CD200 +/+ littermates
injected with saline or MPTP. Scale bar: 200 um. Bars are means + SEM of 5 - 8 mice per group. *p<0.05, **p<0.01
and ***p0.001 vs. corresponding saline; two-way ANOVA and Bonferroni post-test.

As shown in Figure 3.9, the IBAl-labelled area in the SN from CD200 -/- mice and their CD200
+/+ littermates showed a tendency to increase 7 days after MPTP administration (Fig. 3.9A,B).
When analysing SNpc and SNpr, we observed that the IBAl-labelled area in SNpc but not in
SNpr increased (~2.75 times) after MPTP administration in both CD200 -/- and CD200 +/+ mice
(Fig. 3.9B). The intensity of the immunolabelling in IBA1-positive cells in total SN and SNpc
showed no difference between saline and after MPTP administration in CD200 -/- and CD200 +/+
mice (Fig. 3.9C).
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Figure 3.9. CD200-deficiency does not modify the microglial reactivity in the SN 7 days after the last MPTP
injection. A Representative photomicrographs of IBA1-immunohistochemistry in SN of CD200 -/- mice and their
CD200 +/+ littermates injected with saline or MPTP and killed at day 7 after the last injection. Scale bar: 200 pum.
B Quantification of IBA1-labelled area in total SN, SNpc and SNpr. C Intensity of immunolabelling in IBA1-positive
cells in total SN and SNpc of all groups of animals. Bars are means + SEM of 5 - 8 mice per group. *p<0.05 vs.
corresponding saline; two-way ANOVA and Bonferroni post-test.

To further investigate the effect of CD200-deficiency on glial activation and dopaminergic

neurodegeneration in the MPTP model, we designed a second experiment where CD200 -/- mice

and CD200 +/+ with matched genetic background were injected with MPTP and killed at an earlier

time point, 1 day after the last MPTP injection (Fig. 3.10A). This experimental approach led us to
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test the following hypothesis: 1) whether CD200-deficiency accelerates the neuronal
dopaminergic decline in the striatum and SNpc after MPTP administration, even though levels of
dopaminergic neuronal cell loss at day 7 are the same in CD200 wild-type and null mice; 2)

whether CD200-deficiency accelerates microglial activation after MPTP administration.

The same four groups were used as before, with female mice (CD200 +/+ and CD200 -/-, n=8 for
both groups) again used for the saline controls, while male mice (CD200 +/+, n=11 and CD200 -
/-, n=9) were injected with MPTP. Four CD200 -/- mice died after MPTP administration (20% of
death). In wild-type mice, MPTP administration produced 86.6% depletion of striatal dopaminergic
terminals and 44.9% loss of dopaminergic neurons at day 1 post MPTP injection (Fig. 3.10B,C).
In CD200-deficient mice, we did not observe further striatal TH loss (80.1% decrease vs. saline
CD200 -/-). As regards dopaminergic cells in the SN, no differences in the number of TH-positive
neurons in SNpc were observed between CD200-deficient mice (57.2% decrease vs. saline
CD200 -/-) and wild-type mice 1 day after MPTP injections (Fig. 3.10B,C).
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Figure 3.10. CD200-deficiency does not accelerate the dopaminergic neuronal degeneration in the striatum
and SNpc 1 day after the last MPTP injection. A Experimental design. CD200 -/- and CD200 +/+ mice with
matched background were injected intraperitoneally with MPTP (18 mg/kg) every 2 hours for a total of 4 doses in
a single day. Animals were Kkilled at day 1 after the last injection and brains were fixed for immunohistochemistry
(IHC). B TH-immunohistochemistry and optical densitometry of TH-positive dopaminergic fibers in the striatum of
CD200 -/- and CD200 +/+ mice injected with saline or MPTP. Scale bar: 500 pm. C TH-immunohistochemistry and
stereological cell counts of dopaminergic neurons in SNpc of CD200 -/- and CD200 +/+ mice injected with saline
or MPTP. Scale bar: 200 um. Bars are means + SEM of 5 - 11 mice per group. **p<0.01 and ***p<0.001 vs.
corresponding saline; two-way ANOVA and Bonferroni post-test.

Some differences were found, however, when looking at microglial activation 1 day after MPTP
administration. The IBA1-labelled area was reduced in the total SN (28% decrease) and SNpr
(33% decrease) 1 day after MPTP administration in CD200 -/- mice but not in CD200 +/+ mice
(Fig. 3.11A,B). However, the intensity of the immunolabelling in IBA1-positive cells in total SN
increased after MPTP administration in both CD200 +/+ (2.3 times) and CD200 -/- (2.6 times)
mice (Fig. 3.11C). Interestingly, when analysing SNpc from CD200 -/- mice a greater increase in
the intensity of the immunolabelling in IBA1-positive cells (2.6 times) was observed after MPTP
administration in comparison with CD200 +/+ mice (1.9 times) (Fig. 3.11C). Moreover, an increase
in the number of IBA1-positive cells was observed in CD200 +/+ (1.4 times) and CD200 -/- (1.2
times) mice in the SN total and SNpc after MPTP injections (Fig. 3.11D).
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Figure 3.11. CD200-deficiency modify the microglial reactivity in the SN 1 day after the last MPTP injection.
A Representative photomicrographs of IBAl-immunohistochemistry in SN of CD200 -/- and CD200 +/+ mice with
matched background injected with saline or MPTP and killed at day 1 after the last injection. Scale bar: 200 pm. B
Quantification analysis of IBAl-labelled area in SN total, SNpc and SNpr of all groups of animals. C Optical
densitometry of IBA1-positive cells in SN total and SNpc of all groups of animals. D Cell counts of IBA1-positive
cells in SN total and SNpc of all groups of animals. Bars are means + SEM of 5 - 11 mice per group. *p<0.05,
**p<0.01 and ***p<0.001 vs. corresponding saline; ##p<0.01 vs. MPTP CD200 +/+; two-way ANOVA and
Bonferroni post-test.

151



RESULTS

4 Expression of CD200-CD200R1 system in human

samples

In homeostasis, several inhibitory mechanisms maintain microglia in a surveillant phenotype in
the CNS. The presence of chronic microglial activation in the brain of patients with PD suggests
that these inhibitory mechanisms are altered (Croisier et al. 2005; McGeer et al. 1988; Mosley et
al. 2012; Imamura et al. 2003; Nagatsu and Sawada 2005; Long-Smith, Sullivan, and Nolan
2009). With the aim of studying possible alterations in the CD200-CD200R1 system in the context
of PD, we determined the expression of CD200 and CD200R1 in post-mortem brain samples of

PD patients, identifying mRNA variants and protein isoforms.

The murine CD200R1 gene encodes a single CD200R1 protein (Wright et al. 2000), while the
human CD200R1 gene can generate four mRNA variants through alternative splicing (Vieites et
al. 2003). Variants 1 and 4 (long variants) encode protein isoforms 1 and 4, which are
transmembrane proteins. Variants 2 and 3 (short variants) encode protein isoforms 2 and 3, which
are soluble truncated proteins that lack the transmembrane and the cytoplasmic domains.
CD200R1 isoform 4 is the equivalent to the murine CD200R1 (Vieites et al. 2003). Regarding
CD200, both mouse and human CD200 genes generate CD200full and CD200tr mRNA variants
through alternative splicing. In both species, CD200full interacts with CD200R1 and inhibits
microglial activation. CD200tr is a physiologic antagonist of CD200full (Chen et al. 2008; Vieites
et al. 2003).

4.1 CD200R1 mRNA EXPRESSION IN HUMAN MONOCYTES AND
MICROGLIA-LIKE CELLS

Because of their overlapping sequences (Fig. 4.2), optimal primers cannot be designed (75-200
pb amplicon) to quantify individually the four CD200R1 mRNA variants by gPCR after random
primer retrotranscription. We designed an alternative approach based on gene-specific primer
retrotranscription to quantify the expression of each variant (Fig. 4.1), which consists of specific
primer pairs for the retrotranscription of a) V1 and V4 variants (long variants) or b) V2 and V3
variants (short variants), and primer pairs for gPCR that generate short amplicons (75-200 pb) to
amplify V1 or V4 in a) and V2 or V3 in b) (Figs. 4.1 and 4.2, Tables 4.1-4.3). We validated this
approach using human monocyte primary cell cultures, which express CD200R1, obtained from
peripheral blood samples from healthy adult volunteers. We confirmed the presence of CD200R1
transmembrane proteins by immunofluorescence (antibodies commercially available detect only

long isoforms) (Fig. 4.3A) and the expression of the four CD200R1 mRNA variants by random
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primer retrotranscription followed by conventional PCR (Fig. 4.3A). Then, we determined the
expression of each CD200R1 mRNA by qPCR (Fig. 4.3C).

Human sample (monocytes)

RNA extraction

Random primers retrotranscription

Conventional PCR with
primers for:

-v1
-V2 bp V1V2V3 Va4
-vi 2 o o
-va

To confirm the presence
of the four variants.

(long amplicons, >200bp)

Figure 4.1. Algorithm for the analysis of CD200R1 expression in human samples.
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(+ reference genes)

Conventional PCR with
primers for:

-vi

- Vz bp V1iv2V3Vv4
vz 8 e
-va

To confirm the selective
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Figure 4.2. Localization of primers used for the quantification of each human CD200R1 variant mRNA.
Specific primer pairs for the gene-specific retrotranscription of a) V1 and V4 variants (in green) or b) V2 and V3
variants (in orange), and primer pairs for qPCR that generate short amplicons to amplify V1 (in blue) or V4 (in pink)
in a) and V2 (in blue) or V3 (in pink) in b). Exons are not depicted on scale and are represented as thin horizontal
lines. The relative positions of primers are indicated by arrows.

Table 4.1 Primers used for gene-specific retrotranscription.

Species: Homo sapiens

Target Accession Primer (5'2>3’)

mRNA number

V1and V4 NM_138806.4 AACTGGAGTAGATTCTG
CD200R1 NM_170780.2

V2 and V3 NM_138939.2

CD200R1 NM_138940.2

Reference

genes:

GAPDH NM_002046.7 CATACTTCTCATGGTTC
RPS18 NM_022551.3 CACGAAGGCCCCAGAA

V1 and V4 CD200R1, variant 1 and 4 CD200 receptor 1; V2 and V3 CD200R1, variant 2 and 3 CD200 receptor 1;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RPS18, ribosomal protein S18.

Table 4.2 Primers used for gPCR.

Species: Homo sapiens

Target Accession Forward primer (5'2>3’) Reverse primer (5°>3’) Ampli
mMRNA number -con
V1 and V2 NM_138806.4 ATCTTCTTAGTGGCCGAAGC GCACAGCATTTGTAGCCATC 193
CD200R1 NM_138939.2 bp
V3 and V4 NM_138940.2 137
CD200R1 NM_170780.2 bp
V1 and V4 NM_138806.4 GTTGTTGAAAGTCAATGGCTGC CACTTTGTAATGCCTCAGATGCC 164
CD200R1 NM_170780.2 bp
V2 and V3 NM_138939.2 TTCAGATTCGTACCGTGGCC CCTCAATATATGATGCTCCT 125
CD200R1 NM_138940.2 bp
Reference
genes:
GAPDH NM_002046.7 GAAGGTGAAGGTCGGAGTCA GTTAAAAGCAGCCCTGGTGA 67 bp
RPS18 NM_022551.3 GATGGGCGGCGGAAAAT CTTGTACTGGCGTGGATTCTGC 174
bp
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V1 and V2 CD200R1, variant 1 and 2 CD200 receptor 1; V3 and V4 CD200R1, variant 3 and 4 CD200 receptor 1,
V1 and V4 CD200R1, variant 1 and 4 CD200 receptor 1; V2 and V3 CD200R1, variant 2 and 3 CD200 receptor 1,
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RPS18, ribosomal protein S18.

Table 4.3 Primers used for conventional PCR.

Specie: Homo sapiens

Target Accession Forward primer (5> 3’) Reverse primer (5°2>3’) Ampli

mRNA number -con

V1 CD200R1 NM_138806.4 GGTGCTGCTCAACCAAACAA CCTCCCAGTGGCATGTACTCT 616
bp

V2 CD200R1 NM_138939.2 GGTGCTGCTCAACCAAACAA CCTCAATATATGATGCTCCT 468
bp

V3 CD200R1  NM_138940.2 TTAGTGGCCGCTTCAAGCAG CCTCAATATATGATGCTCCT 417
bp

V4 CD200R1 NM_170780.2 TTAGTGGCCGCTTCAAGCAG CCTCCCAGTGGCATGTACTCT 565
bp

Reference

genes:

RPS18 NM_022551.3 CCTGAAAAGTTCCAGCATATT TTTATTAACAGACAAGGCCTAC 470

TTGC AGAC bp

V1 CD200R1, variant 1 CD200 receptor 1; V2 CD200R1, variant 2 CD200 receptor 1; V3 CD200R1, variant 3
CD200 receptor 1; V4 CD200R1, variant 4 CD200 receptor 1; RPS18, ribosomal protein S18.

Next, we also studied the expression of CD200R1 mRNA variants in induced human microglia-
like cells obtained by differentiation of peripheral blood monocytes using the protocol of Ohgidani
and collaborators (Ohgidani et al. 2014). We detected the presence of CD200R1 transmembrane
proteins by immunofluorescence (Fig 4.3B), and we analysed each CD200R1 mRNA variant by
random primer retrotranscription followed by conventional PCR. We detected the expression of
V1 and V4, but not V2 and V3 in microglia-like cells (Fig. 4.3B). Using the gene-specific
retrotranscription strategy mentioned above, we compared the expression of each variant by
gPCR in microglia-like cells and monocytes. Induced microglia-like cells showed lower expression
of V2 and V3 than monocytes (Fig. 4.3C). Altogether, these results suggest that CD200R1 is

differentially expressed in peripheral blood monocytes and microglia.
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Figure 4.3. CD200R1 variants in human monocytes and microglia-like cells. Representative images of
CD200R1 expression by immunofluorescence (isoforms 1 and 4) and agarose gel electrophoresis illustrating
conventional PCR products for CD200R1 mRNA variants (V1, 616 bp; V2, 468 bp; V3, 417 bp; V4, 565 bp) after
random primer ratrotranscription in human monocytes cultured for 24 h (A) and microglia-like cells cultured for 14
days (B). Scale bar: 50 um. C mRNA expression of each CD200R1 variant by qPCR after gene-specific
retrotranscription in monocytes and microglia-like cells. GAPDH and RPS18 were used as reference genes. Bars
are means + SEM of 5 - 7 independent experiments. *p<0.05 and **p<0.01 vs. monocytes; Student’s t test.

4.2 EXPRESSION OF CD200R1 mRNA VARIANTS IN HUMAN MICROGLIA-
LIKE CELLS IN RESPONSE TO DIFFERENT STIMULUS

We studied the possible differential expression of the four CD200R1 mRNA variants in induced
microglia-like cell cultures exposed to pro-inflammatory (LPS and LPS/IFNy) or anti-inflammatory
(IL4) stimuli. We observed that the mRNA expression of V3 and V4, but not V1 and V2, decreased
upon LPS treatment in microglia-like cell cultures (Fig. 4.4A). No differences were observed after
LPS/IFNy exposure in comparison to control. After IL4 treatment, the mRNA expression of V1

increased in microglia-like cell cultures (Fig. 4.4C).
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Figure 4.4. Expression of CD200R1 mRNA variants in human microglia-like cells after pro- or anti-
inflammatory stimuli. Expression of the four CD200R1 mRNA variants by gPCR 24 h after LPS (100 ng/mL) (A),
LPS/IFNy (L/I, 100 ng/mL LPS + 1 ng/mL IFNy) (B) or IL4 (50 ng/mL) (C) in microglia-like cells. GAPDH and RPS18
were used as reference genes. Bars are means + SEM of 3 - 5 independent experiments. *p<0.05 and **p<0.01
vs. control (C); Student’s t test.

4.3 CD200 AND CD200R1 EXPRESSION IN post-mortem BRAIN TISSUE
OF PD PATIENTS

We evaluated the mRNA and protein expression of CD200full, CD200tr and CD200R1 in post-
mortem brain samples of SN, frontal cortex and hippocampus of PD patients and age-matched

controls (Banc de Teixits Neurologics, SCT-University of Barcelona).

When analysing each CD200R1 mRNA variant by conventional PCR, we detected V1 and V2 but
not V3 and V4 mRNA variants in post-mortem human brain tissue (Fig. 4.5).
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Vi V2 V3 V4

Figure 4.5. CD200R1 mRNA variants in post-mortem human
brain. Representative agarose gel electrophoresis illustrating
conventional PCR products for CD200R1 mRNA variants (V1,
616 bp; V2, 468 bp; V3, 417 bp; V4, 565 bp) after random primer

616 bp retrotranscription in the frontal cortex of control individuals.

468 bp

Using the same strategy as in monocytes and microglia-like cells, in post-mortem human brain
tissue we did not detect the four CD200R1 mRNA variants by gPCR, but only V1 mRNA variant,
probably because of a dilution effect of microglial mMRNAs in the whole human brain lysates. Given
the singularity of CD200R1 expression in humans, where unlike the murine gene the CD200R1
gene generates four variants, we considered important to study the expression of long and short
variants. To this end, we used random primer retrotranscription followed by gPCR with primers
for long or short MRNA variants (Table 4.2). With this methodology, we could detect long and
short variants in the agarose gel electrophoresis and quantify them by gPCR. Long and short
mMRNA variants were not differentially expressed in the SN of PD subjects compared to age-
matched controls (Fig. 4.6A). On the contrary, short mRNA variants showed a significant increase
in the frontal cortex of PD patients (Fig. 4.6B), and both long and short mRNA variants were
increased in the hippocampus of PD patients (Fig. 4.6C). Protein expression of CD200R1 by
western blot with antibodies that only detect long isoforms (the antibodies commercially available)
showed higher levels in the SN and hippocampus, but not in the frontal cortex, of PD patients
than of age-matched controls (Fig. 4.7). As regards CD200, when analysing CD200full mMRNA no
difference between control individuals and PD patients was detected in any of the three areas
analysed (Fig. 4.6). On the contrary, CD200tr mRNA levels were strongly increased in the
hippocampus from PD patients compared to control individuals (Fig. 4.6C). CD200 protein levels
were not modified (antibodies commercially available detect CD200full and probably CD200tr as

well) in the SN, frontal cortex or hippocampus of PD patients (Fig. 4.7).
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Figure 4.6. CD200R1 and CD200 mRNA expression in human post-mortem PD brain. Expression of long
(V1+Vv4) and short (V2+V3) CD200R1 mRNA variants, and CD200full and CD200tr mRNAs in the substantia nigra
(SN) (A), frontal cortex (B) and hippocampus (C) homogenates from control individuals (C, n=7-8) and Parkinson’s
disease patients (PD, n=19-21). GAPDH and RPS18 were used as reference genes. Data are expressed as fold
change to C and are depicted as individual points with bars showing means + SEM. *p<0.05, ***p<0.001 vs. C;
unpaired t test with Welch’s correction.
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Figure 4.7. CD200R1 and CD200 protein levels in human post-mortem PD brain. Expression of isoform 1 and
4 CD200R1 and CD200 protein in the substantia nigra (SN) (A), frontal cortex (B) and hippocampus (C)
homogenates from control individuals (C, n=4-8) and PD patients (n=11-21). Representative immunoblots are
presented. Protein levels were normalized relative to Btubulin. Data are expressed as fold change to C and are
depicted as individual points with bars showing means + SEM. *p<0.05 and ***p<0.001 vs. C; unpaired t test with

Welch’s correction.
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RESULTS

The results obtained were further analysed taking into account the clinical and the

anatomopathological data available (Table 4.4).

Table 4.4. Clinical and anatomopathological data of cases. Information provided by the Banc de Teixits
Neurologics (Biobanc, Hospital Clinic de Barcelona, IDIBAPS).

Case Gender Age PMD AP diagnosis Clinical diagnosis Age of onset
No. (yrs) (h) (yrs)
C1 Male 78 6:00 Multi-infarct
Leukoencephalopathy
c2 Male 83 13:00  AgD I (mild)
C3 Female 56 14:00 Brain metastasis oat cell lung
cancer + NFT I-lI
C4 Female 86 4:00 Right vertebral thrombosis +
cerebellar bulbar ictus + NFT IlI
C5 Female 82 20:00  AgD llI + NFT Ill + vascular
encephalopathy
C6 Female 90 12:20  Brainstem haemorrhage + SVD
+ ARP IIIB + TDP43 CA1l
c7 Male 78 6:00 iLBD Braak 1 + NFT I-Il + SVD
Cc8 Male 76 11:30  AgD | (minimal)
PD1 Male 85 12:15  LP 5 + capillary CAA + glial tau PD + dementia Unknown
PD2 Male 82 7:15 LP4-5+AgD lll + ARP IV B + PD + dementia Unknown
microinfarcts
PD3 Male 76 1710 LP5+ARPIVB PD + dementia, 51
DBS
PD4 Female 86 16:04 LP 6+ ARPIIB Parkinsonism 81
PD5 Female 82 13:10 LP 4 + ARP IB PD 54
PD6 Male 79 11:30 LP3+NFTII PD Unknown
PD7 Male 50 16:30  LP 5 + hypoxic neuronal PD, pallidumand 27
damage subthalamic
nucleus DBS
PD8 Male 81 5:00 LP5+AgDI RBD + PD + 71 (RBD) 74
dementia (PD)
PD9 Female 87 7:00 LP 6 + ARP IVB PD + dementia 67
PD10 Male 77 12:00 LP 4 + NFT Il RBD + PD + mild 74
cognitive
impairment
PD11 Female 78 18:00 LP 5 + glial tau + diffuse hypoxia  PD + Arnold 56
Chiari | + 1BM
PD12 Male 74 8:00 LP 5 + ARP IlIB + moderate PD 55
CAA
PD13 Male 87 15:15 LP 5+ ARP IIA PD + dementia 71
PD14  Male 78 5:15 LP 5+ ARP IIB PD + dementia Unknown
PD15 Male 71 5:00 LP 4+ ARP IB PD + dementia Unknown
PD16 Male 74 14:03  Mild LP 5 + complex tauopathy PD + dementia+ 39
hallucinations,
Right pallidotomy
PD17 Male 81 7:20 LP 4-5 + ARP IlA + capillary PD Unknown
CAA
PD18 Female 83 4:00 LP 4-5 + ARP IIA PD + dementia+ 60 (right hand
hallucinations tremor)
76
(hallucinations
+ cognitive
impairment)
PD19 Male 80 16:30 LP 4 + ARP Il PD + bilateral 40
subthalamic
nucleus DBS
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PD20 Male 62 13:30 LP5+ARPIIA PD + dementia 49-50 (PD)
58 (dementia)

PD21 Male 92 16:40 LP4-5+ARP IlIA+SVD PD 76 (motor
symptoms)

AP diagnosis: anatomopathological diagnosis; AgD: Argyrophilic grain disease; ARP: Alzheimer’s disease-related
pathology: classification of neurofibrillary tangle (NFT) pathology based on Braak staging (Braak et al. 2006) (I-VI)
and classification of neuritic plaques based on CERAD criteria (A-C) (Mirra et al. 1991); CAA: Cerebral amyloid
angiopathy; CT: control; DBS: deep brain stimulation; h, hours; IBM: Inclusion body myositis; LP: Lewy-pathology
staging, studies based on the classification of Braak (Braak et al. 2003) (1-6); iLBD: incidental Lewy body disease;
PD: Parkinson’s disease; RBD: REM sleep behaviour disorder; PMD: post-mortem delay; SVD: small vessel
disease; TDP43 CA1: TAR DNA binding protein 43 in hippocampal CA1 region; yrs: years.

When analysing our cohort according to the clinical data available, we examined whether
parameters such as gender, age at death, age of onset of the disease, duration of the disease or
the presence of dementia had any influence on the effects observed. We observed that the
changes in the expression of CD200R1, CD200full and CD200tr were independent on the gender
or the presence of dementia (data not shown). We observed that the younger the patient when
diagnosed with PD, the longer the duration of the disease, although the earlier the age at death
(Fig. 4.8).

A B Figure 4.8. Correlations between
age of PD onset and duration of
PD PD the disease or age at death A
= L Significant correlation between
0 4 = -l duration of the disease and age of
. onset in PD patients (n=15). B
Significant  correlation between
25 age at death and age of onset in
PD patients (n=15). Pearson’s
0 10 20 30 40 S0 60 70 8 90 o 10 20 30 40 s s 70 8 W correlation  coefficient (n and
Age of onset Age of anset )

corresponding p value are

indicated in the panel.

Duration of the disease
Age at death
&
>

0

r=-0.5530, p<0.01, n=15 r=0.5684, p<0.01, n=15

Furthermore, the younger the patient was when diagnosed with PD, which correlated with longer
disease duration, the lower the CD200tr mRNA levels were in the frontal cortex in the post-mortem
analysis (Fig. 4.9).
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In control individuals, we observed a positive correlation between CD200R1 protein levels
(isoform 1 and 4) and age in the SN (Fig. 4.10A), which was not found in PD patients (Fig. 4.10A).
Moreover, negative correlations between V1 and V4 CD200R1 mRNA and age at death in the
hippocampus (Fig. 4.10B), and CD200 protein and age at death in the frontal cortex (Fig. 4.10C)

were observed in control individuals but not in PD patients (Fig. 4.10B,C).
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We examined whether the changes observed in CD200R1 and CD200 expression were
influenced by the Lewy-pathology (LP) stage or the presence of Alzheimer’s disease -related

pathology such as neurofibrillary tangles (NFT) degeneration and neuritic plaques (NP).

Concerning LP staging [LP 1 (medulla oblongata), 2 (medulla oblongata and pontine tegmentum),
3 (midbrain), 4 (basal prosencephalon and mesocortex), 5 and 6 (neocortex) stage] (Braak et al.
2003), higher levels of V2 and V3 CD200R1 (Fig. 4.11A) and CD200tr (Fig. 4.11B) mRNA were
observed in the hippocampus of PD patients at advanced LP stages (4-5, 5) than at early LP

stages (4). In the SN and frontal cortex no differences in the expression of long and short
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CD200R1 variants, CD200full or CD200tr were found among the different LP stages (data not

shown).
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Figure 4.11. CD200R1 and CD200 expression in the hippocampus of PD patients according to LP stage.
CD200R1 mRNAs and protein expression (A) and CD200 mRNAs and protein expression (B) in control (C, n=4-
8) and PD patients grouped according to the Lewy-pathology (LP) stage (LP 4, LP 4-6, n=1-10). GAPDH and
RPS18 were used as reference genes in mRNA analysis. Protein levels were normalized relative to Stubulin. Data
are expressed as fold change to C and are depicted as individual points with bars showing means + SEM. *p<0.05
vs. C; one-way ANOVA and Newman-Keuls post-test.

As regards AD-related pathology in PD patients, we analysed the changes observed in CD200R1
and CD200 expression according to the neurofibrillary stage (NFT I, Il (transentorhinal areas), Ill,
IV (limbic areas), V and VI (isocortical areas) stage) (Braak et al. 2006) or the neuritic plaque
score (score A (sparse), score B (moderate) and frequent neuritic plaques (score C)) (CERAD
criteria (Mirra et al. 1991) of the PD patients.

We observed that the CD200R1 and CD200 expression in the SN and hippocampus changed
with NFT stage. In the SN, the highest level of CD200R1 protein was found in NFT Il stage (Fig.
4.12A), and in the hippocampus the highest levels of CD200tr mMRNA and CD200R1 protein were
observed in NFT Il stage (Fig. 4.12B). No correlation between CD200 or CD200R1 levels of
expression and neurofibrillary degeneration stage in the frontal cortex was detected (data not

shown).
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Figure 4.12. CD200R1 and CD200 expression in the SN and hippocampus of PD patients according to AD-
related neurofibrillary pathology. Expression of CD200R1 protein in the substantia nigra (SN) (A), and CD200tr
mRNA and CD200R1 protein in the hippocampus (B) of control individuals (C, n=4-7) and PD patients grouped
according to the AD-related neurofibrillary tangle (NFT) pathology (PD patients without NFT (PD w/o NFTs, n=1-
8) and PD patients with neurofibrillary tangles (NFT I-VI stage, n=1-7). GAPDH and RPS18 were used as reference
genes in mMRNA analysis. Protein levels were normalized relative to Btubulin Data are expressed as fold change to
C and are depicted as individual points with bars showing means + SEM. *p<0.05 and **p<0.01 vs. C and #p<0.05
vs. NFT llI; one-way ANOVA and Newman-Keuls post-test.

With regard to the neuritic plaques score, we observed that in the hippocampus of PD patients,
the highest increases of CD200tr and CD200R1 protein were detected in cases without

Alzheimer’s disease-related pathology or with sparse neuritic plaques (score A) (Fig. 4.13).
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Figure 4.13. CD200R1 and CD200 expression in the hippocampus of PD patients according to neuritic
plague score. Expression of CD200R1 protein (A) and CD200tr mRNA (B) in the hippocampus of control
individuals (C, n=4-7) and PD patients grouped according to the neuritic plaque (NP) score (PD patients without
NPs (PD w/o NPs, n=4-8) and PD patients with neuritic plaques (NP A, NP B, NP C, n=4-6). GAPDH and RPS18
were used as reference genes in mMRNA analysis. Protein levels were normalized relative to Btubulin. Data are
expressed as fold change to C and are depicted as individual points with bars showing means + SEM. **p<0.01
and ***p<0.001 vs. C and ##p<0.01 vs. NP A; one-way ANOVA and Newman-Keuls post-test.
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DISCUSSION

1 Effect of CD200-CD200R1 alterations on glial activation
and dopaminergic neurodegeneration using in vitro

approaches

1.1 INHIBITION OF CD200-CD200R1 SYSTEM IN GLIAL CELL CULTURES
USING AN ANTI-CD200 BLOCKING ANTIBODY. EFFECT ON GLIAL
ACTIVATION

In this study, we aimed at characterizing the implication of the CD200-CD200R1 system on the
modulation of the microglial inflammatory response in mixed glial cultures. Firstly, we determined
the expression pattern of CD200R1, CD200full and CD200tr under a pro-inflammatory stimulus
(LPS/IFNy). Upon LPS/IFNy treatment, we observed a decreased CD200R1 and an increased
CD200tr expression. Hence, in response to a pro-inflammatory stimulus, microglial cells down-
regulate the CD200R1 receptor and astroglial cells do not modify the expression of CD200full
ligand but up-regulate its antagonist, CD200tr, which blocks CD200R1. Altogether, these effects

may facilitate the pro-inflammatory response.

Previous reports from our laboratory already showed that basal CD200R1 expression is observed
in microglial cells from microglial and mixed glial cultures and that it is inhibited in response to
LPS or LPS/IFNy (Dentesano et al. 2014; Dentesano et al. 2012). One of these reports also
demonstrated that CD200 is constitutively expressed in astrocytes from mixed glial cultures and
that LPS/IFNy increases CD200 expression in astrocytes but not in neurons (Dentesano et al.
2014). In this study, the increased CD200 expression upon LPS/IFNy was interpreted as an
unsuccessful compensatory response to recover CD200-CD200R1 function alterations. However,
the gPCR primers and the WB antibody used in the article detected both CD200full and CD200tr
(Dentesano et al. 2014). In the present study, we have demonstrated that the increase in CD200
expression induced by LPS/IFNy is due to an increase in CD200tr and not to CD200full
expression. In consequence, glial cells clearly respond to LPS/IFNy by increasing CD200tr,
decreasing CD200R1 whereas CD200full expression is not modified. All these effects point to the

same direction, the inhibition of the CD200-CD200R1 system upon a pro-inflammatory stimulus.

A previous report described a decreased CD200 mRNA expression in the hippocampus of mice
4 hours after intraperitoneal injection of LPS (Lyons et al. 2009), again with no specification on
whether CD200full, CD200tr or both mRNA variants were analysed. Another report studying
CD200 mRNA expression in brains of mice injected with LPS intraperitoneally showed an
increase, no alterations and a decrease in CD200 mRNA levels at 4 hours, 1 day and 1 year post

inoculation, respectively (Masocha 2009). In this case, the primers used detected both CD200full
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and CD200tr and this was not taken into account in the discussion. In general, most studies do
not specify which CD200 is analysed and caution must be taken in the interpretation of the results

obtained, as CD200full and CD200tr have opposite functions.

Low levels of CD200 and CD200R1 have been observed in post-mortem human brain from
Alzheimer’s disease (Walker et al. 2009) and multiple sclerosis patients (Koning et al. 2007;
Koning et al. 2009) and inflammatory activation of microglia has been extensively described in
these diseases (McGeer and McGeer 1998; Lassmann et al. 1998; Bitsch et al. 2000; Sastre,
Klockgether, and Heneka 2006; Xiang et al. 2006), suggesting a possible role of the CD200-
CD200R1 system in this chronic inflammation. Specifically, Walker and collaborators reported a
decreased CD200R1 mRNA expression and a decreased CD200 mRNA and protein expression
in Alzheimer's disease hippocampus, inferior temporal gyrus but not cerebellum, although they
did not specify which CD200 isoform was analysed (Walker et al. 2009). Koning and collaborators
demonstrated no changes in CD200R1 mRNA expression, decreased CD200 mRNA expression
(CD200full, deduced from gPCR primers) and decreased CD200-immunostiaining in the center
of chronic multiple sclerosis white matter lesions (Koning et al. 2007; Koning et al. 2009). Since
CD200full and CD200tr have opposite functions, together with the results we obtained in mixed
glial cultures after LPS/IFNy treatment, suggest that identifying whether CD200full or CD200tr is
altered in these diseases would be interesting in order to know the functional consequences of

these alterations.

With the aim of further understanding the consequences of the decreased CD200 and/or
CD200R1 expression observed in Alzheimer’s disease and multiple sclerosis (Walker et al. 2009;
Koning et al. 2007; Koning et al. 2009), we evaluated the effect of CD200-CD200R1 disruption
using two complementary in vitro strategies (anti-CD200 blocking antibody and CD200-deficient

mice) in different in vitro scenarios (microglial, mixed glial and mesencephalic neuronal cultures).

We have found that concentrations of anti-CD200 blocking antibody, that did not affect cell viability
in primary mixed glial cultures, did not result in the induction of a pro-inflammatory response per
se but it potentiated IL13, COX2 and IL6 mRNA expression induced by LPS/IFNy. Despite no
effects at protein level or NO production, the mRNA results indicate that CD200R1 may be a
potential target to modulate neuroinflammation. Supporting this, previous studies have
demonstrated that anti-CD200 blocking antibodies potentiate the pro-inflammatory response. An
in vitro study showed that amyloid B-induced glial cell activation was attenuated by the addition
of CD200-expressing neurons, and this effect was inhibited by an anti-CD200 blocking antibody
(Lyons et al. 2007). In in vivo studies, anti-CD200 blocking antibody increased CNS inflammation
and neurodegeneration in an experimental mouse model of multiple sclerosis (Chitnis et al. 2007)
and aggravated the pathology in an experimental auto-immune uveoretinitis rat model (Banerjee
and Dick 2004). In all these studies, neuronal CD200 is present and the level of expression of

CD200 in neurons is much higher than in astrocytes (Dentesano et al. 2014). Consequently, anti-
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CD200 blocking antibody is expected to have a more relevant effect on microglia activation when
neurons are present. We can hypothesize that the potentiation by an anti-CD200 blocking
antibody of LPS/IFNy-induced effects at mRNA, but not at protein level, may be attributed to the
absence of neuronal CD200 in our experimental model. In this conditions, astrocytic CD200 might
not be enough to potentiate microglial activation at protein level. Interestingly, the use of anti-
CD200 blocking antibody is also being studied in cancer research in order to potentiate the
immune system to fight against tumours, such as acute myeloid leukemia (Pallasch et al. 2009;
Coles et al. 2011). Regarding this, clinical trials with Samalizumab, an anti-CD200 blocking
antibody, for cancer therapy are in study (Alexion Pharmaceuticals). All these data point out the
potential therapeutic effects of anti-CD200 blocking antibodies to modulate the CD200-CD200R1

system.

1.2 GLIAL CELL CULTURES FROM CD200-DEFICIENT MICE. EFFECT ON
GLIAL ACTIVATION

In the present study, we set out to evaluate in vitro the changes on glial activation that accompany
the loss of CD200 in astrocytes to better understand the mechanisms that modulate microglial
function. Firstly, we showed that mixed glial cultures from CD200 -/- mice had the same cellular
composition as that from CD200 +/+ mice. Then, we observed that CD200-deficiency had no
repercussion per se in the basal levels of pro- or anti-inflammatory markers neither in mixed glial
nor in microglial cultures. Furthermore, pro- (IFNy, LPS, LPS/IFNy) and anti- (IL4) inflammatory
stimuli had the same effect on mixed glial cultures from CD200 -/- and CD200 +/+ mice. Similarly,
IFNy and IL4 had the same effect in microglial cultures prepared from CD200 -/- or CD200 +/+
mice. However, CD200 -/- microglial cultures exhibited a greater LPS-induced TNFa, COX2 and
IL10 mRNA expression and LPS/IFNy-induced TNFa mRNA expression.

There are previous reports studying the glial cells from CD200 -/- mice under resting conditions.
The CD200 knock-out murine colony used in the following articles from the literature has the same
origin as the one used in the present thesis. Regarding cell number, in vivo studies have shown
an increase in the number of microglial cells in the retina of CD200 -/- mice (Broderick et al. 2002).
The few in vitro studies using CD200 -/- mice did not show increased proportion of microglial cells
in glial mixed cultures from CD200 -/- mice supporting our observations (Costello et al. 2011).
Regarding basal microglial activation, in vivo studies have described that microglia from CD200 -
/- mice exhibit features of activation under resting conditions including morphological changes
and up-regulation of pro-inflammatory markers (Hoek et al. 2000; Denieffe et al. 2013). However,
in vitro studies failed to demonstrate this basal activation phenotype in mixed glial or microglial

cultures (Costello et al. 2011; Lyons et al. 2017), according to our findings.
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Strikingly, we have observed that CD200 inhibition with an anti-CD200 blocking antibody
potentiates the pro-inflammatory response of glial cells to LPS/IFNy whereas knocking-out CD200
had no repercussion on this response. This may be explained because in CD200 knock-out mice
CD200 has never been present and the function of the CD200-CD200R1 pathway could be
compensated by alternative mechanisms. In contrast, the sudden inhibition elicited by an anti-
CD200 blocking antibody may have stronger effects. Regarding the response to other pro-
inflammatory stimuli, previous studies reported a more pronounced increase in LPS-induced IL1(,
IL6 and TNFa cytokine levels (Costello et al. 2011) and IFNy-induced TNFa protein (but not
mMRNA) expression (Denieffe et al. 2013) in mixed glial cultures from CD200 -/- mice compared
to wild-type cultures. However, in our experiments, LPS and IFNy increased the mRNA
expression of pro-inflammatory markers to the same extent in mixed glia prepared from CD200 -
/- and CD200 +/+ mice. Differences in LPS treatment duration (6 h in our study vs. 24 h) and in
IFNy concentration and treatment duration (0.1 ng/mL for 6 h in our study vs. 50 ng/mL for 24 h)
could underlie different outcomes. Also, these articles did not explain which wild-type mice were
used as controls, what can be a source of bias. Note that we used wild-type mice on a matched

genetic background.

In contrast to glial mixed cultures, in microglial cultures we have found a potentiation of the pro-
inflammatory response to LPS/IFNy and LPS in CD200 -/- cultures. This leads to the hypothesis
that knock-out mice may have primed microglial cells but unaltered astrocytic response, which
makes mixed glial cultures not sensitive enough to measure specifically microglial alterations that
are only detected in a purified microglial culture. This is supported by a previous study reporting
no differences in the pro-inflammatory response to IFNy treatment between purified astrocytic
cultures from CD200 +/+ and CD200 -/- mice (Denieffe et al. 2013). Since in microglial cultures
CD200 ligand is not present, the results obtained suggest an intrinsic microglial alteration in
CD200 -/- mice that does not depend on the presence of CD200. Previous studies also showed
an effect of CD200 -/- in microglial cultures (Denieffe et al. 2013; Lyons et al. 2017), or even a
greater effect in microglial than mixed glial cultures (Denieffe et al. 2013). However, some of our
results are not in agreement with previous findings. It has been reported no potentiation of LPS-
induced IL1B, IL6 and TNFa mRNA expression in microglial cells from CD200 -/- mice (Costello
et al. 2011). Whereas we obtained the same findings for IL1B and IL6, we did observe a
potentiation of the LPS-induced increase in TNFa mRNA levels in CD200 -/- microglia. Another
study described no alterations in IFNy-induced iINOS and a potentiation of IFNy-induced TNFa
MRNA expression in microglial cells from CD200 -/- mice (Denieffe et al. 2013) while we did not
observe any differential IFNy effect in CD200 -/- microglia. Again, differences in LPS and IFNy
concentration and duration of the treatment, as well as, the genetic background of the wild-type

mice used could explain these discrepancies.

Since the up-regulation of CD200 expression on neurons has been suggested to mediate IL4

modulation of microglial activation (Lyons et al. 2007; Lyons et al. 2009), we studied whether
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CD200-deficiency had an effect on IL4-induced anti-inflammatory markers in glial cultures. IL4
increased the expression of anti-inflammatory markers to the same extent in mixed glial and
microglial cultures prepared from CD200 -/- or CD200 +/+ mice. These results suggest a
differential role of neuronal and astrocytic CD200 on the modulation of microglial activation by
IL4. These results are in concordance with a previous study (Denieffe et al. 2013) that reported
no differences in the induction of arginasel and MR mRNA expression between CD200 +/+ and
CD200 -/- mixed glial cultures. However, Yi and collaborators reported that inhibition of CD200R1
prevents from IL4-induced IL10 in BV2 cultures (Yi et al. 2016).

1.3 EFFECT OF CD200-DEFICIENCY ON THE INDUCTION OF NEURONAL
DEATH

Mounting evidence supports that innate immunity, especially microglial cells, may contribute to
neurodegeneration in PD (Dauer and Przedborski 2003; Hirsch and Hunot 2009) and
mesencephalic cultures have been increasingly used to analyse the mechanisms by which
microglia facilitate dopaminergic neuronal death. Epidemiologic studies have implicated the
exposure to pesticides including rotenone as a risk factor for PD (Betarbet, Sherer, and
Greenamyre 2002; Langston 2002). Moreover, mitochondria may also participate in cell death in
PD (Orth and Schapira 2002; Swerdlow et al. 1996). Here, the mitochondrial complex | inhibitors
rotenone and MPP+ were used to trigger dopaminergic cell death in mesencephalic cultures. We
studied whether the disruption of the CD200-CD200R1 system in mesencephalic cultures had an

effect on MPP+- or rotenone-induced neuronal death.

We have shown that MPP+ or rotenone reduced dose-dependently the number of TH-positive
cells in primary mesencephalic cultures and that this toxicity was selective for TH-positive cells at
lower doses. Previous reports also showed that midbrain dopaminergic neurons are selectively
sensitive to MPP+ and rotenone (Koutsilieri et al. 1995; Michel et al. 1989; Mytilineou, Cohen,
and Heikkila 1985; Sanchez-Ramos et al. 1986; Saporito et al. 1992; Gao et al. 2002). We found
that rotenone killed dopaminergic neurons with higher potency than MPP+ in mesencephalic
cultures. This result confirmed previous reports and may be attributed to the higher lipophilic
properties of rotenone and/or to the fact that rotenone, in contrast ot MPP+, is not sequestered
into synaptic vesicles (Ahmadi et al. 2003; Lannuzel et al. 2003; Ren et al. 2005; Dauer et al.
2002).

We found that the CD200-deficiency in mesencephalic cultures was associated with higher
microglial content and increased MPP+-induced neurotoxicity. It has been reported that, adding
microglial cells to mesencephalic cultures, MPP+ induces a stronger loss of dopaminergic

neurons (Kinugawa et al. 2013; Gao et al. 2002). We hypothesise that CD200-deficiency may
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lead to a higher number of microglial cells and more primed microglia in mesencephalic cultures,
both contributing to neurotoxicity. Further studies are required to fully elucidate the inflammatory

properties of CD200-deficiency in mesencephalic cultures.
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2 Effect of MPP+ and rotenone on glial activation and on
the CD200 - CD200R1 system

In the present study, we show that the response of glial cells to a pro- and anti-inflammatory
stimulus was modified by the neurotoxic agents MPP+ and rotenone. In general, MPP+ and
rotenone treatment did not induce per se a significant pro- or anti-inflammatory phenotype in
primary mixed glial and microglial cultures. However, these neurotoxic agents did impair the
development of a pro- and anti-inflammatory phenotype in LPS/IFNy and IL4-treated glial
cultures. This effect was observed in the absence of significant cell death but in the presence of

impaired metabolic activity.

The toxic effects of MPP+ and rotenone on neurons have been repeatedly demonstrated using
primary neuronal cultures, with dopaminergic neurons showing the highest sensitivity to the toxic
effects of these compounds. In mouse primary cultures, dopaminergic neuron death is observed
at concentrations from 0.1 yM MPP+ (one week exposure) (Kinugawa et al. 2013) or 3 yM MPP+
(48 h exposure) (Henze et al. 2005), and 10 nM (one week exposure) (Gao et al. 2003a) or 5 nM
rotenone (48 h exposure) (Radad, Rausch, and Gille 2006). Exposure to higher concentrations
of these neurotoxins is necessary to induce the death of non-dopaminergic neurons (Gao et al.
2003a; Henze et al. 2005). The presence of microglial cells in neuronal cultures has been
associated to increased MPP+ and rotenone neurotoxicity (Emmrich et al. 2013; Gao et al. 2002;
Gao et al. 2003a; Kinugawa et al. 2013). However, as MPP+- and rotenone-damaged neurons
induce microglial activation, which has a neurotoxic effect, it is difficult to establish the contribution

of a direct effect of the toxins on glial cells in the neurotoxicity observed.

In fact, although the neurotoxic effect of MPP+ and rotenone has been widely described using in
vivo and in vitro experimental approaches, their direct effects on glial cells remain poorly
characterized (Bournival et al. 2012; Chen et al. 2015; Du et al. 2014; Gao et al. 2003a; Klintworth,
Garden, and Xia 2009; Zhou et al. 2016). Most of the studies performed until now using glial cell
cultures have tested whether these neurotoxins induce a pro-inflammatory phenotype in
microglial cells, and the results obtained are controversial. The range of concentrations used in
these studies is higher than that used in neuronal cultures (0.1-500 yM MPP+ and 10 nM-1 yM
rotenone) (Bournival et al. 2012; Du et al. 2014; Gao et al. 2003a; Henze et al. 2005; Jin et al.
2012; Klintworth, Garden, and Xia 2009). Some authors have reported no alterations (Ferger et
al. 2010; Jin et al. 2012; Klintworth, Garden, and Xia 2009), but others have shown the induction
of pro-inflammatory markers in MPP+- and rotenone-treated microglial cultures (Du et al. 2014;
Liang et al. 2015; Zhang et al. 2014; Zhou et al. 2016). Differences in the pattern of neurotoxin

treatment (concentration and duration of the treatment) and the cell types used (primary cultures
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and cell lines from different species) may partially account for the differences observed. Most
studies have considered microglial cell lines, while studies using primary microglial cultures are

scarce.

2.1 PRO-INFLAMMATORY RESPONSE

In the present study, we show that concentrations of MPP+ and rotenone that did not affect cell
viability in primary glial cultures at 24 h did not result in the induction of a significant pro-
inflammatory phenotype (with the exception of IL6 production), but they interfered with the
development of the pro-inflammatory phenotype induced by LPS/IFNy. Thus, MPP+ and rotenone
inhibited pro-inflammatory cytokine production induced by LPS/IFNy in glial cells (IL1( in the case
of MPP+, and also IL6 and TNFa in the case of rotenone). They also modified the expression of
pro-inflammatory enzymes (iNOS, COX 2 and/or gp91phox). In general, the alterations observed
were more pronounced in mixed glia than in microglial cell cultures. In addition, the effect of
rotenone was stronger than that of MPP+, although the concentrations of rotenone used were
three orders of magnitude below those of MPP+. MPP+ and rotenone treatment also interfered in
the phagocytic activity of microglial cells, which was clearly inhibited after neurotoxin treatment,
especially in the presence of LPS/IFNy. Altogether, these results suggest that MPP+ and
rotenone directly impair the ability of glial cells to respond to a pro-inflammatory insult. In this
sense, exposure to stimuli that affect mitochondrial activity, such as hypoxia or respiratory chain
inhibitors, has been suggested to alter the immune response of macrophages (Wiese et al. 2012).

At the cellular level, the main target of both MPP+ and rotenone is the mitochondrial electron
transport chain, where they selectively inhibit complex | (Dauer and Przedborski 2003). As a
consequence, ATP production is compromised, Oz levels increase, and subsequent oxidative
stress occurs. This is critical in neuronal cells, where energy production mainly depends on ATP
synthesis through oxidative phosphorylation (Belanger, Allaman, and Magistretti 2011a). In
contrast, astrocytes are mainly glycolytic (Belanger, Allaman, and Magistretti 2011a). In addition,
astrocytes can generate lactate from glycogen via glycolysis under metabolic activation (Hertz,
Peng, and Dienel 2007). Macrophages/microglia have the capacity to generate ATP by both
glycolytic and oxidative pathways (although in the case of microglial cells the field is still
underexplored) (Ghosh et al. 2018; Van den Bossche, O'Neill, and Menon 2017). Indeed, they
are able to shift from oxidative phosphorylation to aerobic glycolysis (production of lactate in the
presence of oxygen) to obtain ATP from different pathways according to the metabolic demands
of their activation status (Galvan-Pena and O'Neill 2014; Haschemi et al. 2012; Orihuela,
McPherson, and Harry 2016). The classical activation or M1/pro-inflammatory phenotype is
associated with inhibition of the respiratory chain and the potentiation of aerobic glycolysis, which
results in more rapid ATP production to satisfy the metabolic demands associated with the quick

pro-inflammatory response of the M1 phenotype. In this situation, the glycolytic and pentose
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phosphate pathways are potentiated and oxidative phosphorylation is inhibited (Haschemi et al.
2012). A metabolic-epigenetic crosstalk is suggested to control macrophage activation
(Baardman et al. 2015). In contrast, pro-inflammatory stimuli increase tricarboxylic acid activity in

astrocytes (Gavillet, Allaman, and Magistretti 2008).

In mixed glial cultures, LPS/IFNy treatment increased intracellular ATP levels, an effect that was
clearly inhibited by MPP+ and rotenone. These results suggest that MPP+- and rotenone-treated
cultures suffer metabolic stress that is aggravated when the cells increase their energetic
demands after LPS/IFNy treatment. Consequently, activated glial cells may not fulfill their
metabolic demands in the presence of MPP+ and rotenone, which would explain why mixed glial
cultures exposed to these toxicants were not able to give an appropriate pro-inflammatory
response to LPS/IFNy. The effects of MPP+ and rotenone on intracellular ATP levels were less
drastic in LPS/IFNy-treated microglial than mixed glial cultures. ATP levels were not significantly
compromised in LPS/IFNy-treated microglial cultures exposed to MPP+ and rotenone, with the
exception of 25 yM MPP+ treatment. In addition, the response to LPS/IFNy was also impaired to
a lesser extent in microglial cultures than in mixed glial cultures. Altogether, these results suggest
that microglial cells can better cope with the metabolic alterations induced by MPP+ and rotenone
than astrocytes, which account for 75% of cells in mixed glial cultures. A possible explanation is
that while microglial cells developing a pro-inflammatory phenotype switch to glycolysis (Galvan-
Pena and O'Neill 2014; Haschemi et al. 2012; Orihuela, McPherson, and Harry 2016), astrocytes
exposed to pro-inflammatory stimuli increase the activity of the tricarboxylic acid cycle (Gavillet,
Allaman, and Magistretti 2008), which in the presence of MPP+ and rotenone will encounter
truncated oxidative phosphorylation. However, the involvement of a differential response of
activated microglial cells to the toxins in the presence of astrocytes (or impaired astrocytes)

cannot be ruled out.

To assess whether the glycolytic switch mentioned above was behind the ATP production in
activated glial cultures, we evaluated the expression of genes encoding critical proteins for the
glycolytic pathway. In microglial cultures, a switch to the glycolytic pathway in LPS/IFNy-activated
microglial cultures was suggested by the observed increase in expression of Glutl, HK1, Pfk1l
and Hiftfa mRNA and the decreased expression of Carkl mRNA. Increased expression of the
glucose transporter Glutl may result in more glucose uptake, while the increased expression of
Hk1 and Pfk1, which regulate critical steps in glycolysis, may increase the glycolytic rate. It has
been suggested that hypoxia-inducible factor activation contributes to macrophage polarisation,
and that Hifa-dependent glycolysis favors polarisation to an M1 phenotype (Palazon et al. 2014;
Taylor et al. 2016). In addition, metabolic intermediates such as succinate play a role in Hifla
stabilization and subsequent IL1 expression in LPS-treated macrophages (Tannabhill et al. 2013).
Inhibition of Carkl expression potentiates the flux through the pentose phosphate pathway
(Haschemi et al. 2012). Whereas MPP+ exposure resulted in a further increase in Glutl

expression in LPS/IFN-y-treated microglial cultures, rotenone exposure partially inhibited
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LPS/IFNy-induced Pfk and Hifa mRNA expression. Consequently, in the case of microglial
cultures, the attenuated pro-inflammatory response to LPS/IFNy mostly observed in the presence
of rotenone may result from some alterations to the glycolytic switch. In addition, it cannot be
ruled out that ATP production through oxidative phosphorylation may also partially contribute to
the energy demand required to develop a pro-inflammatory response, even in situations where
the switch to glycolysis occurs. In this sense, Wang and collaborators showed that 2-
deoxyglucose, which blocks glycolysis and partially inhibits glycolytic-dependent oxidative
phosphorylation, has a stronger inhibitory effect on the IFNy-induced inflammatory response in
macrophages than inhibiting glycolysis when replacing glucose in the cell culture medium with
galactose, which reduces glycolytic flux without interfering with oxidative phosphorylation (Wang
et al. 2018). Interestingly, control of the pro-inflammatory macrophage response through
metabolic reprogramming has been suggested as a potential therapeutic strategy to promote

remission in chronic inflammatory diseases (Mills and O'Neill 2016).

We observed contrasting effects in LPS/IFNy treated mixed glia and microglial cultures in terms
of the mMRNA expression of the glycolytic enzymes Glutl, Hk1, and Pfk1l. Their expression was
inhibited in mixed glia, suggesting the contribution of astrocytes to the effects observed. Although
astrocytes are mainly glycolytic and have preference for the production of lactate (Belanger,
Allaman, and Magistretti 2011a), pro-inflammatory stimuli increase tricarboxylic acid activity in
astrocytes (Gavillet, Allaman, and Magistretti 2008). The decreased expression of the glycolytic
enzymes we observed may reflect this switch. Consequently, the impaired response of mixed glial
cultures to LPS/IFNy in the presence of MPP+ and rotenone may be explained by the fact that
oxidative phosphorylation, which would be responsible for the main ATP production from products
of the tricarboxylic acid cycle, is inhibited by MPP+ and rotenone. However, the involvement of
microglial cells in the response of mixed glial cultures to MPP+ and rotenone plus LPS/IFNy

cannot be ruled out.

Finally, some studies show that MPP+ causes DNA damage (Zhang, Pieper, and Snyder 1995)
and oxidative DNA damage in neuronal cells (Chen et al. 2005). In addition, rotenone-induced
DNA damage (Goswami et al. 2016) and DNA methylation (Scola et al. 2014) in neurons have
also been described. Although there are no reports on MPP+- and rotenone-induced DNA
alterations on glial cells, we cannot discard that these alterations may be behind the decreased
expression of inflammatory markers we detected in LPS/IFNy-treated glial cultures exposed to

the neurotoxins.

2.2 ANTI-INFLAMMATORY RESPONSE

We have not only characterized the effect of parkinsonian neurotoxins on the glial pro-

inflammatory response but also on the anti-inflammatory response. Here, we demonstrate that
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the same concentrations of MPP+ and rotenone used in the study of the pro-inflammatory
response resulted per se in the reduction of anti-inflammatory markers in glial cultures.
Furthermore, these neurotoxins also impaired the development of the anti-inflammatory
phenotype in IL4-treated glial cultures. MPP+- and rotenone-induced changes in the metabolic

activity of glial cells may be responsible for the impairment of the immune response observed.

Interestingly, in contrast to what we observed in the study of the pro-inflammatory response,
where rotenone had a stronger effect than MPP+ even though the concentrations of rotenone
were three orders of magnitude below those of MPP+, here MPP+ showed the strongest effect.
Thus, we can hypothesize that, although both MPP+ and rotenone are inhibitors of mitochondrial
complex |, they differ in the way they impair the pro- and anti-inflammatory responses. As
observed in the study of the pro-inflammatory response, these effects were more pronounced in

mixed glial than in microglial cell cultures.

Previous studies reported that rotenone had no effect on LPS-induced pro-inflammatory cytokine
production in primary microglial cells, but it did inhibit IL4-induced arginase activity and expression
(Ferger et al. 2010). The authors also demonstrated that rotenone inhibited IL4-induced reduction
of LPS-stimulated cytokine secretion. In the present study, we did not detect changes in IL4-
induced Argl expression in microglial cultures exposed to rotenone, but we did observe a marked
reduction in the expression of Argl and other anti-inflammatory markers in IL4-treated mixed glial
cultures exposed to rotenone and MPP+. The differences between our results and those of Ferger
and collaborators could be due to the lower concentration of IL4 (10 ng/mL) and the higher

concentration of rotenone (200 nM) used by Ferger and collaborators (Ferger et al. 2010).

MPP+ and rotenone tended to decrease the percentage of phagocytic microglial cells, with a
significant decrease observed in cells treated with both IL4 and MPP+. Regarding phagocytic
activity (number of microspheres/cell), MPP+, rotenone and IL4 increased the percentage of cells
showing lower phagocytic activity than control, but no additive effect was observed in the IL4-
treated cultures exposed to the neurotoxins. Increased phagocytosis in BV2 cells treated with
rotenone, at a concentration lower than the one used in the present study, has been reported
(Zhang et al. 2014; Chang et al. 2013). Different sensitivity of this murine cell line to the effect of
rotenone could account for the differences observed.

Significant changes in intracellular ATP levels were observed in mixed glial cultures treated with
MPP+ or rotenone: decreased ATP levels were observed for 25 pM MPP+, while 10 and 25 pM
MPP+ inhibited IL4-increased ATP levels. ATP levels were also decreased in mixed glial cultures
treated with IL4 and 100 nM rotenone. These results suggest that IL4-treated mixed glial cultures
do not meet the metabolic demand needed to develop an anti-inflammatory phenotype in the
presence of the neurotoxins. In contrast, in the microglial cultures there were no significant

changes in any of our experimental conditions, although ATP levels tended to decrease after
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MPP+ or rotenone treatment. In addition, the response of microglial cultures to IL4 in the presence
of the neurotoxins was not as affected as that of mixed glial cultures. Thus, microglial cells appear
to be more resistant to the toxic effects of MPP+ and rotenone. Curiously, our MTT results showed
that metabolic activity was reduced in the mixed glial cultures, but increased in the microglial
cultures exposed to MPP+ or rotenone, suggesting that microglial cells activate alternative but
less productive ATP-generating pathways or have a higher rate of ATP consumption in response

to the presence of the neurotoxins.

When microglia/macrophages are activated by IL4, they acquire an anti-inflammatory or M2
phenotype. In contrast to the M1 program, in which the rapid energy requirements make glycolysis
the best metabolic pathway, the M2 program requires a maintained and long-lasting energy
supply, in which oxidative metabolism better cope with these energetic requirements. In contrast
to the M1 phenotype, M2 macrophages have low glycolysis rates, a reduced pentose phosphate
pathway and high rates of fatty acid oxidation and oxidative phosphorylation. Oxidative
metabolism provides sustained energy for angiogenesis, tissue remodelling, repair and wound
healing (Ghesquiere et al. 2014; Biswas and Mantovani 2012; Odegaard and Chawla 2011). The
vast majority of studies describing these metabolic states of immune cells are in peripheral
macrophages (O'Neill and Hardie 2013; Pearce and Pearce 2013) and very few studies have
been done in microglial cells (Durafourt et al. 2012; Orihuela, McPherson, and Harry 2016;
Bernhart et al. 2010; Chenais, Morjani, and Drapier 2002; Gimeno-Bayon et al. 2014; Moss and
Bates 2001; Voloboueva et al. 2013; Sohn 2012). Although still underexplored, some metabolic
differences are thought to exist between microglia and peripheral macrophages. Thus, while
studies on microglial cells have reported increased glycolysis after an M1 stimulus similar to that
observed in macrophages, no increased oxidative phosphorylation has been observed in
microglial cells after an M2 stimulus (Orihuela, McPherson, and Harry 2016). Indeed, Durafourt
and collaborators comparing the polarisation of human microglia and macrophages, suggested
that microglial cells are more reluctant to adopt an M2 phenotype than macrophages (Durafourt
et al. 2012),

After an M2 stimulus, microglial cells may be less dependent on oxidative metabolism than
astrocytes and/or microglial cells exposed to complex | inhibitors may display alternative
mechanisms to better handle the effect of MPP+ and rotenone than astrocytes. In this regard, in
primary astrocyte cultures, the anti-inflammatory cytokines IL4 and IL10 decrease glucose
utilization and enhancement of oxidation of fatty acids and ketone bodies are suggested to occur
(Belanger, Allaman, and Magistretti 2011b). Therefore, a possible explanation for the highest
susceptibility of mixed glial cells to complex | inhibitors after IL4 treatment could be the
requirement of the respiratory chain in astrocytes as a principal source of energy under IL4
stimulus. In contrast, although a switch to oxidative metabolism has been described in
macrophages (Ghesquiere et al. 2014), microglial cells do not increase the oxidative metabolism

after IL4 treatment (Durafourt et al. 2012; Orihuela, McPherson, and Harry 2016). This suggests
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that microglial cells are not as dependent as macrophages on oxidative metabolism to produce
an M2 response and may explain the weak impairment of microglial response to IL4 when
exposed to complex | inhibitors. Nevertheless, the involvement of a differential response of
activated microglial cells to the toxins in the presence of astrocytes (or impaired astrocytes)
cannot be discarded.

To further characterize the metabolic changes underlying MPP+ and rotenone treatment, the
MRNA expression of key enzymes related to M1 and M2 phenotypes were evaluated. As
microglial metabolism is still rather unexplored, we considered macrophage metabolism as a point

of reference to study microglial cells.

Vats and collaborators demonstrated that PGC1, a regulator of the beta-oxidation of fatty acids
and oxidative phosphorylation, is critical for M2 macrophage polarisation, inducing fatty acid
oxidation and mitochondrial biogenesis and inhibiting pro-inflammatory cytokine production in IL4-
treated macrophages (Vats et al. 2006). In microglial cultures, Pgc1f mRNA levels tended to
increase in response to MPP+ or IL4 alone. This tendency was also observed in IL4-treated
cultures exposed to rotenone, but a significant increase was observed in IL4-treated cultures
exposed to MPP+. These results suggest that although MPP+ and rotenone inhibit oxidative
phosphorylation, microglial cells treated with both MPP+ and IL4 increase their PGC1B

expression to increase oxidative metabolism as a compensatory response.

In macrophages, CARKL, which is involved in regulating the pentose phosphate pathway, is
required for metabolic reprogramming during M1 and M2 polarisation (Haschemi et al. 2012).
CARKL catalyzes the production of sedoheptulose-7-phosphate, an intermediate in the pentose
phosphate pathway, which limits the flux into the pentose phosphate pathway (Haschemi et al.
2012). The expression of CARKL in macrophages is rapidly down-regulated in response to LPS
stimulation and it is slightly increased in response to IL4 treatment (Haschemi et al. 2012). CARKL
down-regulation appears to be critical for M1 polarisation, given that pro-inflammatory gene
expression is repressed by CARKL (O'Neill and Hardie 2013). In microglial cultures, Carkl mRNA
expression was not affected in our experimental conditions. Consequently, the pentose
phosphate pathway was not potentiated in contrast to what we observed after LPS/IFNy
treatment, which induced a strong inhibition of Carkl mMRNA expression. In agreement with these
results, Orihuela and collaborators reported that although macrophages and microglia increase
glycolysis in response to pro-inflammatory stimuli, macrophages increase oxidative
phosphorylation in response to I1L4, but microglial cells have an oxidative metabolic state that is
similar to that of non-stimulated cells following IL4 treatment (Orihuela, McPherson, and Harry
2016). IL4 stimulation of microglial cells elicits decreased glucose consumption and lactate
production (Gimeno-Bayon et al. 2014). However, we observed significantly increased Glutl
MRNA levels in IL4-treated microglial cultures. MPP+ also increased Glutl mRNA expression,

further increasing the IL4-induced rise in expression. Glutl mRNA expression levels also tended
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to increase after rotenone treatment. These increases suggest that an additional uptake of
glucose is promoted to compensate for the reduced oxidative metabolism elicited by the
parkinsonian neurotoxins. In agreement with this, the mRNA expression of Pfpk, one of the most
important regulatory enzymes of glycolysis, was also increased in IL4-treated cultures exposed
to MPP+. The expression of Hif1a, which potentiates glycolysis (Palazon et al. 2014; Taylor et al.
2016), showed a trend to increase in MPP+-treated microglial cultures. Altogether, these results
indicate that IL4-stimulated microglial cells exposed to MPP+ or rotenone tended to increase both
oxidative metabolism and the glycolytic flux to compensate for the inhibition of oxidative
phosphorylation by the complex | inhibitors. Interestingly, MPP+ had a greater effect than
rotenone both at altering the expression of metabolic enzymes and at inhibiting the anti-

inflammatory response.

Regarding mixed glial cultures, down-regulation of Carkl and up-regulation of Glutl mRNA
expression were observed after MPP+ treatment. Reduced Carkl mRNA expression was also
observed in rotenone-treated mixed glial cultures. These changes may reflect a preference for
the glycolytic and pentose phosphate pathways when oxidative metabolism is inhibited by the
neurotoxins. However, this shift may not be enough to fulfil the energy requirements to respond

to IL4 in the presence of the neurotoxins.

2.3 EFFECT OF MPP+ AND ROTENONE ON THE CD200-CD200R1 SYSTEM
IN THE ABSENCE AND PRESENCE OF A PRO- OR ANTI-
INFLAMMATORY STIMULUS

Since the CD200-CD200R1 system is one of the mechanisms of control of microglial activation,
we analysed whether changes in the CD200-CD200R1 system were associated with the inhibitory

effect of MPP+ and rotenone on the pro- and anti-inflammatory responses of glial cells.

Corroborating the results exposed in the first section, we found that 6 h after LPS/IFNy treatment
CD200R1 mRNA expression dramatically decreased both in mixed glial and microglial cells, and
that CD200tr mRNA expression increased in mixed glial cultures. These results suggest that the
disruption of the CD200-CD200R1 system facilitates the development of the pro-inflammatory

response of microglia to LPS/IFNy, as previously discussed.

Several studies have shown that CD200R1 stimulation inhibits the expression of pro-inflammatory
cytokines, but it also induces the expression of the anti-inflammatory markers IL10 and ARG1 in
glial cells treated with pro-inflammatory stimuli (Hernangomez et al. 2012; Liu et al. 2010; Lyons
et al. 2012; Yi et al. 2016). In addition, Yi and collaborators reported that CD200R1 is necessary
for the IL4-induction of an anti-inflammatory phenotype in microglial cells (Yi et al. 2016). We

observed that CD200R1 mRNA levels were increased and CD200tr mRNA levels were decreased
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in IL4-treated mixed glial cultures, indicating that the inhibitory function of CD200R1 is enhanced
to promote an anti-inflammatory phenotype. However, CD200full MRNA expression was inhibited
by IL4. As IL4 has been demonstrated to increase CD200 expression in neurons (Lyons et al.
2007) and since CD200 expression has been reported to be decreased in neuronal cultures from
IL4 -/- mice (Lyons et al. 2009), our results suggest a differential CD200 regulation by IL4 in
neurons and astrocytes. Nevertheless, there is no specification on which CD200 isoform, full or

tr, was determined in these articles.

When treating mixed glial cultures with MPP+ or rotenone, we observed a reduction of CD200R1,
CD200full and CD200tr mRNA expression. CD200-CD200R1 impairment may be involved in the
increased expression of pro-inflammatory markers (IL1B, IL6, COX2) and the decreased
expression of anti-inflammatory markers (IL10, TGFB, IL1ra, MR) observed after MPP+ or
rotenone treatment. Previous studies reported that the potentiation of the CD200-CD200R1
system by recombinant CD200 increased Argl and IL10 expression in microglial cells (Yi et al.
2016), supporting that the disruption of the CD200-CD200R1 system we observed following
MPP+ and rotenone may lead to a decrease in the expression of anti-inflammatory markers.

The effect of LPS/IFNy on CD200 and CD200R1 mRNA expression in mixed glial cultures was
similar in the absence and presence of MPP+ or rotenone. Therefore, the dominant effect seems
to be the one produced by LPS/IFNy. As mentioned before, following LPS/IFNy treatment, the
dramatic decrease in CD200R1, the decrease in CD200full and the increase in CD200tr mMRNA
expression may contribute to the pro-inflammatory activation of glial cells. However, in the
presence of MPP+ or rotenone, the pro-inflammatory response of glial cells to LPS/IFNy was
inhibited, although the CD200-CD200R1 system remained disrupted. This observation suggests
that the CD200-CD200R1 system is not implicated in the inhibition of LPS/IFNy-induced pro-
inflammatory markers by MPP+ and rotenone and that additional mechanisms are probably

involved.

In contrast, MPP+ and rotenone treatment inhibited the IL4-induced expression of CD200R1
mMRNA in mixed glial cultures. CD200R1 is necessary for the induction of the anti-inflammatory
phenotype elicited by IL4 in microglia (Yi et al. 2016). Therefore, MPP+ inhibition of IL4-induced
CD200R1 mRNA expression may be one of the mechanisms by which MPP+ inhibits the 1L4-
induced expression of anti-inflammatory markers. Rotenone inhibited the IL4-induced CD200R1
MRNA expression to a lesser extent than MPP+ and interestingly, the inhibitory effect of rotenone

on the IL4-induced anti-inflammatory response was also lower than that of MPP+.

Regarding microglial cultures, we have to take into account that CD200 is not present in these
cultures. However, changes in CD200R1 expression were also observed. In microglial cultures,
CD200R1 mRNA expression was increased 6 h after MPP+ and rotenone treatment, in contrast

to what we observed in mixed glial cultures. Similar to IL4, that requires CD200R1 for the induction
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of anti-inflammatory markers (Yi et al. 2016), MPP+ and rotenone may increase CD200R1 and
induce the expression of anti-inflammatory markers. Although we did not analyse the expression
of anti-inflammatory markers at 6 h, an increase in IL1ra mRNA expression was interestingly
observed 24 h after MPP+ treatment. In addition, no increase in anti-inflammatory markers was
observed after MPP+ or rotenone in mixed glial cultures where, in contrast to microglial cultures,

CD200R1 mRNA expression was decreased after neurotoxin exposure.

In mixed glial cultures, MPP+ and rotenone inhibited IL4-induced CD200R1 mRNA expression,
which could explain the inhibition in the expression of anti-inflammatory markers observed. On
the contrary, CD200R1 mRNA expression was increased in IL4-treated microglial cultures
exposed to MPP+ or rotenone, which showed few changes in the expression of anti-inflammatory
markers. Nevertheless, as mentioned above, CD200 was not present in microglial cultures,
suggesting that although changes were observed in CD200R1 expression in microglial cells in
response to treatments, CD200R1 cannot activate the downstream signalling pathway and
consequently, other systems may be responsible for the changes observed in the inflammatory
response. CD200R1 mRNA expression was dramatically inhibited by LPS/IFNy in microglial
cultures, indicating that despite the absence of the ligand, CD200R1 expression is regulated.
However, other mechanisms may be responsible for the pro-inflammatory response observed

after LPS/IFNy in microglial cultures.

Altogether, the results of the present section indicate that MPP+ and rotenone impair the pro- and
anti-inflammatory responses of glial cells to LPS/IFNy and IL4 in vitro. Furthermore, astroglial
cells appear to be more sensitive than microglial cells to these neurotoxins, or at least, when both
cell types are together the repercussion of MPP+ and rotenone exposure is stronger than when
analysing microglial cells alone. In addition, alterations in CD200R1 expression may be involved
in the impairment of the anti-, but not the pro-inflammatory response, elicited by MPP+ and
rotenone. This suggests that the immune response of glial cells is compromised by neurotoxins
that inhibit the mitochondrial electron transport chain. Although the involvement of glial cells in
the development of neurodegenerative diseases is widely accepted, the precise role they play in
every neurodegenerative disorder remains to be established. As many genetic and environmental
factors are probably involved in the etiopathogenesis of neurodegenerative diseases, many
factors may also determine when and how glial cells take part in the pathological process. In the
case of pathologies where the exposure to certain neurotoxicants is a risk factor, such as PD, the
direct effect of the toxic agents on glial cell function may be an additional factor to take into
account, as alterations in glial function will have an effect on neuronal function and CNS
homeostasis. In this context, our results suggest that glial metabolic alterations induced by
neurotoxin exposure compromise the brain immune response. This impaired immune response
may imply a more vulnerable brain, which can be a further aspect contributing to the development
of PD.
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3 Evaluation of the effect of CD200-CD200R1 modulation in
the MPTP mouse model of PD

Neuroinflammation has been described in the context of PD, but little is known concerning the
role of microglial activation in this neurodegenerative disorder (Gelders, Baekelandt, and Van der
Perren 2018; Hirsch and Hunot 2009; McGeer et al. 1988; Barcia 2013).

In this study, dopaminergic neurodegeneration after MPTP administration was accompanied by
a transient glial activation both in the striatum and SN, especially in the SNpc. Glial activation and
dopaminergic degeneration occurred earlier in the striatum than in the SNpc. In addition,
microglial activation occurred before astroglial activation, at least in the striatum. We also
observed transient up- and down-regulation of inflammatory markers in these brain areas. These
effects were accompanied by changes in CD200 and CD200R1 expression, mainly a transient
increase in striatal CD200R1 and a sustained decrease in CD200full in the ventral midbrain. The
administration of a CD200R1 agonist attenuated the MPTP-induced microglial activation and
dopaminergic neurodegeneration. Inversely, CD200-deficient mice showed a more activated
microglial phenotype at early stages after MPTP administration, but did not present an increase

in the MPTP-induced dopaminergic neurodegeneration.

TH-positive striatal fibers were dramatically reduced to 29% of the control level as soon as 2 hours
after the last MPTP injection. At this time point, 99% of the TH-positive neurons in the SNpc
remained intact. Thus, striatal TH-positive fibers show a more rapid response to MPTP compared
to TH-positive cell bodies in the SNpc. Seven days after MPTP-injection, when dopaminergic
neurodegeneration is established (Jackson-Lewis et al. 1995), TH-positive striatal fibers were
reduced to 21% of the control level, while 46% of the TH-positive neurons still remained. These
results suggest that striatal TH-positive fibers are more sensitive to MPTP toxicity than TH-
positive neuronal bodies. This data is corroborated by previous studies (Bian et al. 2012; Costa
et al. 2013; Gibrat et al. 2009; Teismann et al. 2003).

There are previous reports that have studied whether glial activation precedes the dopaminergic
neurodegeneration after MPTP administration using the same MPTP mouse model we have used
here (Brochard et al. 2009; Czlonkowska et al. 1996; Kohutnicka et al. 1998; Liberatore et al.
1999). However, some effects occur so rapidly that it is difficult to determine what occurs first.
From our data, we can say that microglial activation precedes astroglial activation in the striatum.
Liberatore and collaborators reported that a similar glial activation can be found in the striatum
and ventral midbrain after acute MPTP administration, however, no mention on whether microglial
preceded astroglial activation in the striatum was given (Liberatore et al. 1999). Liu and

collaborators showed that microglial activation was already detected in the striatum 90 minutes
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after MPTP administration (Liu et al. 2015), and Suo and collaborators 2015 reported that
astroglial activation was not yet detected in the striatum at day 1 after MPTP administration (Suo
et al. 2015). Here, we corroborated that microglial activation in the striatum occurred before
astroglial activation and to our knowledge, it is the first time that this has been determined in the
same animals. Regarding SNpc, microglial and astroglial activation were detected simultaneously
from day 1 after MPTP administration. However, microglial immunostaining was more intense
than astroglial immunostaining, suggesting that microglial activation also preceded astroglial
activation in the SNpc. This idea is supported by previous reports where glial activation was
quantified (Brochard et al. 2009; Kohutnicka et al. 1998; Liberatore et al. 1999).

We observed that glial activation appeared in the striatum before than in the SNpc. In agreement
with our observations, a previous report showed microglial activation as early as 90 minutes in
the striatum, but not in the SN (Liu et al. 2015). Liberatore and collaborators reported similar glial
activation in the striatum and ventral midbrain, but without specifying where it occurred first
(Liberatore et al. 1999). Studies that did not analyse time points earlier than 1 day missed this

observation (Czlonkowska et al. 1996).

Previous reports have shown that microglial activation occurs before significant dopaminergic
neurodegeneration in the SNpc (Liberatore et al. 1999) whereas astroglial activation occurs
concomitant to TH-neuronal loss in SNpc (Czlonkowska et al. 1996; Kohutnicka et al. 1998;
Liberatore et al. 1999). We provided further evidence that a similar pattern occurs in the striatum,
at least for astroglial activation. Striatal microglial activation and loss of TH-positive fibers
occurred so rapidly and dramatically that earlier time points should be analysed to determine
whether microglial activation precedes striatal dopaminergic denervation. However, astroglial
activation did appear after the striatal TH-fiber loss. Therefore, the astrocytic reaction may be
secondary to the neurodegeneration but microglial activation may appear early enough to play a
role in the pathogenicity of the neurodegeneration. Nevertheless, we observed that the mRNA
expression of inflammatory markers where changed as soon as 2 hours in both the striatum and
ventral midbrain, indicating that, at mRNA level, inflammatory cytokines and enzymes are already

displaying alterations at the very beginning of the MPTP-induced toxicity in both areas.

It is important to take into account that we used the same animals to determine the TH-positive
neuronal loss, the microglial and astroglial reactivity and the mRNA expression profile. In contrast,
Liberatore and collaborators, who described the microglial and astroglial dynamics, referred to a
previous study (Jackson-Lewis et al. 1995) to compare the temporal patterns of SNpc
neurodegeneration and glial activation (Liberatore et al. 1999). Other studies in the SNpc
(Czlonkowska et al. 1996; Kohutnicka et al. 1998) did not consider time points earlier than day 1,

missing whether microglial activation preceded neuronal loss in the SNpc.
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We observed that glial activation was transient and once it reached a peak, IBA1- and GFAP-
immunostaining started to decrease showing a tendency to return to control levels by 7 days after
MPTP administration. This has been previously described (Czlonkowska et al. 1996; Kohutnicka
et al. 1998; Liberatore et al. 1999; Liu et al. 2015) and may be due to the stabilisation of the lesion
(Jackson-Lewis et al. 1995).

Glial activation and dopaminergic neuronal death after MPTP administration were accompanied
by changes in the mRNA expression of pro- and anti-inflammatory markers in the striatum, ventral
midbrain and cerebral cortex. Although the cerebral cortex was the least affected area, some
changes were also observed, suggesting a widespread pathology. We detected changes in the
expression of inflammatory markers as soon as 2 hours after the last MPTP injection.
Interestingly, the expression of all the markers analysed returned to basal levels at day 7 after

MPTP administration, suggesting a resolution of the inflammatory process.

The dynamic profile of pro- and anti-inflammatory markers has been previously studied in the
acute MPTP mouse model mainly in the SN, but little is known about the changes in the striatum
and cerebral cortex. In the ventral midbrain, the mRNA expression of IL1[, IL6 and TNFa were
increased in concordance with mRNA and protein increases described previously using the acute
MPTP regimen (Chung, Kim, and Jin 2010; Khan et al. 2013; Kim et al. 2016; Suo et al. 2015;
Chung et al. 2011; Wu et al. 2002). We also observed increased IL1[3, IL6 and TNFa mRNA
expression in the striatum. In the SN of PD patients, increased density of glial cells expressing
IL1B8 and TNFaq, as assessed by immunohistochemistry, has been described (Hunot et al. 1999).
Regarding pro-inflammatory enzymes, iNOS and gp91phox mRNA expression was surprisingly
decreased in the ventral midbrain and striatum, in contrast to previous observations using the
same MPTP regimen (Chung, Kim, and Jin 2010; Liberatore et al. 1999; Wu et al. 2003; Chung
etal. 2011; L'Episcopo et al. 2012). The reason for this divergence is unknown and further studies
are required to clarify the temporal pattern of INOS and gp9lphox expression after MPTP
administration. COX2 mRNA expression was increased in the striatum and previous studies
reported that COX2 mediates microglial activation and dopaminergic cell death in the MPTP
mouse model (Teismann et al. 2003; Vijitruth et al. 2006). Interestingly enough, some anti-
inflammatory markers were up-regulated (TGFp, IL10) whereas others were down-regulated
(Nrf2) and interestingly, others (MR, Argl) showed up- or down-regulations in a region-specific
manner. In post-mortem and serum human PD samples, alterations both in pro- and anti-
inflammatory markers have been also described (Gelders, Baekelandt, and Van der Perren
2018). This suggests a complex pattern of glial activation. Previous reports showed down-
regulation of anti-inflammatory markers after MPTP administration (Rojo et al. 2010; Yao and
Zhao 2018).

Regarding glial markers, Gfap mRNA expression showed a robust increase in the striatum and,

to a lesser extent, in the ventral midbrain. Although at 2 hours after MPTP administration no
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changes in GFAP-immunostaining were observed in the ventral midbrain, changes at the mRNA
level were already detected at this time point. Increased GFAP expression in the ventral midbrain
(Kuroiwa et al. 2010; Liberatore et al. 1999) and striatum (Francis et al. 1995; Suo et al. 2015)
has also been reported in the same MPTP regimen. Strikingly, the temporal pattern of Ibal and
CD11b mRNA expression in the ventral midbrain, striatum and cerebral cortex was complex with
up- and down-regulations, in contrast to the increased IBA1-immunostaining we observed or the
results of previous reports (Liberatore et al. 1999; Kinugawa et al. 2013; L'Episcopo et al. 2012;

Yuan et al. 2018). Further studies are required to clarify these observations.

We demonstrated that MPTP administration induced changes in the CD200-CD200R1 system. In
the ventral midbrain, a marked decrease in the expression of CD200R1 mRNA was observed as
soon as 2 hours after MPTP injection, suggesting that microglial activation is facilitated. The
sustained down-regulation in the ventral midbrain of CD200full mMRNA expression, which is mainly
expressed by neurons, may reflect the early neuronal damage and the final neurodegeneration.
A different explanation may be applied to CD200tr. CD200tr mRNA expression decreased at 2
hours after MPTP administration in the ventral midbrain as a possible consequence of the early
neuronal damage; however, from day 1 CD200tr mRNA levels returned to the basal expression.
This observation suggests that astrocytes may contribute to CD200tr expression. A different
scenario was observed in the striatum, where CD200R1 mRNA was dramatically increased at
day 2 and 4 after MPTP administration, suggesting a mechanism to return microglial activation to
basal levels. Decreased CD200 and CD200R1 protein expression was previously reported in the
whole brain of mice injected with MPTP subacute regimen, together with increased levels of IL1j3,
TNFa and IFNy transcripts in the midbrain (Ren, Zhao, et al. 2016).

Since glial activation may play a role in the development of dopaminergic degeneration in the
MPTP model and the CD200-CD200R1 system is an inhibitory mechanism involved in the control
of the inflammatory response, we further assessed whether CD200full and CD200R1 decreased
MRNA levels observed in the ventral midbrain of MPTP-injected mice had a role in the induced
neuroinflammation and neurodegeneration. The administration of a CD200R1 agonist attenuated
the MPTP-induced dopaminergic neurodegeneration. In fact, MPTP or isotype + MPTP
administration produced a significant loss of TH-positive neurons and the administration of two
doses of 3.6 mg/kg CD200Fc + MPTP did not, although the value of the CD200Fc + MPTP
treatment was not significantly different from that of MPTP or isotype + MPTP treatment. However,
the fact that a lower dose of CD200R1 agonist had undoubtedly no effect on the MPTP-induced
neurodegeneration give further support to the potential neuroprotective effect observed after the
highest dose of CD200R1 agonist and suggests that this effect is concentration-dependent. In
addition, microglial activation in SNpc was less apparent in CD200Fc-injected mice, as revealed
by IBAl-immunostaining. The MPTP-induced loss of striatal dopaminergic nerve terminals was

not modified by the CD200R1 agonist, but, as exposed above, striatal terminals are more
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sensitive to MPTP than SNpc dopaminergic cell bodies and it may be more difficult to prevent

their loss. These results give further evidence to the role of the CD200-CD200R1 system in PD.

In line with these results, previous studies demonstrated that a CD200R1 agonist stimulated the
production of neurotrophic factors involved in the protection of dopaminergic neurons in microglial
cultures (Varnum et al. 2015). When CD200R1 is blocked, an exacerbation of microglial activation
and dopaminergic neurodegeneration in 6-OHDA-treated rats has been described (Zhang, Wang,
etal. 2011). Several in vitro and in vivo studies showed that the CD200R1 agonist exerts its effect
by suppressing the pro-inflammatory microglial activation (Copland et al. 2007; Costello et al.
2011; Cox et al. 2012; Denieffe et al. 2013; Jiang et al. 2016). The potentiation of the CD200-
CD200R1 system through a CD200R1 agonist has also protective effects on other experimental
models of brain diseases such as the LPS model of PD (Xie et al. 2017), experimental
autoimmune encephalitis (Liu et al. 2010) and experimental autoimmune uveoretinitis (Copland
et al. 2007). Other immunomodulatory agents have also been described to exert neuroprotection
in experimental models of PD (Gao et al. 2003a; Hou et al. 2017; Martinez and Peplow 2018; Wu
et al. 2003; Lee, Kim, and Lee 2017). Importantly enough, we have included an experimental
group with the isotype as a negative control, something that many previous studies did not
consider (Cox et al. 2012; Hernangomez et al. 2016; Gorczynski, Yu, and Clark 2000; Sarangi,
Woo, and Rouse 2009; Yue et al. 2012). Our results provide further evidence that alterations in
the CD200-CD200R1 system may contribute to neurodegeneration in PD. We believe that
modulating simultaneously microglial activation through different mechanisms of control may

have a greater impact.

The CD200-deficient mice presented the same levels of MPTP-induced microglial activation and
dopaminergic neurodegeneration as their wild-type littermates at day 7 after the last MPTP
injection, when the lesion is stabilized (Jackson-Lewis et al. 1995). However, at day 1 microglial
cells presented a more activated phenotype in MPTP-injected CD200-deficient mice, including a
decreased IBAl-labelled area with larger cell bodies and shortened projections, as well as
increased intensity of the IBAl-immunolabelling in SNpc without an increase in the number of
microglial cells. However, this increased microglial activation was not accompanied by an
increase in MPTP-induced dopaminergic neurodegeneration. It may be that the MPTP dose
administered was too high to observe any difference in the dopaminergic neurodegeneration
between CD200-deficient mice and their wild-type littermates. In fact, the mice used in the present
experiment (CD200 +/+ and CD200 -/- colony) presented a higher peripheral sensitivity to MPTP
toxicity than the mice we used in the previous studies (commercial mice): they showed a higher
mortality after MPTP injection, which led us to reduce the MPTP dosage. In addition, the
dopaminergic neurons degenerated more rapidly in response to MPTP. Even in the wild-type
group, at day 1 post-MPTP injection there was already a 90% decrease in TH-positive fibers in
the striatum and a 42% decrease in TH-positive cells in the SNpc, values that we did not obtain

until 7 days after MPTP administration in the time course experiment. These differences, could
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be due to the different genetic background of the two substrains used in the experiments with
commercial mice (100% C57BL/6N) and in the experiments with CD200-deficient mice (66%
C57BL/6NJ - 33% C57BL/6J), as previous studies showed that different substrains had different
peripheral sensitivity and dopaminergic neuronal response to MPTP (Giovanni et al. 1991; Hamre
et al. 1999; Jackson-Lewis and Przedborski 2007). Interestingly, it has been reported that
dopaminergic neuronal sensitivity depends on glial cell number in the SNpc (Smeyne et al. 2005).
Therefore, it is extremely important to use wild-type and knock-out mice with the same genetic
background (Jackson-Lewis and Przedborski 2007), something that in previous reports using the
CD200-deficient mice has either not been taken into account or no data is provided (Broderick et
al. 2002; Copland et al. 2007; Denieffe et al. 2013; Costello et al. 2011).

Previous reports using the same CD200-deficient mouse line we have used here have shown that
in the spleen CD11b+ cells doubled in size and macrophage and dendritic cells showed increased
activation, whereas lymph nodes were slightly enlarged with expanded and activated
macrophages (Hoek et al. 2000). Furthermore, microglia of CD200 -/- mice spontaneously
exhibited many features of activation (less ramified, shorter glial processes, disordered
arrangement, increased CD11b and CD45 expression) and formed aggregates, especially in the
spinal cord (Hoek et al. 2000). In this line, CD200-deficiency dramatically accelerated the
microglial response to nerve damage, as described in a facial nerve transection model (Hoek et
al. 2000), advanced and enhanced macrophage and microglia activation in EAE model (Hoek et
al. 2000), increased the susceptibility to the development of experimental rheumatoid arthritis
(collagen-induced arthritis (CIA)) model (Hoek et al. 2000), and accelerated experimental
autoimmune uveoretinitis (Broderick et al. 2002; Taylor et al. 2005). Although in some of these
pathologies the role of the peripheral immune system has been well documented, Hoek and
collaborators reported no evidence of T cell deregulation in CD200-deficient mice (Hoek et al.
2000) and consequently, the effects observed appeared to be directly related to a deregulation of

the myeloid lineage, the main inflammatory effector in PD (Prinz and Priller 2017).

Altogether, our results suggest that the absence of CD200 leads to a more activated microglial
phenotype, and that CD200R1 activation may attenuate the progression of neuronal damage in
PD. Therapeutic interventions aimed at preventing microglial activation through potentiation of
CD200-CD200R1 signalling may be a novel approach for PD treatment.
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4 Expression of CD200-CD200R1 system in human

samples

Microglial activation has been identified in post-mortem samples of PD patients and interpreted
as the presence of an innate immune response with an inflammatory profile that could take part
in the neurodegenerative process (Croisier et al. 2005; Imamura et al. 2003; Long-Smith, Sullivan,
and Nolan 2009; Nagatsu and Sawada 2005; McGeer et al. 1988; Mosley et al. 2012). This
suggests that changes in the mechanisms of control of microglial activation may contribute to the
pathological features observed in PD. We focused our interest on the CD200-CD200R1 system

as one of these mechanisms of control of microglial activation.

Both in mouse and human, CD200 ligand is represented by the CD200full isoform, which interacts
with CD200R1 to inhibit pro-inflammatory microglial activation, and the CD200tr isoform, which
acts as an antagonist of CD200full. However, the murine CD200R1 gene encodes a single
CD200R1 protein, while the human CD200R1 gene can generate four mRNA variants through
alternative splicing: V1 and V4, encoding two transmembrane protein-isoforms, and V2 and V3,

encoding two soluble protein-isoforms.

Decreased expression of CD200 and/or CD200R1 in Alzheimer's disease hippocampus, inferior
temporal gyrus but not cerebellum (Walker et al. 2009) and in multiple sclerosis white matter
lesions (Koning et al. 2007; Koning et al. 2009) has been described. These studies do not
discriminate between CD200full and CD200tr or among the different CD200R1 mRNA variants

and the resulting protein isoforms.

To our knowledge, this is the first time that the mRNA expression of all the components described
in the human CD200-CD200R1 system (CD200full, CD200tr and the four CD200R1 variants) is
analysed. As the quantification of the mRNA expression of each CD200R1 variant is not possible
using random primer retrotranscription followed of gPCR because of their overlapping sequences,

we designed a method based on gene-specific retrotranscription.

We observed differences in the relative expression of the four CD200R1 mRNA variants among
human monocytes, induced microglia-like cells and brain tissue. Monocytes expressed the four
CD200R1 mRNA variants. Microglia-like cells presented V1 and V4 mRNA levels similar to

monocytes but V2 and V3 mRNA levels were dramatically lower than in monocytes. This indicates

that myeloid cell types differ on the relative expression of CD200R1 variants.

The function of each CD200R1 mRNA variant remains to be elucidated. Because of its amino

acid sequence identity with murine CD200R1 (Vieites et al. 2003), V4 is the variant that most
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likely plays similar functions to murine CD200R1. In microglia-like cultures, we found that not all
the CD200R1 variants respond equally to stimuli. While V1 may be responsible for IL4 functions,
V3 and V4 decreased after a pro-inflammatory stimulus. Therefore, different functions can be
attributed to different CD200R1 variants.

In post-mortem brain tissue (frontal cortex), where cells expressing CD200R1 include microglia
but also meningeal, perivascular and choroid plexus macrophages and blood monocytes and
lymphocytes, we only detected individually the mRNA expression of V1 and V2. The V3 and V4
variants may be present but the methodology not be sensitive enough to detect them individually.
We have to take into account that CD200R1 is a gene that is weakly expressed and by cells that
are not the predominant ones in the brain. Isolation of microglia from brain tissue to obtain pure
microglia mRNA would be of relevance to study the expression of the CD200R1 variants in these
cells. However, the relative expression of the CD200R1 variants in brain tissue was different than
in monocytes and microglia-like cells. This suggests that the mRNAs of the CD200R1 variants
detected in monocytes and microglia-like cells may be diluted in the large amount of different
mRNAs found in the brain tissue and it may also reflect a differential expression in microglia and
microglia-like cells. Differential CD200R1 expression in meningeal, perivascular and choroid
plexus macrophages, monocytes and lymphocytes may also contribute to the different relative

expression of CD200R1 variants detected in brain tissue.

Despite we only detected V1 and V2 in the frontal cortex, Vieites and collaborators described the
presence of the four variants in different human tissues including the brain (Vieites et al. 2003).
These authors did not specify which region of the brain was analysed. Differential expression of
each CD200R1 variant in different brain regions could explain these discordances. Furthermore,
the methodology used by Vieites and collaborators was different allowing only the detection, but

not the quantification, of each mRNA variant.

Not discarding the possible presence of the four CD200R1 mRNA variants in the brain tissue and
not being able to quantify individually the four variants (only V1), we decided to quantify the long
variants together (V1 + V4) and the short variants together (V2 + V3) in the post-mortem brain of
PD patients. Considering the singularity of CD200R1 expression in humans, where the CD200R1
gene encodes not only long transmembrane isoforms but also short soluble isoforms, we
considered of relevance to study the possible differences between the mRNA expression of long
vs. short variants. Probably, at least in the frontal cortex, the results obtained when analysing long

variants may correspond mainly to V1 and when analysing short variants to V2.

In this study we determined for the first time CD200 and CD200R1 expression in post-mortem
brain samples of SN, hippocampus and frontal cortex of PD patients, identifying mRNA variants
and protein isoforms. We observed an increase in the expression of CD200tr and CD200R1

transmembrane and soluble forms in PD samples. The pattern of changes differed among brain
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regions, probably reflecting different degrees of neural damage and inflammatory response. An
increase in the expression of CD200tr may be associated with an inhibition of the CD200-
CD200R1 system. As regards CD200R1, an increase in the expression of the membrane forms
could be interpreted as a potentiation of the CD200-CD200R1 system in the context of
inflammation resolution and reparative response. Although the physiological meaning of the
CD200R1 soluble forms is still unknown, an increase in the CD200R1 soluble forms may result
in the inhibition of the CD200-CD200R1 system.

In control individuals, we observed lower levels of V1 and V4 CD200R1 mRNA expression in the
hippocampus and lower levels of CD200 protein in the frontal cortex with aging. This could
indicate more primed microglia with aging, as observed in previous studies (Norden, Muccigrosso,
and Godbout 2015; Niraula, Sheridan, and Godbout 2017; Norden and Godbout 2013). However,
in SN of control individuals, we observed higher levels of CD200R1 protein isoforms 1 and 4 with
aging. Importantly, these correlations were lost in PD patients, suggesting a dysregulation of the
CD200-CD200R1 system in PD patients.

In general, the changes we found in the CD200-CD200R1 system were mainly observed in
advanced LP stage patients, a typical feature of PD. In contrast, characteristic features of
Alzheimer’s disease including neurofibrillary degeneration or neuritic plaques did not present this
association to the same degree. Indeed, PD patients with non or sparse neuritic plagues had
more changes in the CD200-CD200R1 system. Walker and collaborators described no
differences in the protein levels of CD200 in temporal and cingulate cortex of PD patients,
independently of the presence of dementia (Walker et al. 2017). At protein level, we did not detect
changes in CD200 either, neither in the presence nor absence of dementia. However, when we
distinguished by mRNA analysis the two variants of CD200, we detected a robust increase in
CD200tr expression in the hippocampus whereas these authors did not specify which CD200 was
analysed (Walker et al. 2017).

Although post-mortem samples reflect an end-state of the disease, these results suggest an
involvement of the mechanisms of control of the inflammatory response in PD development. More
studies are needed to clarify the functional role of each CD200 and CD200R1 isoform in different
brain areas in PD. To sum up, the results here obtained show that alterations in the CD200-
CD200R1 system in PD differ from those observed in Alzheimer’s disease (Walker et al. 2009)
and multiple sclerosis (Koning et al. 2007; Koning et al. 2009), suggesting that mechanisms
associated with neuroinflammation differ among neurological disorders. The differences observed
between CD200full and CD200tr expression and between long and short CD200R1 variants
emphasize the importance of taking into account the different variants separately when analysing
CD200 and CD200R1 expression, something that has not been considered to date in the

literature.
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5 General discussion

Neuroinflammation is a common feature of neurodegenerative diseases and is emerging as a key
process in their pathophysiology. Activated glial cells, mainly microglia, are involved in
neuroinflammation. Microglia are the main representatives of the endogenous immune system of
the brain and microglial activation is a well-established hallmark of these diseases. Glial activation
is a physiological reaction; however, in the context of chronic brain pathology without resolution,
it becomes perpetuated and it may result in harmful effects (Glass et al. 2010; Heneka, Kummer,
and Latz 2014). From the histopathological point of view, PD is characterized by the loss of
dopaminergic neurons and abnormal intracellular accumulations of a-synuclein protein, but also

chronic glial activation (Hirsch, Vyas, and Hunot 2012).

In the present thesis, we focused our attention on the study of one of the mechanisms of control
of microglial activation, the CD200-CD200R1 system, in the context of PD. We used different
experimental approaches including in vivo and in vitro studies as well as post-mortem human
samples, to determine the involvement of the CD200-CD200R1 system in the modulation of

neuroinflammation and its potential as a therapeutic target in PD.

The CD200-CD200R1 system inhibits the pro-inflammatory response of microglia and contributes
to maintaining microglia in a quiescent state in homeostatic conditions. We have shown that in
vitro disruption of the CD200-CD200R1 system, using an anti-CD200 blocking antibody or
cultures from CD200-deficient mice, potentiated the pro-inflammatory response in glial cultures.
Previous studies have shown that neuronal CD200 is necessary to induce the IL4 anti-
inflammatory response in neuronal/glial cultures (Lyons et al. 2007; Lyons et al. 2009). However,
we did not observe that the absence of CD200 in astrocytes modified the IL4 anti-inflammatory
response in primary mixed glial cultures, maybe because the levels of CD200 expression are
much lower in astrocytes than in neurons. Mesencephalic cultures from CD200-deficient mice
had a higher proportion of microglial cells and were more sensitive to the neurotoxin MPP+,
suggesting an association between the absence of CD200, microglial cell number and

neurodegeneration.

Exposure to pesticides such as rotenone is a risk factor for PD (Goldman 2014). Moreover, the
neurotoxin MPTP was shown to provoke parkinsonism in humans after an accidental exposure
(Langston et al. 1983). Both rotenone and MPTP are neurotoxins that inhibit complex | of the
mitochondrial respiratory chain and induce deleterious effects on neuronal cells, especially
dopaminergic neurons (Dauer and Przedborski 2003). However, their direct effect on glial cells is
poorly studied. Here, we have shown that MPP+ and rotenone impair the response of glial cells

to pro- and anti-inflammatory stimuli and induce alterations in the CD200-CD200R1 system.
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These results highlight that glial cell function is directly affected by this kind of neurotoxins, what

can additionally contribute to their neurotoxic effects and the development of PD.

We also tested the involvement of the CD200-CD200R1 system in an experimental model of PD:
the acute MPTP mouse model. We first characterized the MPTP model revealing a progressive
dopaminergic neuronal death and a transient glial activation, as well as alterations in the mRNA
expression of inflammatory markers and components of the CD200-CD200R1 system. In the
ventral midbrain, we observed an early and persistent down-regulation of CD200 expression,
which directed us to potentiate this mechanism of control of microglial activation by administering
a CD200R1 agonist before and after MPTP administration. The CD200R1 agonist partially
protected dopaminergic neurons and attenuated the microglial activation in the SNpc of MPTP-
injected mice. Then, we studied whether disruption of the CD200-CD200R1 system had the
opposite effect. Strikingly, its disruption using CD200-deficient mice was not able to aggravate
the dopaminergic neurodegeneration induced by MPTP. However, CD200-deficient mice showed
a more activated microglial phenotype at early time points after MPTP administration than wild-
type mice. The dramatic reduction of striatal TH-fibers and dopaminergic neurodegeneration
induced by MPTP in these CD200-deficient and wild-type mice may explain the absence of a
greater effect in the CD200-deficient mice. It is important to point out that we used wild-type mice
on a matched genetic background in all experiments with CD200-deficient mice in order to
minimise genetic variability in both experimental groups since response to MPTP depends on the
mouse genetic background (Jackson-Lewis and Przedborski 2007; Giovanni et al. 1991; Hamre
et al. 1999).

The murine CD200R1 gene encodes a single CD200R1 transmembrane protein, while the human
CD200R1 gene can generate four mRNA variants through alternative splicing, which encode
transmembrane and soluble proteins. We have designed an approach based on gene-specific
primer retrotranscription to quantify the expression of each human CD200R1 mRNA variant. In
response to pro- and anti-inflammatory stimuli, the expression of the four CD200R1 mRNA
variants was differently regulated in human (monocyte-derived) microglia-like cells, suggesting
distinct functions for each variant. In post-mortem brain tissue of PD patients, CD200 and
CD200R1 expression was modified. The hippocampus was the area where more changes were
observed, mainly an increase in CD200R1 and CD200tr expression. The SN, frontal cortex and
hippocampus showed different patterns of changes in the CD200-CD200R1 system components,

which may reflect different degrees of neural damage and inflammatory response.

In summary, our results demonstrate that the CD200-CD200R1 system controls
neuroinflammation, and that inhibition of microglia activation through potentiation of the CD200-
CD200R1 system has neuroprotective effects in the MPTP mouse model of PD. Moreover,
changes in CD200 and CD200R1 expression are observed in human PD brain samples.

Therefore, targeting the CD200-CD200R1 system has therapeutic potential for preventing
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neurodegeneration in PD. Further studies are needed to characterize the potential of the

mechanisms of control of microglial activation as possible therapeutic targets to control

neuroinflammation and the derived neurotoxicity in PD.
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Conclusions

In vitro, disruption of the CD200-CD200R1 system potentiates glial response to pro-
inflammatory stimuli and increases the sensitivity of dopaminergic neuronal cells to a

neurotoxic stimulus (MPP+).

The parkinsonian neurotoxins MPP+ and rotenone inhibit the pro-inflammatory response
induced by LPS/IFNy in mouse primary glial cell cultures. This effect is more pronounced in
mixed glial cultures, where both astrocytes and microglia are present, than in microglial

cultures.

MPP+ and rotenone also inhibit the anti-inflammatory response induced by IL4 in mouse

primary glial cell cultures, more markedly in mixed glial cultures than in microglial cultures.

MPP+ and rotenone decrease CD200 and CD200R1 mRNA expression in mixed glial cultures
and increase CD200R1 mRNA expression in microglial cultures. These effects do not explain
the inhibition of the pro-inflammatory response induced by the neurotoxins in LPS/IFNy-
treated cultures. However, the inhibition of the anti-inflammatory response induced by the

neurotoxins in IL4-treated cultures could involve the CD200-CD200R1 system.

In the acute MPTP mouse model of PD, dopaminergic neuronal loss and glial activation are
associated with alterations in the mRNA expression of CD200 and CD200R1, mainly a
transient increase in striatal CD200R1 and a sustained decrease in CD200full in the ventral

midbrain.

The administration of a CD200R1 agonist partially prevents microglial activation and

attenuates dopaminergic neuronal loss in the SNpc of MPTP-injected mice.

C57BL/6 mice with a mixed N and J genetic background (66% N — 33% J) show a higher
sensitivity to the toxic action of MPTP than C57BL/6 mice with pure N background, with
increased dopaminergic neurodegeneration and mortality.

Dopaminergic neurodegeneration induced by MPTP in CD200 knock-out mice is similar to

that in wild-type mice with a matched genetic background, but a stronger microglial activation

is observed at early time points in CD200 knock-out mice.
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10.

11.

The four CD200R1 mRNA variants are present in human monocytes and monocyte-derived
microglia-like cell cultures, but the mRNA expression of the soluble CD200R1 variants (V2

and V3) is lower in microglia-like cells than in monocytes.

The expression of each CD200R1 mRNA variant is differentially regulated in response to pro-

or anti-inflammatory stimulus in human microglia-like cell cultures.

CD200 and CD200R1 expression is modified in post-mortem brain tissue from PD patients.
From the three analysed brain regions (SN, frontal cortex and hippocampus), the
hippocampus is the area showing more significant changes, mainly an increase in CD200tr
and CD200R1.
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In the case of Parkinson’s disease (PD), epidemiological studies have reported that
pesticide exposure is a risk factor for its pathology. It has been suggested that
some chemical agents, such as rotenone and paraquat, that inhibit the mitochondrial
respiratory chain (in the same way as the PD mimetic toxin 1-methyl-4-phenylpyridinium,
MPP+) are involved in the development of PD. However, although the neurotoxic effect
of such compounds has been widely reported using in vivo and in vitro experimental
approaches, their direct effect on the glial cells remains poorly characterized. In addition,
the extent to which these toxins interfere with the immune response of the glial cells, is
also underexplored. We used mouse primary mixed glial and microglial cultures to study
the effect of MPP+ and rotenone on glial activation, in the absence and the presence
of a pro-inflammatory stimulus (lipopolysaccharide plus interferon-y, LPS+IFN-y). We
determined the mMRNA expression of the effector molecules that participate in the
inflammatory response (pro-inflammatory cytokines and enzymes), as well as the nitric
oxide (NO) and cytokine production. We also studied the phagocytic activity of the
microglial cells. In addition, we evaluated the metabolic changes associated with the
observed effects, through the measurement of adenosine triphosphate (ATP) production
and the expression of genes involved in the control of metabolic pathways. We observed
that exposure of the glial cultures to the neurotoxins, especially rotenone, impaired the
pro-inflammatory response induced by LPS/IFN-y. MPP+ and rotenone also impaired
the phagocytic activity of the microglial cells, and this effect was potentiated in the
presence of LPS/IFN-y. The deficit in ATP production that was detected, mainly in
MPP+ and rotenone-treated mixed glial cultures, may be responsible for the effects
observed. These results show that the response of glial cells to a pro-inflammatory
challenge is altered in the presence of toxins inhibiting mitochondrial respiratory chain

Abbreviations: ATP, adenosine triphosphate; BSA, bovine serum albumin; (COX-2), cyclooxygenase-2; Carkl, carbohydrate
kinase-like protein; CNS, central nervous system; Glut, glucose transporter; gp91phox, NADPH oxidase, catalytic subunit;
Hif, hypoxia-inducible factor; Hk, hexokinase; IL, interleukin; IFN-y, interferon-y; iNOS, inducible nitric oxide synthase;
LPS, lipopolysaccharide; MPP+, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NO, nitric oxide; PBS, Phosphate-buffered saline; PCR,
polymerase chain reaction; PFK-P, phosphofructokinase; PI, propidium iodide; PD, Parkinson’s disease; qRT-PCR,
quantitative real time PCR; Rot, rotenone; TNF, tumor necrosis factor.
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activity, suggesting that the glial immune response is impaired by such agents. This may
have relevant consequences for brain function and the central nervous system’s (CNS'’s)

response to insults.

Keywords: glial activation, mixed glia, microglia, immune response, MPP+, rotenone, glial metabolism,

Parkinson’s disease

INTRODUCTION

Microglia are the main endogenous immune cells of the
central nervous system (CNS). Under physiological conditions,
they constantly patrol the CNS parenchyma, ready to detect
alterations that could interfere with normal brain function.
In response to noxious stimuli, microglial cells develop a
wide range of reactive phenotypes aimed at re-establishing
cerebral homeostasis and minimizing neuronal damage. In this
way, they can respond to alterations in the CNS homeostasis
due to the presence of exogenous pathogens or anomalous
protein aggregates resulting from pathological processes. In
addition, they are also able to respond to neuronal damage
resulting from brain lesions, brain ischemia, neurodegenerative
diseases or exposure to neurotoxic agents (Salter and Stevens,
2017).

In fact, exposure to neurotoxic agents, such as
pesticides, may contribute to the development of some
neurodegenerative diseases (Mostafalou and Abdollahi,
2013). In 1982, the accidental exposure to 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) in drug abusers
caused parkinsonism (Langston et al., 1983). Epidemiological
studies show that exposure to the pesticides rotenone and
paraquat, which are functional and structural analogs of MPTP
respectively, as well as to other pesticides, is a risk factor for
Parkinson’s disease (PD; Tanner et al., 2011; Goldman, 2013;
Kamel, 2013). MPTP and its analogs are inhibitors of the
mitochondrial respiratory chain and it has been suggested
that mitochondrial dysfunction is involved in the induction of
oxidative damage in dopaminergic neurons in parkinsonism
(Dauer and Przedborski, 2003; Goldman, 2013). Due to the
particular sensitivity of dopaminergic neurons to the effect
of these neurotoxins, experimental models of PD have been
developed by exposing neuronal cell cultures or laboratory
animals to these agents (Bové and Perier, 2012). These
experimental models are useful for studying mechanisms of
dopaminergic neuronal cell degeneration and testing potential
therapeutic approaches. However, although the toxic effect of
MPTP [or its active metabolite 1-methyl-4-phenylpyridinium
(MPP+)] and rotenone on dopaminergic neurons has been
widely described using both in vivo and in vitro approaches,
reports of their direct effect on glial cells are scarce. In
addition, there is some controversy regarding the results already
obtained. Either no direct effect of MPP+ on microglial cell
function (Gao et al., 2003; Jin et al.,, 2012), or an increase in
the expression of pro-inflammatory markers in microglial
cells after MPP+ exposure (Bournival et al, 2012; Chen
et al., 2015) has been reported. Similarly, either an increase
in the expression of pro-inflammatory factors (Gao et al,
2013; Yuan et al,, 2013; Du et al., 2014) or no direct effect

on the production of inflammatory factors (Klintworth et al.,
2009) has been observed in rotenone-treated microglial cell
cultures.

Since reciprocal communication exists in the CNS between
neuronal and glial cells, alterations in neuronal function may
affect glial function and vice versa. In fact, a possible role
of glial activation in the development of neuronal damage
in neurodegenerative diseases has been repeatedly proposed
(Perry et al., 2010; Colonna and Butovsky, 2017). In addition,
communication also exists between glial cells, and alterations
in a given cell type may affect the function of other glial
cell types. Consequently, alterations in glial function due to
exposure to neurotoxic compounds merit study, especially
in the context of neurodegenerative diseases in which such
exposure is considered a risk factor. The aim of this study
was therefore to characterize the effects of MPP+ and rotenone
on glial activation using primary mixed glial cultures, (mainly
composed of astrocytes and microglia) and microglial cultures.
We determined the direct effect of these neurotoxins on
glial cell function, and also whether they could interfere
with glial activation induced by a classical pro-inflammatory
stimulus such as lipopolysaccharide (LPS)/interferon-y (IFN-vy).
We observed that MPP+ and rotenone did not induce the
expression of pro-inflammatory markers by glial cells per se.
However, the LPS/IFN-y-induced pro-inflammatory response
was modified in glial cultures in the presence of MPP+ and
rotenone. These neurotoxins induced modifications in the
mRNA expression of pro-inflammatory genes and phagocytic
activity. Alterations in adenosine triphosphate (ATP) production
could account for the effects observed. These results show
that insults affecting the metabolic activity of glial cells, result
in an altered immune response, which may have relevant
consequences for normal brain function and the CNS response
to insults.

MATERIALS AND METHODS

Experiments were carried out in accordance with European
Union directives (86/609/EU) and Spanish regulations (BOE
67/8509-12, 1988) on the use of laboratory animals, and were
approved by the Ethics and Scientific Committees of the
University of Barcelona and CSIC.

Cell Cultures

Primary mixed glial cultures were prepared from the cerebral
cortex of 1-3-day old C57Bl/6 mice as previously described
(Gresa-Arribas et al., 2010). The culture medium used was
the Dulbecco’s modified Eagle medium-F12 nutrient mixture
(GIBCO) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Invitrogen, Molecular Probes, Eugene, OR, USA),
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20 U/mL penicillin-20 pg/mL streptomycin (Invitrogen), and
0.5 pg/mL amphotericin B (Fungizone®, Invitrogen). The cells
were seeded at a density of 3.5 x 10° cells/mL (100 L, 300 wL
and 2.5 mL per well into 96-, 48- and 6-well culture plates)
and cultured at 37°C in a humidified 5% CO, atmosphere. The
medium was replaced once a week. The cultures were used at
21 DIV.

Primary microglia enriched cultures were obtained from
21 DIV mixed glial cultures using the mild trypsinization method
as previously described (Saura et al., 2003). Microglia enriched
cultures were used 24 h after isolation by this procedure.

Cell Culture Treatments
LPS and IFN-y treatment: Cells were treated with 100 ng/ml
LPS (E. coli 026:B6, Sigma-Aldrich, St. Louis, MO, USA) and
0.1 ng/ml IFN-vy (Sigma-Aldrich) for 6 h or 24 h. Stock solutions
of 1 mg/mL LPS in a serum-free culture medium and 10 pg/mL
IFN-y in a serum-containing culture medium, were prepared and
stored at —20°C.

MPP+ and rotenone treatment: Cells were treated with 10, 25,
50 and 100 wM MPP+ or 20, 40, 100 and 150 nM rotenone (both
from Sigma-Aldrich) for 6 h or 24 h, in the absence or presence of
LPS/TEN-y. Stock solutions of 50 mM MPP+ in milliQ H,O and
10 mM rotenone in DMSO were freshly prepared on the day of
treatment. DMSO in the cell cultures was always below 1/1,000.

Treatments were added directly to the culture medium.

Nitric Oxide Production

Nitric oxide (NO) production was estimated from the nitrite
accumulation in the culture supernatant using the colorimetric
Griess reaction. Briefly, the culture supernatant from the glial
cells seeded into 96-well culture plates, was collected 24 and
48 h after treatments and stored at —20°C until used. Fifty
microliter aliquots of the culture supernatant were incubated
with equal volumes of the Griess reagent for 10 min at 20-25°C.
Optical density at 540 nm was measured using a microplate
reader (Multiskan Spectrum, Thermo Fisher Scientific, Vantaa,
Finland). Nitrite concentration was determined from a sodium
nitrate standard curve.

Cell Viability Measurements

Glial cells seeded into 96-well culture plates were used to
estimate cell viability from the metabolic activity by a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
colorimetric assay, 24 h after treatments. Briefly, MTT (Sigma-
Aldrich) was added to the cell cultures to reach a final
concentration of 1 mg/mL. After incubation for 30 min (mixed
glial cultures) or 90 min (microglial cultures) at 37°C, the
medium was removed and 200 pL of DMSO was added to
each well. The optical density of the resulting blue formazan
was measured at 570 nm using a microplate reader (Multiskan
Spectrum, Thermo Fisher Scientific). Readings were taken at
650 nm to obtain background levels. Results were expressed as
percentages of the control.

Propidium iodide (PI) and Hoechst labeling were performed
to corroborate data obtained in the MTT assay. Briefly, cells
were incubated with PI (7.5 pwg/ml, Molecular Probes, Eugene,
OR, USA) and Hoechst 33342 (3 pg/ml, Molecular Probes) for

10 min. Microscopy images were obtained using an Olympus
IX70 microscope (Olympus, Okoya, Japan) and a digital camera
(CC-12, Olympus Soft Imaging Solutions GmbH, Hamburg,
Germany). The extent of cell death was calculated from the
ratio between PI positive nuclei, corresponding to dead cells, vs.
Hoechst positive total nuclei.

RNA Extraction and Quantitative Real Time
PCR

Glial cells seeded into six-well culture plates were used (one
or two wells per experimental condition for mixed glia and
microglia, respectively) to assess the mRNA expression of
pro-inflammatory markers by quantitative real time polymerase
chain reaction (PCR) 6 h after treatments. A High Pure
RNA Isolation Kit (Roche Diagnostics Scheiwz AG, Rotkreuz,
Switzerland) was used to isolate the total RNA from the mixed
glial cultures. A PureLink RNA micro kit (Invitrogen) was used
to isolate the total RNA from the primary microglial cultures.
The RNA (0.5-1 pg) was reverse transcribed with random
primers using the Transcriptor Reverse Transcriptase Kit (Roche
Diagnostics). Three nanograms of cDNA were used to perform
quantitative real time PCR (qRT-PCR) with the IQ SYBRGREEN
SuperMix (Bio-Rad Laboratories, Hercules, CA, USA) using an
iCycler MyIQ apparatus (Bio-Rad Laboratories) as previously
described (Dentesano et al., 2014). The primers used (Integrated
DNA Technology, IDT, Skokie, IL, USA) are shown in Table 1.
Samples were run for 40 cycles (95°C for 15 s, 60°C for 30 s, and
72°C for 15 s). The amplification specificity was confirmed by
the analysis of melting curves. Relative gene expression values
were calculated using the AACt method (Livak and Schmittgen,
2001). B-Actin and 18S ribosomal RNA (Rn18s) were used as the
reference genes.

ELISAs

The interleukin (IL) 1B, IL6 and tumor necrosis factor o (TNFa)
release in the culture supernatant was determined using ELISA
kits specific for each cytokine (mouse IL1- ELISA Ready-SET-
GO!, mouse IL6 ELISA Ready-SET-GO! and mouse TNFo ELISA
Ready-SET-GO!, eBioscience-Affimetrix, Inc., San Diego, CA,
USA), following the manufacturer’s instructions. The culture
supernatant from 48-well culture plates was collected 24 h after
treatments and stored at —80°C until use. IL1f, IL6 and TNFa
concentrations were determined from the standard curves.

Phagocytosis Assay

The phagocytic activity of the microglial cells was assessed 24 h
after treatments. Briefly, the microglial cell cultures in 48-well
plates were incubated for 1 h at 37°C with fluorescent latex
beads (FluoSpheres, carboxylate-modified microspheres, 2.0 pum,
red fluorescent (580/605), 2% solids; Thermofisher Scientific;
1/1,000) 23 h after treatments. Then, the cells were washed three
times with a phosphate-buffered saline (PBS) and fixed with 4%
paraformaldehyde for 15 min.

Immunocytochemistry was performed using a rabbit
polyclonal anti-Ibal primary antibody (1/500, WAKO; Japan),
a specific marker for microglial cells. Cells were first incubated
with 0.3% Triton-X-100 in PBS containing 1% bovine serum
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TABLE 1 | Primers used for quantitative real time polymerase chain reaction (QRT-PCR).

Target mMRNA Accession number Forward primer (5'—3') Reverse primer (5'—3')

Carkl NM_029031.3 CAGGCCAAGGCTGTGAAT GCCAGCTGCATCATAGGACT
COX2 NM_011198.4 TGCAGAATTGAAAGCCCTCT CCCCAAAGATAGCATCTGGA
Glut1 NM_011400.3 CATCCTTATTGCCCAGGTGTTT GAAGATGACACTGAGCAGCAGA
gp91phox NM_007807.5 ACTCCTTGGGTCAGCACTGGCT GCAACACGCACTGGAACCCCT
Hifo NM_010431.2 ACAAGTCACCACAGGACAG AGGGAGAAAATCAAGTCG

Hk1 NM_010438.3 GATGGAGGTGAAGAAGAAGC GGAAACGAGAAGGTGAAGC
Hk2 NM_013820.3 CGGTACACTCAATGACATCC GTAGACAGAGCCATCCACG
IL1B NM_008361.4 TGGTGTGTGACGTTCCCATTA CAGCACGAGGCTTTTTTGTTG
IL6 NM_031168.2 CCAGTTTGGTAGCATCCATC CCGGAGAGGAGACTTCACAG
iINOS NM_010927.3 GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC
Pfkp NM_019703.4 AAGCTATCGGTGTCCTGACC TCCCACCCACTTGCAGAAT
TNFa NM_013693.3 TGATCCGCGACGTGGAA ACCGCCTGGAGTTCTGGAA
Reference genes:

B-Actin NM_007393.5 CAACGAGCGGTTCCGATG GCCACAGGATTCCATACCCA
Rn18s NR_003278.3_ GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

B-Actin, Actin, beta; Carkl, sedoheptulokinase; COX2, cyclooxygenase-2; Glut1, Glucose transporter 1; gp91phox, catalytic subunit of NAPH oxidase; Hifa, hypoxia inducible factor 1,
alpha subunit; Hk1, hexokinase 1, Hk2, hexokinase 2; IL18, interleukin 1, beta; IL6, interleukin 6; iINOS, inducible nitric oxide synthase; Pfkp, phosphofructokinase, platelet; TNFa, tumor

necrosis factor alpha; Rn18s, 18S ribosomal RNA.

albumin (BSA) and 10% normal donkey serum for 20 min at
room temperature, and then overnight at 4°C with the primary
antibody. Once they had been rinsed in PBS, cells were incubated
for 1 h at room temperature with an ALEXA 488 donkey
anti-rabbit secondary antibody (1/1,000; Invitrogen). Antibodies
were diluted in 0.3% Triton X-100 in PBS containing 1% BSA
and 10% normal donkey serum.

Images of three microscopic fields using a 20x objective
were obtained with an Olympus IX70 fluorescence microscope
and a digital camera (CC-12, Olympus Soft Imaging Solutions
GmbH). Two to three wells per experimental condition were
processed and each experimental condition was repeated at
least four times. Visual counting of the FluoSpheres was
performed. The percentage of phagocytic cells and the average
number of fluorescent microspheres per microglial cell were
calculated. To further characterize the phagocytic activity,
we also calculated the percentage of cells showing lower
phagocytic activity (microspheres/cell) than the controls and the
percentage of cells showing higher phagocytic activity than the
controls.

ATP Production

The intracellular production of ATP was determined using a
luminescence assay kit (ATPlite Luminescence ATP Detection
Assay System, PerkinElmer, Waltham, MA, USA) following
the manufacturer’s instructions. Briefly, cells in 96-well plates
(mixed glia) or 6-well-plates (microglia) were lysed 24 h
after treatments and the ATP concentration was measured
based on the production of light, caused by the reaction of
the ATP with added luciferase and D-luciferin. The emitted
light was quantified using a luminometer (Orion Microplate
Luminometer, Berthold Detection System, Germany). The ATP
concentration in the samples was calculated from an ATP
standard curve.

Data Presentation and Statistical Analysis
The results are presented as the mean + SEM. At least three
independent experiments were performed for analysis. Data

were statistically analyzed with the GraphPad Prism software.
Statistical analyses were performed using the one-way analysis
of variance (ANOVA) followed by the Newman-Keuls post-
test, and a two-way ANOVA followed by the Bonferroni
post-test. Values of p < 0.05 were considered statistically
significant.

RESULTS

Effects of MPP+ and Rotenone on Glial
Cell Viability

In a preliminary study, we performed dose-response experiments
in order to select working concentrations of MPP+ and rotenone
that did not result in significant alterations in cell viability
after 24 h exposure. We evaluated glial cell viability after
treating the mixed glial or the microglial cultures with increasing
concentrations of MPP+ (10, 25, 50 and 100 wM) or rotenone
(20, 40, 100 and 150 nM), both in the absence and in the presence
of LPS/IFN-y, considering the MTT assay and PI staining.
In mixed glial cell cultures, MPP+ induced a concentration-
dependent decrease in MTT reduction that was accentuated in
the presence of LPS/IFN-y (Figure 1A). On the contrary, no
alterations in MTT reduction were observed in microglial cell
cultures treated with MPP+, both in the absence and presence
of LPS/IFN-y (Figure 1B). Rotenone-treated mixed glial cell
cultures showed a significant decrease in MTT reduction from
100 nM rotenone. In the presence of LPS/IFN-y, there was a
significant decrease in MTT reduction even at 20 nM rotenone
(Figure 1C). As in the case of MPP+ treatments, no alterations
in MTT reduction were observed in microglial cell cultures
treated with rotenone or rotenone and LPS/IFN-y (Figure 1D).
To determine whether the decrease in MTT reduction in MPP+
and rotenone-treated mixed glial cell cultures was due to a
decrease in metabolic activity or due to cell death, PI staining
was performed. Mixed glial cultures treated with 50 and 100 pM
MPP+ showed a significant increase in the percentage of PI
positive nuclei. This effect was accentuated in the presence
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FIGURE 1 | Effect of 1-methyl-4-phenylpyridinium (MPP+) and rotenone on glial cell viability. (A-D) MPP+ and rotenone induced alterations in
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction in the primary glial cultures. Effect of 10, 25, 50 and 100 wM MPP+ treatment for 24 h
on the mixed glial cultures (A) and microglial cultures (B), both in the absence and the presence of lipopolysaccharide (LPS)/interferon-y (IFN-vy; L/I). Effect of 20, 40,
100 and 150 nM rotenone (Rot) treatment for 24 h on the mixed glial cultures (C) and microglial cultures (D), both in the absence and the presence of L/I. (E-H)
Percentage of propidium iodide (Pl) positive nuclei in the mixed glial cultures (E) and microglial cultures (F) treated for 24 h with 10, 25, 50 and 100 uM MPP+, both
in the absence and the presence of LPS/IFN-y (L/I). Percentage of Pl positive nuclei in the mixed glial cultures (G) and microglial cultures (H) treated for 24 h with 20,
40, 100 and 150 nM rotenone (Rot), both in the absence and the presence of L/I. Bars are means £+ SEM of four independent experiments. *p < 0.05,

*p < 0.01 and **p < 0.001 vs. control (C); *p < 0.05, #p < 0.01 and **p < 0.001 vs. L/I; &p < 0.05 vs. MPP+ or Rot alone; one-way analysis of variance

(ANOVA, repeated measures) and Newman-Keuls post-test.

G Rotenone - Mixed glia H

Rotenone - Mixed glia Rotenone - Microglia

MTT reduction (% C)

0 00 a0 60 N, 20 a0 a0 60
D @o‘-\s W °‘ho'~‘°o\""

[ ) © 60 N 90 Y

St a0t % o‘b‘:\@g\"‘J ooy h:\\%\’\"“
ot X KX G0, & adt a O
URVAN RN ANV N

Rotenone - Microglia

PI+ nuclei (%)
3888833888

& 80
#

*

PI+ nuclei (%)
g

© 0 09 0 A D (90 (80 00\ G 20 (00 \ 00 As® D (29 (68 \o0 \&®
?\o‘-$o‘-$°\"?~o\" oot o“m\"\w\\ 2% adadt ot \"Ssatt‘ \;: &

RN

of LPS/IFN-y, and a significant increase was also detected at
25 wM MPP+ (Figure 1E). No alterations in the percentage
of PI-positive nuclei were observed in microglial cultures
treated with MPP+ (Figure 1F). In addition, no significant
increases in the percentage of PI-positive nuclei were observed in
rotenone-treated mixed glial cell cultures or microglial cultures
(Figures 1G,H), with the exception of cells treated with 100 uM
rotenone and LPS/IFN-y.

The concentrations of 10 and 25 wM MPP+ and
40 and 100 nM rotenone were used in subsequent studies.
Representative images of the cultures in these experimental
conditions are shown in Figure 2, which corroborate the lack
of a toxic effect of the concentrations of MPP+ (Figure 2A) and
rotenone (Figure 2B) selected for further experiments.

MPP+ and Rotenone Induce Alterations in
the Expression of Pro-inflammatory Genes
in LPS/IFN-y-Treated Primary Glial

Cultures

We next determined whether MPP+ and rotenone induced
a pro-inflammatory phenotype in primary glial cell cultures,
as well as whether they had some effect on the development
of the pro-inflammatory response induced by LPS/IFN-y.
We determined the mRNA expression of the cytokines IL1p,
IL6 and TNFa and the enzymes inducible NO synthase (iNOS),
cyclooxygenase 2 (COX2) and gp91phox (the catalytic subunit of
NADPH oxidase), as markers of a pro-inflammatory response.
In general, MPP+ (Figure 3) and rotenone (Figure 4) treatment

did not significantly induce the mRNA expression of these
pro-inflammatory markers in the primary glial cell cultures,
although a trend towards increased expression was observed
for some mRNAs, especially in rotenone-treated mixed glial
cultures. On the contrary, 6 h after LPS/IFN-y treatment,
the mRNA expression of all the pro-inflammatory markers
tested was clearly induced (Figures 3, 4). However, MPP+
and especially rotenone induced alterations in the pattern of
expression of these markers in LPS/IFN-y treated cultures.
When glial cell cultures were treated with LPS/IFN-y in the
presence of MPP+, the induction of IL18 mRNA expression
was significantly inhibited in the mixed glial and microglial
cultures (Figures 3A,B), while COX2 mRNA expression was
further increased in the mixed glial cultures (Figure 3A)
and gp91phox mRNA was induced in the microglial cultures
(Figure 3B). More importantly, rotenone exposure significantly
abrogated LPS/IFN-y induction of the mRNA expression of
all pro-inflammatory markers in the mixed glial cultures
(Figure 4A), as well as IL1B, IL6 and COX2 mRNA expression
in microglial cultures (Figure 4B).

MPP+ and Rotenone Inhibit LPS/IFN-y-
Induced NO and Pro-inflammatory
Cytokine Production in Primary Glial

Cultures

We also analyzed the effect of MPP+ and rotenone on NO,
IL1B, IL6 and TNFa release into the culture medium. MPP+
alone induced a decrease in NO production and an increase
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in IL6 release into the culture medium in mixed glial cell
cultures 24 h after treatment (Figure 5A). The latter effect
was also observed in the MPP+-treated microglial cultures
(Figure 5B), as well as in the rotenone-treated mixed glial
(Figure 5C) and microglial cultures (Figure 5D). LPS/IFN-y-
treatment clearly increased NO production in the mixed glial
cultures, and MPP+ (25 wM) and rotenone (40 and 100 nM)
significantly inhibited this effect (Figures 5A,C). Significant
NO production was not detected in the microglial cultures
treated with LPS/IFN-y for 24 h (Figures 5B,D). However, an
increase in NO production was observed when the microglial
cultures were treated with LPS/IFN-y for 48 h, but MPP+ and
rotenone did not modify this effect (data not shown). With
regards to cytokine release, LPS/IFN-y-treatment resulted in
drastic increases in IL1f, IL6 and TNFa levels in the mixed
glial (Figures 5A,C) and microglial (Figures 5B,D) cultures.
MPP+ exposure (25 wM) significantly inhibited LPS/IFN-y-
induced release of IL1f and IL6, but not TNFa, in the
mixed glia (Figure 5A), while it had no significant effect
on the production of these cytokines in the microglial cell
cultures (Figure 5B). Interestingly, rotenone (40 and 100 nM)
significantly inhibited IL1f, IL6 and TNFa release induced by
LPS/IEN-y in both the mixed glial (Figure 5C) and microglial
cultures (Figure 5D).

MPP+ and Rotenone Treatment Inhibit the
Phagocytic Activity of Microglial Cells

We then evaluated whether MPP+ and rotenone modified
the phagocytic activity of the microglial cells, another
important parameter used to characterize the microglial

activation phenotype. Both MPP+ and rotenone treatment
showed a tendency to decrease the percentage of phagocytic
microglial cells that were statistically significant when the
cells were also treated with LPS/IFN-y (Figure 6A). In
addition, MPP+ and rotenone treatment resulted in a
significant increase in the percentage of microglial cells
showing low phagocytic activity (number of microspheres
per cell lower than control) and a subsequent significant
decrease in the percentage of cells showing high phagocytic
activity (number of microspheres per cell higher than control;
Figure 6B). These effects were accentuated in the presence of
LPS/IFN-y.

ATP Production Is Compromised in MPP+-

and Rotenone-Treated Glial Cell Cultures
In an attempt to better characterize the metabolic status of
the cells, we determined the intracellular ATP production in
response to MPP+, rotenone and LPS/IFN-y treatments. In
general, ATP production was modified in the mixed glial
cultures in our MPP+ and rotenone experimental models
(p < 0.001, one-way ANOVA; Figure 7). In particular, ATP
production was significantly decreased after 25 uM MPP+
treatment (Figure 7A). On the contrary, a significant increase
in ATP production was detected in the LPS/IFN-y-treated
mixed glial cultures, which was abrogated in the presence
of MPP+ and rotenone (Figures 7A,B). ATP production was
also modified in the microglial cultures in the MPP+ and
rotenone experimental models (p < 0.05, one-way ANOVA),
but to a lesser extent than in the mixed glial cultures
(Figures 7C,D).
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FIGURE 3 | Effect of MPP+ treatment on the mRNA expression of pro-inflammatory markers. mRNA expression of pro-inflammatory cytokines [interleukin-18 (IL-1p),
IL-6 and tumor necrosis factor-a (TNF-a)] and enzymes [inducible nitric oxide synthase (INOS), cyclooxygenase-2 (COX-2), gp91phox] in the primary mixed glial
cultures (A) and microglial cultures (B) treated for 6 h with 10 and 25 uM MPP+, both in the absence and the presence of LPS/IFN-y (L/I). 18S ribosomal RNA
(Rn18s) and B-actin were used as housekeeping genes. Bars are means + SEM of four independent experiments. **p < 0.01 and ***p < 0.001 vs. C; *p < 0.05,
#p < 0.01 and *#p < 0.001 vs. L/I; one-way ANOVA and Newman-Keuls post-test. $p < 0.05 MPP+ alone vs. C, one-way ANOVA and Newman-Keuls post-test
only considering the L/I-free groups. This latter analysis was performed to detect whether the high values observed in the L/I group may hinder the detection of
statistical significance of the effects of MPP+ alone.

Metabolic Changes in LPS/IFN-y-Treated
Glial Cultures: Effect of MPP+ and

Rotenone

In immune cells, the development of specific immune responses
is associated with specific metabolic changes. Increased glycolysis
and potentiation of the pentose phosphate pathway, together
with the inhibition of oxidative phosphorylation has been
reported for immune cells showing a pro-inflammatory
phenotype. We checked whether this was the case in our
glial cultures treated with LPS/IFN-y and whether MPP+
and rotenone were able to modify it. We determined the

mRNA expression of genes encoding critical proteins for the
switch to glycolysis: glucose transporter 1 (Glutl; glucose
entrance into the cell), key glycolytic enzymes such as
hexokinase 1 (Hk1) (glycolysis initial rate limiting step) and
phosphofructokinase 1 (PFK1) (master regulator of glycolysis),
the glycolysis activator hypoxia-inducible factor la (Hifla)
and carbohydrate kinase-like protein (Carkl), involved in the
control of the pentose phosphate pathway. In the microglial
cell cultures, MPP+ and rotenone alone did not modify the
expression of these genes per se (Figure 8). On the contrary,
as expected, LPS/IFN-y treatment induced an increase in their
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FIGURE 4 | Effect of rotenone treatment on the mRNA expression of pro-inflammatory markers. mRNA expression of pro-inflammatory cytokines (IL-1p, IL-6 and
TNF-a) and enzymes (INOS, COX-2, gp91phox) in the primary mixed glial cultures (A) and microglial cultures (B) treated for 6 h with 40 and 100 nM rotenone (Rot),
both in the absence and the presence of LPS/IFN-y (L/I). Rn18s and B-actin were used as housekeeping genes. Bars are means + SEM of four independent
experiments. *p < 0.5, **p < 0.01 and **p < 0.001 vs. control (C); *p < 0.05, #p < 0.01 and ##p < 0.001 vs. L/I; one-way ANOVA and Newman-Keuls post-test.

expression (Figure 8), with the exception of Carkl mRNA
(Figures 8L]J), which showed a decrease. MPP+ treatment
further increased LPS-IFN-y-induced Glutl mRNA expression
(Figure 8A), while rotenone inhibited LPS-IFN-y-induced
Ptkl (Figure 8F) and Hifla (Figure 8H) mRNA expression.
We also evaluated the expression of these mRNAs in the
mixed glial cultures. MPP+ and rotenone alone increased
the Glutl mRNA (Figures 9A,B), MPP+ and Hifla mRNA
expression (Figure 9G). LPS/IEN-y treatment inhibited the
expression of the glycolytic genes Glutl (Figures 9A,B), Hk1
(Figures 9C,D) and Pfk1 (Figures 9E,F), as well as Carkl mRNA
expression (Figures 91,]), and increased the expression of Hifla
(Figures 9G,H). Rotenone inhibited LPS/IFN-y-induced Hifla
mRNA expression (Figure 9H).

DISCUSSION

In this study, we show that the response of glial cells to a
pro-inflammatory stimulus is modified by the neurotoxic agents
MPP+ and rotenone. MPP+ and rotenone treatment did not
induce a significant pro-inflammatory phenotype in the primary
mixed glial and microglial cultures per se. However, these
neurotoxic agents, mainly rotenone, did impair the development
of a pro-inflammatory phenotype in the LPS/IFN-y-treated glial
cultures. This effect was observed in the absence of significant cell
death but in the presence of impaired metabolic activity.

The toxic effects of MPP+ and rotenone on neurons have
repeatedly been demonstrated using primary neuronal cultures,
with dopaminergic neurons showing the highest sensitivity to
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FIGURE 5 | Nitric oxide (NO) and pro-inflammatory cytokine production in the primary glial cell cultures treated with MPP+ and rotenone. NO production was
estimated from nitrite accumulation and IL1B, IL6 and TNFa levels were determined by ELISA in the culture medium of the MPP+-treated mixed glial (A) and
microglial (B) cultures, and the rotenone (Rot)-treated mixed glial (C) and microglial (D) cultures. The cell cultures were treated with 10 and 25 pM MPP+ or 40 and
100 nM Rot for 24 h, in the absence or in the presence of LPS/IFN-y (L/I). Bars are means + SEM of four independent experiments. *p < 0.5, **p < 0.01 and

##n < 0.001 vs. control (C); *p < 0.05, #p < 0.01 and ##p < 0.001 vs. L/I; one-way ANOVA and Newman-Keuls post-test. $p < 0.05, $¥p < 0.01 and

$$$p < 0.001 MPP+ and Rot alone vs. C, one-way ANOVA and Newman-Keuls post-test only considering the L/I-free groups. This latter analysis was performed to
detect whether the high values observed in the L/I group may hinder the detection of a statistical significance of the effects of MPP+ and Rot alone.
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the toxic effects of these compounds. In mouse primary cultures,
dopaminergic neuron death is observed at concentrations from
0.1 pM MPP+ (1-week exposure; Kinugawa et al., 2013) or 3
wM MPP+ (48 h exposure; Henze et al., 2005), and 10 nM
(1-week exposure; Gao et al, 2003) or 5 nM rotenone (48 h
exposure; Radad et al., 2006). Exposure to higher concentrations
of these neurotoxins is necessary to induce the death of
non-dopaminergic neurons (Gao et al, 2003; Henze et al,
2005). The presence of microglial cells in neuronal cultures

has been associated to the increased neurotoxicity of MPP+
and rotenone (Gao et al., 2002, 2003; Emmrich et al., 2013;
Kinugawa et al., 2013). However, as MPP+- and rotenone-
damaged neurons induce reactive microgliosis, which has a
neurotoxic effect, it is difficult to establish the contribution of
a direct effect of the toxins on glial cells in the neurotoxicity
observed. In fact, although the neurotoxic effect of MPP+ and
rotenone has been widely described using in vivo and in vitro
experimental approaches, their direct effects on glial cells remain
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FIGURE 6 | Effect of MPP+ and rotenone treatment on the microglial cell phagocytosis in the primary microglial cell cultures. Phagocytic activity was evaluated
through the ingestion of fluorescent microspheres after treating the cell cultures with 10 and 25 uM MPP+ or 40 and 100 nM rotenone (Rot) for 24 h, in both the
absence and presence of LPS/IFN-y (L/I). Internalization of microspheres was quantified after immunofluorescence labeling of the microglial cells using an anti-lba1
antibody. (A) Percentage of cells with microspheres. Bars are means + SEM of four independent experiments. *p < 0.05 and **p < 0.01 vs. control (C); one-way
ANOVA and Newman-Keuls post-test. (B) Percentage of cells with low phagocytic activity (number of microspheres/cell < C) and cells with high phagocytic activity
(number of microspheres/cells > C). Bars are means + SEM of four independent experiments. *p < 0.05, **p < 0.01 and **p < 0.001 vs. corresponding C;

*p < 0.05 and *p < 0.01 vs. low-phagocytic cells; two-way ANOVA and Bonferroni post-test.
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poorly characterized (Gao et al., 2003; Klintworth et al., 2009;
Bournival et al., 2012; Du et al., 2014; Chen et al., 2015; Zhou
et al., 2016). Most of the studies performed until now using
glial cell cultures have tested whether these neurotoxins induce
a pro-inflammatory phenotype in the microglial cells, and the
results obtained are controversial. The range of concentrations
used in these studies are higher than that used in neuronal
cultures (0.1-500 wM MPP+ and 10 nM-1 wM rotenone; Gao
et al., 2003; Henze et al., 2005; Klintworth et al., 2009; Bournival
et al., 2012; Jin et al., 2012; Du et al., 2014). Some authors have
reported no alterations (Klintworth et al., 2009; Ferger et al.,
2010; Jin et al., 2012), but others have shown the induction of
pro-inflammatory markers in the MPP+- and rotenone-treated
microglial cultures (Du et al., 2014; Zhang et al., 2014; Liang et al.,
2015; Zhou et al., 2016). Differences in the pattern of neurotoxin
treatment (concentration and duration of the treatment) and the
cell types used (primary cultures and cell lines from different
species) may partially account for the differences observed. Most
studies have considered microglial cell lines, while studies using

primary microglial cultures are scarce. In this study, we show
that concentrations of MPP+ and rotenone that did not affect
cell viability in primary glial cultures at 24 h did not result
in the induction of a significant pro-inflammatory phenotype
(with the exception of IL6 production), but they interfered
with the development of the pro-inflammatory phenotype
induced by LPS/IFN-y. Thus, MPP+ and rotenone inhibited
pro-inflammatory cytokine production induced by LPS/IFN-y in
glial cells (IL1p in the case of MPP+, and also IL6 and TNFu
in the case of rotenone). They also modified the expression of
pro-inflammatory enzymes (iNOS, COX2 and/or gp91phox). In
general, the alterations observed were more pronounced in the
mixed glia than in the microglial cell cultures. In addition, the
effect of rotenone was stronger than that of MPP+, although the
concentrations of rotenone used were three orders of magnitude
below those of MPP+. MPP+ and rotenone treatment also
interfered in the phagocytic activity of the microglial cells, which
was clearly inhibited after neurotoxin treatment, especially in
the presence of LPS/IFN-y. Altogether, these results suggest
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FIGURE 7 | Adenosine triphosphate (ATP) production in the primary glial cell cultures treated with MPP+ and rotenone. Intracellular ATP production was determined
in the mixed glial cultures and microglial cultures treated with 10 and 25 uM MPP+ (A,B) or 40 and 100 nM rotenone (Rot; C,D) for 24 h, in the absence and in the
presence of LPS/IFN-y (L/I). Bars are means + SEM of five independent experiments. *p < 0.5, **p < 0.01 and **p < 0.001 vs. control (C); *p < 0.05,
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that MPP+ and rotenone directly impair the ability of the glial
cells to respond to a pro-inflammatory insult. In this sense,
exposure to stimuli that affect the mitochondrial activity, such
as hypoxia or respiratory chain inhibitors, has been suggested
to alter the immune response of macrophages (Wiese et al,
2012).

At the cellular level, the main target of both MPP+ and
rotenone is the mitochondrial electron transport chain, where
they selectively inhibit complex I (Dauer and Przedborski, 2003).
As a consequence, ATP production is compromised, O, levels
increase, and subsequent oxidative stress occurs. This is critical
in neuronal cells, where energy production depends mainly on
ATP synthesis through oxidative phosphorylation (reviewed in
Bélanger et al., 2011). In contrast, astrocytes are mainly glycolytic
(reviewed in Bélanger et al., 2011). In addition, astrocytes can
generate lactate from glycogen via glycolysis under metabolic
activation (Hertz et al., 2007). Macrophages/microglia have the
capacity to generate ATP by both glycolytic and oxidative
pathways (although in the case of microglial cells the field is still
underexplored; Van den Bossche et al., 2017; Ghosh et al., 2018).
Indeed, they are able to shift from oxidative phosphorylation

to aerobic glycolysis (production of lactate in the presence of
oxygen) to obtain ATP from different pathways according to the
metabolic demands of their activation status (Haschemi et al.,
2012; Galvdn-Pena and O’Neill, 2014; Orihuela et al., 2016).
The classical activation or M1/pro-inflammatory phenotype is
associated with inhibition of the respiratory chain and the
potentiation of aerobic glycolysis, which results in more rapid
ATP production to satisfy the metabolic demands associated with
the quick pro-inflammatory response of the M1 phenotype. In
this situation, the glycolytic and pentose phosphate pathways
are potentiated, and oxidative phosphorylation is inhibited
(Haschemi et al, 2012). A metabolic-epigenetic crosstalk
is suggested to control macrophage activation (Baardman
et al,, 2015). In contrast, pro-inflammatory stimuli increase
tricarboxylic acid activity in astrocytes (Gavillet et al., 2008).
In mixed glial cultures, LPS/IFN-y treatment increased ATP
production, an effect that was clearly inhibited by MPP+ and
rotenone. These results suggest that MPP+- and rotenone-
treated cultures suffer metabolic stress that is aggravated when
the cells increase their energetic demands after LPS/IFN-y
treatment. Consequently, activated glial cells may not fulfill their
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FIGURE 8 | Effect of MPP+ and rotenone treatment on the expression of
genes involved in the control of the glycolysis in the microglial cell cultures.
mRNA expression of the glucose transporter (Glut1; A,B) and the glycolytic
enzymes hexokinase 1 (Hk1; C,D) and phosphofructokinase 1 (Pfk1; E,F), as
well as Hifta (G,H) and carbohydrate kinase-like protein 1 (Carkl; 1,J). The
primary microglial cultures were treated for 6 h with 10 and 25 uM MPP+ or
40 and 100 nM rotenone (Rot), both in the absence and the presence of
LPS/IFN-y (L/l). Rn18s and B-actin were used as housekeeping genes. Bars
are means + SEM of four independent experiments. *p < 0.05,

*p < 0.01 and **p < 0.001 vs. control (C); *p < 0.05 and #p < 0.01 vs. L/J;
one-way ANOVA and Newman-Keuls post-test.

MPP+

Glut1 mRNA - Mixed glia

Rotenone
Glut1 mRNA - Mixed glia

20

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0-

ek

°
o
*
*
H
*
Relative expression
2
@
*
o *
o

C W P N S 9P L2 T R A R
& & o adt et
SN W

O

Hk1 mRNA - Mixed glia Hk1 mRNA - Mixed glia

Hkek

*
¥
¥
*
X
*

Relative expression
EPEFEBES X & &
ON & O®ONNSOO
E*

G A 9 N A o6 G 0 W ®
X X X X g g
W ® \)\,\x\’:\,,«?" e e

-

Pfkp mRNA - Mixed glia Pfkp mRNA - Mixed glia

e AEEREE

Relative expression
BB S S e N A e o
oON & O ®ON®OD
*
*
*
° H

< g % N A 95 G S S W [N
W@ * e «® e
W NF W
G Hifla mRNA - Mixed glia H Hif1a mRNA - Mixed glia
3.0 ok
§2 § 25 .
g2 § 20 #
g g
3 3 15
o o
% 4 %1.0
g o & 05
0.0
[ I IS S )
x A . Al
0 adt RS : \x"'&
| Carkl mRNA - Mixed glia J Carkl mRNA - Mixed glia
1.6 1.6
c 14 £ 14
= o
@ 1.2 B 1.2
£ 10 ¢ 10
o o
% 08 % 08:
2 06 Los
0.2 & 0.2
0.0 0.0
G N 9 ) o S O ST CIRR
?\,,,\ ??,,'t \D??,,\ ??,,1 o ‘@@ W o q‘&.@
W W LA
o W

FIGURE 9 | Effect of MPP+ and rotenone treatment on the expression of
genes involved in the control of glycolysis in the mixed glial cell cultures.
mMRNA expression of the glucose transporter Glut1 (A,B) and the glycolytic
enzymes Hk1 (C,D) and Pfk1 (E,F), as well as Hifla (G,H) and Carkl (I,J). The
primary mixed glial cultures were treated for 6 h with 10 and 25 WM MPP+ or
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LPS/IFN-y (/). Rn18s and B-actin were used as housekeeping genes. Bars
are means + SEM of four independent experiments. *p < 0.05,

*p < 0.01 and **p < 0.001 vs. control (C); *o < 0.05 vs. L/I; one-way
ANOVA and Newman-Keuls post-test.
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metabolic demands in the presence of MPP+ and rotenone,
which would explain why mixed glial cultures exposed to
these toxicants were not able to produce an appropriate
pro-inflammatory response to LPS/IFN-y. The effects of MPP+
and rotenone on ATP production were less drastic in the
LPS-IEN-y-treated microglial than the mixed glial cultures.
ATP production was not significantly compromised in the
LPS/IFN-y-treated microglial cultures exposed to MPP+ and
rotenone, with the exception of 25 WM MPP+ treatment.
In addition, the response to LPS/IFN-y was also impaired,
to a lesser extent, in the microglial cultures than in the
mixed glial cultures. Altogether, these results suggest that the
microglial cells can better cope with the metabolic alterations
induced by MPP+ and rotenone than astrocytes can, which
accounts for 75% of the cells in the mixed glial cultures. A
possible explanation is that while microglial cells developing
a pro-inflammatory phenotype switch to glycolysis (Haschemi
et al,, 2012; Galvan-Pefia and O’Neill, 2014; Orihuela et al,
2016), astrocytes exposed to pro-inflammatory stimuli increase
the activity of the tricarboxylic acid cycle (Gavillet et al., 2008),
which in the presence of MPP+ and rotenone will encounter
truncated oxidative phosphorylation. However, the involvement
of a differential response of the activated microglial cells to the
toxins in the presence of astrocytes (or impaired astrocytes)
cannot be ruled out.

To assess whether the glycolytic switch mentioned above
was behind the ATP production in activated glial cultures, we
evaluated the expression of genes encoding critical proteins for
the glycolytic pathway. In the microglial cultures, a switch to
the glycolytic pathway in the LPS/IFN-y-activated microglial
cultures was suggested by the observed increase in the expression
of Glutl, HKI1, Pfkl and Hifla mRNA and the decreased
expression of the Carkl mRNA. Increased expression of the
glucose transporter Glutl may result in more glucose uptake,
while the increased expression of Hkl and Pfkl, which
regulate critical steps in glycolysis, may increase the glycolytic
rate. It has been suggested that Hif activation contributes to
macrophage polarization, and that Hifa-dependent glycolysis
favors polarization to a M1 phenotype (Palazon et al., 2016;
Taylor et al., 2016). In addition, metabolic intermediates such
as succinate play a role in Hifla stabilization and subsequent
IL1P expression in LPS-treated macrophages (Tannahill et al.,
2013). Inhibition of the Carkl expression potentiates the flux
through the pentose phosphate pathway (Haschemi et al., 2012).
Whereas MPP+ exposure resulted in a further increase in
Glutl expression in the LPS/IFN-y-treated microglial cultures,
rotenone exposure partially inhibited the LPS/IFN-y-induced
Pfk and Hifo mRNA expression. Consequently, in the case of
microglial cultures, the attenuated pro-inflammatory response
to LPS-IFN-y mostly observed in the presence of rotenone may
result from some alterations to the glycolytic switch. In addition,
it cannot be ruled out that ATP production through oxidative
phosphorylation may also partially contribute to the energy
demand required to develop a pro-inflammatory response, even
in situations where the switch to glycolysis occurs. In this sense,
Wang et al. (2018) showed that 2-deoxyglucose, which blocks
glycolysis and partially inhibits glycolytic-dependent oxidative

phosphorylation, has a stronger inhibitory effect on the IFN-y-
induced inflammatory response in macrophages than inhibiting
glycolysis when replacing glucose in the cell culture medium
with galactose, which reduces glycolytic flux without interfering
with oxidative phosphorylation. Interestingly, control of the
pro-inflammatory macrophage response, through metabolic
reprogramming, has been suggested as a potential therapeutic
strategy to promote remission in chronic inflammatory diseases
(Mills and O’Neill, 2016).

We observed contrasting effects in the LPS/IFEN-y-treated
mixed glia and microglial cultures in terms of the mRNA
expression of the glycolytic enzymes Glutl, Hk1, and Pfkl.
Their expression was inhibited in the mixed glia, suggesting the
contribution of astrocytes to the effects observed. Although
astrocytes are mainly glycolytic (Bélanger et al, 2011),
pro-inflammatory stimuli increase tricarboxylic acid activity
in astrocytes (Gavillet et al., 2008). The decreased expression
of the glycolytic enzymes we observed may reflect this switch.
Consequently, the impaired response of the mixed glial cultures
to LPS/IEN-y in the presence of MPP+ and rotenone may be
explained by the fact that oxidative phosphorylation, which
would be responsible for the main ATP production from
products of the tricarboxylic acid cycle, is inhibited by MPP+
and rotenone. However, the involvement of the microglial cells
in the response of the mixed glial cultures to MPP+ and rotenone
plus LPS/IFN-y cannot be ruled out.

Finally, some studies show that MPP+ causes DNA damage
(Zhang et al., 1995) and oxidative DNA damage in neuronal cells
(Chen et al., 2005). In addition, rotenone-induced DNA damage
(Goswami et al., 2016) and DNA methylation (Scola et al., 2014)
in neurons have also been described. Although there are no
reports on MPP+- and rotenone-induced DNA alterations on
glial cells, we cannot discard that these alterations may be behind
the decreased expression of inflammatory markers we detected
in LPS/IFN-y-treated glial cultures exposed to the neurotoxins.

CONCLUSION

In summary, the results of the present study show that the
pro-inflammatory response induced by LPS/IFN-y in mouse
primary glial cell cultures, is impaired under MPP+ and rotenone
exposure, mainly when both the astrocytes and microglia are
present. This suggests that the immune response of the glial
cells is compromised in the presence of neurotoxins that
inhibit the mitochondrial electron transport chain. We are
currently studying the possible effects of MPP+ and rotenone
on the development of an anti-inflammatory phenotype by the
glial cells. Although the involvement of the glial cells in the
development of neurodegenerative diseases is widely accepted,
the precise role they play in every neurodegenerative disorder
remains to be established. As many genetic and environmental
factors are probably involved in the etiopathogenesis of
neurodegenerative diseases, many factors may also determine
when and how the glial cells take part in the pathological
process. In the case of pathologies where the exposure to
certain neurotoxicants is a risk factor, such as PD, the direct
effect of the toxic agents on glial cell function may be

Frontiers in Molecular Neuroscience | www.frontiersin.org

January 2019 | Volume 11 | Article 479


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Rabaneda-Lombarte et al.

Neurotoxins Impair Glial Immune Response

an additional factor to take into account, as alterations in
glial function will have an effect on neuronal function and
CNS homeostasis. In this context, our results suggest that
glial metabolic alterations induced by neurotoxin exposure
compromises the brain’s immune response. This impaired
immune response may imply a more vulnerable brain, which
can be a further aspect contributing to the development
of PD.
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