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Abreviaturas




#: cualquier niumero (any number)

ANOVA: andlisis de varianza (analysis of
variance)

oMEM: medio de cultivo Eagle minimo
escencial (minimum essential medium Eagle)

BHE: berrera hematoencefalica (BBB: blood
brain barrier)

BrdU: marcador de mitosis, bromodes-
oxiuridina (hromodeoxyuridine)

CC: circularidad celular (cell circularity)

CA3: region del hipocampo Cornu Ammonis 3
(hippocampal region)

CCL2: quimiocina CC tipo 2 (chemokine CC2),
MCP-1: proteina quimioatrayente monocitica
1 (monocytic chemokine protein 1)

CCR2: receptor de la quimiocina CC2 (chemo-
kine receptor CC2)

CCR2/~: cepa de ratén deficiente del receptor
CCR2 (CCR2 knockout)

CD#: cluster de diferenciacion #

CHA: area del poligono convexo (convex hull
area)

CHC: circulo que incluye el poligono convexo
(convex hull circle)

CHSR: ratio de los diametros del poligono
convexo (convex hull span ratio)

CNS: central nervous system
CP: putamen caudado (caudate putamen)

CSF1: factor estimulante de colonias 1
(colony stimulant factor 1)

CSF1R: receptor del factor estimulante de
colonias 1 (colony stimulant factor receptor 1)

CX3CR1: receptor fractalquina (fractalkine
receptor)

CX3CL1: ligando especifico (quimiocina) del
receptor fractalquina (chemokine fractalkine)

CX3CR#: receptor de quimiocina tipo CX3C#
(CX3C# chemokine receptor)

CX3CL#: quimiocina del receptor CX3C#
(CX3C# chemokine)

D: dimension fractal (fractal dimension)

DAMPs: patrones moleculares asociados a
dafio celular (damage-associated molecular
patterns)

DMEM/F12: medio de cultivo con mezcla de
nutrientes  adecuado  para  microglia

(Dulbecco’s modified Eagle medium: nutrient
mixture F12)

EDTA: 4acido etilendiaminotetra-acético
(ethylenediaminetetraacetic acid)

Ep: cultivo primario de ependymocitos
(ependymal cell culture)

Ex: explante de la pared ventricular
(ventricular wall explant)

FBS: suero fetal bovino (fetal bovine serum)

FOXJ1: factor de transcripcion ciliar
Forkhead box protein ]1(ciliar transcription
factor)

IIIG9: proteina que regula la movilidad ciliar
(ciliar protein)

GAPDH: proteina de referencia para
cuantificar expresiéon de genes por PCR,
gliceraldehido-3-fosfato des-hidrogenasa
(glyceraldehyde-3-phosphate dehydrogenase)

H/HA: hemaglutinina (hemagglutin)

H1N1: subtipo de virus influenza responsable
de la pandemia de la gripe A del 2009-2010

H5N1: subtipo de virus influenza responsable
de la epidemia de la gripe aviar del 2004-
2006

HBSS: medio de cultivo Hank equilibrado en
sales (Hank’s balanced salt solution)

HCA: andlisis de agrupaciéon jerarquica
(hierarchical cluster analisys)

HEPES: acido 4-(2-hidroxietil)-1-piperazina-
etanosulfénico [4-(2-hydroxyethyl)-1-pipera-
zine-ethane-sulfonic acid)|

Hyp: hipotadlamo (hypothalamus)

IBA1: molécula adaptadora de unién a calcio
ionico, marcador de microglia (ionized
calcium-binding adapter molecule 1)

ICAM-1: molécula de adhesién intercelular 1
(intercellular adhesion molecule 1)

ICV: intracerebroventricular
IFRa: interferdn alfa

IL-1B: interleucina 1 beta (interleukine 1
beta)

IL-1R#: receptor de interleucina 1 (inter-
leukine 1 receptor #)

IL-#: interleucina # (interleukine #)

IkB: inhibidor del factor de transcripciéon
kappa beta

IRF-3: factor de transcripcion del interferén



A:lacunaridad (lacunarity)

LCR: liquido cefalorraquideo (CSF: cerebro
spinal fluid)

LD#: funcion linear discriminante # (linear
discriminant function #)

LDA: andlisis linear discriminante (linear
discriminant analysis)

LPS: lipopolisacarido (lipopolysacharide)
LV: ventriculo lateral (lateral ventricle)

Ly6C: proteinas que se expresan en la
superficie de monocitos, neutroéfilos, células T
y células NK (células mieloides)

M1: estado de activacion pro-inflamatorio de
macréfagos/microglia

M2: estado de activacion anti-inflamatorio de
macrofagos /microglia

MHCII: complejo mayor de histocompa-
tibilidad clase II (mayor histocompatibility
complex class II)

MMI: indice de multimodalidad (multi-
modality index)

MSACH: didmetro maximo del poligono
convexo (maximum span across the convex
hull)

MyD88: molecula adaptadora de la ruta de
activacion pro-inflamatoria de la microglia

NA: neuraminidasa (neuraminidase)

NF-kf: Factor de trancripcion nuclear kappa
beta (nuclear factor Kappa beta)

NK: células asesinas naturales del inglés
natural killer

NLRs: receptores similares al dominio de
unién y oligomerizacion de nucleétidos (nod-
like receptors: nucleotid-binding
oligomerization domain)

PAMPs: patrones moleculares asociados a
patégenos (pathogens-associated molecular
patterns)

PC#: componente principal # (principal
component #)

PCA: andlisis de componentes principales
(principal component analysis)

PCR: reaccién en cadena de la polimerasa
(polymerase chain reaction)

P3C: peptide sintético Pam3zCysSKs (N-
palmitoyl-S-(2,3-bis(palmotoyloxy)-(2R,s)-
propyl)-(R)-cysteinyl-seryl-(lysyl)3-lysine)

PFA: paraformaldehido (paraformaldehyde)

PPR: receptores de reconocimiento de
patrones moleculares (pattern recognition
receptor)

PSR: receptor de fosfatidilserina (phospha-
tidylserin receptor)

PU1: factor de transcripcion de proliferacion
microglial

qPCR: PCR a tiempo real o cuantitativa
(quantitative PCR)

ROS: especies reactivas de oxigeno (reactive
oxigen species)

RT-PCR: PCR con trancriptasa inversa
(reverse transcription PCR)

SF: nucleo septofimbrial del cerebro (septo-
fimbrial nucleus)

Siglecs: proteinas de membranas (lectinas)
que se unen a acido sialico (sialic acid
recognizing Ig superfamily lectins)

TGF: factor de crecimiento transformante
beta (transforming growth factor beta)

TGFR#: receptores del factor de crecimiento
transformante beta (transforming growth
factor receptor #)

TIRAP: proteina adaptadora de la ruta de
activacion pro-inflamatoria de la microglia

TLR#: receptores similares a Toll tipo #
(Toll-like receptor #)

TLR#/-: cepa de raton deficiente en el
receptor TLR # (TLR # knockout)

TNFa: factor de necrosis tumoral alfa (tumor
necrosis factor alpha)

TNFR#: receptor del factor de necrosis
tumoral alfa (tumor necrosis factor alpha
receptor #)

TRAM: molécula adaptadora de la ruta de
activacién pro-inflamatoria de la microglia

TREM: receptor de microglia (triggering
receptor expressed on myeloid cells-2)

SNC: sistema nervioso central (CNS: Central
nervous system)

STAT#: factor de transcripcién #
(transcription factor #)

UNV: unidad neurovascular

VRC: criterio de ratio de varianzas (variance
ratio criterion)

VCAM-1: Molécula de adhesion celular
vascular 1 (vascular cell adhesion molecule 1)
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Summary

In 1919 Pio del Rio Hortega, a disciple of Santiago Ramoén y Cajal, developed a
histochemical technique that allowed to distinguish microglia from other
neuroglial cells. Thus, microglial cells were first identified by Rio Hortega, who also
recognized one of the major features of these cells: the morphological change that
they undergo in pathological situations. Nowadays microglia are widely accepted
as a particular type of macrophage that permanently resides within the nervous
system, where it represents the most relevant component of the inmmune system
(Kettenmann et al,, 2011).

In the healthy brain microglia are involved in maintaining homeostasis in the
nervous system. These cells are endowed with profuse ramifications that enable
them to permanently scan the surrounding environment, a function that made
them deserve the name of surveillant cells. To do so, microglia surface is decorated
with a variety of pattern recognition receptors (PRRs) that recognize and bind a
wide range of molecules arising from pathogens (the pathogen-associated
molecular patterns or PAMPs) or from the damaged own cells (damage-associated
molecular patterns or DAMPs). When microglia gets activated by one of these
molecules the activation of the immune cascade starts (Kawai and Akira, 2006).
Microglia then adopt a pro-inflammatory phenotype (also named M1)
characterized by the synthesis and release of cytotoxic mediators (particularly
cytokines) aimed to eliminate the noxious element (e.g. virus or bacteria), and
chemoattractant signals to recruit other peripheral immune cells from the blood
towards the brain parenchyma, thus orchestrating an immune response
(Ransohoff and Perry, 2009). In a later phase, microglia also participate in the
resolution of the inflammatory process, engaging an anti-inflammatory phenotype
(or M2 state) with restorative functions such as phagocytosis, thus allowing the
again the proper functioning of the nervous tissue and the return a homeostatic
situation (Orihuela et al, 2016). However, during the pro-inflammatory phase
microglia sometimes also results deleterious and may provoke neuronal death
(Belarbi and Rosi, 2013). On the contrary, the anti-inflammatory phase is always
related to neuroprotection (Sierra et al., 2013). The detailed knowledge of the
balance between these two antagonistic states of microglia is attracting much

attention, especially in neurodegenerative processes as Alzheimer’s disease,
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Parkinson’s disease or multiple sclerosis. The role microglia play in each of these
pathologies is different, complex and not fully understood (Dheen et al., 2007; Gold
and El Khoury, 2015; Sugama et al., 2009; Zindler and Zipp, 2010).

Some neurodegenerative processes, only barely studied, are provoked by
pathogens, either virus or bacteria, that bear the enzyme neuraminidase (NA) in
their structure. Among them, the influenza virus is probably the best known, due to
the enormous incidence of flu every year. Although influenza virus mainly
generates respiratory problems, in some cases additional complications, consisting
in a neurodegenerative process, may arise. The studies carried out with the
influenza virus concluded that the membrane glycoproteins NA and hemagglutinin
are crucial in the mechanism of infection and spreading of the virus in the host.
Both glycoproteins recognize sialic acid, which appear as terminal sugar in
glycoproteins and glycolipids exposed in the host cells surface. The enzymatic
activity of NA cleaves these sialic acid residues, thus contributing to virus
dispersion (Wagner et al.,, 2002). Sialic acids are widely present not only in the
surface of the cells, but also in the extracellular matrix (Varki and Schauer, 2009).
Also sialilation or de-sialilation of membrane proteins and glycolipids plays a
relevant role in cellular communication, and in particular in the immune response
(Varki and Gagneux, 2012). Therefore, the enzymatic activity of viral NA might
result in a broader array of effects than initially expected.

Some years ago a model consisting in the intracerebroventricular (ICV)
administration of NA purified from Clostridium perfringens was developed
(Grondona et al., 1996). Rats received a single dose of NA within the right lateral
ventricle, which initiated a sterile neuroinflammatory process characterized by the
sequential infiltration of monocytes, neutrophils and lymphocytes from the
circulation to the choroid plexus, cerebrospinal fluid (CSF) and eventually the
brain parenchyma (Granados-Duran et al, 2015). Moreover, certain
neurodegenerative events occurred, namely the vacuolation of some myelin tracts
(Granados-Duran et al, 2017) and the detachment and loss of patches of
ependymal epithelium. The inflammatory process dispels in few weeks, and myelin
vacuolation disappear. However, the lost ependymal cells do not regenerate, so

that some areas of the ventricular surface will remain naked for the rest of life
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(Del Carmen Gémez-Roldan et al.,, 2008). This experimental model recapitulates
most of the events concurring in a neuroinflammatory process, and represents a
useful tool to analyze the particular role of NA in such events. The present work
utilizes this same model with the purpose of investigating the mechanism by which
NA initiates the neuroinflammatory process, with particular emphasis on the role
of microglial cells. Also, this model has been used here to carry out a morphological
analysis of microglial cells.

As Rio Hortega noticed, microglia undergo a significant morphological change
upon activation, so that in these cells form and function are intimately related.
With the aim of developing an unbiased and objective method of classifying
microglial cells based on their morphology, a sample and heterogeneous
population of cells was surveyed from histological sections of different brain
regions of rats treated ICV with NA. Several morphological parameters were
measured for each cell, and statistical methods provided a means to establish a
categorization of cells. In this context, a correlation of morphological parameters
with a maker of microglial activation (i.e. the expression of the cytokine IL-13) was
investigated as well.

On the other hand, the mechanism by which NA is able to induce microglial
activation has been also addressed. Specifically the possible participation of Toll-
like receptors (TLRs; a particular type of PPRs) of microglial cells in the initiation
of the inflammatory response induced by NA. This information might shed some
light on the search for novel therapeutic targets for the treatment of
neuroinflammation. As mention before, one of the neurodegenerative events
occurring during NA induced inflammation is the loss of ependymal cells. Here we
will use two different in vitro approaches to inquire into the mechanism of NA-
provoked ependymal cell death, including the possibility of the involvement of
microglia. It has been previously described the recruitment of peripheral immune
cells to the inflammatory process induced by NA. Among them, circulating
monocytes/macrophages are probably the most abundant, which once in the brain
parenchyma adopt a similar function as resident microglia. One of the objectives of
this work was devoted to examine the relative contribution of infiltrated cells,

compared to that of resident microglia, to the inflammatory process.
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Thus, the hypotheses raised and the established objectives are as follows:

Hypothesis 1. The different microglial morphotypes that arise after the ICV
administration of NA can be classified in an objective way based on their
morphological parameters, which besides correlate with the degree of activation of

these cells.

Objective 1. Develop a method, based on morphological features, to objectively

classify the microglial population found after the ICV injection of NA.

Hypothesis 2. Neuraminidase activates microglial cells by means of the receptors

TLR2 and/or TLR4.

Objective 2. Study the role of microglial receptors TLR2 and TLR4 in the

initiation of the neuroinflammatory reaction triggered by NA.

Hypothesis 3. Microglial cells activated by neuraminidase are involved in

ependymal cell death.

Objective 3. Evaluate the effect of NA-activated microglial cells on ependymal

cell viability in vitro.

Hypothesis 4. The monocytes infiltrated to the nervous parenchyma contribute to
the inflammatory process provoked by neuraminidase, which is previously

initiated by resident microglia.

Objective 4. Asses the cellular infiltration and the inflammation occurring
after the ICV administration of NA in mice deficient of the CCL2 chemokine
receptor, CCR2.
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1. Morphological analysis and classification of microglial cells. A correlation

of morphological parameters with the degree of activation.

Traditionally, a relationship between the form and the function of microglial cells
has been consistently reported (Davis et al., 1994; Lawson et al., 1990). However
only few studies addressed the task of classifying the different morphotypes in an
objective way, or related them to different activation states. Here we intended this
goal, taking advantage of the variety of microglial morphologies observed in the
brain of rats injected with NA. With this purpose, vibratome sections were
obtained from rats ICV injected with NA or saline, and sacrificed at different times
post-injection (2, 4 and 12 hours). To properly label the whole ramification pattern
of microglial cells, the immunohistochemical marker IBA1 was chosen. Several
brain areas adjacent to the ventricular system (the septofimbria, the hippocampus
and the hypothalamus) were scanned for image acquisition. In this way, high
resolution images of individual microglial cells were obtained, which were then
processed with Image] software, and later analysed with the FracLac plugin, which

allows the measurement of diverse morphological parameters.

Initially only five parameters were measured (fractal dimension, lacunarity, areaq,
perimeter, and density). Comparing the cells sampled from NA and those from
saline injected animals, ANOVA showed differences in all the above parameters.
Therefore, these morphological parameters were appropriate to distinguish
surveillant (from saline injected animals) from activated (from NA injected

animals) microglial cells.

Next, a more comprehensive morphological analysis was performed, measuring up
to 15 different parameters. These parameters were used to establish an objective
method to categorize microglial cells. First, four of those parameters (cell
circularity, convex hull area, cell perimeter and convex hull span ratio) were selected
according to their multimodality index (MMI; Scheweitzer and Renehan, 1997).
MMI gives an idea of the distribution of the data around one or multiple values of
the parameter; parameters with MMI > 0.55 are multimodal and therefore suitable

to perform cluster analysis.
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The hierarchical cluster analysis (HCA) performed on z-transformed data sets
yielded a dendrogram based on the Euclidean distance between groups (Ward,
1963). The HCA suggests the different groups in which a heterogeneous population
can be divided. This analysis resulted in a proposal of 4 groups or Clusters of
microglial cells based on the four mentioned parameters. A further linear
discriminant analysis (LDA; Fisher, 1936) suggested the most useful parameters
(convex hull span ratio, convex hull area, and cell circularity) to predict the
allocation of a particular microglial cell to one of the 4 established clusters. These
three parameters had predictive value, and were used to propose the first part of a
decision tree. The second part of the tree was established by a posterior principal
components analysis (PCA; Soltys et al., 2005) which revealed two supplementary
parameters (maximum span across the convex hull and convex hull circularity) that
allowed a refined subdivision of each Cluster, resulting in the classification of

microglia in a total of 8 Types.

When these 8 Types were distributed in the saline/NA treatments and in the three
studied areas (septofimbria, hippocampus, and hypothalamus) the association of
certain morphotypes to a functional status (surveillant/activated) and brain region
emerged. For example, Cluster 4 unequivocally represents activated microglia.
However, surveillant cells were allocated in different Types. Interestingly, Type 1.1
was a surveillant phenotype in hypothalamus, but an activated phenotype in
hippocampus, and this apparent contradiction occurred as well for other Types.
Therefore, these results suggest that the surveillant phenotype may be, to a large
degree, specific of each brain region. For this reason, we suggest that the location
of microglia within the brain should be taken into consideration for future
classifications of microglia. Consequently, this study resulted in the proposal of a
method for the objective classification of microglial cells based in their

morphological quantifiable parameters.

As mentioned above the morphology of microglial cells changes upon activation
(Davis et al,, 1994; Lawson et al., 1990); the cell body enlarges, and ramifications
shorten and thicken (Karperien et al., 2013).
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At the same time, they release an array of inflammatory mediators and cytokines
as IL-18 (Kettenmann et al, 2011). In fact, we routinely used IL-1f
immunostaining to monitor the extent of inflammation and microglial activation in
the NA-neuroinflammation model. Clearly, IL-1f staining was quite heterogeneous
among microglial cells, and also morphology was different amidst the IL-1f3
positive cells. These observations reflect that activation is not an “all or nothing”
process. Rather, in the course of activation or de-activation, microglia may undergo

subtle changes, probably elusive to most methods of detection.

For this reason, and because we handled a quite powerful technique to quantify
microglia morphology, we aimed to search for a correlation between individual
morphological parameters and the degree of activation, which was assessed by the

level of expression of  IL-1f3, well recognized marker of microglial activation.

In this case, brain sections were obtained from rats sacrificed 12 hours after the
ICV injection on NA. Doble immunofluoresce was performed using IBA1 and IL-1f3
antibodies. As expected, IL-1f revealed the extent of inflammation, and only
labelled cells located few microns (~100 um) from the ventricular surface. Besides,
within the IL-1f positive population a wide range of label intensity could be

observed, revealing different degrees of activation.

High resolution images were captured with a confocal microscope from
periventricular regions in septofimbrial nucleus, caudate-putamen and
hypothalamus. A z-stack projection of multiple confocal planes was used to
compile information of most arborizations of the cells. Individual microglial cells
were cropped from each image. The IBA1 staining (in the green channel) was
processed to obtain filled and outlined shapes of each cell, which were later
employed to measure morphological parameters, in a similar manner as explained
before (FracLac plugin for Image]). The parameters measured were fractal

dimension, lacunarity, area, perimeter, and density.

On the other hand, IL-1f3 staining (in the red channel) was systematically
quantified to get a number of “IL-1f pixels”.
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The ratio between “IL-1[3 pixels” over “IBA1 pixels” (that is, the parameter area, in
pixels, previously measured) was calculated as an estimation of the level of
expression of IL-1f3, thus being independent of each cell's shape or size (which may

change upon activation).

Next, the simple linear regression analysis was performed, which illustrates how
the value of a dependent variable (in this case each morphological parameter)
varies when the value of an independent variable (here the level of expression of
IL-1) changes. For the five parameters, the regression coefficients of each
function pointed out significant dependence of the dependent variable
(morphometric parameters) on the independent variable (IL-18 expression). The
correlation coefficients (which measure the strength of the linear relationship
between the two variables) showed significant correlations for each linear

regression.

These results show that slightly activated microglia (low IL-13 expression) present
a hypertrophied shape, with more complex arborizations (high fractal dimension)
and higher heterogeneity (high lacunarity). Also, the area and the perimeter are

large, and the cells present a low density.

On the contrary, microglial cells showing a higher degree of activation (higher
IL-1f3 expression) appear bushy with short and thick ramifications (low fractal
dimension), a more homogenous morphology (lower lacunarity), decreased area
and perimeter, and a higher density. Therefore it may be concluded that, in
microglial cells, individual morphological parameters correlate with the degree of

activation.

Regression analysis is widely used to make predictions. Given that the
morphological parameters used here present a statistically significant dependence
on IL-1( expression, each of them could be considered a good predictor of the level

of expression of [L-1[3 expression.

Also, these results indicate that microglial morphological change towards the M1

activation state is gradual and correlates to IL-1[3 expression.
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2. The role of microglial receptors TLR2 and TLR4 in the initiation of the

neuroinflammatory reaction triggered by NA

The family of pattern recognition receptors known as TLRs plays a crucial role in
the initiation of the innate immune response and in the subsequent adaptive
immune response. TLRs recognize nonspecific molecular patterns from bacteria
and virus, triggering an inflammatory process aimed to eliminate those pathogens
(Kawai and Akira, 2006). Among them, TLR2Z y TLR4 are the most relevant
subtypes in the initiation of the inflammatory response in the CNS (Lehnardt,
2010). The activation of these receptors with specific agonists, like
lipopolysaccharides (LPS) for TLR4, or peptidoglycans or synthetic peptides (P3C;
Pam3CysSK4) for TLR2, induces an increase of cytokine release (Hoffmann et al,,

2007; Lin et al,, 2011; Olson and Miller, 2004).

However, the mechanism used by NA to initiate brain inflammation is unknown, as
well as any relationship with receptors TLR2 or TLR4. Interestingly, it has been
shown that de-sialilation of TLR4 by the endogenous neuraminidase Neul is
necessary for its activation (Amith et al, 2010). Therefore, we investigated the
participation of TLR2 and TLR4 in the inflammation provoked by NA injected in
the cerebral ventricles. Mouse strains deficient in either one of these receptors

(TLR2-/- and TLR4/-) were used for this purpose.

First, the inflammatory reaction induced by NA in TLR2/-, TLR4-/- and wild type
(WT) mice was analyzed by immunohistochemistry. Mice were sacrificed 24 hours
after the injection of NA, and brain tissue sections were immunostained with IBA1,
IL-18 and intercellular adhesion molecule 1 (ICAM-1, and adhesion molecule
involved in the infiltration of blood cells to tissues during inflammatory processes).
Positive cells for each of these markers were counted in the septofimbrial nucleus
and the hypothalamus. In parallel, another set of TLR2-/-, TLR4/- and WT mice
injected with NA were sacrificed 6 hours after the injection and their brains used
for RNA isolation. These samples were used for the quantification by qPCR of the
level of expression of several pro-inflammatory cytokines (IL-1f3, IL-6 y TNFa).
Regarding cell counts, IBA1-positive cells increased after NA treatment in WT and

TLR2/-, but this increase was absent in TLR4~/- mice. IL-1B-positive cell counts
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gave a similar result, although in this case the increase observed in WT and
TLR2-/- was only partially blunted in TLR4-/-. ICAM-1-positive cells increased after
NA injection, but in this case no dependence of TLR2 or TLR4 was noticed.
Respecting mRNA quantifications, the mRNA levels of the three cytokines analyzed
increased after NA treatment in WT animals, an increase that was completely
abolished in TLR4-/- mice. In TLR2-/- mice, IL-1f and TNFa NA-dependent over-
expression was partially blunted, but IL-6 mRNA increase was similar to that of
WT mice. All these results demonstrate that the NA-induced inflammatory reaction
is largely dependent on the receptor TLR4, while the receptor TLR2 also

participates but not in a decisive manner.

To more specifically address the way NA activates microglial cells, pure microglial
cultures were prepared from WT, TLR2-/-, and TLR4/- mice. The cultures were
exposed to NA, and specific agonists of TLR2 (P3C) or TLR4 (LPS) were used as
controls. Microglial activation was monitored by the over-expression of the three
same cytokines as above (IL-1f3, IL-6 y TNFa) measured by qPCR. As expected, LPS
induced the over-expression of the three cytokines in WT and TLR2-/+, but not in
TLR4/- cells. Also as expected, P3C increased the mRNA levels of the cytokines in
WT and TLR47/- cultures, but not in TLR2/- ones. Interestingly, cytokines
expression after NA treatment was completely abolished in TLR4/- cultures. In
TLR2-/- microglia, IL-1p and TNFa expression was reduced compared to WT cells,
and IL-6 expression was unaffected. These in vitro results show that NA activates
microglial cells mainly through the receptor TLR4, and that TLR2 may play also a

secondary role.

Taken together, both the in vivo and the in vitro results point to the same
conclusion, that is, TLR2 participates in NA-induced inflammation, but it does not
seem to be the main pathway. Meanwhile, the receptor TLR4 is fundamental in the
initiation of such inflammatory process, and in particular TLR4 present in
microglial cells. These results represent a major finding, as they reveal part of the
mechanism used by NA (which as stated before is present in virus and bacteria
that can invade the brain) to activate microglial cells and initiate certain

neuroinflammatory processes.
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The specific actions of NA through these receptors is highlighted by the fact that
the NA-induced increase in ICAM-1-positive cell counts was similar in WT,
TLR2/-, and TLR4-/- mice. So, NA-induced ICAM-1 over-expression is probably

dependent on other mechanism.

Since NA has a sialidase activity, it is tempting to speculate that NA may act by de-
sialilating the receptor TLR4, a step that has been demonstrated essential for TLR4
activation (Amith et al., 2010).

3. The effect of NA-activated microglial cells on the viability of ependymal

cells

Neuraminidase is a sialidase found in the membranes or cell wall of certain virus
and bacteria. Some bacterial or viral infections affecting the CNS, such as flu
(influenza), mumps or measless, have been associated to ependymal death, and
even occasionally to hydrocephalus (Johnson and Johnson, 1969; Johnson et al,,
1967; Margolis and Kiham, 1969; Takano et al.,, 1993). In human foetuses with
hydrocephalus some ependymal denudation has been reported (Dominguez-Pinos
et al.,, 2005). Ependymal loss has also been related to a decreased CSF flow that
may favour hydrocephalus (Jiménez et al., 2014). On the other hand, breaks in the
ependymal barrier could allow the access of the pathogens, and also the infiltrated
immune cells, from the CSF to the nervous parenchyma, a fact that could bring

consequences related to neurodegeneration (Lucas et al., 2006).

In an experimental setting, NA administered within the ventricles or rats causes,
among other effects, a partial loss of the ependymal lining of the ventricular walls,
(Del Carmen Gomez-Roldan et al., 2008). High dose of NA result in a complete loss
of the ependymal lining and severe hydrocephalus (Grondona et al., 1996). As the
ependyma does not regenerate, a glial scar appears in the nude areas. In fact, it is
not clear if ependymal cells die and later detach, or if, on the contrary, the
loosening of their adhesion to neighbour cells and/or extracellular matrix

enhances their release from the ependymal layer.
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Due to the relevance of this damage in some CNS pathologies, investigating the
causes of the ependymal loss in the NA-induced neuroinflammation model should

be of significant interest.

Previous experiments have gathered some information regarding this issue.
Ependymal loss occurs quite early after the injection of NA, even before the
infiltration of peripheral cells. Apoptotic figures are rare, and the participation of
the NA-activated complement system has been demonstrated. However, the
complement does not account for all ependymal death (Granados-Duran et al,
2016). We raised the question if microglial cells, which are activated by NA during

the first hours after the injection, could be involved.

To address this question, we setup two types of in vitro co-culture experiments.
First, explants were obtained from the ventricular walls of rats, and co-cultured
with pure microglial cultures. NA or LPS were added to the culture media to induce
microglial activation, and 24 hours later the viability of ependymal cells in the
explants was assessed by trypan blue staining. Viability was similar in explants
cultured alone and in explants co-cultured with non-activated microglia. However,
it decreased in explants co-cultured with microglia activated either with LPS or
with NA. Therefore, the increased ependymal cell death in the explants was due to

the activated microglia, and not to the sole presence of NA.

The second approach utilized isolated purified ependymal cells obtained from rats
(Grondona et al., 2013), which were co-cultured with microglial cells in a similar
fashion as explained above. Again, LPS or NA were added to the medium as
microglial activators. In this case, ependymal cells were sampled at different time
points from time 0 up to 24 hours to measure viability. The viability of
ependymocytes significantly decreased only in co-cultures that were treated either
with NA or LPS. In control situations, which included ependymocytes cultured
alone and added NA or LPS, and ependymocytes co-cultured with microglia but no
LPS/NA, the viability did not change significantly. Again, these results confirmed
those obtained with the explants, that is, ependymocytes viability is compromised
in the presence of activated microglia, but not by the sole presence of NA in the

culture.
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Other authors, however, have reported a slight cytotoxic effect of NA on ependymal
cells (Granados-Duran et al, 2016). Taken together, all these data seem to indicate
that during NA-induced neuroinflammation ependymal cells are damaged not only
by the activated complement, but also by activated microglial cells, among other

factors, as a direct action of NA should not be ruled out.

Once demonstrated that activated microglia was participating in ependymal death,
we hypothesized that some inflammatory cytokines released by microglia (e.g.
IL-1f3 or TNFa) could mediate such effect. Therefore, the presence of the cytokine
receptors IL-1BR1 and TNFaR1 in ependymal cells was examined. As a preliminary
test, we used ventricular wall explants exposed to NA, and measured by qPCR the
expression level of these receptors. As expected, NA caused an increase of the
expression of the cytokine IL-1f3, but also of the receptors investigated, IL-1fR1
and TNFaR1.

However, explants are a complex system composed of several cell types; as these
results were not conclusive regarding ependymal cells, we next used purified
ependymal cells, although with some limitations imposed by the ependymocytes
isolation technique. The RNA isolated from hypothalamus was used as control, and
the identity of ependymal cells was proved by the expression of specific genes
(FOXJ1, forkhead box protein ]J1; and IIIG9, a phosphatase involved in ciliary
movement). Using first RT-PCR, the presence of both receptors was detected in
pure ependymocytes, although the TNFaR1 band was quite faint. Then, qPCR
confirmed this result: in ependymocytes IL-13R1 was expressed at similar levels as

in hypothalamus, while TNFaR1 was almost undetectable.

In summary, ependymal cells express the cytokine receptor IL-1BR1, so this
cytokine is a potential candidate to mediate the damage provoked by activated
microglia on ependymal cells. Still, more conclusive experiments, for example
using a co-culture setting of ependymocytes and activated microglia along with a
functional blockade of the receptor, are required. The participation of the cytokine
TNFa is less probable, as its receptor is barely expressed by ependymocytes.

However, as before, more definitive experiments would confirm this.
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4. Evaluation of the cellular infiltration and the inflammatory reaction
occurring after the ICV administration of NA in mice deficient of the CCL2

chemokine receptor, CCR2.

It is widely accepted that CNS resident microglia bear an important part in
neuroinflammation. This is probably true also in the experimental model of
neuroinflammation induce by NA. However, the relative importance of resident

microglia compared to that of the infiltrated immune cells is unknown.

Few hours after the administration of NA within the ventricles, begin the
recruitment of neutrophils, monocytes/macrophages, and both T (CD3¢) and B
lymphocytes (Granados-Duran et al,, 2015). The transit from the circulating blood
to the inflamed tissue is made possible by an array of receptors and chemokines.
Among them, it has been shown that monocyte infiltration is largely dependent on
the receptor CCR2, which is expressed in different types of immune cells to
mediate their movement towards inflamed tissues (Gouwy, 2004; Palomino and
Marti, 2015; Semple et al., 2010). Mice deficient of the receptor CCR2 (CCR2/)
tipically present an almost complete absence of monocytes in inflamed tissues
(Mildner et al., 2009), and even their departure from the bone marrow towards the
circulation is severely impaired, so the number of circulating monocytes in this
mice is greatly reduced (Tsou et al., 2007). Thus, this mutant strain offers a useful
tool to approach the objective stated above, that is, to evaluate the relative
importance of resident microglia versus infiltrated cells in NA-induced

neuroinflammation.

To address this issue, WT and CCR2~/- mice were ICV injected with saline or NA,
and sacrificed 6 hours later (as previous works have shown that infiltration peaks
at around this moment). The brains were either processed for immohistochemistry
or qPCR, in any case with the aim of analyzing inflammatory markers. Also, some
animals were treated with the proliferation marker BrdU, with the purpose of
investigating the possible proliferative expansion of microglia population during

inflammation.

IBA1-positive cell counts, performed in caudate-putamen and septofimbria (both

next to the injection site) increased after NA-injection, but not so in CCR2-/- mice.
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The possibility that such increase could be due to proliferation was ruled out, as
BrdU-positive cell counts (that also increased after NA-injection) were similar in
WT and CCR2-/- mice. A more specific analysis of microglial cell proliferation was
carried out by quantitating markers related to microglial proliferation by qPCR,
specifically PU.1 (a transcription factor), CSF1R (the receptor for colony
stimulating factor 1) and IL-34 (a ligand of the same receptor). All of them were
similarly expressed in saline and NA-injected samples, and in both strains of mice.
Therefore, we concluded that proliferation of microglia could not explain the IBA1-
positive increase observed. However, further experiments including IBA1 and

BrdU double label to specifically count the proliferating microglia are necessary.

To clarify the source of the IBAl-positive cell increase in NA-injected animals,
some immunohistochemical markers were employed to quantify different
populations of cells involved in inflammation. The CD206 antibody was used to
identify perivascular macrophages, but these cells did not change in any
experimental situation. Another marker employed was the major
histocompatibility complex class II (MHCII), which is expressed by antigen
presenting cells. There was a considerable recruitment of MHCII-positive cells
after NA treatment, but it was not dependent on CCR2 (as it was of similar

magnitude in WT and CCR2-/- strains).

The membrane protein Ly6C, is a surface marker for various immune cell types
(Lee et al, 2013). Ly6C identifies two populations of cells: CCR2*Ly6C* and
CCR2-Ly6C*; only the second one would be able to infiltrate to the nervous
parenchyma in CCR27/- mice. Similarly as occurred for MHCII, NA induced a
considerable recruitment of Ly6C-positive cells, which was of similar magnitude in
WT and CCR27/- mice. This result is somehow puzzling, as one would expect a
lower recruitment of Ly6C-positive cells in the mutant strain, because the
population CCR2+Ly6C* (which includes monocytes) should not have access to the
brain. Two possible explanations could be hypothesized: 1) a compensatory effect,
that is, the deficit of CCR2*Ly6C* cells is balanced by a higher infiltration of
CCR2-Ly6C* cells; 2) the recruitment of CCR2*Ly6C* cells is so much lower than
that of CCR2-Ly6C+ cells, that this last population conceals the previous one.
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Although these results related to infiltration in the initial phase of the
inflammation provoked by NA are somewhat incomplete, some conclusions may be
drawn. The increase of IBA1-positive cells observed in WT animals (but not so in
CCR2°/- mice) is neither due to microglial proliferation nor to perivascular
macrophage infiltration. These IBA1-positive cells arise probably from infiltrated
monocytes (CCR2+*Ly6C*), whose entrance to the brain parenchyma is CCR2
dependent. Other cells whose migration is not dependent on CCR2 (CCR2*Ly6C*)
are recruited as well, probably neutrophils or T lymphocytes (based also on

previous reports).

On the other hand, the level of expression of different cytokines in WT and CCR2-/-
mice injected with NA was quantified by qPCR. Both IL-1 and TNFa increased
after NA treatment, but more moderately in CCR27/- mice. NA also induced the
expression of other inflammatory mediators, such as CCL2 (the chemokine ligand
of CCR2), IL-4, IL-10 and TGFf, in WT animals, but in CCR2-/- mice the response
was diverse. Specifically, CCL2, IL-6 and IL-4 expression increased in CCR2/- as in
WT mice. The over-expression of IL-13, TNFa and IL-10 was milder in CCR2-/- than
that observed in WT animals. Finally, NA induced an over-expression of TGFf3 in

WT animals, which was completely blunted in CCR2-/- mice.

These results are in accordance with a deficient recruitment of peripheral cells in
CCR27/- mice. The higher expression of IL-1 and TNFa in WT mice compared to
CCR2/- could be due to infiltrated monocytes, which, besides, contribute to the
increased population of IBA1-positive cells found in the nervous parenchyma after
NA injection (i.e. macrophages/microglia). In CCR2-/- mice, the deficient monocyte
infiltration would explain the milder increase of IL-13 and TNFa expression, as

well as the smaller population of IBA1-positive cells in the nervous tissue.

On the other hand, NA-injection also induced the overexpression of the anti-
inflammatory cytokines IL-10, TGFf and IL-4. This is an interesting result, as it
suggests the startup of restorative mechanisms engaged to solving inflammation

and repairing tissue damage.

Taken together, the results obtained from the implementation of the NA-induced

inflammation model to CCR2~/- mice reveal that, upon NA injection, mutant mice
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also suffer an inflammatory process, although less virulent than that observed in
WT mice. Therefore, microglia seems to be a major player in NA-induced
neuroinflammation, but the recruitment of peripheral cells (particularly

monocytes) exacerbates such process.

In summary, microglia is the keystone in the neuroinflammatory process induced
by NA. It participates, among other things, in the ependymal loss associated to the
presence of NA within the cerebral ventricles. As NA activates microglia through
the receptor TLR4, with the secondary participation of TLRZ, this information may
illuminate novel therapeutic targets for the treatment of infections provoked by
NA-bearing pathogens and its related complications, such as hydrocephalus or

neurodegenerative events.
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Introduccion

2.1. LA MICROGLIA

Tradicionalmente se ha considerado a las neuronas como el tipo celular mas
importante del sistema nervioso. Pero éstas no podrian desempefiar su papel sin el
apoyo de otras células que conforman la denominada neuroglia, glia o células
gliales. La glia ejerce, en términos generales, diversos papeles de sostén y soporte
para el sistema nervioso, y entre ellas se incluyen varios tipos celulares: en el
sistema nervioso periférico las células de Schwann y las células satélite de los
ganglios, y en el sistema nervioso central (SNC) los oligodendrocitos (forman las
vainas de mielina que rodean a los axones), los astrocitos (contribuyen a mantener
un ambiente controlado dentro del SNC), las células ependimarias (tapizan las
cavidades ventriculares y forman un epitelio de intercambio entre el parénquima
nervioso y el liquido cefalorraquideo) y la microglia. Todas ellas comparten el
mismo origen embrionario a partir del ectodermo salvo la microglia, cuyo origen
es hematopoyético. Las células de microglia son los macr6fagos residentes del SNC
y los principales responsables de la respuesta inmune en el parénquima nervioso.
Aunque fueron descritas hace mas de un siglo, han cobrado especial relevancia en
la Ultima década por su implicacién en procesos neurodegenerativos. Protegen al
organismo contra agentes patdégenos y en situaciones como traumatismos o
accidentes cerebrovasculares mediante mecanismos pro-inflamatorios, pero
también desempeifan un papel anti-inflamatorio. Ademas, realizan otras funciones
fisiologicas fundamentales para el desarrollo y el mantenimiento de la homeostasis

del SNC.
2.1.1. El descubrimiento de la microglia

A inicios del siglo XX, varios investigadores espafoles contribuyeron de forma muy
destacada al estudio del sistema nervioso (Fig. I-1). Santiago Ramoén y Cajal recibié
el premio Nobel de medicina por sus aportaciones sobre la morfologia y los
procesos de las células nerviosas (Baratas Diaz, 1997). Aparte de sus
investigaciones sobre el neurotropismo, Ramoén y Cajal lider6 una escuela de
investigadores que aportaron importantes avances sobre el conocimiento del

sistema nervioso.
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Tras detectar otras células diferentes a las neuronas en el tejido nervioso, inici6 el
camino de la identificacién de los diferentes tipos celulares que forman la

neuroglia (Sierra et al,, 2016; Tremblay et al., 2015).

Figura I-1. Investigadores fundamentales en el descubrimiento de las células de microglia.
(A) Santiago Ramén y Cajal (1852-1934) médico especializado en histologia y anatomia
patolégica. Compartié el premio Nobel de medicina con Camilo Golgi en 1906. (B) Nicolas
Achtcarro y Lund (1880-1918) médico neurocientifico especializado en enfermedades mentales.
(C) Pio del Rio Hortega (1882-1945) médico especialista en histologia y neuroanatomia.

Para ello, puso a punto una tincién para marcar los astrocitos, especificamente
mediante el método del cloruro de oro sublimado (Fig. I-2B), diferenciandolos asi
del resto de células (Ramén y Cajal, 1913). Sin embargo, no logré una clara
separacion entre microglia y oligodendrocitos, clasificados inicialmente dentro del

mismo grupo como células adendriticas o “el tercer elemento”.

El primer cientifico en diferenciar la microglia como un tipo celular diferente fue
Nicolas Achucarro mediante una tincién de taninos y nitrato de plata amoniacal
(Fig. 1-2 A). Con esta tincion Achucarro diferenci6 claramente unas células
fagociticas granuloadiposas de otras con forma de estrella, fibrillas neurogliales y
prolongaciones dirigidas hacia los vasos sanguineos, que se correspondian con

microglia y astrocitos respectivamente (Achucarro, 1911).

Por su parte, su discipulo Pio del Rio-Hortega puso a punto el método del
carbonato de plata (Fig. I-2 C) que mostraba que “la microglia se caracteriza por su
nucleo pequefio y oscuro envuelto por escaso protoplasma y sus extensiones
torcidas y ramificadas, adornadas con espinas laterales” y asi logré diferenciar

claramente la microglia de los oligodendrocitos (Fig. I-2 D). Pio denominé a esta
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técnica método Golgi-Hortega (Rio-Hortega, 1919a, 1919b, 1919c¢, 1919d, 1922).
De esta forma, Rio-Hortega pudo realizar una descripcion detallada de la microglia

como tipo celular diferenciado y cuya entidad prevalece hasta hoy dia.

Figura I-2. Dibujos esquematicos de los métodos histolégicos que permitieron identificar
las células microgliales. (A) El método de taninos y nitrato de plata amoniacal desarrollado por
Achucarro permitié observar la capacidad fagocitica de la microglia (a las que denominé células
granuloadiposas) en el cerebro de un conejo con rabia. (B) Ramoén y Cajal introdujo su método de
cloruro de oro sublimado, que permiti6é diferenciar los astrocitos de otras células débilmente
marcadas, a las cuales denominé “el tercer elemento”. Rio-Hortega completé el trabajo de ambos,
por medio del método de carbonato de plata diferenci6é la microglia (C) de los oligodedrocitos
(D), éstos ultimos identificados con el método Golgi-Hortega. Modificado de Tremblay et al,,
2015.

Ademas de describir la distribucidon y el fenotipo morfologico de la microglia,
Rio-Hortega reconocio la existencia de un estado de reposo que se transformaba
en un fenotipo ameboide en diferentes patologias del cerebro (Fig. 1-3). La
microglia ramificada retraia su finas prolongaciones cuando adquiria funcién

fagocitica o cuando migraba o proliferaba.
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Por lo que dedujo que la microglia era una célula ligada a los leucocitos, ya que
realizaba fagocitosis durante el desarrollo y en determinadas patologias (Rio-

Hortega, 1919d; Sierra et al., 2016).

Figura I-3. Ilustraciones de microglia realizadas por Pio del Rio-Hortega. (A) Principales
formas de microglia observadas en un cerebro humano sano. (B) Morfologia de la microglia de un
paciente con meningitis aguda. (C) Microglia del cortex cerebral de un conejo en una zona
cercana a una herida tras 48 h de evolucion. Tomado de Sierra et al., 2016.

El origen embrioldgico de la microgia ha sido motivo de debate durante bastante
tiempo. Aunque hay trabajos que argumentan que su origen es el neuroectodermo
(Fedoroff et al., 1997) actualmente se ha demostrado que derivan de progenitores
del saco vitelino que migran hacia el sistema nervioso y, por lo tanto, tienen un
origen mesenquimatico o mesodérmico (Alliot et al.,, 1999; Chan et al., 2007). En el
raton, la microglia derivada del saco embrionario invade el parénquima cerebral
antes del octavo dia del periodo embrionario (E.8) y posteriormente prolifera

localmente (Ginhoux et al., 2010; Schulz et al.,, 2012).

La proliferacion de la microglia residente representa la fuente principal de nuevas
células microgliales en estadios posteriores y en el adulto (Askew et al., 2017). En
animales adultos sanos el aporte de células sanguineas a la poblacién de células
inmunes del cerebro es muy pequefio (Ajami et al., 2007). Sin embargo, se ha visto
que tras la pérdida de la integridad de la barrera hematencefalica una
subpoblacién de monocitos que entra en el parénquima cerebral se transforma en

microglia (Mildner et al., 2007).
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2.1.2. Los diferentes estados de la microglia

De acuerdo con las descripciones iniciales de Rio-Hortega, durante muchos afios se
ha considerado que la microglia presentaba dos estados funcionales claramente
identificables por la morfologia celular: uno de reposo, donde las células muestran
una morfologia ramificada, y otro activado o reactivo, en el que adoptan una forma
ameboide. En la actualidad se sabe que esta microglia “en reposo” desempeia
importantes funciones fisiolégicas y que el estado activado comprende a su vez

diferentes morfologias y fenotipos funcionales.
2.1.2.1. La microglia en estado vigilante o de reposo

En la tltima década se ha visto que las fuciones de la microglia van mucho mas alla
de generar una respuesta durante la inflamacién en el SNC. Tradicionalmente, se
ha pensado que la microglia estaba en reposo o en quiescencia hasta que aparecia
una perturbacién de la homeostasis del tejido cerebral, momento en el que se
activaba para iniciar la respuesta inmune. Pero el estudio de imagenes de
microscopia de excitaciéon de dos fotones (two-photon microscopy) revelé un alto
dinamismo en la microglia que no concuerda mucho con un estado de reposo
(Davalos et al., 2005). Esta técnica ha permitido ver que la microglia escanea
constantemente con sus finas prolongaciones el parénquima cerebral intacto que
tiene a su alrededor en cuestién de minutos. Al hacerlo, la microglia entra en
contacto con el soma, las dendritas, los axones y las espinas dendriticas de

neuronas de su entorno (Nimmerjahn et al., 2005).

La microglia realiza una funcién de vigilancia continua e intensa del medio
ambiente que le rodea, realizando movimientos de emisién y retraccién de sus
prolongaciones (Nimmerjahn et al., 2005). Junto con los astrocitos también ejerce
una intensa vigilancia de la barrera hematoencefalica y de las moléculas que
pudieran acceder a través de ella al SNC (Hermann and ElAli, 2012). Participa en la
neurogénesis en el adulto fagocitando las células que sufren apoptosis durante
dicho proceso (Sierra et al.,, 2013). Ademas, la microglia participa activamente en
el proceso de poda sinaptica (del inglés pruning), desempefiando asi un papel
fundamental en el desarrollo de las conexiones neuronales (Kettenmann et al,

2011; Miyamoto et al., 2013).
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Asimismo, la microglia en reposo supervisa la situacién funcional de las sinapsis y
contribuye a la renovacion de las conexiones sindpticas si es necesario (Wake et al.,
2009). La microglia también controla su propia auto-renovaciéon (Askew et al,,
2017; Lawson et al, 1992). En definitiva, la microglia no solo tiene un papel
inmune fundamental, sino que también realiza tareas relacionadas con el
desarrollo, el mantenimiento y la renovacion del SNC (Gomez-Nicola and Perry,

2015).
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Figura I-4. Funciones de la microglia en un cerebro sano. (A) La células microgliales
vigilantes escanean su entorno cercano para controlar el mantenimiento la homeostasis del
medio del SNC. (B) La microglia sensora sistémica esta en intimo contacto con la barrera
hematoencefdlica, lo que le permite detectar sustancias neurotoxicas o mediadores inflamatorios
procedentes de la circulacién sistémica. (C) La microglia fagocitica retira rapidamente células
muertas, para prevenir el dafio en otras células circundantes. (D) También se ocupa de remodelar
(en inglés “pruning”) sinapsis multitudinarias mediante un proceso fagocitico que es crucial para
el desarrollo normal del SNC (E) Ademas, la microglia puede modular directa o indirectamente la
sinapsis nerviosa. (F) La poblacién de microglia prolifera y se auto-renueva sin la necesidad de la
contribucién de progenitores derivados de la médula 6sea. Modificado de Gémez-Nicola and
Perry, 2015.
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Una de las caracteristicas distintivas de la microglia es una alta expresion del
receptor de fractalquina (del inglés fractalkine) CX3CR1. En condiciones normales
las neuronas expresan el ligando de dicho receptor, la citoquina
CX3CL1/fractalquina, el cual representa una sefial de inhibicién para la microglia.
De esta forma, cuando se expresan ambos mediadores la microglia mantiene su
estado vigilante sin activarse. Una deficiencia en la produccién del ligando CX3CL1
por parte de la neurona estara indicando a la microglia que la neurona sufre algtiin

tipo de alteracidn.

La microglia entrara entonces en un proceso de activacién que puede ser
neurotoxico (Kierdorf and Prinz, 2013; Wolf et al, 2013). Por tanto, esta
interaccién neurona-microglia mediada por la fractalquina se puede considerar un
mecanismo fisiolégico clave para el desarrollo y funcionamiento del SNC, pues
controla procesos basicos relacionados con la promocién de la supervivencia de
neuronas y precursores neuronales, la modulacién de la transmisién sinaptica, la
plasticidad, el modelando de las sinapsis multiples (pruning), el refuerzo de las
sinapsis y la maduraciéon de las redes neuronales (Arnoux and Audinat, 2015;

Kettenmann et al., 2011; Limatola and Ransohoff, 2014).

En la misma linea, la fagocitosis activada por la apoptosis neuronal también se
considera fisioldgica, ya que ocurre durante el desarrollo normal del cerebro. En
los nichos neurogénicos esta fagocitosis fisioldgica, que esta regulada por el
receptor CX3CR1 (Bachstetter et al., 2011), tiene especial relevancia por su alta
eficiencia respecto a otros fagocitos; de esta forma ayuda a mantener la
homeostasis del cerebro (Sierra et al, 2013). La fagocitosis de las sinapsis
multiples durante el desarrollo o tras un dafio promueve una configuracién precisa
de los circuitos neuronales. Asi, la microglia puede eliminar las sinapsis débiles o

bien modificar el nimero de sinapsis durante el desarrollo.

También se ha visto que la densidad de espinas dendriticas disminuye tras una
activacion de la microglia por medio de LPS o por el sistema del complemento. De
esta forma la microglia contribuye a la plasticidad sinaptica a los circuitos

neuronales (Kettenmann et al., 2013; Miyamoto et al., 2013).
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Es mads, se ha comprobado que existe una compleja participacién de la microglia
junto con los astrocitos en la regulacién de la actividad sindptica. Diferentes
neurotransmisores modulan la movilidad y morfologia de la microglia, la cual
interacciona con las sinapsis favoreciendo o no la transmisién sinaptica (Béchade

et al.,, 2013; Hristovska and Pascual, 2016).

Ademas, numerosas evidencias sugieren que la liberacion de factores por parte de
la microglia puede modular la proliferaciéon de células madre neurales, su
diferenciacion hacia neuronas o glias, y favorecer la supervivencia de los

neuroblastos (Gemma and Bachstetter, 2013).
2.1.2.2. El estado pro-inflamatorio de la microglia

La microglia activada destruye a microorganismos invasores y retira los restos
celulares que son potencialmente dafiinos para el tejido circundante (Kreutzberg,
1996). Ademas produce citoquinas y factores de crecimiento que favorecen el
retorno del tejido a la homeostasis (Streit, 2000). Esto muestra que la microglia
desempefla otras funciones, ademas de la fagocitosis, relacionadas con los
mecanismos de defensa del organismo. Se han descrito dos estados de activaciéon
de la microglia en funcién de su papel en el proceso inflamatorio, denominados

mediante los términos M1y M2 (Hellwig et al., 2013; Orihuela et al., 2016).

El fenotipo M1 o de activacion clasica es un estado pro-inflamatorio caracterizado
por actuar en la primera linea de defensa del sistema inmune innato (Ransohoff
and Perry, 2009). En ocasiones la espuesta pro-inflamatoria mediada por la
microglia M1 es tan exacerbada que genera neurotoxicidad (Belarbi and Rosi,

2013).

Por su parte, el fenotipo M2 tiene un papel neuroprotector que facilita la
resolucion de la inflamacion, y se caracteriza por producir citoquinas anti-
inflamatorias como IL-10 y TGF (Kettenmann et al,, 2011; Streit et al., 1999). La
respuesta anti-inflamatoria mediada por la microglia M2 ocasionalmente
incrementa la actividad fagocitica de la microglia (Durafourt et al., 2012; Orihuela

etal,, 2016).
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El fenotipo M1 se relaciona, por ejemplo, con el reconocimiento de patrones
moleculares asociados a patégenos (PAMPs, del inglés pathogen-associated
molecular patterns), que se realiza por medio de los receptores de membrana del
tipo Toll (TLRs, del inglés Toll-like receptors; Kettenmann et al., 2011). Un ejemplo
de estos patrones moleculares es la pared bacteriana con lipopolisacaridos (LPS)
presente en las bacterias Gram+, que activa a los receptores de membrana del tipo
TLR4 (Lehnardt et al, 2003). De esta forma, la microglia tiene la capacidad de
reconocer una amplia variedad de agentes infecciosos como bacterias, hongos y

virus (Esen and Kielian, 2006; Kaushik et al., 2011; Rambach et al., 2010).

M1 — M2

®
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Figura I-5. Los estados de activacion de la microglia segun el perfil inflamatorio y la
funcién efectora. En el estado de activacion M1, la exposicion a LPS o IFNy estimula a los
receptores TLR4 o IFNYR respectivamente, lo que conduce a la activacién de los factores de
transcripcion NF-kf3 y STAT1. De este modo se inicia la sintesis de citoquinas pro-inflamatorias
tales como IL-1fB, TNFq, IL-6 o la quimiocina CCL2. El estado M2 se puede desencadenar por
varios factores. Por ejemplo, la unién de IL-4 a su receptor IL-4R inicia la activacién de STATS6,
llevando las células hacia un fenotipo anti-inflamatorio con un aumento en la liberaciéon IL-4 e IL-
10. Otra via de activacién hacia el estado M2 es mediante STAT3, donde la estimulacién por IL-10
desplaza a las células a un estado inmunosupresor primario con la liberaciéon de IL-10 y TGFp.
Simplificado de Orihuela et al., 2016.

La respuesta de la microglia con fenotipo M1 incluye la liberacién de mediadores
pro-inflamatorios que destruye a los patdgenos, como TNFqa, IL-18 e IL-12
(Fig. I-5), ademas de especies reactivas de oxigeno (ROS, del inglés reactive oxygen
species), citoquinas y quimiocinas como CCL2 (Aloisi, 2001; Tambuyzer et al,

2008). Asimismo, durante el estado de activacion M1 se inicia la respuesta inmune

adaptativa mediante la activacion de los linfocitos T (Martinez and Gordon, 2014).
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2.1.2.3. El estado anti-inflamatorio de la microglia

La funciéon mas destacada de la microglia durante el estado anti-inflamatorio es la
fagocitosis. La microglia es el macréfago tisular del sistema nervioso, e inicia y
dirige la respuesta inflamatoria en el cerebro. La fagocitosis es un mecanismo que
sirve para interiorizar material extracellular, y que se utiliza para diversas
funciones como tomar nutrientes, regular la expresion de receptores de superficie,
mantener la polaridad celular y en la presentacién de antigenos (Sierra et al,,
2013). Mediante la fagocitosis las células reconocen, introducen y degradan
fragmentos celulares grandes (>0.5um) y se considera esencial para el
mantenimiento de la homeostasis de los tejidos. En particular, una eliminacién
eficiente de las células apoptéticas reduce la transformacién de éstas a células
necréticas. Las células necroticas suelen perder la integridad de la membrana
plasmatica y liberar el contenido celular. Un comienzo rapido de la fagocitosis de
neutroéfilos y linfocitos T apoptéticos reduce la produccion de citoquinas
inflamatorias, minimizando el dafio cerebral (Magnus et al, 2001; Napoli and

Neumann, 2009; Neumann et al., 2008).

Por otro lado, la fagocitosis y digestion intracelular de microbios permite obtener
pequefios fragmentos de proteinas microbianas, que una vez exportados a la
superficie celular podran ser presentados como antigenos unidos al complejo
mayor de histocompatibilidad II. De esta forma la microglia realiza la presentacién
de antigenos, y participa en el inicio de la respuesta inmune adaptativa (Ransohoff

and Engelhardt, 2012).

La fagocitosis es por tanto un proceso beneficioso para el SNC tanto en situacién
fisiologica como patologica. De hecho una alteracion en la presentacion de
antigenos se asocia con el desarrollo de enfermedades autoinmunes (Nagata et al.,
2010). Ademas, una fagocitosis lenta e insuficiente de los restos apoptoticos se ha
observado en procesos patologicos y neurodegenerativos como en accidentes
cerebrovasculares (Faustino et al.,, 2011), en la enfermedad de pridnica (Ciesielski-
Treska et al,, 2004), en la enfermedad de Parkinson (Park et al, 2008) y en la
enfermedad de Alzheimer (Hughes et al,, 2010).
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2.1.3. Proteinas de membrana implicadas en la respuesta inmune

Como hemos visto, la microglia es altamente dindmica y tiene una gran capacidad
de respuesta a sefiales externas. Para poder detectar y responder a dichas sefiales
externas esta dotada de un abanico de receptores que le proporcionan informacién
del estado del medio ambiente donde se encuentra. Una vez detectada la sefial

podra iniciar la respuesta adecuada correspondiente.
2.1.3.1. Los receptores de patrones moleculares

Las células de microglia representan el principal exponente del sistema inmune
residente en el SNC, y son la primera linea de defensa contra patégenos como virus
y bacterias capaces de acceder a este tejido. Para detectar a estos agentes
infecciosos la microglia dispone de los receptores de reconocimiento de patrones
(PRRs, del inglés pattern recognition receptors) que se expresan de forma

constitutiva.

TLR2 TLR4
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Figura I-6. Esquema resumido de las vias sefializacion iniciadas por la activacion de TLR2 y
TLR4. Tras la unién de un ligando al receptor TLR2, éste se une a las proteinas adaptadoras
intracelulares MyD88 y TIRAP. Posteriormente, se degrada el inhibidor k8 (Ix[3), lo cual libera a
NF-xB, que puede entonces traslocarse al ntcleo e inducir la expresion de genes pro-
inflamatorios, tales como las interleuquinas IL-1f y IL-6, el factor de necrosis tumoral a (TNFa) y
la proteina quimioatrayente monocitica-1 (MCP-1/CCL2). En la activacién mediada por TLR4
también se puede iniciar la via dependiente de MyD88, como se describe para TLR2. Sin embargo,
existe una via alternativa: tras la activacién de TLR4, se unen las moléculas adaptadoras TRAM y
TRIF, lo que induce la traslocacion del factor de transcripcién IRF-3 al nicleo, donde se inicia la
transcripcién de genes tales como IFNB. Modificado de Kielan et al., 2006.

30



Introduccion

Estos receptores participan en el control de la inmunidad innata y modulan las
actividades de defensa con células efectoras (Hanisch et al., 2008; Kettenmann et
al.,, 2011). Los PRRs se agrupan en tres familias: los receptores parecidos a Toll
(TLRs, del inglés Toll-like receptors), los receptores similares a NOD (NLRs, del
inglés NOD-like receptors; NOD: nucleotide-binding oligomerization domain), y los
receptores similares a RIG-I (RLRs, del inglés RIG-I-like receptors; RIG-I: retinoic
acid-inducible gene-I). Estos receptores reconocen patrones moleculares asociados
a patogenos como los PAMPs, asi como patrones moleculares asociados a dafio
celular (DAMPs, del inglés damage-associated molecular patterns; Kumar et al.,

2011).

La familia de receptores TLR realiza un papel clave en el inicio de la respuesta
inmune innata y en la subsiguiente respuesta inmune adaptativa. Los TLRs
reconocen patrones moleculares bacterianos y viricos inespecificos e inician un
proceso inflamatorio cuyo fin es erradicar dichos patégenos (Kawai and Akira,
2006). Se han descrito al menos 11 TLRs en humanos y 13 TLRs en ratones
(Kettenmann et al., 2011). Entre ellos, TLR2 y TLR4 son los subtipos mas

relevantes en el inicio de la respuesta inflamatoria en el SNC (Lehnardt, 2010).

Una activacion de la microglia con agonistas de TLR4 como el LPS o con agonistas
de TLR2Z como peptidoglicanos o péptidos sintéticos como Pam3zCysSKs (N-
palmitoyl-2-(2,3-bis(palmotoyloxy)-(2R,S)-propyl)-(R)-cysteinyl-seryl-(lysyl)3-lysine)
provoca un incremento en la liberacion de citoquinas (Hoffmann et al., 2007; Lin et
al, 2011; Olson and Miller, 2004). Ambos receptores pueden iniciar una via de
sefializacion dependiente de MyD88, que culmina en la activacién del factor de
transcripcion NF-xf3 (del inglés nuclear factor light-chain-enhancer of activated B
cells), que inicia la sintesis de citoquinas pro-inflamatorias. El receptor TLR4 puede
ademas inducir la sintesis de interferon (IFN[3) a través de la via de sefializacion de
TRAM (Fig. I-6; Esen and Kielian, 2006; Kawai and Akira, 2006; Kettenmann et al,,
2011; McCarthy et al., 2017). Otra de las respuestas resultante de la activacion de
TLR2 y TLR4 es la producciéon de ROS, que producen la muerte de los agentes

patégenos y la activacion de los linfocitos T (Orihuela et al., 2016).
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Asimismo, el desarrollo de la respuesta inmune innata incluye un aumento de la
permeabilidad de la barrera hematoencefalica que facilita la invasién de células
inmunes circulantes y el inicio de la respuesta inmune adaptativa (Nagyoszi et al,,
2010). Esta compleja respuesta inflamatoria montada con la finalidad de controlar
a los patdgenos puede en ocasiones generar un dafio neurodegenerativo (Lehnardt
et al, 2003). También se ha visto la participaciéon de TLR2 y TLR4 en el inicio de
infecciones bacterianas y viricas del SNC (Kawai and Akira, 2006; Suh et al., 2009).
Se sabe que el virus influenza (causante de la gripe) tiene como principal
mecanismo fisiopatolégico para invadir y propagarse en el huésped las enzimas
hemaglutinina (H o HA) y neuraminidasa (N o NA; Wagner et al, 2002).
Experimentalmente, se sabe que la NA tiene la capacidad per se de generar una
respuesta neuroinflamatoria (Granados-Duran et al., 2015), aunque el mecanismo
concreto no se ha descrito. En particular, se desconoce si la NA es reconocida como
PAMP por los receptores TLR2Z o TLR4. Por consiguiente, el avance en el
conocimiento de los mecanismos subyacentes de la activacién de la microglia
mediante NA y del papel de los receptores TLR en este proceso neuroinflamatorio

es fundamental.
2.1.3.2. Receptores de quimiocinas

Las quimiocinas son proteinas solubles de bajo peso molecular (8-14 kDa) que
regulan la migracion de las células inmunes. Estas moléculas poseen caracteristicas
comunes, como la presencia en su estructura de cisteinas unidas por puentes
disulfuro, las cuales son clave para ejercer su funciéon quimioatrayente (Charo and
Ransohoff, 2006; Conductier et al., 2010; Mackay, 2001). Hay cuatro subgrupos
diferentes de quimiocinas basados en la secuencia inicial de los residuos de
cisteina (C) ubicados en el extremo N-terminal: quimiocinas C (con una sola
cisteina), quimiocinas CC (con dos cisteinas adyacentes), y quimiocinas CXC y CX3C
(con uno o tres aminoacidos, respectivamente, entre las dos cisteinas; Takeshita
and Ransohoff, 2012). En el sistema nervioso las quimiocinas son producidas por
diferentes tipos de células, como neuronas y microglia. Todas las quimiocinas son
moléculas solubles excepto CX3CL1 que se puede encontrar como molécula soluble

o anclada a la membrana de neuronas (Fernandez and Lolis, 2002).
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Los receptores de quimiocinas son proteinas de membranas acopladas a proteinas
G. El receptor CCR2 se activa por medio de numerosas citoquinas como CCL2
(también llamada MCP-1, del inglés monocyte chemoattractant protein-1), CCL7
(MCP-3), CCL8 (MCP-2), CCL12 (MPC-5) o CCL13 (MPC-4) que se conocen como
proteinas quimioatrayentes de monocitos, siendo CCL2 la mas potente (Takeshita
and Ransohoff, 2012). En concreto, cuando ocurre una inflamacioén en cualquier
localizacion del organismo el receptor CCR2 regula la salida de los monocitos de la
meédula dsea. De hecho, ratones deficientes de CCR2 presentan un alto ndmero de
monocitos en la médula 6sea y un bajo nimero de monocitos circulantes (Tsou et
al,, 2007). La expresion de CCR2 en diferentes tipos de células inmunes posibilita la
entrada de éstas en los tejidos inflamados, y también en el parénquima nervioso
durante un proceso neuroinflamatorio (Gouwy, 2004; Palomino and Marti, 2015;

Semple et al., 2010).

La expresion de CCR2 es constitutiva en monocitos y se reduce cuando se
diferencian a macro6fagos (Fantuzzi et al., 1999). Ademas, los linfocitos T CD4+
(Connor et al., 2004) y ocasionalmente los linfocitos NK (NK, del inglés natural
killer; van Helden et al.,, 2012) migran por medio del receptor CCR2 hacia el foco
inflamatorio. El receptor CCR2 juega un importante papel en la extravasacién y
transmigracion de células inmunocompetentes hacia el parénquima nervioso en
diversos procesos inflamatorios del SNC, como la esclerosis multiple, la
enfermedad de Alzheimer o en accidentes cerebrovasculares (Cartier et al., 2005;

Chu et al., 2014; Semple et al., 2010).

La infiltracion celular que ocurre durante la inflamacion no depende
exclusivamente de estas quimiocinas y sus receptores. Por ejemplo, se ha
observado en condiciones inflamatorias una sobre-expresion de ICAM-1(del inglés
intercelular adhesion molecule 1; CD54) y VCAM-1 (del inglés vascular cell adhesion
molecule 1) en los plexos coroideos, lo que facilita un reclutamiento secuencial de
leucocitos hacia el parénquima nervioso por medio de sus respectivos ligandos
celulares: LFA-1 (del inglés lymphocyte function-associated antigen 1; o oLp2-
integrina) y a4-integrina (Engelhardt et al,, 2001; Long, 2011).
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2.1.3.3. Otros receptores

La microglia presenta ademas un amplio abanico de receptores de citoquinas que
modulan su funcién. Entre ellos cabe mencionar a los receptores TNFR1/p55 y
TNFR2/p75, que responden a la citoquina pro-inflamatoria TNFa (Dopp et al,,
1997), y a los receptores IL1RI e IL1RII, cuyo ligando es IL-13 (Herx et al., 2000).
Asimismo, la microglia también responde a la citoquina anti-inflamatoria TGFf3

mediante los receptores TGFRI y TGFRII (Feng and Derynck, 2005).

El receptor TREM2 (del inglés triggering receptor expressed on myeloid cells-2),
perteneciente a la superfamilia de las inmunoglobulinas, es uno de los marcadores
distintivos de la microglia presente en el tejido nervioso. Esta relacionado con la
respuesta pro-inflamatoria y con la migraciéon celular (Wang et al., 2015). Los
receptores PSR (del inglés phosphatidylserine receptor) reconocen a la
fosfatidilserina, que identifica a las células apoptoéticas, y son cruciales para una
fagocitosis eficiente (Ravichandran, 2011). La microglia también presenta
receptores basureros o scavenger y receptores del complemento, que estan
relacionados con la respuesta inmune innata (Kettenmann et al.,, 2011), asi como
receptores Fc (de la region Fc, fragment crystallizable, de las inmunoglobulinas),

que participan en la respuesta inmune adaptativa (ElAli and Rivest, 2016).

Por ultimo, la microglia también expresa un amplio rango de receptores de
neurotransmisores que desempefian diferentes funciones, como mediar su
interaccién con las neuronas en condiciones fisioldgicas y patolégicas (Kettenmann

etal, 2011).
2.2. LA NEUROINFLAMACION

El término neuroinflamacién hace referencia a la reaccion celular y molecular que
acontece en el SNC como consecuencia de un dafio, una infeccién o un proceso
neurodegenerativo (Pacheco et al., 2012). Esta reaccion inflamatoria desarrollada
por el sistema inmune es un mecanismo de defensa frente a la invasién del SNC por
patégenos. Hace décadas se pensaba que el SNC era un lugar inmunoprivilegiado,

protegido y aislado del resto del organismo por la barrera hematoencefalica (BHE).
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Actualmente se sabe que el SNC es inmunol6gicamente activo, aunque es cierto que

la respuesta adaptativa se completa en 6rganos periféricos (Lampron et al., 2013).

El inicio de la respuesta inmune en el SNC es llevado a cabo por la microglia
residente y los astrocitos, los cuales establecen comunicaciéon con los linfocitos T
infiltrados en el parénquima cerebral y con otros componentes del sistema inmune
innato (Ransohoff and Brown, 2012). Posteriormente, se inicia la respuesta
inmune adaptativa, que conlleva la activacién de los linfocitos T, que a su vez
colaboran en la activacion de los linfocitos B, asi como en la promocion de la
funcion efectora de macrofagos, células dendriticas y células NK por medio de
citoquinas (Parker, 1993). Numerosas evidencias sugieren que el sistema inmune
juega también un papel crucial en el desarrollo de enfermedades

neurodegenerativas (Amor and Woodroofe, 2014).
2.2.1. El sistema inmune en el sistema nervioso central

Tradicionalmente el SNC se ha considerado un 6rgano privilegiado desde el punto
de vista inmunolégico. La BHE, formada por el endotelio vascular polarizado y una
capa de astrocitos estrechamente asociados, proporciona al SNC un aislamiento
(controlado) del resto del organismo (Desalvo et al., 2011). Por este motivo, la
infiltracion de las células del sistema inmune hacia el parénquima nervioso en
condiciones fisiologicas estd muy limitada. Sin embargo, aunque es cierto que
existe una importante restriccion al paso de proteinas plasmaticas, de células
inmunes y de moléculas anti-inflamatorias asociadas desde la periferia hacia el
parénquima nervioso, este aislamiento o privilegio inmunolégico no debe ser
malinterpretado, ya que el sistema inmune es bastante activo en el SNC (Galea et

al, 2007).

En la configuracion de la BHE existe una estrecha colaboracion entre las células
endoteliales de los vasos sanguineos, los pericitos y los astrocitos, que forman una
unidad funcional denominada unidad neurovascular (UNV; (Hermann and ElAli,
2012). La UNV favorece la existencia de un entorno quimico e idnico adecuado

para la funcion neuronal (Banerjee and Bhat, 2007).
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Ademas, la UNV contribuye activamente a la inmunidad innata del SNC, ya que 1)
modula ciertas funciones de la microglia, de los astrocitos, y de las células
endoteliales y pericitos, y 2) libera moléculas que pueden regular la permeabilidad
de la BHE y, por consiguiente, la infiltracion de células circulantes en el

parénquima nervioso (Lampron et al,, 2013).

Las células endoteliales actian como mediador entre el sistema inmune periférico
y el SNC, y son consideradas como la primera linea de defensa del sistema inmune
del SNC (Danese et al., 2007). La activacion de los receptores TLR2/6 presentes en
las células endoteliales resulta en la inhibicion de la expresion de proteinas de las
uniones estrechas, incrementandose la permeabilidad endotelial y, por tanto, de la
BHE (Nagyoszi et al., 2010). Por otra parte, los leucocitos circulantes se unen a las
células endoteliales por medio de moléculas de adhesion del tipo ICAM-1 y
VCAM-1, cuya expresion esta regulada por citoquinas y quimiocinas liberadas por
la microglia, los astrocitos y los pericitos. La sobre-expressién de estas moléculas
de adhesion facilita el acceso de células inmunes circulantes hacia el parénquima

cerebral (Takeshita and Ransohoff, 2012).

Aunque el papel de los astrocitos en el sistema inmune innato es menos
importante que el de la microglia, éstos controlan la entrada de las células inmunes
a través de la BHE (Bechmann et al., 2007). Las prolongaciones de los astrocitos
abrazan a mas del 90% de los capilares del cerebro y esta interaccién es clave para
que la BHE cumpla su funciéon (Jacobs and Doering, 2010). Pero ademas los
astrocitos producen una gran variedad de moléculas bioactivas que controlan la
funcién endotelial, tanto citoquinas (TNFoa, IL-1B, IL-3 y IL-6; Chung and
Benveniste, 1990) como quimiocinas (CXCL10, CCL2 y BAFF; Farina et al., 2007).

Cuando se activa el sistema inmune y se incrementa la permeabilidad de la BHE,
numerosas células circulantes se infiltran hacia el parénquima nervioso, y se
establece una compleja red de moléculas de sefializacion solubles que van a
modular el comportamiento de las células que participan en el proceso
inflamatorio (Tian et al., 2012). Las células gliales junto con las neuronas regulan la

respuesta de los macrofagos y los linfocitos infiltrados (Lampron et al,, 2013).
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A su vez, los macréfagos infiltrados favorecen el reclutamiento de linfocitos en el
parénquima nervioso, y contribuyen a la respuesta inflamatoria local mediante la

liberacion de citoquinas pro-inflamatorias (Mildner et al., 2009).

Los linfocitos T naive (inmaduros) se transformaran en linfocitos Th (del inglés T
helper) o colaboradores, que podran ser de dos tipos: linfocitos Th1, que favorecen
respuestas pro-inflamatorias y se caracterizan por producir IL-2, IFNY y TNFf, y
linfocitos Th2, que tienen un perfil anti-inflamatorio, promueven la respuesta
humoral, y producen IL-4, IL-5, IL-10 e IL-13 (Abbas et al., 1996; Mosmann and
Sad, 1996). Durante la neuroinflamacién la microglia M1 induce la proliferaciéon y
la activacion de los linfocitos T infiltrados a linfocitos Th1 y Th2. Los astrocitos, por
su parte, inducen la activacion de los linfocitos T a linfocitos Th2 (Aloisi et al,,

1998).

Microglia
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do Quimiocinas

Reparacion
del tejido
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patégenos

Sistema nervioso central

Periferia

sanguineos

Figura I-7. La respuesta inmune en el SNC. La microglia y los astrocitos residentes en el SNC
inician la respuesta inmune innata encaminada a la proteccién y a la reparaciéon tras una
infeccion o lesion del SNC. Las citoquinas y quimiocinas liberadas por células residentes (como
microglia y astrocitos) promueven el reclutamiento de linfocitos T y macréfagos, que colaboran
en la eliminacién del patdégeno. Esta respuesta innata no inicia directamente la respuesta
adaptativa en el propio SNC, sino que los linfocitos T (antigeno especifico) maduran en los
nodulos linfaticos de la periferia. La respuesta innata también se produce en los trastornos
neurodegenerativos, y utiliza los mismos componentes que el sistema de defensa contra
patogenos. Modificado de Ransohoff and Brown, 2012.

Son numerosas las evidencias que apuntan a que las células microgliales

residentes del SNC como un elemento clave en la neuroinflamacién (Rivest, 2009).
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Estas células son las principales reguladoras de la respuesta inmune en el SNC, y
desempefian diversidad de funciones relacionadas con la respuesta inmune

(Kettenmann et al., 2011).

De este modo, las células de la microglia dirigen la respuesta inflamatoria pero,
aun siendo inmunocompetentes, se diferencian de los macréfagos periféricos y
células dendriticas en su incapacidad de completar la maduracion de los linfocitos
en la respuesta adaptativa (Carson et al.,, 2006). La respuesta inmune adaptativa,
por tanto, no se inicia directamente en el SNC (Fig. I-7; Ransohoff and Brown,

2012).

Un papel fundamental del sistema inmune innato es proporcionar informacion
clave para activar la respuesta inmune adaptativa. Esta segunda fase se lleva a cabo
en Organos periféricos, donde las células presentadoras de antigeno (células
dendriticas y macro6fagos, entre otras) presentan a los linfocitos antigenos
procedentes de agentes patdgenos bacterianos, virales o protozoos (Dudda et al.,
2005; Mora et al.,, 2005). Tras la fagocitosis de los patégenos y el procesamiento de
sus componentes, las células presentadoras de antigeno exponen en su superficie
moléculas del patégeno unidas a las proteinas de membrana MHCII (del inglés
major histocompatibility complex class II). De este modo los antigenos del patégeno
son presentados a los linfocitos T naive, lo cual es necesario para el inicio de la
respuesta adaptativa (Edele et al,, 2008; Oyoshi et al., 2011). La presentacion del
antigeno promueve la proliferacidn, diferenciacién y maduracién de los linfocitos T

naive mediante dos vias:

1. Hacia linfocitos T CD4+, efectores o Th, que contribuyen a la activaciéon de los
linfocitos B y modulan la funciéon de las células inmunes innatas como los

macrofagos y las células NK (Parker, 1993).

2. Hacia linfocitos T CDS8, citotoxicos, o CTL (del inglés citolytic T [ymphocyte), los
cuales reconocen y atacan células tumorales o infectadas y, al secretar IFNy,

potencian la funcidn de los macroéfagos y las células NK (Wong and Pamer, 2003).

Para poder realizar la presentacion de antigenos, los fagocitos se tienen que

desplazar a tejidos periféricos. Algunos autores afirman que no existen células
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presentadoras de antigeno residentes en el SNC que realicen dicha funcién, por lo
que el SNC precisa interactuar de algin modo con 6rganos periféricos para iniciar

la respuesta inmune adaptativa (Galea et al., 2007).

Recientemente se ha descrito la existencia de un sistema particular de drenaje
linfatico desde el SNC hasta los ganglios linfaticos periféricos, establecido por
medio de barreras endoteliales, epiteliales y gliales (Engelhardt et al., 2017). Este
novedoso sistema de drenaje linfatico podria proporcionar dicha via de

comunicacion.

Sin embargo, otros autores han demostrado que algunos monocitos que atraviesan
la BHE posteriormente se diferencian a células dendriticas que promueven la
proliferacién y expansion de linfocitos Th (Ifergan et al., 2008). Ademas, se ha
observado que la microglia tiene la capacidad de fagocitar y presentar antigenos en
enfermedades inflamatorias (O’Keefe et al, 2002). El comportamiento y las
caracteristicas de la microglia y de las células dendriticas son muy diferentes, lo
que evidencia la necesidad de abordar el estudio de la respuesta inmune en el SNC

de una forma particular (Hanamsagar et al., 2014).
2.2.2. Neurodegeneracion

Como hemos visto, la respuesta inmune que realiza la microglia tiene como
objetivo promover mecanismos reparadores y la homeostasis en el SNC. Por un
lado la microglia en el estado de activacién M1 ataca a agentes patégenos, y por
otro lado el estado de activacién M2 se ocupa principalemente de limpiar restos
celulares y de recuperar la homeostasis en el tejido. Sin embargo, hay numerosas
evidencias que indican que en ocasiones el fenotipo de activacion M1 de la

microglia puede ser deletéreo y neurotéxico (Orihuela et al., 2016).

En este sentido, se ha visto que en el caso de accidentes cerebrovasculares, donde
la microglia activada produce IL-1, IL-6 y TNFa, aparece un efecto toxico sobre las
neuronas (Fig. I-8). Si la activacién de la microglia es muy intensa o se prolonga en
el tiempo, se pueden desarrollar enfermedades neurodegenerativas (Smith et al,,

2012).
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Asimismo, se ha podido relacionar la afectaciéon isquémica de areas particulares
del cerebro y la activacién microglial con la neurodegeneracién en ese area en
particular y con las correspondientes alteraciones motoras (Olson and McKeon,
2004). Por su parte, la activacidn alternativa al fenotipo M2 favorece la reparacion
tisular, entre otras formas mediante la activacion de la fagocitosis. Se hace
necesario, por tanto, valorar el papel neuroprotector frente al papel neurotéxico de
la microglia activada (Fig. I-8; Taylor and Sansing, 2013).

Accidente
cerebrovascular

pro-inflamatorio IL-18
°
® ©® TNFa

e ® L6

Microglia
vigilante

Figura I-8. Polarizacién de la microglia hacia los fenotipos M1 y M2 en accidentes
cerebrovasculares. El estado M1 de la microglia es pro-inflamatorio; se liberan citoquinas como
IL-1B, TNFa y IL-6, y en la superfice celular se expresan moléculas como MHCII. El estado M2 de
la microglia es anti-inflamatorio, reparador y pro-fagocitico; se secreta IL-4 y TGFf3, se expresan
los receptores CD206. Modificado de Taylor and Sansing, 2013.

También en numerosas enfermedades neurodegenerativas, como la esclerosis
multiple, la enfermedad de Parkinson, la enfermedad de Alzheimer, la enfermedad
priénica, la enfermedad de Huntington, la esclerosis lateral amiotréfica o
diferentes tipos de encefalitis, se ha descrito un proceso inflamatorio en el que la
microglia adquiere algin estado de activacién que se relaciona con la muerte

neuronal (Dheen et al., 2007; Sugama et al., 2009).

La esclerosis multiple es una enfermedad inflamatoria créonica del SNC que se
caracteriza por una pérdida de la cubierta de mielina. Aunque su causa no esta
clara, parece tener un componente autoinmune (Luis et al., 2015). En los pacientes
afectados se ha observado un estado pro-inflamatorio de la microglia y de los

macrofagos infiltrados, que producen citoquinas pro-inflamatorias y otras

40



Introduccion

sustancias neurotdxicas, las cuales son directamente responsables de la severidad
del dafno (Zindler and Zipp, 2010). A nivel histolégico se han observado en los
estados iniciales de la enfermedad agrupaciones de células microgliales asociadas

con alteraciones de los axones (Singh et al., 2013; van Horssen et al., 2012).

Posteriormente, la transmigracion de linfocitos B atraidos por las quimiocinas
(Zindler and Zipp, 2010) y la expresion del MHCII por parte de la microglia (Singh
et al., 2013) conllevan el inicio de una respuesta inmune adaptativa en la que se
producen anticuerpos contra la mielina. Por todo ello, se considera que la
microglia desempefia un papel importante en el inicio y el progreso de la esclerosis
multiple; la supresion del estado de activacion de la microglia se contempla como
una estrategia terapéutica para mejorar el prondstico de la enfermedad (Dheen et

al., 2007; Thompson and Tsirka, 2017; Zindler and Zipp, 2010).

La enfermedad de Parkinson se caracteriza por la muerte de neuronas
dopaminérgicas en el ganglio basal denominado sustancia negra. Como
consecuencia se produce un déficit de dopamina en los ganglios basales, lo que a su
vez determina las alteraciones motoras caracteristicas de esta patologia (De
Virgilio et al., 2016). Se ha puesto de manifiesto que la microglia tiene un papel
fundamental en el desarrollo de esta enfermedad neurodegenerativa (Dheen et al.,
2007; Sugama et al., 2009). De hecho, se ha detectado una alta concentracion de
citoquinas pro-inflamatorias como CCL2 (Reale et al., 2009), IL-1 (Blum-Degen et
al., 1995; Reale et al,, 2009), IL-6 (Blum-Degen et al., 1995; Chen et al., 2008) y
TNFa (Mogi et al, 1994; Reale et al, 2009) en el cerebro y en el liquido
cefalorraquideo (LCR) de estos pacientes. Ademads, una produccion excesiva de
ROS por parte de la microglia activada da lugar a un dafio oxidativo que favorece la
pérdida de neuronas dopaminérgicas (Gao et al,, 2011; Wu et al,, 2003). Por altimo,
en pacientes de Parkinson se ha detectado una alta expresion MHCII en la
microglia localizada en la sustancia negra, indicativo del desarrollo de una
respuesta inmune adaptativa (McGeer et al., 1988). Por todo ello, la microglia se ha
considerado como posible diana terapéutica. De hecho, se estd explorando la
posibilidad de potenciar los mecanismos neuroprotectores de la microglia (Le et

al., 2016) y una de las opciones mas esperanzadoras consiste en combinar terapias
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inmunomoduladoras junto con farmacos que potencien la supervivencia de las

neuronas dopaminérgicas (De Virgilio et al., 2016).

La enfermedad neurodegenerativa con mayor incidencia en la tercera edad es la
enfermedad de Alzheimer, que en sus fases inciales se caracteriza por el deterioro
de algunas funciones cognitivas y en estados avanzados con alteraciones del
comportamineto e incapacidad verbal (Dubois et al., 2007). Neuropatoldgicamente
se caracteriza por el desarrollo de placas de péptido (3-amiloide (placas seniles) en
el neuropilo y la pérdida de neuronas, especialmente en el cortex prefrontal
(Stamouli and Politis, 2016). Hay ademas reclutamiento de astrocitos y microglia

activados alrededor de estas placas (Meda et al., 1995; Sasaki et al.,, 1997).

Defensa contra

patiégenosy
células tumorales Pérdida de iz
neuronas Degradacién de
\ /‘ placas de B-amiloide  Angiogénesis
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IL-1B, TNFaq, IL-6
ROS, STAT3 IL-10, IL-4
IL-13, TGFB
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Figura I-9. Balance entre los fenotipos M1 y M2 de la microglia en la enfermedad de
Alzheimer. El fenotipo M1 de la microglia es pro-inflamatorio y neurotéxico y, aunque esta
disenado para atacar a los agentes patogenos y a las células tumorales, en la enfermedad de
Alzheimer provoca la muerte neuronal. El fenotipo M2 es anti-inflamatorio y fagocitico, y
contibuye a la reparacién tisular mediante la fagocitosis de los depoésitos de B-amiloide en las
placas seniles. Modificado de Wang et al.. 2015.

Conforme progresa la enfermedad la microglia activada produce citoquinas pro-
inflamatorias y ROS, que participan en la neurodegeneracion (Block ML, 2008;
Blum-Degen et al., 1995; Meda et al., 1995; Shi et al., 2016; Song et al., 2011;
Stamouli and Politis, 2016), lo que ha llevado a proponer estas rutas pro-
inflamatarias como dianas terapéuticas para controlar el avance de la enfermedad

(Block ML, 2008; Wang et al., 2015).
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Sin embargo, el papel de la microglia en la enfermedad de Alzheimer es bastante
complejo. De hecho, se han demostrado diferentes vias de activacion de la
microglia; por una parte por medio del receptor TLR4, lo cual resulta en la
liberacion de citoquinas pro-inflamatorias neurotoxicas (Song et al, 2011). Al
mismo tiempo, la activacidon del receptor NLR3 (Cho et al, 2014; Gold and El
Khoury, 2015) o el bloqueo del receptor CX3CR1 (Merino et al.,, 2016) resultan en
la activacion de la fagocitosis. Por ello, las investigaciones actuales tienen el doble y
complejo objetivo de restringir la activacion M1 citotoxica y promover la
activacion M2 fagocitica (Fig. [-9; Cho et al., 2014; Farfara et al., 2008; Gold and El
Khoury, 2015; Mandrekar-Colucci and Landreth, 2010; Merino et al, 2016;
Stamouli and Politis, 2016).

La esclerosis lateral amiotréfica es otra enfermedad neurodegenerativa donde la
activacion de la microglia tiene un papel clave. La pérdida progresiva de
motoneuronas superiores e inferiores conlleva una paralisis que suele terminar en
la muerte por fallo respiratorio (Brites and Vaz, 2014). Existe un amplio consenso
sobre la evolucion fisiopatologica de la enfermedad. En sus inicios aparece una fase
anti-inflamatoria, con microglia M2, e infiltraciéon de linfocitos T reguladores y T
colaboradores (Th), lo que contribuye a mantener la viabilidad de las
motoneuronas. Al progresar la enfermedad, la microglia pasa a una activaciéon M1,
con produccién de citoquinas inflamatorias y ROS que contribuyen a la pérdida de
las motoneuronas (Henkel et al.,, 2009; Hooten et al., 2015; Liao et al., 2012). Por
ello, el factor de transcripcion NF-k[3, determinante en la expresion de citoquinas
inflamatorias, se ha considerado como diana terapéutica (Frakes et al., 2014). De
hecho, el bloqueo del NF-kf3 prolongo la supervivencia de las motoneuronas (Parisi

etal, 2016a, 2016b).

Existen también numerosas evidencias que relacionan la neuroinflamacién con el
desarrollo de enfermedades psiquiatricas. Por ejemplo, se han detectado altas
concentraciones de citoquinas inflamatorias en el cerebro o en el LCR de pacientes
con autismo (Chez et al., 2007; Vargas et al., 2005) o esquizofrenia (Lin et al., 1998;
Miller et al., 2011; Nawa and Takei, 2006; Potvin et al., 2008). Ademas, existen

datos que indican que infecciones ocurridas durante etapas fetales estan asociadas
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al desarrollo posterior tanto de esquizofrenia (Brown, 2006) como de autismo
(Brown and Patterson, 2011). El estudio de casos de exposicién a virus de
influenza, toxoplasmosis, rubeola o E.coli durante el embarazo ha revelado la
necesidad de prevenir este tipo de infecciones durante la gestacidon (Bland et al,,
2010; Brown and Patterson, 2011). La presencia de citoquinas inflamatorias en la
madre embarazada y en el feto, y la concurrencia de un dafio neuroldgico
posterior, seflalan a la neuroinflamacién orquestada por la microglia como
intermediaria en el proceso fisiopatolégico psiquidtrico (Ashdown et al., 2006;

Bilbo and Schawrz, 2009).

Todo lo anteriormente expuesto indica que la microglia juega un papel clave en la
neurotoxicidad en todas estas enfermedades neurodegenerativas. Sin embargo, al
recapitular el proceso inflamatorio en cada una de ellas, es evidente que los
eventos neurotoxicos no aparecen en el mismo orden (Aktas et al., 2007). Asi, por
ejemplo, en la enfermedad de Alzheimer la degeneraciéon neuronal precede a un
proceso que combina funciones pro-inflamatorias a la vez que anti-inflamatorias
(Cho et al,, 2014; Gold and El Khoury, 2015; Merino et al., 2016; Song et al.,, 2011).
Sin embargo, en la esclerosis multiple y en la enfermedad de Parkinson la
microglia ya muestra un estado pro-inflamatorio en las primeras etapas de la
enfermedad, incluso antes de la neurodegeneracién (McGeer et al., 1988; Singh et
al, 2013; Zindler and Zipp, 2010). Por otro lado, en los accidentes
cerebrovasculares y en los procesos infecciosos el parénquima cerebral es
invadido por células del sistema inmune periférico, y el estado pro-inflamatorio
que generan lleva a la muerte neuronal (Ekstrand, 2012; Smith et al., 2012; Tsai

and Baker, 2013).

Pero el papel de la microglia en el desarrollo de otras patologias
neurodegenerativas no es del todo conocido. Como aquellas complicaciones que a
veces surgen en infecciones debidas a virus de las familias Orthomyxoviridae y
Paramyxoviriadae, como son el virus influenza, el parainfluenza, el virus de las
paperas o el virus sincitial respiratorio, todos ellos con NA en su estructura
(Noriega et al,, 2010; Popescu et al, 2017; Surana et al,, 2011; Yildizdas et al,,
2011).
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Aunque la incidencia de este tipo de complicaciones en gripes provocadas por el
virus influenza es considerable (Glaser et al, 2012) se sabe poco de la
fisiopatologia de la neurodegeneracién en estos procesos infecciosos. El estudio de
los mecanismos subyacentes, y en particular de la activaciéon de la microglia, en

estos procesos neuroinflamatorios se hace imprescindible.

2.2.3. El modelo de neuroinflamacion generada mediante la administracion

de neuraminidasa

Mediante la neuroinflamacién generada tras una inyeccion ICV de NA se puede
simular de forma estéril una infeccién virica o bacteriana generada por agentes
patégenos que contengan NA (Granados-Duran et al, 2015). Este modelo
experimental permite analizar los eventos generados especificamente por la
enzima NA que, como se ha dicho anteriormente, utilizan algunos patégenos para
su infeccion y dispersion en el huésped. Una dosis alta de NA administrada ICV en
ratas produce la destruccién masiva del epitelio ependimario que recubre la pared
ventricular, la oclusiéon del acueducto cerebral y el desarrollo de hidrocefalia
(Grondona et al., 1996). Con una dosis menor sélo se pierden algunas porciones del
epéndimo, pero alteraciéon serd permanente ya que el epéndimo no se regenera
(Del Carmen Gomez-Roldan et al, 2008). Ademas de la pérdida parcial del
epéndimo se genera una respuesta neuroinflamatoria, con activacion de la
microglia y de los astrocitos en areas cercanas a los ventriculos, e infiltraciéon de
neutrofilos, monocitos, linfocitos T CD8+ y linfocitos B, procedentes del torrente

circulatorio (Granados-Duran et al., 2015).

También se ha demostrado la activacién del sistema del complemento que esta
presente en el LCR (Granados-Duran et al., 2016). Curiosamente, algunos tractos
de mielina se ven afectados por la aparicion de vacuolas, alteracion que, al
contrario que la pérdida ependimaria, se repara posteriormente (Granados-Duran
et al,, 2017). El proceso inflamatorio remite en dos o tres semanas, aunque algunas
secuelas se mantienen por un tiempo mas prolongado (gliosis), y otras incluso
permanecen de por vida (pérdida de epéndimo). Resulta inmediato preguntarse
hasta qué punto la NA es la causa directa de todos estos efectos, o si éstos son

consecuencia de la respuesta inflamatoria iniciada por la NA.
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2.2.3.1. La neuraminidasa

La neuraminidasa es una enzima hidrolasa que escinde los enlaces glucosidicos del
acido neuraminico o acido sialico (Taylor and von Itzstein, 1994). Esta enzima esta
presente en organismos diversos, desde bacterias y virus hasta mamiferos. La NA
del virus de la influenza es especialmente conocida, por ser considerada como
diana de farmacos encaminados a prevenir la propagacién de la infecciéon causada
por el virus de la gripe (Colman, 1994; Parker et al,, 2009; Smutova et al., 2014).
Tanto la NA como la hemaglutinina participan en la invasion y dispersion virica
durante la infeccion (Wagner et al., 2002). Se han descrito hasta 9 tipos de NA de
influenza diferentes (N1-N9), las cuales muestran diferente eficiencia en la escision
de los diferentes enlaces (a2-3, a2-6 y a2-8) que unen el acido sialico a las
glicoproteinas, lo cual influye en la patogenicidad de los distintos subtipos viricos

(Air, 2012).

El acido sidlico es un glicido terminal que se encuentra unido a las glucoproteinas
y glucolipidos de la matriz extracelular y del glucocdlix (Schnaar et al., 2014). Se
sabe que el acido sidlico desempeiia multiples funciones relacionadas con la
comunicaciéon intercelular (Schauer, 2009). Por un lado, el conjunto de todo el
acido sialico que recubre las membranas celulares genera una mascara biolégica
que interviene en numerosos procesos de sefalizacion y reconocimiento.
(Pshezhetsky and Ashmarina, 2013). De esta forma, la desializaciéon puede indicar
el inicio fendmenos de secuestro y destruccion celular (Kerfoot et al., 2008; Grewal
et al,, 2008), de apoptosis (Zhuo et al, 2008) o de reparacion del tejido adulto
(Rutishauser, 2008). El 4cido sialico puede también funcionar en sentido opuesto,
siendo necesario para el reconocimiento hormonas, de lectinas, de anticuerpos, etc
(Varki and Gagneux, 2012). Resulta particularmente relevante el papel del acido
sidlico en la respuesta inmune, ya que regula la via alternativa de activacion del
complemento (Fearon, 1978), modula la migracion de leucocitos mediante la
expresion de selectinas (Rosen, 1993) y controla la activacion inmune celular
mediante Siglecs (del inglés sialic acid-binding immunoglobulin-like lectins; Liu et
al,, 2009), que son proteinas que se unen al acido sialico ubicadas en la superficie

celular, particularmente en células inmunes.
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Numerosos virus y bacterias aprovechan estas estructuras de reconocimiento y

unién para su mecanismo de infeccion (Air, 2012; Gee et al., 2006; Isa et al., 2006).

2.2.3.2 El dafio del epéndimo en el modelo de neuroinflamacion por

neuraminidasa

Las células ependimarias o ependimocitos forman un epitelio monoestratificado
cubico que tapiza la pared de los ventriculos cerebrales y el canal central medular.
Una de sus caracteristicas morfolédgicas distintivas es que son multiciliadas, lo que
les permite realizar un batido asimétrico que genera un flujo constante del LCR
(Lechtreck et al, 2008). Los ependimocitos estan unidos entre si mediante
interdigitaciones (Mirzadeh et al., 2008), y entre ellos podemos encontrar uniones
adherentes, uniones estrechas y uniones de tipo gap, todo lo cual confiere a la capa
ependimaria caracteristicas de barrera y una funcién coordinada (Jiménez et al,,
2014; Mirzadeh et al, 2008). Las uniones adherentes estidn compuestas de
cadherinas y [-cateninas asociadas a filamentos de actina, proporcionando
estabilidad y consitencia a la capa ependimaria (Brightman and Palay, 1963; Li et

al, 2007).

Por otra parte, también se ha demostrado la presencia en el epitelio ependimario
de integrinas, glucoproteinas que participan en la unidén de las células con la matriz
extracelular subyacente (Grooms et al., 1993). El uso de lectinas especificas para
acido sialico ha permitido comprobar que la superficie luminal del epéndimo es
muy rica en acido sidlico (Granados-Duran et al., 2015; Grondona et al., 1996;
Jiménez et al., 2014). Tanto cadherinas como integrinas presentan acido sialico
terminal (Varki and Gagneux, 2012; Varki and Schauer, 2009), y su desializacion
desencadena alteraciones estructurales de los epitelios (Cioffi et al., 2012; Grooms
et al, 1993; Liwosz et al, 2006; Nagra et al., 2009). Esto sugiere que estas
moléculas de adhesion participan en la integridad del epitelio ependimario y que

su desializacion podria desestructurar dicho epitelio.

Existen evidencias que relacionan la integridad de la capa ependimaria con el
inicio de patologias del SNC. Algunos estudios apuntan a la alteracion de proteinas
de las uniones adherentes o de proteinas de las uniones de tipo gap como posible

causa del desprendimiento y/o la muerte de los ependimocitos (Jiménez et al.,
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2014; Rodriguez et al., 2012; Sival et al.,, 2011). Ademas, en fetos humanos con
hidrocefalia se observa una denudacién del epéndimo en el acueducto cerebral y
en los ventriculos laterales (Dominguez-Pinos et al, 2005). En otros casos, la
hidrocefalia se ha relacionado con el flujo ralentizado del LCR, debido a un batido
ciliar deficiente por parte de un epéndimo alterado (Jiménez et al., 2014; Lechtreck

etal, 2008; Sival et al., 2011).

Algunos procesos viricos cuyos agentes causales portan NA en su superficie
evolucionan a patologias neuroldgicas. En concreto, se han dado casos de
encefalitis e hidrocefalia causados por el virus de las paperas (Alp et al,, 2005;
Tastan et al,, 2007). Ademas, ciertos casos de encefalopatias (Fujimoto et al., 1998;
Steininger et al.,, 2003) y el desarrollo del sindrome de Guillain-Barré han sido
asociados con el virus influenza (Sivadon-Tardy et al., 2009; Vellozzi et al,, 2014).
Aunque este ultimo virus afecta principalmente a las vias respiratorias, los
numerosos casos de problemas neuroldgicos ocasionados por el virus influenza A
(subtipo H1N1) durante la pandemia de 2009 cobraron especial relevancia (Glaser
et al, 2012; Noriega et al.,, 2010; Surana et al, 2011), asi como también los
provocados por la gripe aviar de 2004-2005 (debida al virus influenza A subtipo
H5N1)(de Jong et al., 2005; Gu et al., 2007; Zhang et al., 2009). En los dltimos afios
se ha prestado especial atencién a los casos de esquizofrenia (Brown, 2006) y
autismo (Brown, 2012) relacionados con infecciones generadas por el virus

influenza durante el desarrollo fetal.

Aunque se desconoce gran parte del mecanismo de estas patologias, seria
interesante analizar la integridad de la capa ependimaria en las mismas, dada la
actividad sialidasa que presentan sus agentes causales. La administracion de NA en
los ventriculos cerebrales produce desializacidn y posterior desprendimiento del
epéndimo (Granados-Duran et al., 2015). Los efectos pleiotrépicos que causa la NA
en el cerebro son complejos, por lo que es dificil abordar su estudio conjunto.
Ademas, se sabe poco del papel intrinseco y directo de la NA de los patdgenos
sobre el proceso inflamatorio, y mucho menos sobre la muerte de los
ependimocitos. El modelo de neuroinflamacion aguda inducida por NA es de gran

valor para abordar todas estas cuestiones.
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2.3. ANALISIS DE LA FORMA DE LAS CELULAS DE MICROGLIA

La morfologia de la microglia es una de sus caracteristicas mas destacadas. Aunque
estas células estan aparentemente distribuidas de manera uniforme en el
parénquima nervioso, una observacion mas detallada muestra que ni la morfologia

ni la distribucion son iguales en todas las regiones del cerebro.

Pio del Rio-Hortega describié la distribucién y la morfologia de la microglia y
también reconoci6 que las células ramificadas se transformaban en microglia de
varilla o ameboidea en diferentes situaciones de enfermedad cerebral (Rio-
Hortega, 1919a, 1919b, 1919c, 1919d; Sierra et al., 2016). En funcion de su forma,
las células de microglia se empezaron a clasificar en tres subtipos distintos,
compactas, ramificadas longitudinalmente y ramificadas radialmente (Lawson et
al.,, 1990), los cuales estan estrechamente relacionadas con su estado funcional
(Davis et al., 1994). En condiciones normales predomina la microglia con
morfologia ramificada, mas recientemente denominada vigilante o surveillant, que
realiza funciones diversas como se explicé con anterioridad. En situaciones de
neuroinflamacién o después de una lesiéon ocurre una des-ramificacién progresiva
de la microglia. Por lo tanto, la microglia ramificada puede transformarse a un
"estado activado"”, que se caracteriza morfolégicamente por ser células ramificadas
hinchadas, con un cuerpo celular mas grande y prolongaciones mas cortas y
gruesas (Graeber et al., 1988). Alternativamente, puede adoptar un "estado
reactivo”, tipicamente células esféricas pequenas, o bien en forma de barra o
ameboide (Davis et al., 1994). Se han descrito también otras morfologias asociadas
a determinadas funciones, como microglia en estado fagocitico, con prolongaciones
que contienen fragmentos picnéticos (Sierra et al, 2013; Streit et al., 1999),
microglia en fase de motilidad, donde las células presentan prolongaciones
dinamicas que exhiben ciclos de extensidon y retraccién (Petersen and Dailey,
2004), o incluso microglia en un estado locomotor, que se desplaza desde una

region a otra del tejido nervioso (Stence et al., 2001).

Desde el punto de vista funcional, la clasificacion mas extendida de la microglia
define un fenotipo pro-inflamatorio M1 y otro anti-inflamatorio M2, como se ha

explicado de forma pormenorizada en apartados previos (Orihuela et al., 2016).
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Aunque la relacion entre la forma y la funcién en estas células es evidente y ha sido
extensamente documentada, la asociacién de un morfotipo particular a un estado
funcional no es tan inmediata. Algunos estudios han intentado abordar esta
cuestion; por ejemplo, se ha analizado la forma de estas células en situaciones
patolégicas como lesiones craneales (Zanier et al., 2015), en condiciones de estrés
fisioldgico (Ayoub and Salm, 2003) o de estrés psicolégico (Hinwood et al.,, 2013);
otros autores han realizado un analisis morfolégico de las células microgliales en
cultivos celulares (Amadio et al., 2013; Bernhardi and Nicholls, 1999; Glenn et al,,
1992; Mcwhorter et al, 2013). Sin embargo, en algunos casos las diferencias
morfologicas pueden ser muy sutiles y no ser cuantificables por medidas

euclidianas tales como el area o el diAmetro.

Un andlisis cuantitativo de la complejidad de las ramificaciones de la microglia es
particularmente interesante, ya que, como se ha dicho anteriormente, esta
propiedad morfoldgica esta estrechamente relacionada con el estado de activacién

(Davis et al.,, 1994).

Una metodologia ampliamente usada con esta finalidad es el andlisis Sholl (Sholl,
1953), que se basa en superponer una serie circulos concéntricos sobre una
imagen de la célula, usando como centro de los mismos el propio soma celular,
para luego contar el nimero de intersecciones entre las prolongaciones celulares y
dichos circulos. Este método se ha utilizado para cuantificar las ramificaciones de
la microglia en modelos murinos de la enfermedad de Alzheimer (Baron et al,,
2014) y en un modelo experimental de dafio neuronal (provocado por axotomia
del nervio hipogloso; Yamada and Jinno, 2013). Estos andlisis mostraron
diferencias objetivas entre distintas poblaciones de microglia, asociando algunos

de ellos a estados patoldgicos particulares.

Otros autores han estudiado las ramificaciones de las células microgliales
mediante reconstrucciones en 3 dimensiones de las células. Existen diversos
programas informaticos (e.g. Neurolucida software, MBF Bioscience Inc.) que
mediante el delineamiento manual permiten obtener una imagen digital del

esqueleto de las ramificaciones de las células. Diferentes parametros morfoldgicos
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de microglia han sido cuantificados en condiciones fisiolégicas en cerebros

humanos sanos (Torres-Platas et al., 2014).

Otros estudios han ido un paso mas alla, al tratar de establecer diferentes
morfotipos de células microgliales basandose en la cuantificacion de parametros
morfoldgicos y un posterior analisis estadistico. De esta manera, se han propuesto
nuevas categorizaciones de la microglia en diferentes modelos experimentales,
como en el aprendizaje visual en monos (Santos-Filho et al., 2014), en infecciones
experimentales (de Sousa et al,, 2015; Diniz et al., 2016), y en un modelo murino de
esclerosis lateral amiotréfica (Ohgomori et al., 2016). Estos trabajos propusieron
hasta cuatro tipos de células microgliales diferentes basandose en la cuantificacion
de sus caracteristicas morfolédgicas, lo cual evita la posible arbitrariedad o la

subjetividad de la clasificacion.

Otra técnica menos usada, que surgi6 con el objetivo de cuantificar el grado de
irregularidad de los objetos, es la dimensién fractal (D; Mandelbrot, 1982). Benoit
Madelbrot, creador de la geometria fractal, abord6 el estudio de objetos con
rugosidad, grietas y fracturas en la naturaleza, ya que “las nubes no son esferas, las
montafias no son conos, las costas no son circulos y las cortezas de los arboles no
son lisas, ni los reldmpagos viajan en una linea recta” (Mandelbrot, 1982).
Mediante el disefio de conjuntos de fractales, plante6 las aproximaciones

matematicas que estimasen la complejidad de los objetos.

El conjunto de Mandelbrot (Fig. I-10) es el mas conocido de los conjuntos de
fractales, donde cada imagen sucesiva es una ampliacién de la previa (Mandelbrot,
1987). Mediante el andlisis de este tipo de imagenes, se obtuvo la aproximacion
matematica para calcular la D de cualquier objeto, lo cual seria equivalente a
cuantificar el grado de repeticién de patrones que pueden aparecer a diferente
escala en un objeto; esta propiedad fue denominada autosimilitud o
autosemejanza. Por lo tanto, la medida de la D mostrara objetivamente el grado de
complejidad de un objeto, de tal forma que cuanto mas irregular sea, mayor sera el
valor de D; ademas, es un indice cuantitativo muy sensible, ya que su valor cambia

ante pequefias variaciones en la forma (Cutting and Garvin, 1987).
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Figura I-10. Conjunto de fractales de Mandelbrot. La sucesién de imagenes A-D muestra un
ejemplo de invariabilidad en relacién a la escala, de tal forma conforme nos acercamos a ciertas
partes de la imagen reaparece en miniatura la imagen total. Tomado de
http://creativecommons.org/licenses/by-sa/3.0/

De hecho, la aplicacion del andlisis fractal sobre el estudio de sistemas organicos
ha proporcionado una informacién muy particular sobre la organizacién de
estructuras complejas como el arbol bronquial (Goldberger and West, 1987), la red
vascular (Cross et al., 1993; Talu, 2011) y la distribucién de células en el tejido

tumoral (Landini and Rippin, 1992; Losa and Nonnenmacher, 1996).

De este modo se ha demostrado que el analisis de estructuras y formas biolédgicas
por medio de D es una herramienta valiosa para estudiar las células, tejidos y
6rganos desde una perspectiva diferente (Losa, 2009). La cuantificacion de la
complejidad de las ramificaciones en oligodendrocitos (Bernard et al., 2001) y del
arbol dendritico de neuronas del hipocampo (MiloSevi¢ et al., 2007), también ha
permitido identificar y clasificar diferentes morfotipos en ambos tipos celulares de

forma objetiva.
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Del mismo modo, la D puede proporcionar informacion sobre la complejidad
morfolégica de la microglia en un amplio rango de formas (Ferndndez and Jelinek,
2001; Karperien et al., 2013).

De hecho, diferentes parametros morfolégicos de microglia han sido cuantificados
en condiciones fisiologicas en cerebros de rata sanos (Kongsui et al., 2014), asi
como en situaciones patoldégicas como lesiones craneales (Soltys et al., 2001) o

procesos isquémicos (Soltys et al., 2005).

Otro pardmetro que proporciona una medida cuantitativa de la morfologia célular
es la lacunaridad (A). La lacunaridad se refiere a la existencia de “lagunas” o huecos
en la forma, y se usa para definir el grado de heterogeneidad o de varianza
traslacional y rotacional de un objeto. De esta forma se describen el patrén
morfoldgico y la dispersién espacial (Plotnick et al.,, 1996). Valores mas altos de A
indicaran una mayor heterogeneidad del objeto (Karperien et al., 2011). El valor de
A de una célula complementa al valor de D, proporcionando en ocasiones un
herramienta distintiva (Smith et al., 1996). En concreto, al analizar una variedad de
células microgliales procedentes de diferentes procesos patolégicos (como la
enfermedad de Alzehimer, la esquizofrenia o accidentes cerebrovasculares) se ha
observado que algunas células que presentaban el mismo valor de D diferian en el
valor de A. Esto indica que la determinacion paralela de D y de A permite distinguir
de manera objetiva células cuyas formas se diferencian so6lo sutilmente (Karperien

etal, 2011).

Existen diferentes técnicas para medir la D de un objeto, como los procedimientos
Hausdorff, Minkowski-Bouligand, Calliper o Mass; pero el método box counting ha
sido el mas usado para medir la D de muchas estructuras bioldgicas, tanto en dos
dimensiones como en tres dimensiones (Ferndndez and Jelinek, 2001). Esta
metodologia, que también se puede utilizar para calcular la A, ha sido utilizada en

este trabajo, por lo que se explicara detalladamente mas adelante (seccién 4.13).
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Hipétesis y objetivos

El modelo experimental de administraciéon ICV de NA recapitula un proceso
neuroinflamatorio agudo, en el que ocurre una activacioén de la microglia asi como
del sistema del complemento, y la infiltracion de células circulantes hacia el

parénquima nervioso.

Asimismo, ocurren algunos procesos degenerativos inmediatos, en concreto una
vacuolizacion reversible de algunos tractos mielinicos y la destruccidon definitiva

de algunas zonas del epitelio ependimario.

La enzima NA se encuentra en algunos virus y bacterias, y es utilizada por éstos en
su mecanismo de infeccion y/o dispersion en el huésped. En concreto, la enorme
cantidad de personas afectadas por la gripe cada afio ha motivado numerosos
estudios sobre la fisiopatologia infectiva del virus influenza. Aunque se ha podido
averiguar que, en el caso de la gripe, la NA es clave en la infectividad del virus, sin
embargo el posible efecto directo esta enzima virica (o en su caso bacteriana)

sobre las células del SNC esta muy poco descrito.

El modelo de inflamacién inducida por NA anteriormente mencionado es de gran
utilidad para abordar esta cuestion. Dado que la microglia es la piedra angular del
sistema inmune en el SNC, este trabajo se centra en estudiar el papel de este tipo

celular en el comienzo del proceso neuroinflamatorio generado mediante NA.

Brevemente, los objetivos planteados estdn encaminados a estudiar el mecanismo
de activacion de la microglia por la NA, la posible participaciéon de la microglia
activada por NA en la muerte de los ependimocitos, y el papel de la microglia
residente frente a los monocitos circulantes infiltrados en la neuroinflamacién que
se genera tras la inyeccion de NA. Ademas, se ha planteado un objetivo adicional
con la finalidad de desarrollar un método cuantitativo para valorar la morfologia

de estas células de forma objetiva.
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Hipétesis 1. Los distintos morfotipos de microglia que se originan tras la
inyeccion ICV de neuraminidasa pueden ser clasificados de manera objetiva
en funcion de sus parametros morfométricos, y se pueden relacionar con el

grado de activacion.

Objetivo 1. Realizar un andlisis morfolégico encaminado a la clasificacion
objetiva de la microglia durante el proceso neuroinflamatorio agudo generado

por la administracién de NA.

Objetivo 1.1. Clasificar los diferentes morfotipos de microglia por medio de
un andlisis de agrupacion jerdrquico, un andlisis linear discriminante y un andlisis de

componentes principales.

Para ello, se realizara un andlisis morfométrico exhaustivo de células individuales,
midiéndose hasta 15 parametros diferentes. Dichos parametros se utilizaran para
realizar una categorizacién objetiva de estas células, basada en su forma, y

relacionada con su grado de activacion y su localizacién concreta en el cerebro.

Objetivo 1.2. Estudiar la posible correlacion entre los pardmetros
morfométricos de la microglia y su grado de activacion, utilizando como indicador de

dicha activacion el nivel de expresion de la citoquina IL-10.

Secciones de cerebro obtenidas de animales que sufren una inflamacién inducida
por NA seran sometidas a inmunohistoquimica doble con IBA1 e IL-1f. En células
de microglia individuales, el marcaje con IBA1 se utilizara para realizar un analisis
de forma, midiendo parametros morfométricos, mientras que la tinciéon con IL-1f3
se utilizara para estimar el grado de activacién pro-inflamatoria de cada célula.
Posteriormente se analizard mediante métodos estadisticos si existe o no

correlacion entre los parametros morfologicos y el nivel de expresion de IL-13.

Mediante este analisis morfologico de la microglia se pretende revalorizar una
herramienta de evaluacion del estado de la microglia, cuya morfologia se sabe que

cambia en multitud de situaciones patolégicas (o incluso fisioldgicas) del SNC.
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Esta herramienta se podria utilizar en muestras de pacientes con procesos
neurodegenerativos o psiquiatricos, tanto en tejido procedente de biopsias como
obtenido post mortem, lo que podria arrojar luz sobre la participaciéon de la

microglia en dichas patologias.

Hipotesis 2. La neuraminidasa activa a las células de microglia a través de los

receptores TLR2 y/o TLR4

Objetivo 2. Estudiar el papel de los receptores TLR2 y TLR4 en el inicio de la

reaccion inflamatoria provocada por neuraminidasa.

Objetivo 2.1. Analizar la respuesta inflamatoria inducida por NA en cerebros

de ratones deficientes de TLR2 o TLR4 mediante inmunohistoquimica.

Ratones TLR2/-, TLR4"/- y salvajes seran inyectados ICV con NA, y sacrificados 24
horas después. La reacciéon inflamatoria sera cuantificada mediante recuentos

celulares en secciones de tejido inmunomarcadas con [BA1, IL-13 e ICAM1.

Objetivo 2.2. Cuantificar la respuesta inflamatoria inducida por NA en

cerebros de ratones deficientes de TLRZ o TLR4 mediante qPCR.

Ratones TLR2-/-, TLR4/- y salvajes serdn inyectados ICV con NA, y sacrificados 6
horas tras la inyeccidn. Tras obtener el RNA del tejido cerebral, se cuantificara el

nivel de expresion de citoquinas pro-inflamatorias como IL-1f3, IL-6 y TNF .

Objetivo 2.3. Cuantificar la respuesta in vitro de la microglia aislada de

ratones TLR2/-, TLR4/- y salvajes tras su exposiciéon a NA.

Se obtendran cultivos primarios puros de microglia a partir de ratones deficientes
de TLR2 o TLR4 asi como de ratones salvajes. Dichos cultivos serdn expuestos a NA
asi como a agonistas especificos de TLR2 y de TLR4. Posteriormente se aislara el
RNA total para la cuantificacion mediante qPCR de la expresion de genes

implicados en la respuesta inflamatoria, como IL-1(, IL-6, TNFa.
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Dada la importancia de los receptores TLR en la inflamacién, y en particular TLR2
y TLR4 en el SNC, esperamos que participen también en el proceso inflamatorio
inducido por la NA que se desarrolla en nuestro modelo experimental. El estudio
de la respuesta inflamatoria en los mutantes TLR2/- y TLR4-/- ayudara a dilucidar
esta cuestion. Por otra parte, desconocemos el mecanismo de acciéon de esta
sialidasa en dicho modelo, por lo que nos hemos planteamos que pueda actuar a
través de los receptores mencionados. Los estudios in vitro utilizando microglia
aislada de las cepas mutantes TLR2/- y TLR4/- arrojaran luz sobre dicho

mecanismo.

Hipétesis 3. La microglia activada por neuraminidasa participa en la muerte

ependimaria.

Objetivo 3. Evaluar el efecto de la microglia activada por NA sobre la viabilidad

de los ependimocitos in vitro.

Objetivo 3.1. Cuantificar la viabilidad de los ependimocitos en explantes de

pared ventricular en presencia de microglia activada por NA.

Para ello, se obtendran explantes a partir de las paredes de los ventriculos
laterales de rata. Dichos explantes se colocaran en co-cultivo con cultivos puros de
microglia. Se afiadira NA para activar a la microglia, y se cuantificara la viabilidad

de las células ependimarias con un colorante vital.

Objetivo 3.2. Determinar la viabilidad de ependimocitos aislados en

presencia de microglia activada por NA.

Se obtendran cultivos puros de células ependimarias aisladas de rata, asi como
cultivos puros de microglia. Las células ependimarias, que se mantienen en
suspension, seran afiadidas a los cultivos de microglia, que permanecen adheridas
a la placa. Tras la activacion de la microglia con NA, se cuantificara la viabilidad de

las células ependimarias mediante un colorante vital.
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Objetivo 3.3. Cuantificar el nivel de expresion de las citoquinas inflamatorias

IL-1B y TNFa en explantes de pared ventricular tratados con NA.

Explantes de pared ventricular similares a los utilizados en el objetivo 3.1 seran
tratados in vitro con NA. Los explantes representan un modelo de cultivo complejo,
ya que en ellos se preserva la citoarquitectura del tejido y por tanto encontramos
diferentes tipos celulares. Por debajo del epitelio ependimario se encuentra una
poblacién de microglia subependimaria. El tratamiento de los explantes con NA
deberia activar a esta poblaciéon de microglia. Para confirmar este hecho, los
explantes expuestos a NA seran utilizados para obtener RNA y cuantificar la

expresion de citoquinas pro-inflamatorias como IL-1p y TNFa mediante qPCR.

Objetivo 3.4. Estudiar la presencia de receptores para las citoquinas

inflamatorias IL-1B y TNFa en las células ependimarias.

Para indagar en el posible mecanismo de muerte ependimaria mediada por la
microglia activada, se investigard si las células ependimarias expresan los
receptores para las citoquinas que podrian intervenir en dicha muerte, en
particular IL-1B y TNFa. Para ello, se evaluara la presencia de dichos receptores en
explantes de pared ventricular, y posteriormente se cuantificard su expresion

mediante qPCR en cultivos puros de ependimocitos.

Uno de los eventos mas llamativos en el modelo de inflamacién inducida por NA es
la muerte y/o desprendimiento de las células ependimarias. De hecho, tampoco
esta claro qué ocurre primero, si su muerte o su desprendimiento del epitelio. Por
la relevancia de este evento en algunas patologias del SNC, consideramos necesario
averiguar las causas de este dano ependimario. Aunque estudios recientes
demuestran la participacion del sistema del complemento, que es activado
directamente por la NA, se sabe que no es la Unica causa (Granados-Duran et al.,
2016). Los objetivos planteados en este trabajo van encaminados a analizar si la
microglia activada por NA perjudica la viabilidad de los ependimocitos, y, en caso
positivo, si éstos poseen los receptores de las citoquinas pro-inflamatorias que

pudieran mediar en el dafio ependimario.
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Hipotesis 4. Los monocitos infiltrados al parénquima nervioso contribuyen a
la inflamacion inducida por neuraminidasa, proceso previamente iniciado

por la microglia residente.

Objetivo 4. Estudiar la infiltracion celular y el proceso inflamatorio generado
tras la administracion ICV de NA en ratones deficientes del receptor CCR2 de la

quimiocina CCL2.

Objetivo 4.1. Estudiar mediante inmunohistoquimica la inflamacién aguda

inducida por NA en ratones mutantes para el receptor CCRZ2.

Ratones CCR2/- y salvajes seran inyectados ICV con NA y sacrificados 6 horas
después. Secciones obtenidas de sus cerebros se utilizaran para hacer recuentos de
diferentes poblaciones celulares implicadas en la inflamacién, que seran
detectadas mediante el empleo de marcadores inmunohistoquimicos como IBA1,
IL-1B, Ly6c, CD206 y MHCII. Ademas, los ratones seran tratados antes de su
sacrificio con el marcador de proliferacion BrdU, que permitira evaluar, también
mediante inmunohistoquimica, la proliferacién celular durante las primeras fases
del proceso inflamatorio, para asi determinar si la proliferacién contribuye a las

poblaciones celulares que participan en dicho proceso.

Objetivo 4.2. Analizar mediante qPCR la expresion de genes relacionados con

la inflamacion en ratones mutantes para el receptor CCR2.

Ratones CCR2/- y salvajes seran inyectados ICV con NA. Seis horas tras la inyeccion
los cerebros se extraeran para aislar el RNA. Mediante qPCR se cuantificara la
expresion de genes pro-inflamatorios (IL-1, TNFaq, IL-6, CCL2), anti-inflamatorios
(IL-4, IL-10, TGFp), asi como de genes relacionados con la proliferacién de la

microglia (PU1, IL-34, CSF1R).

Esta ampliamente aceptado que la microglia residente en el SNC desempefia un

papel fundamental en la neuroinflamacion.
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Aunque esto es cierto probablemente también en la inflamacién inducida por NA
en nuestro modelo experimental, no sabemos cudn relevante es la participacién
relativa de la microglia en comparacién con el papel desempefiado por las células
del sistema inmune circulantes que se infiltran hacia el parénquima cerebral
durante las primeras fases de la respuesta inflamatoria. En el mutante CCR2-/- la
infiltraciéon celular estd seriamente mermada, y constituye por tanto una buena
herramienta para estudiar este aspecto de la inflamacién. Podemos anticipar que al
no reclutarse los monocitos circulantes el proceso inflamatorio inducido por NA en
los mutantes CCR2/- serd mas leve. La cuantificaciéon de diferentes parametros
relacionados con la inflamacién nos indicara la importancia relativa de esta

poblacion celular respecto a la de la microglia residente.

61



UNIVERSIDAD

DE MALAGA

; ERS
W MBS
7N ¥
A o
] 2
-
ACT o7

4. Material
and methods
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4.1. ANIMALS

Wistar rats (350 g) were provided by Charles River Laboratories (Barcelona,
Spain). TLR2 (B6.129-Tlr2tm1kir/]) and TLR4 (B6.B10ScN-Tlr4lps-del/]Jth])
deficient mice (TLR27/- and TLR4/- respectively) were breed by The Jackson
Laboratory and purchased through Charles River Laboratories (Lyon, France). The
wild-type strain used as control was C57BL/6], also provided by Charles River
Laboratories. These animals were maintained in the animal house at Universidad
de Malaga, under a 12 h light/dark cycle, at 23°C and 60% humidity, with food and
water available ad libitum. Animal care and handling was performed according to
guidelines established by Spanish legislation (RD 53/2013) and the European
Union regulation (2010/63/EU). All procedures performed were approved by the
ethics committee of Universidad de Malaga (Comité Etico de Experimentacién de la
Universidad de Malaga; reference 2012-0013). All efforts were made to minimize

the number of animals used and their suffering.

The mouse strain C57BL/6]J-CCR2/- (here named CCR2-/-) is characterized by being
deficient of the CCR2 receptor. As control strain for CCR2/;, the c-fms-EGFP strain
(the MacGreen mouse) was used, which expresses EGFP under the promoter of the
receptor for colony-stimulating factor 1 (CSF1R) encoded by c-fms proto-
oncogene. These mice express green fluorescence in macrophages and microglial
cells (Sasmono et al, 2003) and shares the same background as CCR27/-. Both
strains were provided by Harlan (Bicester, UK), and used in the experiments
carried out at The Centre for Biological Sciences, University of Southampton, UK.

All procedures were performed in accordance with UK Home Office licensing.
4.2. VENTRICULAR WALL EXPLANTS

Explants were obtained from the lateral ventricle wall of adult rats, following the
procedure described by Grondona et al (2013). Rats were decapitated with a
guillotine and the heads immersed in 70° alcohol prior to brain extraction. The
dissection of the brains was performed in sterile conditions in cold Hank’s

balanced salt solution (HBSS; Gibco) under a microscope.
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To prevent any damage the ependymal epithelium, particular care was taken to
avoid any contact of the dissecting tools with the ventricular surface, and the
resulting explants were then handled with plastic Pasteur pipettes. Explants were
obtained from both the striatal wall and the septal wall of each lateral ventricle.
They were about 0.5 mm thick and included about 1.0-1.5 mm? of ventricular
surface. These explants were used for 1) obtention of isolated ependymocytes
(section 4.3), 2) experiments of co-culture with microglial cells (section 4.5.1),

3) gene expression studies (section 4.9).
4.3. ISOLATION AND CULTURE OF EPENDYMAL CELLS.

Ventricular wall explants obtained as previously explained were used in order to
get pure isolated ependymal cells, following a procedure established by (Grondona
et al,, 2013). Briefly, the explants were initially washed with HBSS without calcium
and magnesium (Gibco) for 30-40 min, and then incubated with TrypLE Express
solution (Gibco) for about 40 min. This is a commercial enzymatic cocktail
designed for cell dissociation from tissues. The explants were then incubated
during 24 hours in a separation medium consisting of aMEM (Gibco)
supplemented with 0.2% Pluronic F-127, 0.3% D-glucose, 0.01% DNase type I and
0.01 M HEPES (all of them from Sigma-Aldrich). After 24 hours, detached
ependymal, which were free floating and moving in the medium, were harvested
by centrifugation (300 g, 10 min) and suspended in the supplemented aMEM
(described above). Isolated ependymal cells were used for viability studies in
co-culture with microglial cells (section 4.5.2), and to determine the expression of

specific citoquine receptors (section 4.9) to perform the experiments.
4.4.ISOLATION AND CULTURE OF MICROGLIAL CELLS

Microglial cells were isolated according to the Saura’s method (Saura et al., 2003).
The mix cells cultures were obtained from rats or mice of 3-5 days were sacrificed
by decapitation. The brains were dissected out and the meninges eliminated with
the aid of a magnifying glass. Cortical brain tissue was disrupted in the presence of

0.25% trypsin solution plus 1mM EDTA in HBSS (Sigma).
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After mechanical and chemical dissociation, and harvested by centrifugation (300g,
10 min) cells were seeded in DMEM-F12 (Gibco; 11320033), supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich; F7524) and 1%
penicillin/streptomycin (Sigma-Aldrich; P4333), at a density of 250,000 cells/mL,
and cultured at 37°C in humidified 5% CO2. The medium was replaced every five
days; confluence was achieved after two weeks. After maintaining the culture in
confluence for 1-2 weeks, microglial cells were isolated by the following mild
trypsinization method. The medium was removed and the mixed culture carefully
washed; then it was treated with 0.25% trypsin solution plus 1mM EDTA in HBSS
during 1h at 37°C. During this incubation the main monolayer detaches like a
sheet, leaving exposed the microglia underneath which is adhered to the plate
bottom. The purity of these microglial cultures was checked by
immunocytochemistry, and usually was about 95%. The average yield with this
method was about 5,000 cells/well in 24 multiwell plates (Sigma-Aldrich, TPP
tissue culture plates, Z707791) and about 20,000 cells/well in 12 multiwell plates
(Sigma-Aldrich, TPP tissue culture plates, Z707775). Rat microglial cultures were
used for co-cultures with explants (section 4.5.1) or ependymocytes (section
4.5.2). Mouse microglial cultures were obtained from wild type, TLR2-/- and TLR4-/-

strains, and used to investigate the activation mechanism of NA.

When required, microglial cultures were activated by the addition of: 1) the
synthetic triacylated lipoprotein Pam3CSK4 (P3C; InvivoGen, 12A10-MM;
2pg/mL), which is an agonist of TLR2; 2) pure lipopolysaccharide (LPS; InvivoGen,
13106-MM; 5pg/mL), which is a specific ligand of TLR4; or 3) neuraminidase (NA;
Sigma-Aldrich, N3001; 50mU/mL), whose effect on microglial cells is under

investigation herein.
4.5. CELL VIABILITY ASSAYS
4.5.1. Viability assay of ependymal cells in explants

Ventricular wall explants obtained from adult rats were used to assess ependymal
cell viability under different experimental conditions, which are outlined in Figure

M-1 A. Explants were individually placed in 12-well plates in DMEM-F12 medium,
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supplemented with 10% FBS and 1% penicillin/streptomycin. Some explants were

co-cultured with pure primary microglial cells (n = 6).

Experimental conditions

’ Trypan blue |
Explant

A (NA) (-/LPS/NA)

Experimental conditions

e

Trypan blue
Ependymocytes s
B (-/LPS/NA) (-/LPS/NA)
.
Explant mRNA
Ex
¢ (-/NA)

@

Ependymocytes
D Fr

Figure M-1. Schematic illustration of the experiments carried out with ventricular wall
explants and ependymal cells. (A) Co-culture of explants obtained from the lateral wall of rats,
with microglial cells. The inflammatory stimuli LPS or NA were added, or omitted in controls (-).
After 24 h of co-culture in different conditions, the explants were stained with trypan blue, fixed
and paraffin-sectioned. The viability of ependymal cells within the ependymal epithelium was
evaluated by live/dead cell counts. (B) Co-cultures of rat ependymal cells (Ep) with non-activated
(<) microglial cells (M), or after activation by addition of LPS or NA. The viability of ependymal
cells was evaluated at different times (up to 24 h) by trypan blue staining. Extraction of total RNA
from periventricular explants (C) or pure ependymocytes cultures (D) was performed for gPCR
quantifications. Ep: rat ependymal cell culture; Ex: rat lateral ventricle wall explant;
M = microglial cell culture; (-)=control medium; LPS=medium with lipopolysaccharide;
NA = medium with neuraminidase.
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Microglia activation was achieved by addition of LPS to the medium. In some
co-cultures microglia was activated with NA. Control conditions consisted of:
1) explants treated with NA but without microglia (n=5), and 2) explants
co-cultured with non-activated microglia (n = 5). All these culture conditions were

maintained for 24 hours.

Then, the viability assay was performed as follows. Explants were incubated for 10
min in a 0.4% solution of the vital stain trypan blue (Gibco; 15250061). After
staining they were washed with HBSS for 2 min, then immersed in Bouin’s fixative
solution for 2 hours (5% acetic acid, 9% formaldehyde, and 0.9% picric acid), and

later embedded in paraffin wax.

Five micrometer paraffin sections were obtained from each explant, aiming to get a
cutting plane perpendicular to the ependymal surface, so that ependymal cells
could be clearly identifiable. Paraffin sections were mounted on slides treated by
poly-L-lysine solution (Sigma-Aldrich; P8920). After deparaffinization, tissue
sections were stained with hematoxylin to visualize the tissue and to stain live
cells, while dead cells were distinguished by a bright blue label. Images were
captured using an Olympus VS120 microscope through UPLSAPO 20x objective.
About 400 live (white) or dead (blue) ependymal cells were counted per explant,

and viability was expressed as the percentage of living cells.
4.5.2. Viability assay of cultured ependymocytes

Primary cultures of ependymal cells obtained from rats were placed in DMEM-F12
medium supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were
seeded at a density of ~1,500 cells/well in a 24-multiwell plate. Some ependymal
cells were placed in wells already containing a pure microglial culture (from rat)
previously prepared. To trigger microglial activation, LPS or NA were added; some
wells were left without NA or LPS as controls. LPS or NA were also added to wells

with ependymal cells but with no microglia.

Incubation times were 1, 3, 6 and 24 h; n =6 replicates for each experimental

condition and time point were performed.
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After incubation, ependymal cells were immediately processed to evaluate their
viability by treating them with a 0.4% trypan blue solution for 5 min. Then, they
were fixed with 4% PFA (Sigma-Aldrich; 1004965000) for 5 min, and washed
three times with 0.9% sterile saline. Live (white) and dead (blue) cells were
counted under the microscope, up to about 400 cells per sample. Viability was

expressed as the percentage of live cells.
4.6. INTRACEREBROVENTRICULAR INJECTION

An acute and sterile neuroinflammatory process was generated in rats or mice by a
single injection of the enzyme neuraminidase (NA) within the right lateral
ventricle of the brain (Grondona et al.,, 1996; Del Carmen Gémez-Roldan et al.,
2008). Sham rodents were injected with 0.9% sterile saline. Animals were

sacrificed at different times after the injection.

Intracerebroventricular (ICV) injection procedure in rats was performed following
(Granados-Duran et al, 2015). Briefly, the animals were anaesthetized with
ketamine/xylazine solution (80 and 12 mg/kg, respectively; Sigma-Aldrich) and
positioned in a stereotaxic frame. A scalp incision along the sagittal midline was
performed to access the skull and the bone was perforated with a drill in the
following coordinates: 0.5 mm posterior, 1.4 mm lateral and 3.5 mm ventral from
Bregma (Paxinos and Watson, 2007). Neuraminidase from Clostridium perfringens
(Sigma-Aldrich, N3001) dissolved in 0.9% sterile saline was administered by a
single injection 3.5 mm below the dura mater with the aid of a pump; a dose of

500 mU (in 20 pL) of NA were perfused during 10 min at a rate of 2 pL./min.

The ICV injection procedure was fine-tuned for mice. In this case, stereotaxic
coordinates were 0.1 mm posterior, 0.9 mm lateral and 2.0 mm ventral from
Bregma (Franklin and Paxinus, 2008). The amount of NA injected was 75 mU in

1 pL, perfused during 5 min at a rate of 0.2 pL/min.

The animals were sacrificed at different times post-injection (2, 4, 6 and 12h), and
their brains used for immunohistochemistry (section 4.8.1) or for RNA extraction

(section 4.9.1).
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4.7. FREE FLOATING SECTIONS OF BRAIN TISSUE

Prior to sacrifice, the animals were anesthetized and systemically perfused with
0.9% saline, followed by 4% parafolmaldehyde (PFA). Brains were removed and
post-fixed overnight in the same fixative solution. They were later sectioned with a
vibratome (40 pm thickness) in the coronal plane, and the sections were
cryprotected with a sucrose and ethylene glycol solution (30% w/v and 30 v/v
respectively, in 0.1 phosphate buffer). Brain sections including the lateral
ventricles and the third ventricle (distance from Bregma between -0.80 mm and
-3.30 mm for rat, and around -0.30 mm from Bregma for mice), were selected for

immunohistochemistry (section 4.8.1).
4.8. IMMUNOHISTOCHEMISTRY AND IMMUNOCYTOCHEMISTRY
4.8.1. Immunohistochemistry

Free floating vibratome sections were first treated, to quench endogenous
peroxidase, with 10% methanol and 3% hydrogen peroxide in PBS during 45 min.
After washings with PBS, nonspecific binding sites were saturated with PBT
solution (0.3 % bovine serum albumin, 0.3% Triton X-100 in PBS pH 7.3). Primary
antibodies (Table M-1) were incubated overnight at 4°C. The following morning
the sections were washed with PBS and incubated with biotinylated secondary
antibody (Table M-2, Immunoperoxidase) at room temperature for 1.5 h. The
avidin-biotin-complex amplification system (ABC; 1:250 dilution; Thermo Fisher
Scientific) was used afterward (at room temperature, 45 min) to detect the
secondary biotinylated antibodies. The peroxidase activity was revealed with
0.05% diaminobenzidine and 0.03% hydrogen peroxide in PBS for 10 min. After
thorough washes, the sections were then mounted onto gelatin-coated slides, air
dried, dehydrated in graded ethanol, cleared in xylene, and coverslipped with

Eukitt mounting medium.

Colocalization by double immunofluorescence was performed using the same
primary antibodies, which were diluted in the same solution and co-incubated
overnight at 4°C. In this case the secondary antibodies were labeled with Alexa

fluor 488 or Alexa fluor 594 (Table M-2, Immunofluorescence) and incubated for
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1.5 h. Sections were washed with PBS, mounted onto gelatin-coated slides,
coverslipped with the anti-fading agent Mowiol 4-88 (Calbiochem/EMD

Chemicals) and stored at 4°C. Negative controls of the immunohistochemistry

consisted in omitting the primary antibodies.

Table M-1. List of primary antibodies

Antigen Antibody Target cells Reference Dilution
Anti-rat IBA1 Microglia Wako ]
IBA1 Host: rabbit Macrophages 19-19741 1:500
Anti-rat IL-18 Activated microglia R&D Systems )
IL-1p Host: goat Lymphocytes AF501NA 1:500
Anti-rat ICAM-1 . R&D Systems ]
ICAM-1 Host: goat Endothelial cells AF583 1:40
. Anti-rat BIV tubulin Sigma )
BIV tubulin Host: mouse Ependymal cells 17941 1:1000
Anti-mo IBA1 Microglia Wako )
IBA1 Host: rabbit Macrophages 19-19741 1:500
Anti-mo BrdU o .
BrdU Mitotic cells DS Hybridoma Bank 1:2000
Host: rat
Anti-mo CD206 Perivascular AbD Serotec
CD206 Host: rat macrophages MCA2235GA 1:500
. Microglia L
Anti-mo MHCII eBioscience
MHCII Host: rat Macrqphages 14-5321-85 1:500
Dendritic cells
. Monocytes
Anti-mo Ly6C BIO-RAD ]
Ly6C Host: rat Granulocytes MCA2389B 1:1000
Lymphocytes
Anti-mo IL-1 Activated microglia PeproTech )
IL-1B Host: rabbit Lymphocytes 500-P51 1:1000
CD11b Anti-mo CD11b Microglial AbD Serotec 1:500

Host: rat

4.8.2. Immunocytochemistry

Isolated ependymal cells were first fixed in 2% PFA at 4°C for 30 min. Then cells
were centrifuged, the cell pellet washed with PBS, and placed onto poly-L-lysine
coated slides. Cells were allowed to air dry overnight prior to immunostaining.
In the case of microglial cells, mix cells cultures were grown over a sterile
poly-L-lysine coated coverslip placed at the bottom of the multiwell plate. After
maintaining confluence for 1-2 weeks, microglial cells were isolated as described
in section 4.4. Prior to immunostaining, 2% PFA was added to the plate to fix cells

during 30 min.
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Immunocytochemistry was performed as described by Grondona et al (2013).
Primary antibodies (Table M-1) were incubated for 18 h at 4°C, and secondary
antibodies (Table M-2) were applied for 30 min at room. After extensive washings

coverslips with cells were mounted in slides to be analyzed under the microscope.

Table M-2. List of secondary antibodies

Antibody Reference Dilution
Immunoperoxidase
Anti-rat biotinilated
Host: rabbit Vector labs 1:200
Anti-rabbit biotinilated Pierce 31820 1:1000
Host: goat
Anti-goat biotinilated )
Host: rabbit Vector VA9500 1:1000
Immunofluorescence
Anti-rabbit Alexa 488 Molecular Probes 1:1000
Host: goat
Anti-rat Alexa 488 Molecular Probes 1:1000
Host: goat
Anti-rat Alexa 594 Molecular Probes 1:1000
Host: goat
Anti-rabbit Alexa 594 .
Host: donkey Invitrogen 1:1000
Anti-goat Alexa 594 Invitrogen 1:1000

Host: donkey

4.9. PCR FOR GENE EXPRESSION STUDIES

Animals were anesthetized and transcardially perfused with heparinized 0.9%
saline. The brains were then extracted and properly dissected under RNase-free
conditions. The hypothalamic region was used for the study performed with
TLR2-/- and TLR4/- strains. The whole left side of the brain (opposite side of the
ICV injection, approximately from Zmm to -2mm antero-posterior distances to
Bregma) was taken for the experiments with CCR2-/-. Immediately after dissection,
tissue samples were immersed in RNAlater (Sigma-Aldrich), and kept overnight at
4°C. The next day this solution was removed and the tissue pieces placed at -80°C

for storage until RNA isolation.
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4.9.1. RNA isolation

Total RNA from mice brains and from ventricular wall explants (Fig. M-1 C) was
isolated using TRIzol reagent (Invitrogen; 15596026), following manufacturer
instructions. One mL of reagent was added to about 100 g of tissue. Tissue was
homogenized in TRIzol reagent with the help of a pestle and passing the sample
repeatedly through a pipette. Then, 1-Bromo-3-chloropropane (Sigma; B9673) was
added and after vigorous shaking and centrifugation three phases appeared; the
upper aqueous phase containing the RNA was transferred to a new tube, and
0.5 mL of isopropanol (Sigma; 19516) was added to precipitate RNA. After 10 min
incubation and centrifugation (10 min, 12,000 g at 4°C), supernatant was carefully
poured and discarded. The RNA pellet was washed with 75% ethanol (Sigma;
E7023), pulled down by centrifugation and, after carefully discarding ethanol, the
RNA pellet was air dried. Finally the RNA was resuspended in a volume < 50 pL

of RNase-free water.

The concentration of RNA was measured in a NanoDrop microvolume
spectrophotometer (NanoDrop 1000, Thermo Fisher Scientific). Samples were

stored at -80°C.

When RNA was isolated from pure microglia cultures (Fig M-1 D) the culture
media was removed, the cells washed with cold PBS, and TRIzol reagent was added
to the well (0.5-1 mL, depending on the type of culture plate), to have about
20 x 103 cells/mL of TRIzol. In the case of ependymal cells, which are cultured in
suspension, the culture media was collected and cells spun down by centrifugation.
The media was carefully pippeted out and 0.5 mL of TRIzol reagent was added to
the ependymocytes pellet (~2 x 103 cells). Both microglia and ependymocytes
were homogenized by passing TRIzol solution through a pipette several times.
RNA isolation proceeded as previously explained, adjusting the volume of reagents

when required (0.5 mL starting volume of TRIzol).

The Az60,280 ratio of the isolated RNA was usually about 1.8.
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4.9.2. Reverse transcription

Before preparing the reverse transcription (RT) reaction, RNA samples were
diluted with RNase-free water in order to bring them to a similar range of RNA
concentration. cDNA synthesis from isolated total RNA was performed using the
SuperScript™ III First-Strand Synthesis (Invitrogen; 11752-050). All handling was

done in ice and using RNase-free plastic ware.

The reaction mix (prepared according to the manufacturer’s protocol) had a final
volume of 20 pL, and contained 1.25 pM oligo(dT)20, 1.25 ng/ul of random
hexamers, dNTPs and 5 mM MgClz. RNA was added to have ~500 ng. Finally the
reverse transcriptase enzyme was added to each tube to initiate the RT reaction,
which was carried out in a thermocycler (MasterCycler Gradient, Eppendorf;
Hamburgo, Alemania). In these conditions, the resulting cDNA concentration

should be equivalent to 25 ng RNA/pL.

The sequential reaction steps were: 1st) initial denaturation, 10 min at 25°C;
2nd) cDNA synthesis, 30 min at 50°C; 3r4) 10 min at 25°C; 4th) RNA denaturation
after the addition of RNase (1uL, 2 U), 20 min at 37°C. Finally, cDNA was stored
at -20°C until its use for PCR (section 4.9.3) or quantitative PCR (section 4.9.4).

4.9.3. Polymerase chain reaction (PCR) analysis

Primers to target the mRNA of genes related to inflammation (Table M-3) were
design using the program Primer3 (https://blast.ncbi.nlm.nih.gov). Target genes
sequences were obtained from the Genbank NCBI Reference Sequence. The
parameters introduced in Primer3 for the automated design of primer pairs were
preferably as follows: 1) PCR product size 100-250 bp; 2) primers size 18-20 bp;
3) primers melting temperature (Tm): minimum =57°C; optimal =60°C;
maximum = 63°C, with maximum Twm difference of 3°C; 4) maximum self-

complementarity 4 bp.

cDNA amplification was carried out using the 5 PRIME MasterMix for standard PCR

(2200100), following the manufacturer’s protocol. A final reaction volume of 25 L
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was prepared containing 10 pL of 2.5x mastermix, resulting in the following final
concentrations: 1.25 U Taq DNA polymerase, 50 mM KCI, 30 mM Tris-HCI, 1.5 mM
Mg?*, and 200 pM of each dNTP. Forward and reverse primers for the target gene
were added to obtain a final concentration of 400 nM. The cDNA was added in the
appropriate volume to have the equivalent to 10 ng of RNA (in most cases, 1 pL of
the cDNA-reaction volume; only exceptionally >1 pL). All manipulations during the

reaction setup were made on ice.

Table M-3. Sequence of primers used in PCR and qPCR

Product size

Gene Primers (5 -3°) (bp) Accession #
GAPDH (mo) TGAACGGGAAGCTCACTGG 307 NM_008084.3
TCCACCACCCTGTTGCTGTA

Cipme ST ooans
T
emn  DOMOSOTTT s
GAPDH (rat) R v 200 NM_017008.4
powi ) STGMIIO 1y s
1IGO (rat) Py 277 NM_145786.1
IL-1B R1 (rat) A reArTeATeACeATe 268 NM_013123.3
TNFa R1 (rat) e eAe 140 NM_0130991.1

ACCCCAGCAAGGACACTGAGCAA
*
GAPDH (mo) AGGGCTCCCTAGGCCCCTCCTG 120 NM_008084.2

GGCTGCTCTGGGATTCTCTTC

IL-1f (mo)* AGTCATCCTCATTGCCACTGTA 120 NM_000576.2
TNFo (mo)* GACGGITIGCTACAACATACG 102 NM_0005943
T T
rotmor  SETSRMIGE 50w oomons
IL-10 (mo)* P 109 NM_000572.2
TGFp (mo)* GGAAATTGAGGGCTTTCGCC 20 NM_0006605

CGGTAGTGAACCCGTTGATGT

CTTTGCTGCCTCCAAGAACAC

- *
II-4 (mo) CCAACGTACTCTGGTTGGCT 233 NM_000589.3

* Primers designed and used in The Centre for Biological Sciences, University of Southampton, UK.
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PCR amplification was carried out in a MasterCycler Gradient thermocycler. The
PCR steps were as follows: 1st) initial denaturation, at 95°C for 3 min; 2rd) 35 PCR
cycles of melting (94°C for 30 sec) - annealing (55°C for 30 sec) - elongation (68°C
for 45 sec); 3rd) final elongation, at 68°C for 7 min. Annealing temperature was

sometimes adjusted according to particular primers requirements.

Amplicons were run in a 2% agarose gel (Thermo Fisher Scientific; 17850) in TBE
buffer (89 mM Tris pH 7.6, 89 mM boric acid, 2 mM EDTA). Ethidium bromide
solution (1 uL/10 mL of gel; Sigma-Aldrich; E1510) was added to the gel to stain
amplicons. Five pL of MassRuler DNA Loading Dye 6X (Thermo Fisher Scientific;
R0621) were added to each PCR sample. The Low DNA Mass Ladder (Thermo
Fisher Scientific; 10068013) ranging from 100 to 2,000 base pairs (bp) was used
as size reference. After electrophoresis, the bands were visualized under
ultraviolet light, and gel images captured using a Molecular Imager camera

(ChemiDoc™ XRS +; Bio-Rad).
4.9.4. Quantitative PCR

Quantitative (gqPCR) or real-time PCR was used to quantify specific mRNAs
represented in our cDNA samples. In this case the PCR products were detected
using SYBR Green I fluorescent dye, which binds specifically to the double-
stranded DNA (Morrison et al., 1998) that is progressively synthesized at each PCR
cycle. The hot start reaction mix FastStart Essential DNA Green Master (Roche; 06
402 712 001) based on SYBR Green I fluorescence method, was used for this
purpose. PCR reactions were prepared following manufacturer’s instructions, and
handling all reagents in on ice. For a final reaction volume of 20uL / well, 10uL of
the Fast Start mastermix were placed in each well of specifically designed 96-well
plate (Roche; 05102413001); forward and reverse primers were then added to get
a final concentration of 0.4 pM each. Next, 500 pg of cDNA were dispensed
(amount considered adequate after preliminary trials); water was added so that
the final volume in all wells was the same. Then, the 96-well plate was placed in a
LightCycler® 96 Instrument (Roche) for PCR reaction and amplicon fluorescence

detection.
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The following PCR protocol was programmed in the LightCycler®:
1st) denaturation at 95°C for 10 min; 2nd) 45 PCR cycles of melting (95°C for 10
sec) - annealing (60°C for 10 sec) - elongation (72°C for 10 sec); 3r4) a final

elongation step at 95°C for 5 min.

The information obtained (amplification curves, melting curves and crossing
points, CP, or cycle threshold, Ct) for each transcript was processed using the

software provided with the LightCycler® equipment.

To estimate the PCR efficiency (E), serial dilutions of the cDNA samples were
amplified, and E calculated according to the equation E = 10[-1/slopre] (Rasmussen,
2001). Relative quantification was based on the level of expression of a target gene
relative to the level of expression of a reference gene (Pfaffl, 2001); the reference
gene used in this study was glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Thus, for each cDNA experimental sample, the expression of a particular target
gene relative to GAPDH expression (Gene exp. rel. GAPDH) was calculated as

follows:
Gene exp. rel. GAPDH = (E'target) ACP target / (Egappy) ACP GAPDH

where E is the efficiency of the corresponding gene (target gene or GAPDH),
ACPrarget is the difference in crossing point (CP) values for the target gene obtained
in the control sample and in the experimental sample, and ACPcarpu is the
difference in CP values for GAPDH obtained in the control sample and in the

experimental sample (Pfaffl, 2001).
4.10. IMAGE ACQUISITION

Images of immunostained tissue or cultures where acquired with different goals.
For cell quantification purposes, images were systematically taken from the brain
areas of interest, or sometimes counted directly under the microscope. Optical
microscopy photographs were obtained using a digital camera (Nikon Digital Sight,
DS.Fil) coupled to an optical microscope (Leica, model DMLB) using NIS Elements
software F2.20 (Nikon).
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However, more detailed acquisition methods were employed when images were
intended to be used for morphometric analysis of microglial cells (Objective 1 of

this Thesis).

In this case, digital colour images of tissue sections DAB-stained with IBA1 were
obtained using an Olympus VS120 microscope (for Objective 1.1 of this Thesis).
The UPLSAPO 60x0 oil immersion objective was used to capture high resolution
images (pixel size = 115 nm?) of the selected areas. A multi-plane virtual-Z mode
allowed to capture 20 images (1 pm thick) in 20 pym depth of the tissue section,
which were later combined to obtain a single high quality image including detailed
magnification of ramified processes of the cells. In the brain areas selected for each
study, at least two sections per animal were scanned. Each acquired image was a
TIFF file of 96 ppi, and contained at least 30 cells. These images were cropped to

delimit single cells, as is later described in Image processing.

Moreover, with the aim of describing the progression of the acute inflammation, a
second set of images was acquired from parallel tissue sections, in this case DAB-
stained with anti-IL-13. The brain areas selected were scanned to establish the
spatio-temporal spreading of the neuroinflammation, using in this case the

UPLSAPO 40x2 objective.

On the other hand, with the purpose of measuring morphological parameters along
with IL-13 expression level (Objective 1.2 of this Thesis), double
immunofluorescence with IBA1 (Alexa fluor 488-conjugated secondary antibody)
and IL-1B (Alexa fluor 594-conjugated secondary antibody) was performed on
tissue sections of NA treated rats. In this case, images of activated microglia were
acquired using the inverted microscope LEICA SP5 II equipped with a confocal
scan unit. Images were captured with a 63x oil objective, using Ar (488nm) and
He-Ne (594nm) lasers. For each microscopic field selected, a three-dimensional
projection was obtained from 15-20 images taken along the z axis, by means of the

z-stack mode.
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4.11. IMAGE PROCESSING FOR THE MORPHOMETRIC CLASSIFICATION OF
MICROGLIAL CELLS

The morphometric analysis was carried out in DAB-stained microglial cells
labelled with IBA1 antibody (Fig. M-2 A-C). For this purpose, cells were selected
and cropped according to the following criteria: i) random selection starting from
the area nearest to the ventricle towards the brain parenchyma up to a depth of
about 100 pm; ii) no overlapping with neighboring cells; iii) complete nucleus and

branches (at least apparently).

Figure M-2. Pre-processing of cell digital image. After random selection of cells from the tissue
picture (A, B), the noise was removed by filtering the overall background to get a shape extraction
(C). Next, the image was changed to grayscale (D), and then transformed into a binary image (E)
using the same threshold for all pictures. The binary image was edited to clear the background and
to join all branches (F), so that the cell image would be formed by a continuous set of pixels. Finally,
a filled shape (G) and its pairwise outline shape (H) were used for morphological parameters
measures.
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Selection was done blinded to treatment. A total of ten cells per brain area were
selected from each animal. In order to analyze several morphological parameters,
each single cell cropped image was processed in a systematic way to obtain a filled

image (Fig. M-2 G), and its counterpart outlined shape (Fig. M-2 H).

For this purpose, a series of steps were performed using FIJI free software (freely
downloadable from http://fiji.sc/Fiji): 1st) the image was filtered to soften the
background and enhance the contrast (Fig. M-2 B and C, respectively); 2nd) it was
then transformed to 8-bit grayscale (Fig. M-2 D), and 3d) binarized to obtain a
black and white image by applying a previously established threshold (Fig. M-2 E).
4th) With the aim of obtaining a cell image formed by a single and continuous set of
pixels, each image was manually edited: some pixels were cleared to separate
ramifications pertaining to neighboring cells, while some pixels were added to join
processes belonging to the selected cell. This skilled step was carefully done under
the view of the original image of the cell, with special care to avoid bias (compare
Fig. M-2 E with M-2 F). 5th) The filled shape was then cropped (to place the pattern
in the center of the picture) and saved to analyze (Fig. M-2 G), and 6) finally the

filled figure was processed to extract and save the outlined shape (Fig. M-2 H).

4.12. IMAGE PROCESSING FOR THE CORRELATION OF MORPHOLOGICAL
PARAMETERS AND IL-138 EXPRESSION LEVEL

Images of tissue sections double-labeled for IBA1 and IL-18 by
immunofluorescence were taken with a confocal microscope as explained before
(Figure M-3 A,B). Individual cells were selected following the same criteria as
before (section 4.11). The green and red channels were separated (Figure M-3 C,D)

to be processed in different ways.

First, the green channel, corresponding to IBA1 staining (Figure M-3 CE), was
processed in a similar manner as that described above for the morphometric

analysis (section 4.11).

Thus, filled and outlined shapes of each cell were obtained (Figure M-4), and later
used to measure five morphometric parameters (fractal dimension, lacunarity,

area, perimeter and density) to be correlated to IL-1f3 expression.
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The red channel, corresponding to IL-1f3 staining, was used to quantify the level of
expression of IL-1f as follows. The red channel image was binarized (Fig. M-3 D,F)
using a previously established threshold (determined empirically), which was
applied to all cell images. This binary image rendered a number of “red-IL-1p"
pixels, corresponding to the expression of IL-1f. Then, the binary filled image
obtained from the green channel was used to obtain a number of “green-IBA1”
pixels, which should correspond to the total area occupied by that particular

microglial cell.

Figure M-3. Image processing for the quantification of IL-1f8 expression in IBA1 positive
cells. Random selected microglia (B) were cropped from double fluorescence immunostaining
images acquired with a confocal microscope (A). The cell image in the green channel,
corresponding to IBA1 staining (C), and the image in the red channel, corresponding to IL-1f3
staining (D), were both changed to binary images (E and F respectively) to then obtain the
number of labeled pixels for each marker. The number of red pixels (IL-1f) relative to the
number of green pixels (IBA1), expressed as percentage, was used as estimation of the level of
expression of IL-18.

The ratio of “red-IL-1f" pixels to “green-IBA1” pixels (expressed as percentage)
was considered as a measure of the level of expression of IL-1f in individual
microglial cells, independently of the size or shape of the cell (variables that may
change upon cell activation, and which are represented by the “green-IBA1”

pixels).
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D E

Figure M-4. Image processing for the morphometric analysis of fluorescently labeled IBA1
microglia. The same images of cells double labeled for IBA1 and IL-1f previously used for IL-13
quantification, were also used for obtaining high quality images of microglia shape, suitable for
morphometric analysis. For each cell, the image in the green channel (A; IBA1 staining), was
transformed into a binary image (B) and edited (C) to obtain a single and continuous field of
pixels correspondent to the cell’s shape. Filled (D) and outlined (E) shapes were then obtained,
and were later used to measure various morphometric parameters.

4.13. MORPHOMETRIC ANALYSIS OF MICROGLIAL CELLS

With the aim of quantifying the morphological changes of microglial cells over the
course of inflammation, 15 parameters were measured with the free software
FracLac for Image] (Karperien A., FracLac for Image]. http://rsb.info.nih.gov/ij/
plugins/fraclac/FLHelp/Introduction.htm. 1999-2013; available at the Image]
website, National Institutes of Health) (Karperien et al., 2013). The filled and
outlined processed images obtained as previously described (section 4.11) were
used for those measurements. Those parameters, which are schematically

explained in Figure M-5, were the following:

Fractal dimension (D) is a recognized method to identify intermediate microglial

forms ranging from simple rounded to complex branched (Karperien et al,, 2013).
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A higher D means a greater complexity of the pattern. Mandelbrot (Mandelbrot,
1983) defined a mathematical approach to describe fractal patterns, where D is the
exponent to which scale (€) is raised to get the number of identical parts to itself
(Ng). Therefore, D can be calculated from the ratio of In N¢ to In € within a structure

as the slope of a simple linear regression between In Nevs In € data.
Ng= €D D=InNg/In €

Box counting software was used to count the number of boxes containing any
foreground pixels of the outlined pictures processed along successively smaller
calibre grids (Fig. M-5 A). The box size scale was obtained as power series; that is,
the base is raised to the exponent added to it to make successive sizes. The slope
finally obtained for each image was the average of twelve measurements with

different and random placement of the grid.

Lacunarity (A) is associated with changes in the soma and additional
morphological features. This parameter measures heterogeneity or translational

and rotational invariance in a shape (Karperien et al., 2011).

Low A value infers homogeneity, having the different parts of an image similar
variance. On the contrary, high A measurements imply heterogeneity, containing
the image many differently sized gaps or lacunas. The A calculated with the box
counting software FracLac is a mass distribution of pixels from microglia images
(Fig. M-5 B). The value of A obtained was a coefficient of variation expressed as
pixel density per box as a function of box size. To avoid bias in A results, the mean
of mass distribution by power series scales and also with twelve grid locations was

calculated (Karperien et al., 2011).

Cell area was quantified as the total number of pixels present in the filled shape of
the cell image (Fig. M-5 C), later transformed to squared micrometers (pixel

area = 0.013 pm?2).

Convex hull area, where the convex hull is the smallest convex polygon (that with

all interior angles smaller than 180°) containing the whole cell shape (Fig. M-5 D).

Density was calculated by dividing the area of the cell by its convex hull area

(Fig. M-5 E). Some authors call this parameter solidity.
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Cell perimeter is measured based on the single outline cell shape (Fig. M-5 F) as

the number of pixels expressed in microns (pixel side = 0.115 pm).

A D
Fractal dimension Lacunarity Cell area (CA) Convex hull area (CHA) Density
F , G H I . | R
WY \ m /_'.
AN ]: M VY s 4mCA
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T~ TP 1T~ CP
Cell perimeter (CP) Convex hull perimeter Roughness Convex hull span Cell circularity
(CHP) ratio
K L . M 0
4mCHA v /
CHP? i
Convex hull Diameter of the Maximun span across The ratio The mean radius
circularity bounding circle the convex hull maximum/minimum

convex hull radii

Figure M-5. Schematic drawings of the parameters used to analyze the morphology of the
microglial cells. Fractal dimension (A) and lacunarity (B) were measured by the box counting
method. Cell area (C) and cell perimeter (F) were assessed by counting cell shape pixels, and both
were used to calculate the cell circularity (J). Shape measures such as convex hull area (D) and
convex hull perimeter (G) were necessary to quantify convex hull circularity (K), convex hull
span ratio (I) and maximum span across the convex hull (M). The bounding circle was required to
obtain the diameter of the bounding circle (L). Finally, some parameters were appraised by
combining previous estimations such as density (E), roughness (H), the ratio
maximum/minimum convex hull radii (N) and the mean radius (O).

Convex hull perimeter is the single outline of the convex hull (Fig. M-5 G)

expressed in microns.

Roughness was calculated as the ratio of cell perimeter to convex hull perimeter
(Fig. M-5 H).

Convex hull span ratio is the ratio of the major to the minor axes of the convex

hull (Fig. M-5 I). This parameter is also known as form factor.
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Cell circularity was calculated as (4m x cell area) / (cell perimeter)? (Fig. M-5 J).

The circularity value of a circle is 1.

Convex hull circularity was calculated as (4m x convex hull area) / (convex hull

perimeter)? (Fig. M-5 K).

Diameter of the bounding circle is the diameter (expressed in um) of the smallest

circle that encloses the convex hull (Fig. M-5 L).

Maximum span across the convex hull is the maximum distance between two

points across the convex hull (Fig. M-5 M).

The ratio maximum/minimum convex hull radii is the division of the largest to
the smallest radius from the center of mass of the convex hull to an exterior point

(Fig. M-5 N).

The mean radius was calculated as the mean length in microns from the center of

mass of the convex hull to an exterior point (Fig. M-5 0).
4.14.STATISTICAL ANALYSIS

An elaborate statistical analysis was necessary to perform the classification of the
microglial cells based on their morphological analysis. Statistical methods used
included hierarchical cluster analysis, linear discriminant analysis and principal
components analysis. On the other hand, simple linear regression analysis was
necessary to investigate the correlation between morphometric parameters and
IL-13 expression in activated microglial cells. Finally, the analysis of variance was

used to compare the group means in most experiments.
4.14.1. Hierarchical cluster analysis

With the aim of identifying similar types of microglial cells, a hierarchical cluster
analysis was performed based on the measured morphometric parameters

(section 4.13).
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SPSS Statistics software, version 21.0 (Armonk, NY; IBM Corp.) was used for this
purpose. Distance or similarity measures were generated measuring Euclidean
distance (the square root of the sum of the squared differences between values for
the items) by the Ward’s method (Ward, 1963) for interval data. All data were

normalized in order to obtain values in a similar scale.

A dendrogram plot based on the Euclidean distance (http://www.r-project.org)
was used to display the number of potential clusters. To find out the more suitable
parameters for separating our population of cells into different cell types, the
multimodality index (MMI) of each parameter was calculated (Scheweitzer and

Renehan, 1997) using the following formula:

MMI = [M3% + 1] / [M4+3 (n-1)? / (n-2) (n-3)]

where M3 is skewness, M4 is kurtosis, and n is the sample size.

The number of appropriate clusters was estimated by the Thorndike procedure
(Thorndike, 1953). Briefly, the average within-cluster distance is plotted for
different numbers of clusters, resulting in a curve that shows a decrease in the
distance as the number of clusters increases. The number of clusters finally

selected was revealed by a sudden flattening of the curve in the plot.

Additionaly, the Calinski-Harabasz criterion was performed to evaluate the optimal
number of clusters; this index is sometimes called the variance ratio criterion
(VRC). The optimal number of clusters is the solution with the highest Calinski-
Harabasz index value (Calinski and Harabasz, 1974). The VRC is calculated as:

VRCy = (S5 / SSw) x [(N-K) / (k-1)]

where SSp is the overall between-cluster variance or sum of squares, SSw is the
overall within cluster variance or sum of squares, k is the number of clusters and N

is the number observations.
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4.14.2. Linear discriminant analysis

The aim of this analysis was to identify characteristics that differentiate the groups
previously established (section 4.14.1), and also to create a function able to
distinguish, as accurately as possible, members of each group. The following

equation shows linear discriminant functions:
LD =A1X1+B2Xz+ ... AnXn + C

where A, is the coefficient of individual morphometric parameters, X, is each
variable (the morphometric parameter value) and C is a constant. Then, a number
of discriminant functions equal to g - 1 were generated (where g is the number of
groups being discriminated, that is, 4 groups or clusters in our case). Some
functions may offer a higher discriminant power than others. The F statistic value
was used to contrast the hypothesis between group means. Additionally, the
selection of variables was considered by the global Wilks’s lambda value, which
was evaluated by the chi-squared transformation. The values of standardized
coefficients show the net contribution of each variable to the discriminant
function. . The function was considered satisfactory when the predictive ability of
the discriminate function exceeded 90%. The centroid of each group and the
boundaries in the territorial map describe the predicted groups (Fisher, 1936;
Ohgomori et al., 2016; Yamada and Jinno, 2013). Linear discriminant analysis was

carried out by SPSS Statistics software.
4.14.3. Principal components analysis

To assess the overall picture of phenotypic variations in microglial cells, a principal
components analysis (PCA) was carried out. The two principal components should
exceed more than 70% of the accumulated variance (Soltys et al, 2005).
Cells’ values were distributed or plotted on the component plane by the SPSS
Statistics software. The color code was assigned to the cells based on the
hierarchical cluster classification (section 4.14.1) and on the NA/saline treatment.
The selected components were supplementary to the main variables suggested by

the previous linear discriminant analysis (section 4.14.2).
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4.14.4. Simple linear regression

With the aim of analysing the possible correlation of the expression level of a well-
defined marker of activation, IL-1f, with different morphological parameters
(specifically fractal dimension, lacunarity, area, perimeter and density), simple
linear regressions were performed. Morphological parameters were the dependent
variables and the level of expression of IL-1f3 (as determined in section 4.12) was
de independent one. The relationship between the independent variable and each
dependent variable (morphological parameter) was analyzed by pairwise datasets
of each cell, performing a separated simple linear regression for each parameter.
Regression coefficients (Fo.05(2),70,70) of each function pointed out dependence of
the dependent variable (morphometric parameters) on the independent variable
(IL-1B expression). The correlation coefficients (ro.os(2),76; to.05(2)76) measure the

strength of the linear relationship between the two variables.
4.11.5. Analysis of variance

Comparisons of data were carried out using SPSS Statistics software. The
Kolmogorov-Smirnov normality tests, along with the Levene homoscedasticity test,
were used to verify if data could be analysed by parametric methods. Two-way
analysis of variance (ANOVA) was used to compare morphometric parameter
values, using “Time” as Factor 1 and “treatment” as Factor 2, with three and two
levels respectively. In experiments involving viability measures, immunopositive-
cell counts or qPCR, the comparison of groups’ means was carried out by the two-
way or one-way ANOVA. The Kruskal-Wallis test was performed for the non-
parametric data. Pairwise multiple comparisons were performed by Tuckey or
Bonferroni tests. Non parametric data was analyzed by pairwise comparisons done

with Holm-Sidak or Tamhane tests.

For two sample comparisons, Student’s t-test was used for parametric data, and

Mann-Whitney U test in the case of non-parametric data.

Differences were considered significant when a P value < 0.05 was obtained.
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Results

5.1. MICROGLIA MORPHOLOGICAL CATEGORIZATION IN A RAT MODEL OF
NEUROINFLAMMATION BY HIERARCHICAL CLUSTER AND PRINCIPAL
COMPONENTS ANALYSIS

Microglial cells morphology is probably their most striking feature. According to
their shape, they have been categorized into broadly distinct subtypes, which are
closely related to their functional state. However, this classification has been
frequently based on visual and therefore biased observations. Quantifiable
morphological parameters may be used to facilitate microglia classification. In the
current study we searched for a method to objectively categorize microglial cells

based on their individual morphological parameters.

5.1.1. Intracerebroventricular NA induced morphological changes in
microglial cells in the septofimbrial nucleus, the CA3 hippocampal area, and

the periventricular hypothalamus

Few hours after NA injection, morphological changes of microglia were observed in
different brain areas (Fig. R-1) nearby the ventricular wall, as the injection is
performed within the right lateral ventricle. For the present study, three regions
located close to the ventricular surface were selected (the septofimbrial nucleus,
the CA3 hippocampal area, and the periventricular hypothalamus) based on the
evident morphological change of microglia (and later confirmed activation by
IL-13 staining), and because they are relevant structures in cognitive processes
and for neuroendocrine integration. At first sight, microglial cells labelled with
IBA1 ranged from ramified in saline treated animals (Fig. R-1 A-C, G-I, M-0) to
de-ramifying or bushy forms in NA injected ones (Fig. R-1 D-F, J-L, P-R). However,
microglia polymorphism was also evident within the control group treated with
saline. Thus, cells from hippocampus (Fig. R-1 G-I) were highly branched with thin
extensions and small round or oval somas, while those in the septofimbrial nucleus
(Fig. R-1 A-C) displayed less secondary processes and a larger cell body.
Furthermore, cells in the hypothalamus (Fig. R-1 M-0) appeared hypertrophied,
with shorter and thicker branches, a morphology similar to that observed in NA

treated animals (Fig. R-1 D, K, L).
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Figure R-1. Polymorphism of microglial cells from different brain areas in basal conditions
and after an inflammatory stimulus. Microglia morphology, evidenced by the size and form of
the soma, and the presence and the length of secondary/tertiary branches, remained unchanged
12 h after saline administration within the lateral ventricle in the three areas studied: the
septofimbrial nucleus (A-C), the hippocampus (G-I), and the hypothalamus (M-0).
Neuraminidase injection resulted in morphological changes of microglial cells in the
septofimbrial nucleus (D-F), the hippocampus (J-L) and the hypothalamus (P-R).Only 2 h after
neuraminidase (NA) injection, cells in the septofimbrial nucleus showed a larger soma (D), and
thicker primary branches after 12 h (F) compared to the pairwise sham samples (A-C). In basal
conditions microglia located in the hippocampus (G-I) exhibited a higher degree of ramification
compared to cells in other areas (A-C, M-0). These profuse ramifications appeared slightly
decreased 2 h after NA injection (J), and clearly reduced 4 h (K) and 12 h (L) later. Microglia in
the hypothalamus presented a different shape to that located in the hippocampus or
septofimbria, with low homogeneity, a large soma and thick branches that could be observed in
samples from saline treated rats (M-0). A significant drop in branch length was observed 4 h (Q)
and 12 h (R) after NA injection. LV = lateral ventricle; CA3 = field CA3 of the hippocampus;
3V = third ventricle.
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Bushy microglia, with short and poorly ramified processes of different thickness
around swollen cell bodies, were found in several locations of NA treated samples
(Fig. R-1 F, Q, R). Occasionally, some cells showed a highly heterogeneous form
(Fig. R-1 E).

5.1.2. IL-1f expression evidences an acute neuroinflammatory reaction

provoked by NA in periventricular areas

Upon appropriate stimulation, resident microglia and macrophages infiltrated
from systemic circulation become polarized towards a pro-inflammatory M1
phenotype, which is characterized by the synthesis of cytokines such as IL-1f
(Orihuela et al., 2016).
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Figure R-2. Neuraminidase induces IL-1p expression in microglial cells. (A-C) Brain sections
of rats sacrificed 12 h after NA injection were immunostained for IL-1f. Positive cells appeared
near the ventricle in all the areas studied, indicating an inflammatory reaction. (D-L) Parallel
sections from the septofimbrial nucleus (D, G, H), hippocampus (E, I, J) and hypothalamus (F, K,
L) were double-labeled by immunofluorescence with IBA1 (green) and IL-1f (red) antibodies.
Some cells show label with both makers, while many others do not express IL-1f. Samples from
saline injected animals did not display IL-1f staining (data not shown). Dashed lines indicate the

ventricular surface. LV =lateral ventricle; CA3 =field CA3 of the hippocampus; IIIV = third

ventricle.
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In NA injected animals, immunohistochemistry revealed IL-1f positive cells in the
periventricular areas of the septofimbrial nucleus (Fig. R-2 A), the CA3 of
hippocampus (Fig. R-2 B), and the hypothalamus (Fig. R-2 C) 12 h after the
injection. In some NA treated animals, IL-1f labelling was detectable even at
shorter post-injection times (2-4 hours), and no label at all was observed in saline
injected animals (data no shown). Thus, in this model NA could be considered to
produce a sterile inflammatory reaction that drives microglia towards a pro-

inflammatory phenotype.

Double immunofluorescence showed a broad colocation of IL-1f3 in IBA1 positive
cells in all the studied areas: the septofimbrial nucleus (Fig. R-2 D), the
hippocampus (Fig. R-2 E) and the hypothalamus (Fig. R-2 F). However, many IBA1
positive cells did not display IL-1f staining (Fig. R-2 D-F). IL-1f positive cells were
mostly located nearby the ventricular surface (cells for this study were sampled

within 100 pum from the ventricle).

5.1.3. Five quantitative morphological parameters of microglia were
statistically different in cells from NA treated animals compared to saline

controls

Morphological analysis of a total of 480 microglial cells was performed by
measuring five different parameters. Fractal dimension (D), determined by the box
counting method, showed a statistically significant decrease (P <0.001) in NA
treated samples with respect to saline ones in the three areas studied
(Fig. R-3 A-C), which was more pronounced in the septofimbrial nucleus 12 h after
NA administration (Fig. R-3 A). This reduction in D values indicate a lower pattern
complexity (Karperien et al., 2013), that is, less branch complexity of microglial
cells after NA treatment. In saline controls, D values about 1.40-1.45 were obtained
in the hippocampus (Fig. R-3 B), while those values ranged 1.30-1.35 in the
septofimbrial nucleus (Fig. R-3 A) and the hypothalamus (Fig. R-3 C). Those
differences in D values in basal conditions indicate heterogeneity of microglial

populations between different brain areas.
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Figure R-3. The morphological parameters fractal dimension, lacunarity, cell area, density,
and cell perimeter reveal microglial activation after NA treatment. A morphological analysis
of microglia from different brain areas was carried out in samples from NA treated and sham rats.
Twelve hours after NA injection, all parameters changed significantly compared to saline injected
animals, in the three selected areas: the septofimbrial nucleus, the hippocampus and the
hypothalamus. However, the parameter area did not change in microglia from hippocampus (H)
and the hypothalamus (I), even though the rest of parameters revealed microglial activation in
those regions. Activation of microglia was evidenced by lower fractal dimension (A-C) and
lacunarity (D-F), indicating decreased branch complexity and heterogeneity respectively, a
higher density (J-L), what implies a more compact shape, and a lower cell perimeter (M-0). Pair
comparisons results are shown with letters on top of each bar of the histograms. Within each
graph, the same letter means no significant difference between the groups, while different letters
indicate a statistically significant difference. If no letter appears on top of a bar, no differences
exist between any group (Hand I). In A-Fand J-0O:a,b,c=P < 0.001.In G:a,d =P < 0.05.
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In the case of the parameter lacunarity (A), a statistically significant decline
(P <0.001) was also observed after the administration of NA (Fig. R-3 D-F), with
values ranging from 0.41-0.44 in saline samples and 0.31-0.37 in NA treated ones.
The decrease was evident as soon as 2 h after the injection in hippocampus
(Fig. R-3 E) and hypothalamus (Fig. R-3 F). Since A assess heterogeneity or
translational and rotational invariance in an image, lower A values imply
homogeneity (Karperien et al., 2011), i.e. under the influence of NA microglial cells

change towards a more homogenous shape.

The parameter area was clearly different in microglial cells from different brain
regions (compare Fig. R-3 H with R-3 I), again was indicating various microglial
populations. However this parameter did not change in hippocampus (Fig. R-3 H)
nor in hypothalamus (Fig. R-3 I) upon NA treatment. Conversely, in the
septofimbrial nucleus (Fig. R-3 G) NA provoked a significant decrease (P < 0.05) in

microglia area 4 h after injection (505 + 70 pm? in saline vs 350 + 70 um? in NA).

When density was analysed, values of this parameter were significantly increased
(P <0.001) in all the areas studied when NA was administered, and such increase
was evident as early as 2 h post-injection of NA (Fig. R-3 ]J-L). Density values
doubled in microglial cells in hippocampus (Fig. R-3 K), hypothalamus (Fig. R-3 L),
and septofimbrial nucleus (Fig. R-3 ]), with values ranging from 0.21 + 0.01 in
saline microglia in hippocampus, up to 0.46 +0.02 in NA microglia in
hypothalamus. The increase in density shows the tendency of the cells to be more

compact after NA injection.

Finally, the perimeter of the cells was analysed as well; it decreased significantly
(P <0.001) in the three areas studied when NA was injected (Fig. R-3 M-0). As
occurred with density and area, perimeter values were different in basal conditions
between the studied areas, the hippocampus presenting the highest values
(1770 £ 112 pm; Fig. R-3 N), and the hypothalamus the lowest (330 + 60 um;

Fig. R-3 0). A decrease in cell perimeter is indicative of fewer ramifications.
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Pair comparisons of the microglia from different experimental groups within each
region studied indicated that three different morphotypes could be distinguished,
particularly when D, density and perimeter values are compared (letters a, b and ¢
in each graph of Fig. R-3). Neither area nor lacunarity were sensitive enough to

distinguish these three morphotypes (Fig. R-3 G-I).

We next searched for a more comprehensive method to classify our microglia

population, regardless the brain region or the experimental treatment.

5.1.4. Hierarchical cluster analysis allows the identification of four types of

microglial cells based on morphological parameters

The choice of suitable variables is critical in determining the outcome of
hierarchical cluster analysis (HCA). At the first stage of this study, we considered
the five parameters explained above, and examined the multimodality index (MMI)
of those parameters. The MMI gives an idea of the distribution of the data around
one or multiple values of the parameter. Thus, parameters with MMI > 0.55 are
multimodal and therefore suitable to perform cluster analysis (Scheweitzer and

Renehan, 1997).

Among the previously analysed parameters, only cell perimeter had a MMI greater
than 0.55, and the other four had MMI lower than 0.55, so we proceeded to
quantify new parameters (up to 15 parameters; Tables R-1, R-2 and R-3 at the end
of Results, pages 161-163) and calculate their MMI (Table R-4).

Based on their MM], the following four morphometric parameters were selected
for the cluster analysis: cell circularity, convex hull area, cell perimeter and convex

hull span ratio.

The HCA performed on z-transformed data sets yielded a dendrogram based on

the Euclidean distance between groups, using the Ward’s method (Fig. R-4 A).

The Thorndike’s procedure (Thorndike, 1953) was applied to establish the
appropriate number of clusters (Fig. R-4 B). This method uses the representation
of linkage distance versus linkage steps (or number of clusters); a sudden decrease
in linkage distance occurs at a certain number of clusters, which is evidenced by a

marked flattening of the curve.
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In our case, this happens when the number of linkage steps is four (dashed line in

Fig. R-4 B). Microglial cells were thus classified into four clusters (Fig. R-4 A).

Table R-4: Multimodality index (MMI) of
morphometric parameters

Parameter MMI
Cell circularity 0.669*
Convex hull area 0.577*
Cell perimeter 0.567*
Convex hull span ratio 0.558*
Convex hull circularity 0.546
Max/Min convex hull radii 0.479
Roughness 0.450
Convex hull perimeter 0.439
Density 0.429
Convex hull mean radii 0.429
Cell area 0.412
Diameter of the bounding circle 0.408
Maximun span across the convex hull 0.404
Fractal dimension 0.396
Lacunarity 0.393

* Selected parameters with MMI > 0.55

Moreover, the variance ratio criterion (VRC) values of k-clusters were also
determined (Table R-5). The higher VRC values point out the most appropriate
number of clusters; it appraises both the distance between different clusters, as
well as the closeness of data within each of those clusters (Calinski and Harabasz,
1974). In our analysis the VRC value was highest in the case of 4 clusters (Table R-

5), thus corroborating the previous cluster definition by the Thorndike procedure.

Clusters were numbered according to their size, from the largest to the smallest:

Cluster 1, 2, 3 and 4.
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Hierarchical cluster dendrogram
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Figure R-4. Classification of microglia according to morphological parameters. (A)
Hierarchical cluster analysis of microglial cells sampled from septofimbrial nucleus, hippocampus
and hypothalamus of rats after the injection of NA or saline, based on four suitable parameters
selected according to their multimodality index value. Dendrogram for 480 cells, where the
abscissa represents individual microglia and the ordinate corresponds to the linkage distance
measured by Euclidean distance. The dashed line denotes the cut off for four clusters, numbered
1 through 4, which were color coded green, orange, blue and dark red, respectively. (B) A plot of
linkage distance versus linkage steps (or number of clusters) was performed following
Thorndike’s procedure. The vertical dashed line points out a marked decline in the slope, which
indicates that 4 is an appropriate number of clusters. (C, D) Territorial mapping of microglial
cells on the plane explained by the first two linear discriminant functions (LD1 and LD2); the
proportion of trace for each LD is shown in parenthesis. In the graph on the left (C) cells are color
coded according to cluster allocation; the centroids represent the mean value of each cluster. In
the graph on the right (D) the same cells are color coded based on saline/NA treatment.
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Table R-5: Variance ratio criterion
(VRC) following Calinski-Harabasz

Number of clusters

VRC

2

124.4

410.2

453.9*

347.3

410.1

451.2

||| H| W

446.6

9

124.4

* The highest VRC value indicates the appropriate

number of clusters

Results

5.1.5. Linear discriminant analysis revealed that convex hull span ratio, cell

circularity and convex hull area are the critical parameters when sorting

microglial cells

One of the goals of the linear discriminant analysis (LDA) is to predict the

allocation of a particular microglial cell to one of the 4 established clusters.

Therefore, first we analysed whether there were significant differences between

clusters for each of the independent variables, using group means and ANOVA

(Table R-6).

Table R-6: Parameters ANOVA used for LDA for clusters comparison.

Parameter Wilks’s lambda F dfl  df2 P
Cell perimeter 0.500 125.35 3 476  <0.001
Cell circularity 0.477 137.51 3 476 <0.001
Convex hull area (um) 0.242 393.44 3 476  <0.001
Convex hull span ratio 0.520 115.55 3 476 <0.001

The differences were statistically significant for each variable, suggesting that

these variables were good discriminators for microglia classified in the 4 different

clusters.
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Next, we searched for linear discriminant functions which could explain the
variance, and also suggest the variables that are more relevant for discrimination,
i.e. that have the highest predictive capacity. This search resulted in two functions:
the linear discriminant function 1 (LD1), with a correlation of 0.929, explained
85.5% of variance, and the linear discriminant function 2 (LD2), with a correlation
of 0.716, described 14.3% of variance (Table R-7). Thus, both functions together
accumulated 99.7% of variance, and only a 0.03% remained unexplained.
Moreover, Wilks’s lambda and chi-squared pointed out significant differences
between the means of the compared groups (Wilks's Ilambda=0.479;
chi-squared = 275.9; df = 6; P < 0.001).

Table R-7: Coefficients of linear discriminant functions (LDs)

Main parameters LD1 LD2
Convex hull span ratio -0.68* 0.62
Convex hull area 0.68* 0.63
Cell perimeter 0.42 0.33
Cell circularity -0.39 0.88**
Proportion of trace (%) 85.5 14.3

* ** The highest absolute values indicate the best predictor parameters

The discriminant functions include coefficients for each variable, which are listed
in Table R-7. The value of those coefficients indicates the partial contribution of
each variable to the function, that is, the importance of each variable as predictor
of cell sorting in the 4 clusters, with a higher absolute value indicating a better

predictive variable.

In the current study the strongest predictors by means of the function LD1 were
the convex hull span ratio and the convex hull area, because they present the
highest coefficient values. Regarding the function LD2, the most relevant
parameter was cell circularity (Table R-7). Besides, the cross validated
classification by using LD1 and LD2 functions resulted in 87.9% of the cells

correctly allocated in the corresponding cluster.
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The discriminant scores of 480 microglial cells were determined for LD1 and LD2,
and plotted in a territorial map using a colour code to identify each cluster
(Fig. R-4 C). This type of graph shows how cells within each cluster are grouped

around a centroid (the cluster mean).

This territorial map was used to see how microglia from NA treated (yellow-
orange circles in Fig. R-4 D) and saline control animals (blue circles in Fig. R-4 D)
are distributed. Interestingly, most microglia in the territory of Cluster 3 belong to
saline controls or NA treated but at short post-injection times, and most cells in
Cluster 4 come from NA treated animals. Cluster 1 includes mostly cells from NA
treated rats, but also some from saline controls. Cluster 2 includes a mixture of

cells from both experimental conditions.

This puzzling result could be explained by the following histogram distribution
(Fig. R-5), where the percentage of cells in each cluster was plotted considering the

brain area of origin, the saline/NA treatment and the time post-injection.

Thus, Cluster 4 clearly represents NA activated microglia in the three brain areas
studied, but Cluster 4 cells are more abundant in the hypothalamus (Fig. R-5).
Cluster 1 also includes mostly cells from NA treated animals, but some cells from
saline controls are also allocated in this cluster, particularly those from the
hypothalamus and the septofimbrial nucleus (Fig. R-5). Clusters 2 and 3 represent
cells in saline controls or cells in NA treated rats but at short post-injection times
(i.e. not yet activated), thus clarifying, at least partially, the apparent mixture of

phenotypes within these clusters.

The histogram shows additional information; for example, resting microglial cells
residing in the hippocampus belong mainly to the Cluster 2 (while this phenotype
is scarce in the hypothalamus), and the activated phenotypes in this area are

distributed between Clusters 3, 4, and preferentially Cluster 1.

A further analysis was performed to refine this classification (see next section).
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Figure R-5. Distribution of microglial cell Clusters in different brain areas. The percentage
of microglial cells belonging to the different clusters was plotted considering their brain location,
saline/NA treatment, and post-injection time. Cluster 1 cells (green bars) slightly decreased after

NA injection in the hypothalamus; however in the hippocampus they appeared after NA injection.

Cluster 2 cells (yellow bars) were mainly present in saline samples of all brain areas, so they
probably represent a surveillant morphotype. Cluster 3 cells (blue bars) were scarce compared to
other clusters, and distributed in saline and NA samples. As occurred with Cluster 1, a correlation
of Cluster 3 cells with a particular functional state is not easy to establish. Finally, Cluster 4 cells
(dark red bars) were exclusively present in NA injected animals; therefore corresponded to
activated microglia.
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5.1.6. Principal components analysis revealed that maximum span across the
convex hull and convex hull circularity are supplementary features that aid

microglia classification

The eleven morphometric parameters describing microglial shape obtained
previously were subjected to principal components analysis (PCA). As a result, the
first two principal components (PC) accounted for 79.4% of the observed

variability (PC1 = 62.3%, PC2 = 17.1%; Fig. R-6 A; Table R-8).

Table R-8: Coefficients of principal components analysis (PCs)

Principal components PC1 PC2
Convex hull perimeter 0.97*

Convex hull mean radii 0.95*

Diameter of the bounding circle 0.91* 0.37
Maximun span across the convex hull 0.90* 0.38
Roughness 0.89

Fractal dimension 0.86

Cell area 0.85

Density -0.72

Convex hull circularity 0.50 -0.80**
Lacunarity 0.48

Max/Min convex hull radii -0.44 0.78
Proportion of trace (%) 62.3 17.1

* **The highest absolute values indicate the parameters with greater influence

In this analysis, some of the fifteen parameters can be discarded, because they
overlap with others in the same component, PC1 or PC2. Only those parameters
with the strongest correlation with each component (i.e. with the highest

coefficient values) should be considered (Table R-8).

Thus, PC1 was highly affected by convex hull perimeter or maximun span across the
convex hull, while PC2 was mainly influenced by convex hull circularity or max/min

convex hull radii.
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Since the present analysis intended to further classify microglial cells, those
parameters with high PC coefficients were chosen. Thus, maximum span across the
convex hull was pondered as the main parameter of PC1, and convex hull circularity
for PC2. These parameters were selected based on their potency as discriminators,

which was also evaluated by pair comparisons within each of the 4 Clusters.
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Figure R-6. Distribution of microglial cells on the principal components plane. (A)
Distribution of microglial cells on the principal components plane with projections of the main
variables (PC1 and PC2) from coordinates origin, and the percentage of total variance explained
by each component. Each cell was color coded according to its Cluster allocation. Cells belonging
to the same cluster appear grouped on the component plane. (B-D) The same distribution was
plotted for each of the studied areas, and using a color code to indicate saline (blue) or NA
(vellow) treatment. Dashed elliptical lines were drawn to highlight the region of the plane
occupied by each type of cells.
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To compare hierarchical cluster results obtained previously with PC analysis

outcome, microglia scores were distributed on the PC plane (Fig. R-6).

Cells were categorized by colours according to their cluster allocation (Fig. R-6 A).
Such graph showed that cells belonging to different clusters were grouped in the
same region of the PC plane. Thus, the PCA results validate the four cluster
partition obtained by HCA. In this way, the PC plane revealed the possibility of
separating Cluster 2 and Cluster 4 by the PC2; microglia included in Cluster 2
would present high branch complexity in contrast to cells in Cluster 4, which
would exhibit simpler ramifications. On the other hand, PC1 could be used to
separate Cluster 1, which would include cells with a more circular shape, from

Cluster 3, mostly containing polarized cells (Fig. R-6 A).

The distribution of cells in the PC plane allows going one step further, since some
clusters can be broken down by the coordinate axis. Thus, the values obtained
from the main PC parameters were useful to split each of the four clusters into sub-

clusters (here called Types; Fig. R-7 B).

In this way, Clusters 1 and 3 were subdivided by considering the parameter
maximum span across the convex hull (selected as major component of PC1 based
on its high coefficient value), and Clusters 2 and 4 were further divided by using
the parameter convex hull circularity (selected as a main parameter of PC2). To find
out if the pairwise fragmented Types were actually different, the statistical

comparison of the means of the discerning parameter was performed.

The results showed significant differences (P < 0.001) in the parameter maximum
span across the convex hull (MSACH, Fig. R-7 B) between the two new morphotypes
(Type 1.1 and Type 1.2) obtained from Cluster 1, as well as between those
obtained from Cluster 3 (Type 3.1 and Type 3.2). Similarly, the two new microglial
morphotypes obtained according to the parameter convex hull circularity
(CHC, Fig. R-7 B) from Cluster 2 (Types 2.1 and 2.2) and from Cluster 4 (Types 4.1
and 4.2) were also statistically different (P < 0.001).
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Morphometric microglia values
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Figure R-7. Categorization of microglial cells by means of a logical decision tree based on
morphological parameters. (A) With the aim of assigning cells into one of the four proposed
clusters a logical decision tree was designed based on the strongest predictor parameters
revealed by the linear discriminant analysis. For each individual microglial cell, the first
parameter to be analyzed would be the convex hull span ratio (CHSR). Cells with a value greater
than 1.93 could be assigned to Cluster 4, while those with lower values would be then evaluated
by its cell circularity (CC) or its convex hull area (CHA). These two parameters would allow to
allocate cells to Clusters 1, 2 and 3, according to the parameter values indicated in (A). (B)
Principal components analysis suggested a further microglia classification with a descriptive
categorization. In this case cells within the different clusters were classified based on values
respect to the plot axis in the PC plane. The main parameter of PC-1, maximum span across the
convex hull (MSACH), allowed to split Clusters 1 and 3, resulting in Types 1.1 and 1.3, and Types
3.1 and 3.2 respectively. In both cases, the resulting Types were significantly different according
to their MSACH values (P < 0.001). The main parameter of PC-2, convex hull circularity (CHC), was
used to split Clusters 2 and 4 in Types 2.1 and 2.2 and Types 4.1 and 4.2 respectively. Differences
in CHC between these Types were significant (P <0.001). Cells are all in the same scale
(scale bar: 50 pm).
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Figure R-8. Different microglia filled shapes and their corresponding parameters values.
Values of the strongest predictor parameters of linear discriminant analysis and principal
components analysis, corresponding to a survey of microglial cells from different brain areas and
saline/NA treatments. Parameters values are at the top of each cell. Cells are shown in the same
scale (scale bar: 50 pm).

The classification of microglia by linear discriminant analysis (LDA) was connected
to the cell classification performed by principal components analysis (PCA),
resulting in a tree (Fig. R-7), where the top panel corresponds to the LDA and has a
predictive capacity, and the bottom panel corresponds to the PCA, which is not
predictive. In this way, cells were first allotted to 4 Clusters according to three
parameters (convex hull span ratio, CHSR, cell circularity, CC, and convex hull area,
CHA; Fig. R-7 top), and later subdivided in 8 Types based in two additional
parameters (CHC and MSACH; Fig. R-7 bottom).

The range of values of each of the 5 parameters considered for the decision tree
was quite ample, and therefore cells with rather different morphological features

may be included (Fig. R-8).
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To find out if the four Clusters and the defined eight Types of microglia were
related to their different activation states, the scores of microglial cells obtained by
PCA were scattered on the PC plane, considering the saline/NA treatment, and the
brain area sampled: the septofimbrial nucleus (Fig. R-6 B), the hippocampus
(Fig. R-6 C), and the hypothalamus (Fig. R-6 D). In each brain area, cells from saline
or NA treatments were grouped in the same region of the plane (dashed ovals in

Fig. R-6 B-D).

However, these regions did not completely overlap when comparing different
brain areas (compare saline in hippocampus Fig. R-6 C, with saline in
hypothalamus Fig. R-6 D), suggesting that microglial cells residing in those areas
are morphologically distinct, and therefore would be classified as different Clusters
or Types. Furthermore, the resting morphology of cells in hypothalamus (blue
circles in Fig. R-6 D) widely overlaps with NA activated cells in hippocampus
(orange circles in Fig. R-6 (), indicating that the resting versus activated

morphology is dependent on the brain area.

As a result of the decision tree, a new histogram was obtained, presenting the

percentage of cells of each Type within each brain region (Fig. R-9).

For simplification, only cells from 12 h post-injection samples were included.
According to this histogram, Type 2.1 mostly represents surveillant microglia from
septofimbria, while Type 2.2 represents surveillant microglia in hippocampus. This
does not mean that these phenotypes are not present in other regions, but here we

emphasize the most typical location of each Type.

This histogram also shows that Cluster 4, as well as the subtypes derived from it,
include activated microglia. In this case, Type 4.1 and Type 4.2 are found both in
septofimbria and in hypothalamus; while Type 4.1 is more abundant in

septofimbria, Type 4.2 is more frequent in hypothalamus.

As previously exposed, Cluster 1 and Cluster 3 include a mixture of surveillant

(saline) and activated (NA) phenotypes.
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Figure R-9. Distribution of microglial cell Types in different brain areas. Microglial cells
from 12 h post-injection animals were classified using the previously proposed decision tree. For
each cell Type, the distribution (percentage) of cells in different brain areas (septofimbrial
nucleus, hippocampus and hypothalamus) and treatments (saline/NA) was plotted as histogram.
Color of bars indicates Cluster origin (same color code as Fig. 7), using light color for Type x.1 and
dark for Type x.2. At the top in blue, the distribution (percentage) in Types of the total cells
analyzed (about 150 cells) is indicated. Dotted bars indicate the most representative microglial
Type for each brain region and treatment.

However, the histogram helps to clarify this issue. Type 1.1 is a surveillant
phenotype in hypothalamus, but an activated phenotype in hipoccampus, while
Type 1.2 a surveillant phenotype in septofimbria. Therefore, the same Type (1.1)

may represent different activation phenotypes depending on the brain region.

Similarly, Cluster 3 cells distribute between surveillant and activated cells; Type
3.1 represents an activated state in the hippocampus, while Type 3.2 represents a

surveillant phenotype in hypothalamus.
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Figure R-10. A proposed model of the distribution of microglial morphotypes in the rat
brain subjected to induced sterile inflammation. Surveillant microglia are represented by
morphotypes of Cluster 1 (Types 1.1 and 1.2) and Cluster 2 (Types 2.1 and 2.2). An additional
surveillant morphotype (Type 3.2) can be found in the hypothalamus. Type 2.2 is almost
exclusive of the hippocampus, and is the main surveillant form found in this brain region. Upon
activation by NA injection, the most representative morphotypes are Types 4.1 and 4.2 derived
from Cluster 4, and Type 3.1. However, morphotypes derived from Cluster 1 can also be found
in brains treated with NA (e.g. Type 1.1 in hippocampus). Therefore, some Types are clearly
associated to surveillant (2.1, 2.2, 3.2) or activated (3.1, 4.1, 4.2) forms of microglia, while
others (Type 1.1) can correspond to either state. For this reason, to define the activation status
of a particular microglial cell its brain location must be taken into account. Cells are shown in
the same scale (scale bar: 50 um).

In this way, the distribution of microglial cells from each Type in the different
brain areas and under different activation states is settled (Fig. R-10). However, as
the histogram shows, this is evaluated in terms of abundance, as most Types are

not exclusive of a region or treatment (saline/NA).
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5.2. MORPHOLOGICAL PARAMETERS OF NA-ACTIVATED MICROGLIAL CELLS
CORRELATE WITH IL-1B EXPRESSION LEVEL

We previously established that microglial cells can be classified according to their
morphological parameters. These parameters resulted to be quite sensitive in
order to discriminate subtle differences in the shape of microglial cells. Such shape
differences are usually related to microglial activation. In this study we aimed to
correlate selected morphological parameters with the level of IL-13 expression, as

this cytokine is the most representative hallmark of microglial M1 activation.

5.2.1. Different degrees of IL-1f3 expression in the population microglial cells

activated after NA administration

It is widely accepted that microglial cell polarization to the M1 state can be
identified by IL-1B expression (Orihuela et al.,, 2016) ICV administration of NA
results in the activation of microglial cells located nearby the ventricular system,

which is detected by IL-1[3 expression.

Figure R-11. IL-1 staining highlights microglia activation in periventricular areas after
NA injection. Double immunofluorescence showed a broad colocation of IL-1f (red) in IBA1
(green) in caudate-putamen (A), septofimbrial nucleus (B) and hypothalamus (C) of NA
injected animals 12 h after the injection. The diverse intensity of IL-1f staining is manifest.

CP = caudate-putamen, SF = septofimbrial nucleus, H = hypothalamus, LV = lateral ventricle,
[IIV = third ventricle. The dashed lines indicate the ventricular surface.
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Double immunofluorescence showed a broad colocalization of IL-1f in IBA1l
positive cells in periventricular areas of caudate-putamen (Fig.R-11 A),
septofimbrial nucleus (Fig. R-11 B), and also the hypothalamus (Fig. R-11 C) of NA
injected animals 12 h after the injection. Since NA was injected within the right
lateral ventricle, IL-1f3 positive cells appeared first in microglia located close to this
ventricle in caudate-putamen and septofimbrial nucleus (6 h post-injection; not
shown). Later (12 h post-injection), [L-1f3 positive microglia can be observed in the
hypothalamus nearby the third ventricle, as NA is distributed to other brain areas

by the rostro-caudal cerebrospinal fluid flow.

Figure R-12. IL-1f8 level of expression among the microglial cell population is notably
diverse. (A) Double fluorescence image of the septofimbria showing IBA1 positive (green)
microglial cells nearby the ventricular surface. IL-1f staining (red) in these cells is not equally
intense. (B-G) Sampling of microglial cells with diverse levels of IL-1 (red) expression, ranging
from high (B, C), or medium (D, E) to low (F, G). Note that as IL-1f staining decreases from B to G,
arborization of cells (revealed by IBA1) increases. LV = lateral ventricle. The dashed line outlines

the ventricular surface.
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IL-1B positive microglia were found up to about 100 um under the ventricular
surface, and they remarkably presented variable degree of IL-1f expression
(Fig. R-12), ranging from quite high (Fig. R-12 B, C) and medium (Fig. R-12 D, E)
to almost none (Fig. R-12 F, G). With a naked eye, microglia with lower IL-13
expression bears more and longer ramifications (Fig. R-12 F, G). Moreover, cells
with higher IL-1p expression were usually located closer to the ventricle, although
it was also possible to find some low-expressing IL-1f3 cells next to the ventricle.

(see arrow in Fig. R-12 A).

As proximity to the ventricle or subjective visual assessment of cell’s shape are not
reliable parameters to infer IL-1p expression in microglial cells, we aimed to
correlate objective morphometric parameters with IL-13 expression level. To do
so, microglial cells double-labelled with IBA1 (Fig. R-12, green) and IL-1f (Fig. R-
12, red) were randomly picked from the subventricular region of caudate-

putamen, septofimbria and hypothalamus of rats injected with NA 12 h before.

5.2.2. Morphological measurements of microglia from NA treated rats

present a broad variability

Microglial cells double labelled with IBA1 (green channel) and IL-1f3 (red channel)
were selected as previously explained (section 4.11); a total of 130 cells were
picked in the periventricular region of caudate-putamen, septofimbrial nucleus,
and hypothalamus. Images were acquired with a confocal microscope, and high
resolution z-stack images were generated in order to include all ramifications of
each cell. For each cell, the green channel (IBA1) image was processed to obtain
filled and outlined shapes as previously described (Fig. M-3 and M-4; see Material
and methods), which were then used to obtain the following morphometric
parameters: fractal dimension, lacunarity, area, perimeter, and density (Fig. R-13).
Morphological variability among microglial cells could be appreciated with the
naked eye, which was also evident in the wide range of values of the parameters

measured (Fig. R-13).

On the other hand, the image of the red channel (IL-1f staining) was also binarized

and used to obtain a number of red-pixels (Fig. M-3). The number of red-pixels
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relative to the number of green-pixels (IBA1), resulted in a value that was
considered as the expression of IL-1f relative to IBA1, regardless the size or

arborization of each particular cell.
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Figure R-13. Morphological variability of microglial cells and their corresponding
parameters values. Values of fractal dimension, lacunarity, cell area, density, and cell perimeter
of a survey of NA-activated microglia from different brain areas. As can be observed, activated
microglia can adopt quite diverse forms. Parameters values are at the top of each cell. All shapes
are at the same size scale.

Fractal dimension (D) was determined by the box counting method; data ranged
1.15-1.42 with a mean value of 1.30 + 0.04 (Fig. R-14 A). These values correspond
to different morphotypes (Fig. R-13), from de-ramifying, hypertrophied or bushy
(higher values) to unramified or amoeboid (lower values), but never ramified or
resting microglial cells (Karperien et al,, 2013). The one-way ANOVA pointed out
that there was no significant difference between cells from the three regions
studied (F =0.41; df =2, 126; P > 0.95). Data of the parameter lacunarity (A) did
not follow a normal distribution nor showed homoscedasticity. Therefore the non-
parametric Kruskal-Wallis test was used; it revealed significant differences

between cells in the different regions (H = 11.67; P < 0.005).
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Figure R-14. Morphological parameters analysis of NA-activated microglia sampled from
caudate-putamen, septofimbrial nucleus and hypothalamus. Cells from 12 h post-NA
injection animals were sampled for their morphological analysis based on five parameters. A total
of 23, 41 and 67 cells were sampled from caudate-putamen, septofimbrial nucleus and
hypothalamus respectively. Fractal dimension (A), area (C) and perimeter (D) were similar in
microglia from the three selected areas. However, nonparametric ANOVA by ranks revealed that,
according to the parameters lacunarity (B) and density (E), the same cell populations appeared as
different. More specifically, based on lacunarity and density, caudate-putamen and septofimbrial
cell populations were different between them, while the hypothalamic population did not differ
from those in the other two regions. Within each graph, the same letter means no significant
difference between the groups, while different letters indicate a statistically significant difference
(P < 0.005). If no letter appears on top of a bar, no differences exist between any groups.

The Mann-Whitney U test for pairwise comparisons revealed lower A values in
caudate-putamen (0.37 * 0.02) compared to A measured in septofimbrial cells
(0.43 £ 0.02; Fig. R-14 B). Since lower A values imply homogeneity (Karperien et
al, 2011), microglia from caudate-putamen are more homogeneous while those
from the septofimbrial nucleus are more heterogeneous. Hypothalamic microglial

cells were not different to those cells in other regions regarding A (0.41 + 0.01).

As for A, the parameter area was analyzed by a non-parametric method. This
parameter was similar in the three regions, with a mean value of 480 + 114 pm?

(H=4.22; P=0.10; Fig. R-14 C). Similarly, the mean perimeter of the cells from the
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different regions was not significantly different, resulting in a mean value of

467 £ 94 ym (F = 0.45; df = 2, 129; P > 0.95; Fig. R-14 D).

Finally, mean density of the cells from the three brain regions was analysed with
the Kruskal-Wallis test. Density values between the regions studied were
significantly different (H=7.99; P <0.05; Fig. R-14 E). Mean density of microglia
from caudate-putamen (0.44 * 0. 04) was higher (P < 0.005) than that of cells from
septofimbria (0.33 + 0.02). Higher density values indicate a more compact cell
shape. Hypothalamic microglial cells did not show significant differences in density

(0.36 £ 0.02) compared to cells in other regions.

Therefore, based on lacunarity and density values, NA-activated microglia in
caudate-putamen seem to be different from those sampled in septofimbria.
However, activated microglia in hypothalamus are indistinguishable from cells in
caudate-putamen and septofimbria. In addition, the data obtained for cells
sampled in the hypothalamus follow a normal distribution, which allows
parametric analysis. Based on these facts, we considered hypothalamic microglial

population as a good archetype for the following analysis.

5.2.3. Morphological parameters values correlate with the level of expression

of IL-1f in NA-activated hypothalamic microglia

We had previously verified significant differences in morphological parameters
upon transition of microglia to the M1 activation state. We next pursued to
investigate if morphological changes accompanying microglial activation are
drastic or otherwise gradual, so that the gradual morphological change could then
correlate to a progressive increase in IL-1f3 expression. To demonstrate this, the
simple linear regression analysis was performed using the five morphological
parameters analysed above (Section 5.2.2). Only hypothalamic microglial cells
were used for this analysis, as they were considered adequate archetypes, as
explained above. The regression analysis illustrates how the value of a dependent

variable varies when the value of an independent variable changes.
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Figure R-15. Linear regression analysis between five different morphological parameters
and IL-1B expression in a population of NA-activated microglial cells from the
hypothalamus. A total of 67 microglial cells were plotted in graphs of each morphological
parameter versus IL-1p expression (expressed as IL-1[ staining relative to IBA1 staining). The
parameters fractal dimension (A), lacunarity (B), cell area (C), and cell perimeter (D) showed a
negative dependence on IL-1B expression, while the parameter density (E) had a positive
dependence on the same independent variable. Regression analyses were significant for all
parameters. Correlation coefficients were significantly strong for the straight-line relationship
between each paired variables.

In this case, the independent variable is the level of IL-1 expression by each
individual microglial cell, expressed as IL-1@ positive pixels relative to IBA1
positive pixels. On the other hand, the quantitative morphometric parameters
measured on the same microglial cell will be dependent variables. Thus, each
microglial cell is described by a dataset of five morphological parameters and IL-1f3
expression. So, the relationship between the degree of IL-13 expression and each
parameter was analysed by the pairwise dataset of each cell performed a simple

linear regression for each parameter.
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The functional dependence of each variable, i.e. fractal dimension (Fig. R-15 A),
lacunarity (Fig. R-15 B), area (Fig. R-15 C), perimeter (Fig. R-15 D), and density (Fig.
R-15 E), on IL-1 expression was tested by analysis of variance computing the sum
of squares of each linear regression, for a population of 71 microglial cells (Fig. R-

15; Table R-9).

Table R-9. Regression and correlation coefficients of simple linear regression
between degree of IL-1B expression and the morphometric parameters in
microglial cells from hypothalamic area

Parameter Regression lines g)eégf;ﬁ;?::; Correlation coefficients
F Ir] [t] F
Fractal dimension Yi= 1.34-0.0007X; 10.6* 0.39*%  3.65** 2.20**
Lacunarity Yi= 0.49-0.0014X; 20.5** 0.49**  4.91** 2.99**
Perimeter Yi= 3410-22.43X; 28.8** 0.57**  5.88** 3.61**
Area Yi= 1595-11.87X; 26.7** 0.56**  5.80** 3.56**
Density Yi= 0.22+0.003X; 27.7** 0.56**  5.74** 3.52%*

*, ** The highest absolute values indicate the parameters with greater influence

Regression coefficients (F« (2), 70, 70) of each function pointed out significant
dependence (P < 0.001) of the dependent variable (morphometric parameters) on
the independent variable (IL-1B8 expression; Table R-9). The correlation
coefficients (rq«(2), 76; ta (2), 76), Which measure the strength of the linear relationship
between the two variables, showed significant correlations (P < 0.001) for each

linear regression (Table R-9).

Regression analysis is widely used to make predictions. Given that the
morphological parameters used here present a statistically significant dependence
on IL-1( expression, each of them could be considered a good predictor of the level
of expression of IL-13 expression. Also, these results indicate that microglial
morphological change towards the M1 activation state is gradual and correlates to

IL-1( expression.
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5.3. TOLL LIKE RECEPTOR 4 PLAYS A KEY ROLE IN NA-INDUCED ACTIVATION
OF MICROGLIA

Toll-like receptors (TLRs) are a large family of membrane proteins which
recognise conserved structural motifs found in microbes, the so called pathogen
associated molecular patterns (PAMPs). They are sensitive sensors that serve as

the first line of defence in the immune response.

Peptidoglycan for TLR2 and lipopolysaccharide (LPS) for TLR4 are known specific
ligands which trigger intracellular signalling pathways, resulting in the expression
of IL-1B and TNFa (Kawai and Akira, 2006; Lehnardt, 2010). To date is unknown if
TLRs are involved in the inflammatory process triggered by microbial NA. To
investigate this, the NA neuroinflammation model employed here was used on

TLR2 and TLR4 deficient mouse strains.

For this purpose, wild-type (WT), TLR2 knockout (TLR2-/-), and TLR4 knockout
(TLR4-/) mice were injected ICV with NA and were sacrified 24 h later. Brain
tissue was processed for: i) immunohistochemical labelling with inflammation
markers (IBA1, IL-1f, ICAM-1); ii) quantification of mRNA levels of the pro-
inflammatory cytokines IL-13, TNFa, and IL-6 by qPCR.

This study was performed in selected brain regions, namely the septofimbrial
nucleus, which is close to the injection site and is particularly affected by the
inflammatory process, and the hypothalamus, which although located farther from
the injection site shows signs of inflammation. The caudate-putamen region was

excluded because of an important haemorrhage in a considerable number of mice.

TLRs are widely distributed in different tissues and cells, and microglia express
several isoforms of these receptors. To search the relevance of TLR signalling in
microglial cells during NA induced inflammation, pure microglia cultures obtained

from WT, TLR2-/- and TLR4-/- mice were in vitro stimulated with NA.
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5.3.1. Intracerebroventricular NA increases the number of IBA1-positive,
IL-1B-positive, and ICAM-1-positive cells, the first two in a TLR4 dependent

manner

Wild-type, TLR2-/- and TLR4-/- mice were ICV injected with NA, and sacrificed 24 h
later. Brain sections were subjected to immunolabeling with selected markers: 1)
IBA1, which specifically labels microglia and peripheral, perivascular and
meningeal macrophages, and whose expression increases during the
immunological activation of these cells; 2) IL-1B, a pro-inflammatory cytokine
expressed in activated microglia which indicates M1 polarization (Orihuela et al.,
2016); and 3) ICAM-1, which is expressed by the endothelium, the epidermis and
cells of the immune system, and is involved in the extravasation of leukocytes from

the blood vessels.
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Figure R-16. IBA1 immunostaining increases during NA-induced neuroinflammation in
TLR2 or TLR4 deficient mice. Images taken from the septofimbrial nucleus of WT (A, G),
TLR2/- (B, H) and TLR4"/- (C, I) mice, and from the hypothalamus of WT (D, J), TLR2-/- (E, K) and
TLR4/- (F, L) mice. Animals were sacrificed 24 h after saline/NA injection. Samples from animals
injected with saline (A-F) exhibited a weaker IBA1 label compared to those treated with NA
(G-L). Dashed lines indicate the ventricular surface. SF =septofimbrial nucleus;
H = hypothalamus; Sal = saline treatment; NA = neuraminidase treatment.
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Figure R-17. IBA1 positive cell counts in TLR2 and TLR4 deficient mice injected with NA.
IBA1 positive cells were counted in the septofimbrial nucleus (A) and the hypothalamus (B) and
expressed as cells/mm?. Animals were sacrificed 24 h after saline/NA injection. Bars are the
mean + SD of n= 3 saline injected or n= 9-10 NA injected animals (for each strain). The Kruskal-
Wallis test was used for comparing groups means. Letters a and b above bars indicate the absence
(if the same letter appears) or presence (if different letters appear) of a statistical difference
between groups (P < 0.001).

As mentioned above, IBA1 is present in microglial cells and macrophages. The
constitutive expression of this protein increases upon activation, what facilitates
the discrimination between vigilant and activated microglia, and also enables
microglia/macrophages cell count. Both the level of IBA1 expression and the
number of IBA1 expressing cells are indications of the severity of the inflammation

taking place under different experimental conditions.
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Mice injected with saline showed a homogeneous distribution of microglial cells in
the septofimbria (Fig. R-16 A-C) and the hypothalamus (Fig R-16 D-F), as well as a
weak IBA1 label in these cells. IBA1 staining was apparently similar in sections
from saline-injected WT (Figs. R-16 A, D), TLR2-/- (Figs. R-16 B, E), and
TLR4-/- (Figs. R-16 C, E) mice. With a naked eye animals injected with NA
(Figs. R-16 G-L) showed a stronger IBA1 labeling compared to animals injected
with saline (Figs. R-16 A-E); no evident differences were observed between the

three strains studied when NA was injected.

However, cell counts analyzed by the Kruskal-Wallis test revealed statistically
significant differences in both the septofimbrial nucleus (Fig. R-17 A; P < 0.001)
and the hypothalamus (Fig. R-17 B; P <0.001). Comparisons by pairs showed an
increased number of IBA1-positive cells in WT and TLR2/- animals treated with
NA (P < 0.001) compared to saline injected mice. Conversely, such increase did not
occur in TLR4-/-, with IBA1-positive cell counts similar to those of saline controls of
any of the three strains. The same results were obtained in the two brain regions
studied. Also, no differences were found between NA-injected WT and NA-injected

TLR2-/- mice (P = 1.000).

Cytokines of the IL-1 family are typically secreted at very early stages of the
inflammatory response by microglial cells after appropriate stimulation. In
microglial cells, IL-1B expression is associated with polarization to the
M1-proinflammatory state. The number of IL-1f positive cells provides valuable

information about the inflammation degree coming about in the tissue.

Saline-treated animals were essentially devoid of IL-1f positive cells (not shown).
Neuraminidase injection resulted in the emergence of IL-1f positive cells in
diverse brain locations, including the septofimbrial nucleus (Fig. R-18 A-B) and the

hypothalamus (Fig. R-18 D-E).

However, this fact was only observed in WT and TLR2-/- strains, while NA-injected
TLR4-/- mice showed only few IL-1f3 positive cells in septofimbria (Fig. R-18 C) and
hypothalamus (Fig R-18 F). This observation was corroborated by cell counts

(Fig. R-19).
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Figure R-18. Immunostaining of IL-1f appears after NA injection in TLR2 and TLR4
deficient mice. Histological images from septofimbrial nucleus (A-C) and hypothalamus (D-F) of
WT (A, D), TLR2-/- (B, E) and TLR4-/- (C, F) strains 24 h after the injection of NA. Staining was
evident in subventricular cells or in cells close to the ventricular surface, and decreased towards
deeper regions of parenchyma. Positive IL-13 label was almost undetectable in samples treated
with saline (not shown). Within each image a magnified detail is shown. LV = lateral ventricle;
SF = septofimbrial nucleus; I1IV = third ventricle.

The Kruskal-Wallis test indicated statistically significant differences in IL-1f cell
counts in both the septofimbrial nucleus (Fig. R-19 A; P<0.001) and the
hypothalamus (Fig. R-19 B; P < 0.001).
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Figure R-19. Quantification of IL-1f positive cells after NA injection in TLR2 and TLR4
deficient mice. IL-18 positive cells were counted in the septofimbrial nucleus (A) and the
hypothalamus (B), and expressed as cells/mm2. Bars are the mean + SD of n= 3 saline injected or
n= 9-10 NA injected animals (for each strain). Kruskal-Wallis test was used to compare groups
means. Letters (a-d) on top of the bars indicate the absence (if same letter) or presence (if

different letters) of a significant difference between the compared groups (P < 0.001).

Neuraminidase injection resulted in increased IL-1f3 cell counts in the three strains

when compared with their respective controls. In the septofimbrial region

(Fig. R-19 A), no differences were found between NA-injected animals of WT and

TLR2-/- strains (P = 0.683), while cell counts in TLR4/- mice were significantly

lower (P <0.001). In the hypothalamus (Fig. R-19 B), IL-13 cell counts were

decreased in TLR2-/- compared to WT (P <0.001), and further decreased in

TLR4-/- mice (P < 0.001).
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Figure R-20. ICAM-1 immunostaining after NA injection in TLR2 and TLR4 deficient mice.
Images taken from the septofimbrial nucleus (A-C) and the hypothalamus (D-F) of WT (A, D),
TLR2/- (B, E) and TLR4"/- (C, F) mice 24 h after the injection of NA. Insets show magnified details
of each image. The ICAM-1 label in samples from saline treated animals was almost undetectable
(not shown). LV = lateral ventricle; SF = septofimbrial nucleus; IIIV = third ventricle.

It is known that adhesion molecules are involved in the extravasation of blood cells
to tissues during inflammatory processes. Among them, the expression of ICAM-1
undergoes a significant increase in the endothelium of vessels in the injured brain
(Lindsberg et al., 1996). This molecule may therefore be used as an indicator of

inflammation in the nerve tissue.
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Figure R-21. Quantification ICAM-1 positive cells in TLR2 and TLR4 mice treated with NA.
ICAM-1 positive cell counts were performed in the septofimbrial nucleus (A) and the
hypothalamus (B), and expressed as cells/mm2 Bars are the mean + SD of n= 3 saline injected or
n= 9-10 NA injected animals (for each strain). Kruskal-Wallis test was used for means
comparations. Letters a and b on top of the bars indicate the absence (if same letter) or presence
(if different letter) of a significant difference between the groups compared (P < 0.001).

In tissue sections obtained from animals treated with saline ICAM-1 was almost
undetectable (not shown). After NA-treatment ICAM-1 staining was visible in
parenchymal brain vessels, including those in the septofimbria (Fig. R-20 A-C) and
the hypothalamus (Fig. R-20 D-F). To evaluate the possible differences in an
objective way, a quantitation procedure for ICAM-1 positive cells was performed.
ICAM-1 cell counts were analyzed by the Kruskal-Wallis test, resulting in
statistically significant differences between groups in both the septofimbria

(Fig. R-21 A; P < 0.001) and the hypothalamus (Fig. R-21 B; P < 0.001).
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In both regions, ICAM-1 cell counts increased in NA-treated animals compared to
saline ones. Such increase occurred in the three mouse strains studied
(WT, TLR2-/-, and TLR4-/-), and no differences were detected among NA-injected

animals of different strains.

5.3.2. Intracerebroventricular NA increases the mRNA levels of the
pro-inflammatory cytokines IL-1f, TNFa, and IL-6, in a TLR4 dependent

manner

The NA-induced inflammatory reaction was further analysed by quantifying the

mRNA levels of pro-inflammatory cytokines by qPCR.

Wild type, TLR2-/-, and TLR4/- mice were saline or NA injected, and sacrificed 6 h
later. The hypothalamus was dissected out for total RNA isolation and qPCR. This
brain region was preferred for this study because of the low RNA yield obtained

from other regions (i.e. septofimbria and caudate-putamen).

Neuraminidase induced a significant increase of IL-13 expression (Fig. R-22 A) in
the hypothalamus of WT (P <0.001) and TLR2-/- (P <0.005) mice compared to
saline injected animals, but not in TLR4*/- mice. Similarly, TNFa levels
(Fig. R-22 B) were higher after NA-injection in WT (P<0.001) and in
TLR2-/- (P <0.005) mice, but not in TLR4/- animals. Interleukin-6 mRNA levels
behaved in a similar way (Fig. R-22 C), presenting increased values in WT

(P < 0.001) and in TLR2-/- (P < 0.005) mice injected with NA.

However, in TLR4-/- animals no differences were observed between NA-treated
and saline-injected animals for any of the cytokines analysed (IL-1f, P =0.319;
TNFa, P =0.368; IL-6, P = 0.436).

In summary, there was an increase in cytokines expression after NA treatment in
WT and TLR2-/- strains, which was however not observed in the TLR4-/- strain.
Also, when comparing WT and TLR2-/- strains both under NA stimulation, IL-1f3
(P <0.05) and TNFa (P < 0.05) increases were milder in TLR2/- mice than in WT

ones.
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Figure R-22. Pro-inflammatory cytokines expression in the hypothalamus of TLR2 and
TLR4 deficient mice after NA injection. The mRNA levels of IL-1f3 (A), TNFa (B) and IL-6 (C)
was measured by qPCR in hypothalamic tissue from WT, TLR2-/- and TLR4~/- mice obtained 6 h
after saline/NA injection. mRNA levels of the target genes were expressed relative to the
expression level of GAPDH, using the Pfaffl method. The histograms show means + SD of n= 3
saline injected and n= 5 NA injected animals of each strain. Two-way ANOVA was used to
compare the means of the groups. Letters (a-c) on top of the bars indicate the absence (same
letter) or presence (different letter) of a significant difference (P < 0.05) between groups.
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5.3.3. NA induced an increase in mRNA levels of the pro-inflammatory
cytokines IL-1B, TNFa, and IL-6 in cultured microglia, in a TLR4 dependent

manner

Microglia are key players in triggering the innate immune response in the central
nervous system. After pattern molecules recognition by membrane proteins such
as TLRs, they activate and secrete inflammatory cytokines. To find out whether
microglial cells can initiate by themselves the inflammatory response provoked by
NA, and if NA acts through TLRZ or TLR4, microglia were isolated from WT,

TLR2-/- and TLR4"/- mice to obtain pure cultures of microglial cells.

These primary microglial cultures were stimulated with NA or with, specific
activating ligands for TLR2Z and TLR4: the synthetic triacylated lipoprotein
Pam3CSK4 (P3C), which specifically activates TLR2, and pure lipopolysaccharide
(LPS), which is a specific ligand for TLRA4.

Control cultures were added saline. Six hours after NA, P3C or LPS addition to pure
microglia cultures, total RNA was isolated and the expression of inflammatory
cytokines such as IL-1B, TNFa and IL-6 was quantified by qPCR. mRNA levels of the
three genes are expressed relative to GAPDH mRNA.

Two-way ANOVA pointed out significant differences in the expression levels of
IL-18 (F=5.9; df=11, 32; P<0.001), TNFa (F=4.7; df =11,32; P<0.001), and
IL-6 (F=12.8; df =11, 32; P < 0.001) between different treatments. The expression
of the three pro-inflammatory cytokines in WT microglia cultures increased after

treatment with LPS, P3C and NA compared to saline treated cultures (Fig. R-23).

This result demonstrate that, as well as LPS and P3C, NA is also able to directly
activate microglial cells. Microglia isolated from TLR2-/- responded with an
increased expression of IL-1B8 (Fig. R-23 A), TNFa (Fig. R-23 B), and IL-6
(Fig. R-23 C) after LPS and NA treatments, but no response was observed after P3C

treatment, which was expected as it is known that P3C is a specific ligand of TLR2.
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Figure R-23. Pro-inflammatory cytokines expression in isolated cultured microglia from
TLR2 and TLR4 deficient mice after in vitro NA stimulation. Pure microglia cultures isolated
from WT, TLR2/- and TLR4-/- mice strains were stimulated in vitro with lipopolysaccharide (LPS),
the synthetic lipoprotein Pam3CSK4 (P3C), or neuraminidase (NA) for 6 hours. Total RNA was
then isolated, and the mRNA levels of IL-13 (A), TNFa (B) and IL-6 (C) were quantified by qPCR .
mRNA levels are expressed relative to GAPDH using the Pfaffl method. The histograms show
means + SD of n= 3-5 independent cultures. Two-way ANOVA was used to compare treatments.
Letters (a-c) above each bar indicate the absence (same letter) or presence (different letters) of a
statistically significant difference (P < 0.001) between the compared groups.
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On the other hand, TLR4-/- microglial response showed a significant increase in the
expression of IL-1f3 (Fig. R-23 A), TNFa (Fig. R-23 B) and IL-6 (Fig. R-23 C) after
P3C and NA treatment, but no increase for any cytokine after LPS stimulation
occurred. Pair comparisons were carried out with Student's t-test; statistical
differences obtained had a significance of P <0.001. Note that TLR4-/- microglia
was stimulated by P3C, indicating that the cells from this strain are capable of

initiating an immune response independent of TLR4.

Given the negative response to NA observed in microglia from TLR4/- mice and, on
the contrary, the activation induced by NA in microglial cells from WT and TLR2-/-
mice, it is proper to conclude that the microglial TLR4 plays a key role in the

inflammatory response generated by NA.

5.4. MICROGLIA ACTIVATED BY NA PARTICIPATE IN EPENDYMAL CELL
DEATH

It is well documented that NA administered ICV provokes denudation and death of
the ependymal epithelium, is not restored over time (Del Carmen G6mez-Roldan et
al., 2008; Grondona et al., 2013). The ependymal lining is then replaced by a glial
scar. In the most severe cases, this is, when high NA doses are injected, the
ependymal loss is complete, and an obstructive hydrocephalus develops. In the
model used here, NA doses are lower, resulting in a partial ependymal loss.
Although the NA neuroinflammation model has been described in detail
(Granados-Duran et al., 2015) the mechanism underlying ependymal cells death is
still not clear. The same authors reported that, although the complement system
contributes to ependymal damage and death, NA may provoke mild ependymal
damage without the aid of complement (Granados-Duran et al., 2016). To futher
investigate the cause of the ependymal death provoked by NA, we used an
approach consisting in the co-culture of pure microglia with ependymal cells, the
latter either ventricular wall explants or isolated. In this setting, microglia was
stimulated by the addition of NA to the culture media, and the viability of
ependymocytes evaluated. For these experiments, both microglia and

explants/ependymocytes were isolated from rats.
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5.4.1. Ependymal damage in ventricular wall explants co-cultured with NA-

activated microglia

It is widely accepted that activated microglia overexpress the pro-inflammatory
cytokines IL-1f and TNFa (Kawai and Akira, 2006; Kettenmann et al,, 2011), a fact

that was here used as a proof of microglial activation in cultures treated with NA.
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Figure R-24. Purified microglial and ependymocyte cultures obtained for co-culture
experiments. Pure microglial cultures visualized by bright field microscopy under control
conditions (A) and after NA addition to the culture medium (B). Double immunofluorescence
images were acquired with a confocal microscope for control microglia culture (C-F) and NA
treated microglia culture (G-J). The identity and high purity (> 95%) of rat primary isolated
microglial cells was demonstrated by IBA1 fluorescence immunostaining (C, G). The activation of
microglial cells after NA stimulation was evidenced by immunocytochemical labeling for the
inflammatory cytokine IL-18 (D, H). IL-1f staining in control non-stimulated cultures was
negative (D), while NA treated cultures showed a positive staining (H). Ependymal cells were
isolated from adult rats, and purified using an in vitro strategy. The high purity (> 95%) and
identity of the isolated cells was evaluated by immunocytochemistry using the cilia specific
marker BIV-tubulin (K). The bunch of cilia in ependymal cells is also noticeable. Trypan blue
solution staining was used to test ependymocytes viability (from Granados-Duran et al,, 2016),
where blue indicates a dead cell (L) and white a live cell (M) (Scale bar = 10pm).

131



Results

The expression of IL-18 by cultured microglial cells was analyzed by fluorescent
immunocytochemistry (Fig. R-24). Doble staining for IBA1 (Fig. R-24, green) and
IL-1 (Fig. R-24, red) revealed that surveillant microglia do not express detectable
levels of IL-1f (Fig. R-24 C), but when NA was added to the culture media microglia
overexpressed IL-13 (Fig. R-24 F). Thus, NA itself induced the expression of IL-1f3

by microglial cells.

Once confirmed the activation of cultured microglia by NA, we proceeded to
perform co-culture experiments of ventricular wall explants with pure microglial
cultures. Under these conditions, microglia was activated by addition of NA to the
culture medium. Negative controls consisted in the omission of either NA or

microglial cells; LPS stimulation was used as positive control.

The percentage of living ependymocytes within the ependymal layer of the
explants was evaluated 24 h after NA or LPS addition by trypan blue exclusion, as
previously described (Material and methods, section 4.5.1; Fig. M-1 A). After
trypan blue staining and fixation, the explants were embedded in paraffin and
sectioned, taking care for the sectioning plane to be perpendicular to the

ependymal epithelium.

Counting of blue (dead, trypan-blue stained) and purple (live, hematoxyline-
stained) cells within the ependymal layer was carried out (see Material and

methods for procedure details; Fig. R-25 A-D).

Dead subependymal cells were frequent, and carefully excluded from counting. In
the absence of microglial cells, explants treated with NA showed a low number of
dead cells (arrows in Fig. R-25 A). A similar result was obtained explants were co-
cultured with non-stimulated microglia (Fig. R-25 B). However, the percentage of
dead ependymal cells increased in co-cultures treated with LPS (Fig. R-25 C), as
well as in co-cultures stimulated with NA (Fig. R-25 D). In these cases, dead
ependymal cells were detected (arrows in Fig. R-25 C, D) together with

detachment of some ependymal cells (arrowheads in Fig. R-25 C, D).
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Figure R-25. Viability of ependymocytes in explants co-cultured with NA-activated
microglia. Ventricular wall explants with an intact ependymal cell layer were obtained from
adult rats. The explants were exposed to microglial cells, either resting (B) or stimulated with LPS
(C) or NA (D). Some explants were exposed to NA in the absence of microglia (A). After 24 h
exposure, all explants were stained with trypan blue, fixed, paraffin-embeded and sectioned.
Explant tissue sections were also stained with hematoxylin. Dead ependymal cells were stained
blue (arrows in A, C and D), and easily distinguishable from alive cells, which appeared purple.
Live and dead ependymal cells were counted, and viability was expressed as the percentage of
living cells (E). In explants cultured alone and treated with NA (A) and in those co-cultured with
non-stimulated microglia (B), only few dead ependymal cells could be found (arrows).
Ependymal cell viability was similar in both conditions (a letter in E). However, in those explants
co-cultured with microglia activated either with LPS (C) or with NA (D) the ependymal layer
appeared partially disrupted, with more dead cells (arrows in C and D) and some detached cells
(arrowheads in C and D). A similar decrease of ependymal cell viability was observed in these
conditions (b letter in E), compared to explants cultured only with NA or with non-stimulated
microglia (E). Bars in histogram represent mean * SD of n= 4-6 independent experiments. Means
were compared by one-way ANOVA. Letters a and b on top of the bars indicate the absence (if
same letter) or existence (if different letter) of a significant difference between the compared
conditions (P < 0.01). Ex =explant; M = microglia culture; NA = medium supplemented with
neuraminidase; LPS = medium supplemented with lipopolysaccharide; (-) = control medium.
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Live/dead cell countings in several explants (n= 4-6) was expressed as % living
ependymocytes. One-way ANOVA (F =5.2; df = 3, 16; P = 0.007) showed significant
differences in ependymocytes viability between the different experimental
conditions (Fig. R-25 E). Pairwise multiple comparisons pointed out similar
viabilities in explants treated with NA (92 + 4%) and explants co-cultured with

non-stimulated microglia (88 * 7%).

However, in explants co-cultured with microglia, the addition of either LPS
(68 +£15%) or NA (59 + 19%) induced a similar decrease in the percentage of
living ependymocytes compared to both types of controls (explant: (+) NA,

(-) microglia, and explant: (=) NA, (+) microglia; P < 0.01).

Therefore, NA- or LPS-activated microglia reduces ependymal cell viability within

the ependymal epithelium of explants in about 25%.

5.4.2. NA-activated microglia impair the viability of isolated cultured

ependymal cells

The results obtained with explants co-cultured with microglia indicated a role of
activated microglia in ependymocytes death. However, other cell types present in
the explants may influence the viability results. Taking advantage of the
ependymal cell isolation and purification method developed in our laboratory
(Grondona et al., 2013), we proposed to perform similar co-culture experiments

but using purified ependymal cells instead of explants.

An independent isolation of primary ependymocytes was carried out for each
experiment replicate. Immunocytochemistry with (IV-tubulin, a specific
ependymal cell marker, confirmed the high purity (> 95%) of ependymal cells
(Fig. R-24 G). On the other hand, microglia isolations to obtain pure cultures
(Saura et al,, 2003) were carefully programmed to ensure the proper timing of
both types of primary cell cultures. For co-culture experiments, microglial cells
were attached to the bottom of the multi-well plate, while ependymal cells were

subsequently added and remained in suspension.
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Figure R-26. Viability of ependymal cells co-cultured with NA-activated microglial cells.
Ependymal cells cultures were exposed to different experimental conditions in the
absence/presence of microglial cells, and with/without microglia activators (LPS or NA). Samples
were taken from each culture to determine the viability of ependymocytes by trypan blue
staining at 1, 3, 6 and 24 h. Ependymocytes viability was expressed as the percentage of living
cells (considering the viability at the beginning of the culture 100%). Each point represents the
mean * SEM. Two-way ANOVA was used to compare the different conditions within each time
point. Holm-Sidak method pairwise multiple comparisons were performed between different
culture conditions. The brackets span those conditions showing no statistical difference between
them. The conditions included in the top bracket did present a statistical difference with respect
to those included in the bottom bracket. Ep = ependymal cell culture, M = microglia culture;
(=) =control medium; LPS=medium supplemented with lipopolysaccharide; NA = medium
supplemented with neuraminidase (*P < 0.001).

Pure ependymal cell cultures were exposed to different experimental conditions,
and viability was determined by trypan blue exclusion (Fig. M-1 B). Live (white;
Fig. R-24 1) and dead (blue; Fig. R-24 H) ependymocytes were counted to calculate
the percentage of living ependymocytes in each multi-well plate. Counts were
performed at different time points after the initiation of the experiment (with the
addition of ependymal cells) up to 24 h. Negative control conditions consisted in
ependymal cells cultured in the absence of microglia, or with no microglial
activator (LPS or NA). As a positive control, microglia was alternatively stimulated

with LPS.
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Two-way ANOVA was used to compare the viability obtained under different
experimental conditions. Comparisons were performed between treatments, as
well as between different time points (Experimental condition: F = 49.9, df = 5,
P <0.001; Time: F = 35.8, df = 3, P = 0.001; Interaction: F = 1.2, df = 15, P = 0.277).
This analysis revealed significant differences between experimental conditions as
well as between times (Fig. R-26), which were further examined by pairwise

multiple comparisons with the Holm-Sidak method.

Six hours after LPS or NA stimulation, the viability of ependymocytes similarly
decreased to about 65-70%, but only in the presence of microglia (Fig. R-26); no
further decreased occurred up to 24 h in culture. In the absence of microglia, as
well as with non-stimulated microglia, viability decreased over time but less than

in co-cultures treated with NA or LPS (P < 0.001).

Thus, in all culture conditions ependymocytes viability decreased up to 80-85%
during the first 6 h in culture, and remained unchanged 24 h later. But when
ependymocytes were co-cultured with activated microglia, a larger significant
decreased occurred. According to our results, NA or LPS activated microglia
decreased ependymocytes viability an additional 15% compared to control culture

situations, suggesting that activated microglia jeopardize ependymal cell survival.

5.4.3. NA induces the up-regulation of inflammatory cytokines and their

receptors in ventricular wall explants

Once demonstrated that activated microglia could impair ependymal cells viability,
we hypothesized that this effect might be mediated by inflammatory cytokines
released by activated microglia, such as IL-1f3 and TNFa. Thus, the expression of
the receptors for these cytokines was explored in ventricular wall explants and

purified ependymal cells.

Explants obtained from the lateral ventricle wall of rats were placed in culture and
stimulated with NA for 6 h. Total RNA was then isolated (Fig. M-1 C) and used for
the quantification by qPCR (Fig. R-27) of the expression of IL-1f receptor
(IL-1BR1), as well as the TNFa receptor (TNFaR1).
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Figure R-27. Expression of cytokine receptors in ventricular wall explants. Control and NA
treated rat brain explants obtained from the lateral ventricle wall of adult rats were placed in
culture and treated with NA. The expression of the cytokine receptors IL-1f R1 and TNFa R1 was
evaluated by qPCR through the Pfaffl method. Their mRNA levels were expressed relative to
GAPDH mRNA. The three genes were up-regulated after NA treatment. Pairwise comparison was
performed by Mann-Whitney. Letters a and b on top of the bars indicate the absence (if same
letter) or existence (if different letter) of a significant difference between the compared
conditions (P < 0.01).

Pair comparisons by Mann-Whitney analysis pointed out a significant increase in
the mRNA levels of the pro-inflammatory cytokine IL-1f in explants treated with
NA compared to untreated explants (P <0.005). Moreover, explants treated with
NA showed increased expression of the cytokine receptors IL-1 R1 (P <0.005)
and TNFa R1 (P <0.01) compared to control non-treated explants. Therefore, NA
induced the overexpression of specific cytokine receptors (IL-1 R1 and TNFa R1)

in ventricular wall explants.

This result supports the possibility that the actions of activated microglia on
ependymal cells might be mediated by these cytokines. However, the particular
cell types within the explant accounting for such increase remained unknown. The
following experiment was design to clarify if ependymal cells express these

cytokine receptors.
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5.4.4. Ependymocytes constitutively express IL-13 receptors

Ependymocytes were isolated from adult rats and purified to investigate the

presence of the cytokine receptors IL-13 R1 and TNFa R1 by PCR (Fig. M-1 D).

First, the presence of the mRNA for ependymal cell specific genes (FOX]J1 and
[1IG9) and for cytokine receptor IL-13 R1 was explored by RT-PCR (Fig. R-28).
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Figure R-28. The receptors IL-1f R1 and TNFa R1 are expressed by ependymal cells. Total
RNA was isolated from rat hypothalamus (Hyp), and two independent pure ependymocyte
cultures (Ep 1 and Ep 2). RT-PCR analysis was carried out to search the expression of
ependymocytes specific genes FOX]1 (A) and IIIG9 (B), and the cytokine receptors IL-1$ R1 (C)
and TNFa R1 (D); GAPDH mRNA was used as housekeeping reference (E). The specificity of the
pure culture of ependymal cells was confirmed by the higher expression of FOX]J1 and IIIG9 in
ependymocytes compared to hypothalamus (compare FOX]1 and IIIG9 bands intensity relative to
GAPDH band). Moreover, RT-PCR revealed the presence of IL-13 R1 specifically in the pure

ependymal cultures.

138



Results

The housekeeping gene GAPDH was used as reference (Fig. R-28 D). Two
independent ependymocyte isolations were compared to RNA obtained from rat
hypothalamus (including third ventricle ependyma). As would be expected,
ependymocytes expressed high levels of FOX]1 (Fig. R-28 A) and I1IG9 (Fig. R-28 B)
compared to hypothalamic tissue (note the intensity of the bands over GAPDH
band intensity). Moreover, RT-PCR also revealed the presence of IL-13 R1 and
TNFa R1 in pure ependymal cells (Fig. R-28 C).

To further examine these results, we proceeded to quantify the basal expression of
IL-18 and TNFa receptors by qPCR (Fig. R-29). Two independent ependymal cell
isolations were used, and compared to rat caudate-putamen and hypothalamus
RNA extracts (both including ventricular wall with ependyma). Relative

quantification was performed by Pfaffl method.

The mRNA levels of typical ependymal cell genes such as FOX]J1 and IIIG9 were
much higher in RNA obtained from pure ependymal cells compared to RNA from
caudate-putamen or hypothalamus, thus confirming the specificity and purity of

our ependymal cells samples.
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Figure R-29. Quantification of the expression of cytokine receptors by ependymal cells.
Total RNA was isolated from two independent samples of pure ependymocytes (Ep 1 and Ep 2),
and rat caudate-putamen (CP) and hypothalamus (Hyp) for comparisons. The mRNA levels of
FOXJ1, IIIGY, and receptors IL-1 R1 and TNFa R1 were quantified (relative to GAPDH mRNA) by
gPCR using the Pfaffl method. The histogram shows quantifications of the different genes in each
independent sample.
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Regarding cytokine receptors, the expression level of IL-1$ R1 in ependymocytes
was similar to that of caudate-putamen or hypothalamus. However, TNFa R1 was
barely expressed in ependymal cells, while it was clearly detected in caudate-
putamen and hypothalamus. These qPCR results confirm the constitutive
expression of IL-13 R1 in ependymal cells. In addition, our results indicate that

TNFa R1 is not expressed in ependymocytes, at least in basal conditions.

5.5. THE RECRUITMENT OF CIRCULATING INFLAMMATORY MONOCYTES AIDS
THE REMARKABLE INFLAMMATORY RESPONSE MOUNTED BY RESIDENT
MICROGLIA IN RESPONSE TO INTRAVENTRICULAR NA

Microglia are considered the keystone of the innate immune response in the brain.
The results so far obtained in this work also demonstrate their relevant role in the
inflammatory process generated by the intraventricular administration of NA.
However, in this model it has been described a prominent infiltration of
leukocytes, first (4 h post-NA injection) involving neutrophils and
monocyte/macrophages, and later (24 h post-injection) T and B lymphocytes
(Granados-Duran et al., 2015).

To investigate the relative participation of microglia versus the infiltrating cells in
the inflammatory process, the CCR2-knock out mouse strain was used (CCR2-/-).
This strain lacks the chemokine receptor type 2 (CCR2), which is the receptor for
the chemokine ligand 2 (CCL2), also known as monocyte chemoattractant protein-
1 (MCP-1). The cytokine CCLZ mainly mediates the recruitment of monocytes
(Tsou et al, 2007). The monocyte/macrophage infiltration that occurs during
inflammation is largely impaired in CCR2 deficient mice. Therefore, this strain is a
useful tool to evaluate the relative contribution of resident microglia versus

recruited monocyte/macrophages to the inflammatory process induced by NA.

5.5.1. Neuraminidase provokes an increase in the population of IBA1 positive

cells, which is dependent on the chemokine receptor CCR2

First we aimed to quantify the amount of IBA1 positive cells during NA-induced
inflammation in CCR2-/- mice, compared to WT mice with normal monocyte

recruitment.
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These experiments were performed at 6 h post-injection, as according to previous
works the infiltration process at this moment is at its peak. The IBA1 antibody
targets resident microglia and perivascular macrophages, as well as infiltrated
monocyte/macrophages. To discriminate between these cell types, only a
subjective distinction based on the cell shape is possible. Therefore, IBA1 positive

cells were counted irrespective of each particular cell type.
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Figure R-30. IBA1 immunohistochemistry in CCR2 deficiency mice injected with NA.
Histological images taken from brain areas nearby the right lateral ventricle of WT (A, C) and
CCR2-/- (B, D) mice, which were injected with saline (A, B) or with NA (C, D). Samples from
animals injected with NA (C, D) exhibited a weaker IBA1 label compared to those treated with
saline (A, B).

IBA1 staining was weaker in saline injected animals compared to NA treated ones
(Fig. R-30). This was observed in both strains, and indicates the widely described

up-regulation of IBA1 during inflammation.
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Furthermore, IBA1 positive cells were counted in two areas close to the injection
site: the septofimbrial nucleus and caudate-putamen (Fig. R-31). ANOVA revealed
differences between groups in both areas, septofimbria (F=13.3; df=3, 10;
P <0.001) and caudate-putamen (F=11.7; df =3, 10; P <0.001). Specifically, NA
injection resulted in a slight increase in IBA1 positive cells in WT mice, which did
not occur in CCR2-/- mice. So, the NA-induced increase in IBA1 positive cells is
dependent on CCR2 integrity. To find out the origin of such increase, a proliferation

study was carried out, along with the analysis of the infiltrated cells.
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Figure R-31. IBA1 positive cell counts in CCR2 deficiency mice injected with NA. IBA1
positive cells were counted in septofimbria (A) and caudate-putamen (B) of WT and CCR2/-
animals injected with saline or NA, and sacrificed 6 h post-injection. Cells counts are expressed
per unit surface. Bars in the histogram are mean + SD of n= 3 saline injected, and n= 4 NA injected
animals. ANOVA analysis was performed to compare group means. Letters a and b on top of the
bars indicate the absence (same letter) or presence (different letter) of a statistical difference
(P <0.001) between the compared groups.
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5.5.2. No signs of stimulated microglia proliferation during NA-induced

inflammation

With the aim of addressing if microglia proliferation was responsible for the
observed increase in IBA1 positive cells after NA injection, the proliferating cells
were labelled with bromodeoxyuridine (BrdU) administered by intraperitoneal
injection two hours later from ICV injection. Proliferating cells were later detected
in tissue sections by anti-BrdU immunohistochemistry (Fig. R-32, A-D), and BrdU

positive cells in the septofimbrial nucleus were counted (Fig. R-32, F).

Septofimbria was preferred to caudate-putamen because in this last region the
subventricular zone niche would largely account for BrdU positive cell counts.
Double immunofluorescence with anti-BrdU and IBA1 showed that

microglia/macrophages are proliferating in the septofimbria (Fig. R-32 E).
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Figure R-32. BrdU proliferation study in CCR2 deficient mice injected with NA. Mice were
saline/NA injected within the lateral ventricle, and in parallel, 2 h later theyreceived an
intraperitoneal injection of the proliferation marker bromodeoxiuridine (BrdU). After 6 h,
divided cells that incorporated BrdU were detected by anti-BrdU immunohistochemistry.
Histological images were taken from the septofimbrial nucleus in WT (A, C) and CCR2/- (B, D)
mice, injected with saline (A, B) or with NA (C, D). Scattered BrdU positive cells can be observed
in septofimbria (magnified details in insets). Abundant positive cells appear next to the
ventricular wall (LV), which highlight the subventricular neurogenesis niche. Double
immunofluorescence (E) using IBA1 (green) and BrdU (red) point out microglial proliferation in
septofimbria (white arrow in E). BrdU positive cell counts were carried out in the septofimbrial
nucleus, and expressed as cells per surface unit (F). Histogram bars are mean + SD of n= 3 saline
injected, and n= 4 NA injected animals. Group means were compared by ANOVA. Letters (a, b)
above bars indicate the absence (same letter) or presence (different letter) of a statistically
significant difference (P < 0.001). SF = septofimbrial nucleus; LV = lateral ventricle.

Wild type and CCR2-/- mice were either saline or NA injected, and BrdU positive
cells in the septofimbrial nucleus were counted. ANOVA revealed statistical
differences among the groups (F =27.5; df = 3, 10; P < 0.001). Basal proliferation
was similar in both strains (P = 0.42), and NA injection provoked a 4-fold increase
also in both strains (Fig. R-32 F). Pairwise multiple comparisons showed no

difference in NA stimulated proliferation between WT and CCR2-/- (P = 0.892).

These results suggest that NA injection does not stimulate microglial proliferation

in WT animals, and that CCR2-/- mice respond in a similar fashion.
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Thus, microglial proliferation could be ruled out as the only explanation for the

observed increase in IBA1 positive cells upon NA stimulation. We next explored if

the recruitment of peripheral cells could account for such increase.
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Figure R-33. Expresssion of microglia proliferation related genes during NA-induced
neuroinflammation. The expression of three genes related to microglia proliferation (PU.1: A,
IL-34: B and CSF1R: C) was quantified by qPCR in brain tissue obtained from WT and
CCR2-/- mice treated with saline/NA. mRNA levels of the three genes were relativized to GAPDH
mRNA. Histograms present means + SD for n= 3 saline injected, and n= 4 NA injected animals.
Kruskal-Wallis test for PU.1 and ANOVA for IL-34 and CSF1R were used for means comparisons;
no differences were found in any of the genes analyzed.
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5.5.3. MHCII and Ly6C positive cells, but not perivascular macrophages, are

recruited during NA-induced inflammation

Another conceivable cause of the IBA1 positive cell increase observed in WT
animals after the injection of NA is the recruitment of circulating
monocyte/macrophages towards the brain parenchyma. As mentioned before, it
has been described that after the injection of NA within the lateral ventricle of rats
there is a prominent infiltration of leucocytes that reaches a peak 6-24 hours later
(Granados-Duran et al., 2015); infiltration occurs preferentially from large blood
vessels located in the meninges, in choroid plexus, and in subependymal

parenchyma.

Different infiltrating cell types were studied by immunohistochemistry after NA
stimulation in both WT and CCR2-/- mice. Firstly, perivascular macrophages were
identified with an antibody against the mannose receptor CD206, and CD206
positive cells were counted (Fig. R-34). One-way ANOVA showed no statistical
differences among the groups (P = 0.836; Fig. R-34 E).
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Figure R-34. Perivascular macrophages recruitment into the brain parenchyma after NA
injection. Perivascular macrophages were identified by immunohistochemistry with
CD206/mannose receptor. WT (A, C) and CCR2/- (B, D) mice, either injected with saline (A, B) or
NA (C, D) were studied. Images show the septofimbrial area, with magnified details of some
CD206 positive cells in insets. CD206 positive cells in septofimbrial nucleus were counted (F).
Bars represent the mean + SD of n= 3 saline injected, and n= 4 NA injected animals. ANOVA
revealed the absence of differences between groups. SF = septofimbrial nucleus.

No MHCII positive cells were found in saline injected animals of both strains
(Fig. R-35 A, B). Conversely, NA injected animals from both WT and CCR2/- strains
presented abundant MHCII positive cells (Fig. R-35 C, D), which appeared grouped
at different locations, particularly in the corpus callosum (see insets in
Fig. R-35 C, D). This observation suggests MHCII positive cells arising from blood

vessels and migrating radially into the nervous parenchyma.

MHCII positive cell counts were performed in the corpus callosum. In accordance
to our observations, the number of MHCII positive cells dramatically increased
after NA injection in both strains compared to saline treated mice, where positive
cells were virtually absent. Besides, WT and CCR2/- injected with NA had similar
MHCII positive cell density (P = 0.575; Fig. R-35 F).
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Figure R-35. MHCII positive cells recruitment into the brain parenchyma after NA
injection. Histological images of MHCII immunostaining taken from the corpus callosum of WT
(A, €) and CCR2/- (B, D) mice, which were previously injected with saline (A, B) or NA (C, D).
Sections from saline treated animals are virtually devoid of MHCII cells (A, B). Conversely, after
NA treatment groups of MHCII positive cells appear scattered in the corpus callosum of both WT
(€) and CCR2-/- (D) mice (insets show magnified details of MHCII cells). On the other hand, MHCII
positive cells were counted in the corpus callosum (E). Bars in the histogram are mean + SD
(Sal, n= 3; NA, n= 4). The Kruskal-Wallis test was used to compare group means. Letters (a, b) on
top of the bars indicate the absence (same letter) or presence (different letter) of significant
differences (P < 0.001). CC = corpus callosum; LV = lateral ventricle.
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Finally, the recruitment of Ly6C positive cells after NA administration was also
analyzed. Ly6C is a membrane protein expressed by monocytes/dendritic cell
precursors, T lymphocytes, natural killer cells, neutrophils and also endothelial
cells (Lee et al,, 2013). It is useful for the identification of cells, which can be

divided in two populations: CCR2* Ly6Chi and CCR2- Ly6Chi.

In saline injected animals, Ly6C highlighted the vascular endothelium, and no Ly6C
positive cells were found (Fig. R-36 A, B). Conversely, in NA-injected mice the
recruitment of Ly6C positive cells was evident in both WT and CCR2-/- strains
(Fig. R-36 C, D). Ly6C positive cell counts (performed in the corpus callosum) and
one-way Kruskal-Wallis test confirmed these observations (P < 0.005). Ly6C cell
counts were significantly higher in NA treated animals, however CCR2 deficiency

did not make any difference compared to WT ones (P = 0.126).

Given the different possible identities of the recruited Ly6C positive cells, a more
detailed double immunofluorescence study was carried out using Ly6C
(red in Fig. R-37) and IBA1 (green in Fig. R-37) antibodies. In WT animals it was
possible to find Ly6C positive and IBA1 negative cells (Fig. R-37 B), as well as Ly6C
positive and IBA1 positive cells (Fig. R-37 C). We hypothesize that these might be

monocytes, whose recruitment is CCRZ dependent.

However, in the strain CCR2-/- no Ly6C positive cell was also labeled by IBA1
(Fig. R-37 A); the identity of these cells is not so clear. As Ly6C positive cell counts
in the corpus callosum of both strains were similar, it is reasonable to infer that

most Ly6C cells access the brain parenchyma in a CCR2 independent fashion.

In summary, the study on cell recruitment after NA injection revealed that: i) there
is no infiltration of perivascular macrophages (CD206 positive); ii) there is a
considerable recruitment of MHCII positive cells, which is not dependent on CCR2
signaling (as it was of similar magnitude in WT and CCR2-/- strains); iii) Ly6C
positive unknown cells are also recruited, along with a probably small fraction of
Ly6C positive monocytes. The latter could account for the IBA1 positive cell

increase initially observed, which was also dependent on CCR2 (Section 5.5.1).

149



Results

Corpus callosum

200
NE b
E oo b T
1]
= |
4+ 100
Q
O
iy

50

a a

0

F Sal NA Sal NA
WT CCR27'-

Figure R-36. Recruitment of Ly6c positive cells into the brain parenchyma after NA
injection. Histological images were taken from the corpus callosum of WT (A, C) and CCR2/- (B,
D) animals, 6 h after the injection of saline (A, B) or NA (C, D). Ly6C immunostaining revealed the
total absence of Ly6C positive cells in the corpus callosum of saline injected animals. However
blood vessels were clearly identified, as is shown in insets (A, B). Upon NA injection, abundant
Ly6C positive cells appeared, both in WT (C) and CCR2-/- animals (D). Furthermore, Ly6C positive
cells were counted in the corpus callosum (E). Bars in histogram are mean + SD (Sal, n= 3;
NA, n= 4) of Ly6C positive cells per mm?. As expected, Kruskal-Wallis test confirmed a significant
increase in Ly6C cells after NA injection (P < 0.005), but no differences were detected between
WT and CCR2-/- mice (P = 0.126). SF = septofimbrial nucleus; LV = lateral ventricle.
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CCR27'~
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Figure R-37. CCR2 deficiency determines the Ly6C-positive cell type that is recruited after
NA-injection. To further investigate which type of Ly6C cell infiltrates the brain parenchyma
after the injection of NA, double immunofluorescence with IBA1 (green in A-C) and Ly6C
(red in A-C) was performed. In CCR2/- tissue sections (A) Ly6C positive (red) but IBA1 negative,
were found. These cells were not identified (white arrows in A). However, in brain sections from
WT animals (B, C) Ly6C positive cells were frequently IBA1 positive (white arrows in C) and
therefore identified as infiltrated monocytes. In the same WT animals, Ly6C positive and IBA1
negative cells could be found as well (white arrows in B).

5.5.4. NA provoked the up-regulation of various cytokines, although more

moderately in CCR2/- mice

It has been widely documented that in CCR2 deficient mice the recruitment of
monocyte/macrophages into inflamed tissues is amply diminished (Crane et al,,

2009).

Thus, this strain offers an opportunity to evaluate the importance of resident cells
in the inflammatory response, in our case that induced by NA. Therefore,
inflammation was provoked by ICV injection of NA in WT and CCR2-/- mice, with

the purpose of measuring various inflammatory mediators.
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Figure R-38. IL-18 immunostaining in CCR2 deficient mice during NA-generated
neuroinflammation. Sections from WT (A, C) and CCR2/- (B, D) mice injected with saline (A, B)
or NA (C, D) were immunostained with IL-13 antibody. Histological images were taken from
areas nearby the site of injection, the right lateral ventricle. While IL-1f staining was negative in
saline injected animals (A, B; only brownish background was observed), in NA injected animals
frequent IL-1f3 positive cells were present. The insets show amplified details. Double
immunofluorescence (E) identified most IL-1f positive cells (red in E) as microglia/macrophages
(vellow arrow in E), as they were labeled by CD11b (green in E).

The  pro-inflammatory  cytokine IL-1 was first evaluated by
immunohistochemistry. IL-1f positive cells were counted in the septofimbrial
nucleus and in caudate-putamen. Positive label for IL-1f3 on samples treated with
saline was undetectable (Fig. R-38 A, B), conversely to NA-injected samples where
IL-18 positive cells were evident in periventricular brain areas in both strains (Fig.

R-38 C-D).
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Figure R-39. IL-1B positive cell counts in CCR2 deficiency mice during NA-induced
neuroinflammation. Counting of IL-1f positive cells was carried out in the septofimbrial
nucleus (A) and caudate-putamen area (B) of WT and CCR2"/- animals, after 6 h injection of
saline/NA. Bars represent the mean + SD (Sal, n= 3; NA, n= 4). The groups means were compared
by the Kruskal-Wallis test, which showed a significant increase in IL-1( positive cells after NA
injection in both strains (P < 0.001 for both areas). Such increase was more moderate in
CCR2/- mice than in WT animals. Letters (a-c) above bars indicate the absence (if same letter) or
presence (if different letter) of significant differences between groups (P < 0.05).

Doble immunofluorescence with CD11b, a marker of macrophages/microglia,
identified most IL-1f3 positive cells as these cell types (Fig. R-38 E). Kruskal-Wallis
test showed that IL-1f positive cell counts in the different groups were statistically
different (Fig. R-39) in both septofimbria (P <0.001) and caudate-putamen

(P <0.001).

Compared to saline injected animals, NA-injection provoked a dramatic increase in
IL-1p positive cells in both strains. However, such increase was less pronounced in

CCR2/-mice compared to that observed in WT ones (P < 0.05).
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Figure R-40. Expression of the pro-inflammatory cytokines IL-1B and TNFa after NA-
injection in CCR2 deficient mice. Wild type and CCR2/- animals were injected with saline or NA,
and 6 h later their brains dissected out for total RNA extraction. IL-1$ (A) and TNFa (B) mRNA
levels were quantified by qPCR, and expressed relative to mRNA levels of the housekeeping gene
GAPDH. Histogram bars represent mean + SD of n= 3 saline injected and n= 4 NA injected
animals. Kruskal-Wallis test was used to compare group means (P < 0.005 for both citoquines).
Letters (a-c) on bars indicate the absence (same letter) or the existence (different letters) of
significant differences when pair comparisons were performed (P < 0.05).

The expression of IL-1f and other pro-inflammatory cytokines was also quantified
by qPCR. Similarly to the results obtained by immunohistochemistry, NA injection
resulted in a prominent increase in IL-1f mRNA levels (P < 0.005), which was
milder in CCR2-/- mice (P <0.05; Fig R-40 A). TNFa mRNA levels behaved in a
similar fashion (P =0.05; Fig R-40 B). Therefore, NA provoked a significant
up-regulation of both cytokines, but to some extent dependent on CCR2 signaling

integrity.
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Figure R-41. Expression of the chemokine CCL2 and the cytokine IL-6 after NA-injection in
CCR2 deficiency. The same RNA samples used in the previous figure were here employed for
gPCR quantification of other pro-inflammatory cytokines, CCL2 (also known as MCP-1; (A) and
IL-6 (B). Group means were compared by the Krukal-Wallis test. Letters (a-b) on bars indicate
the absence (same letter) or presence (different letter) of significant differences when pair
comparisons were performed (P < 0.05).

Other chemotactic (CCL2, the ligand of CCR2Z) and pro-inflammatory (IL-6)
cytokines were also evaluated by qPCR. NA-injection induced the expression of
both CCL2 (P =0.626; Fig. R-41 A) and IL-6 (P = 0.518; Fig. R-41 B), but in both

cases there were no differences in CCR2-/- mice compared to WT animals.

On the other hand, some anti-inflammatory cytokines were analyzed as well, in

particular IL-10 (Fig. R-42 A), TGFf (Fig. R-42 B) and IL-4 (Fig. R-42 C).
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Figure R-42. Expression of the anti-inflammatory cytokines IL-10, TGFf and IL-4 in CCR2
deficient mice after NA-injection. The same RNA samples used in the previous figure were here
employed for qPCR quantification of the anti-inflammatory cytokines IL-10 (A), TGFB (B) and
IL-4 (C). The Kruskal-Wallis test was used for group mean comparisons. Letters (a-c) on bars
indicate the absence (same letter) or presence (different letter) of significant differences when
pair comparison was performed (P < 0.05).
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Saline injection induced the up-regulation of these three anti-inflammatory
cytokines, although to a larger extent for IL-10 (P < 0.005; about 30-fold increase)
and less pronounced for TGFf and IL-4 (P <0.005; about 2-fold increase). In
CCR27/- mice, the NA induced up-regulation of these cytokines was not always as
that observed in WT animals. Specifically, IL-10 mRNA levels suffered a milder
increase in CCR2-/- mice, as occurred for IL-1f3 or TNFa (Figs. R-40 and R-42 A),
TGFB did no experience any significant change in CCR2-/- animals upon NA
injection (Fig. R-42 B), and finally IL-4 suffered a similar increase in both strains

(Fig. R-42 C).

Hence, the ICV injection of NA induces the expression of various pro- and anti-
inflammatory cytokines, as well as chemotactic cytokines. This induction is in some
cases (CCL2, IL-6, IL-4) independent of CCR2 signaling, while in other cases is
partially (IL-1B, TNFaq, IL-10) or completely (TGFf3) dependent.
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Discusion

6.1. CLASIFICACION DE LAS CELULAS DE MICROGLIA EN UN MODELO DE
NEUROINFLAMACION EN FUNCION DE SU MORFOLOGIA, MEDIANTE EL USO
DE ANALISIS DE AGRUPAMIENTO JERARQUICO Y DE COMPONENTES
PRINCIPALES

El objetivo de este trabajo ha sido poner de manifiesto y categorizar, de forma
objetiva, los diferentes morfotipos que se pueden encontrar en una poblacién
heterogénea de células microgliales, procedentes de distintas localizaciones del
cerebro y en diversos estados de activacion. Tras cuantificar numerosos
parametros morfométricos en células de microglia individuales, se valoraron las
diferencias y similitudes entre las células mediante varios métodos de analisis
estadistico, lo que resulté en una clasificacién de estas células en distintos tipos
celulares. Finalmente, se relacionaron los diferentes morfotipos de microglia
obtenidos con distintos estados de activaciéon y con las distintas regiones del

cerebro estudiadas.

6.1.1. Diferentes parametros morfométricos medidos en la microglia revelan

su activacion inducida por la NA

Nuestro modelo experimental consiste en la induccion de un proceso
neuroinflamatorio mediante la inyecciéon de NA en el ventriculo lateral de ratas
(Del Carmen Gémez-Roldan et al.,, 2008; Grondona et al., 1996). De esta forma se
produce una inflamacién aséptica, que afecta a areas cercanas a la pared
ventricular en diferentes estructuras cerebrales, como la septofimbria, el
hipocampo y el hipotadlamo. La presencia de la citoquina IL-1f3 en las células de la
microglia indica que estdn polarizadas a un fenotipo M1 pro-inflamatorio
(Olah et al., 2011; Orihuela et al., 2016; Walker et al., 2014). Doce horas después de
la inyeccion de NA, la mayoria de las células microgliales muestran inmunotincién
para IL-1B (Fig. R-2). Sin embargo, también se encontraron células microgliales
negativas a IL-1f3, que pueden considerarse en reposo (vigilantes), tanto en ratas
controles inyectadas con solucion salina como en ratas tratadas con NA a tiempos
cortos tras la inyeccion. Por lo tanto, en este modelo de inflamacién encontramos

una poblacion de microglia que presenta diversos estados de activacidn.
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Con el objetivo de clasificar las células microgliales segin su morfologia y estado
de activaciéon, se midieron 5 pardmetros morfolégicos para cada célula
muestreada: dimensién fractal (D), lacunaridad (A), drea, densidad y perimetro. En
las tres areas cerebrales seleccionadas para este estudio (septofimbria, hipocampo
e hipotalamo) todos estos parametros fueron diferentes en las células microgliales
de los animales tratados con NA en comparacion con los controles (ratas
inyectadas con solucién salina o bien ratas sacrificadas a tiempos cortos después
de la inyeccidon de NA; Fig. R-3). Por lo tanto, los cambios morfolégicos pueden
estar estrechamente ligados a la conversion de la microglia desde un estado

vigilante a un estado activado, es decir, a la polarizacién al fenotipo M1.

En comparaciéon con los trabajos publicados por otros autores, los valores de D
obtenidos aqui (dentro de un rango de 1,42-1,23) coinciden con la presencia de las
cuatro formas ampliamente descritas de microglia: 1) ramificada en
reposo/inactiva, 2) hipertrofiada, 3) arbustiva no reactiva, 4) no
ramificada/ameboide/activada (Fernandez and Jelinek, 2001; Karperien et al,,
2013). Ademas, tras la inyecciéon de NA los valores de D de las células microgliales
disminuyeron en las tres areas estudiadas (Fig. R-3 A-C), tal como han descrito
esos mismos autores (Fernandez and Jelinek, 2001; Karperien et al, 2013).
Sin embargo, otros estudios encontraron un aumento en este parametro en
situaciones de lesidon cerebral, esquizofrenia, enfermedad de Alzheimer o
trastornos afectivos (Karperien et al., 2008; Soltys et al., 2001). Por otro lado, los
valores de la lacunaridad (A) también disminuyeron después del tratamiento con
NA (Fig. R-3 D-F), lo que indica un cambio de la forma de las células hacia una
morfologia mas homogénea (Karperien et al., 2011). La clasificacion de la microglia
basada en los resultados de D se complementa con los datos de A; se ha descrito
una fuerte correlacion entre D y A en la microglia tipo reactiva (Karperien et al,,

2011), lo cual coincide con nuestros resultados.

Respecto a otros parametros morfométricos, algunos estudios apuntan a una
variabilidad sustancial en las células microgliales de la corteza cerebral sana
(Kongsui et al., 2014; Torres-Platas et al,, 2014) y microglia fagocitica (Perez-
Pouchoulen et al., 2015).
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También se observa una alta diversidad en la microglia presente en situaciones
patologicas tales como el estrés crénico inducido (Hinwood et al., 2013) o el
accidente cerebrovascular isquémico (Morrison and Filosa, 2013). Por ejemplo, el
perimetro de la microglia disminuye después de la administracién de
lipopolisacarido (LPS), una oclusién permanente de la arteria cerebral media o una
lesion cerebral traumatica (Zanier et al., 2015). Nuestros resultados del perimetro
coinciden con los descritos previamente; la inyecciéon de NA indujo una reduccién
en el valor de este parametro (Fig. R-3 M-0), lo que permitiria la identificacion de
diferentes morfotipos microgliales basandonos en los valores perimetrales. En
nuestro modelo, el parametro densidad (también llamado solidez) aumento
después del tratamiento con NA (Fig. R-3 J-L). En todas las areas este aumento fue
coherente con la presencia de diferentes morfotipos de microglia. Otros autores
también observaron incrementos en los valores de densidad después de una lesion
cerebral (Soltys et al.,, 2001; Zanier et al., 2015) o tras la inyeccion de LPS (Kongsui
et al,, 2015). Por ultimo, los cambios en el parametro drea en nuestro modelo de
inflamacién no fueron consistentes, ya que se observé una disminucién después de
la inyeccién de NA, pero sélo en una de las areas del cerebro estudiadas (el nucleo
septofimbrial, Fig. R-3 G). Una resistencia similar al cambio de este parametro
morfométrico en células microgliales ha sido descrita en modelos murinos de
enfermedad de Alzheimer (Baron et al, 2014), en la microglia activada por
envejecimiento y en ratas lesionadas quirurgicamente (Hovens et al., 2014). Por lo
tanto, se puede deducir que, al menos en nuestro modelo, la dimensién fractal, 1a
lacunaridad, 1a densidad y el perimetro, pero no el drea de la célula, son indicadores

morfologicos sensibles de la activacion de las células microgliales.

Nuestros resultados morfométricos se ajustan a ciertos morfotipos categorizados
de la microglia que han sido previamente descritos (Fernandez and Jelinek, 2001;
Karperien et al, 2013). En primer lugar, un fenotipo ramificado de reposo o
vigilancia, con soma celular pequefo, con ramificaciones primarias largas y
ramificaciones secundarias bastante delgadas, estaria presente en animales
inyectados con solucién salina, y seria descrito por D, A y perimetro altos, y una

baja densidad.
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Cuatro horas después de la inyeccién de NA, otra morfologia comenzaria a
aparecer, que podria corresponder a microglia des-ramificada, con un soma mas
grande y prolongaciones mas cortas y mas gruesas. Esta morfologia de la microglia
se caracterizaria por valores inferiores de D, A y perimetro, y una densidad
aumentada. Finalmente, un tercer morfotipo, presente en ratas 12 h después de la
inyeccidn de NA, seria la microglia no ramificada reactiva/activada, con un cuerpo
celular grande y pocas prolongaciones de mayor grosor. Se caracterizaria por
valores mas bajos de D, A y perimetro, y densidades mas altas. Este ultimo

morfotipo también podria estar asociado a la microglia M1 polarizada.

6.1.2. El analisis de claster jerarquico y de componentes principales permite

la clasificacion morfoldgica de la microglia

Con el fin de categorizar adecuadamente los diferentes morfotipos que existen en
la poblacion microglial presente en nuestro modelo experimental y
correlacionarlos con su estado de activacion, se realizd6 un andlisis de
agrupamiento jerdrquico o de claster jerarquico (HCA, del inglés hierarchical
cluster analysis; Fig. R-4 A). En este enfoque matematico, la eleccién de los
parametros es crucial para determinar el resultado del analisis. Los conjuntos de
datos que se distribuyen de forma multimodal son los mas apropiados para
separar una poblacién de células en morfotipos (Scheweitzer and Renehan, 1997).
Sin embargo, s6lo algunos autores han tenido en cuenta el indice multimodal (MM],
del inglés multimodality index) para hacer su seleccion de parametros. Este
enfoque mas riguroso permitié la distincion de dos morfotipos de microglia
después de la infecciéon por Dengue (Diniz et al., 2016) y cuatro tipos de microglia
reactiva después de la axotomia del nervio hipogloso (Yamada and Jinno, 2013). En
nuestro modelo neuroinflamatorio, se midieron quince parametros morfométricos
y se analizaron sus conjuntos de datos por MMI. Aunque previamente se habian
encontrado diferencias significativas en D, A y densidad al comparar la microglia
procedente de animales tratados con NA respecto a los controles (tratados con
salino), el MMI para esos parametros resultd no ser adecuado para el analisis de

cluster jerarquico.
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En cambio, la circularidad de las células (CC, del inglés cell circularity), el drea del
poligono convexo (CHA, del inglés convex hull area), el perimetro celular (CP, del
inglés cell perimeter) y la ratio de didmetros del poligono convexo (CHSR, del inglés
convex hull span ratio) presentaron valores de MMI superiores a 0,55 y, por lo
tanto, se escogieron para la clasificacion de las células microgliales en grupos
(Tabla R-1). Utilizando estos parametros, y siguiendo el procedimiento de
Thorndike (1953), la microglia presente en nuestro modelo experimental se
clasific6 en cuatro morfotipos o Clusters, que fueron numerados del 1 al 4 (Fig. R-4
B). La distribucion de las células microgliales en un mapa territorial por analisis
lineal discriminante (LDA, del inglés linear discriminant analysis; Fig. R-4 C) mostré
que los Clusteres 3 y 4 fueron los mas distantes, por lo que corresponden a los
morfotipos mas diferentes en nuestro modelo. Los Clusteres 1 y 2 estuvieron mas
préximos entre si. Cuando se representan las células microgliales en el mismo
mapa territorial pero usando un cédigo de color relacionado con el tratamiento
salino/NA (Fig. R-4 D) el Claster 3 coincidi6 con la microglia de muestras salinas,
por tanto debe corresponder a microglia vigilante, y el Claster 4 ocupé el mismo
lugar de la microglia de animales tratados con NA, y que deberia ser por tanto
microglia activada. Los Clusteres 1 y 2 incluyeron una mezcla de células de ratas
tratadas con salino y con NA. Por lo tanto, aunque los Clusteres 1 y 2 representaron
dos poblaciones microgliales diferentes segin su morfologia, no es posible asociar
dichos Clasteres con un morfotipo vigilante o activado. Sobre la base de este
resultado, aunque la correlacion entre la forma y la activaciéon en las células
microgliales esta ampliamente aceptada, la definicion del estado de activacién

basandonos en la morfologia no es siempre clara y directa.

Para dilucidar esta cuestion, se realizé un analisis de componentes principales
(PCA, del inglés principal components analysis; Fig. R-6). El PCA considera otro
conjunto de variables, que pueden ser diferentes a las consideradas en el LDA.
Después de examinar todos los parametros morfométricos, el PCA revela los que
tienen mas peso sobre la varianza. Por medio del PCA, los parametros utiles
seleccionados fueron didmetro mdximo a través del poligono convexo (MSACH, del
inglés maximum span across the convex hull) y circularidad del poligono convexo

(CHC, del inglés convex hull circularity; Fig. R-7).
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Las células se representaron en el plano PCA utilizando un c6digo de 4 colores para
indicar su asignacién de Cluster (figura R-6 A), o un cédigo de 2 colores para
mostrar su tratamiento de origen, es decir, salino o NA (Fig. R-6 B-D). Por lo tanto,
la microglia se puede mostrar desde un punto de vista diferente al obtenido
mediante el LDA. Ademas, del total de células examinadas, el nimero de células
perteneciente a cada Cluster en cada area cerebral y en cada tratamiento se
representd mediante un histograma (Fig. R-5). Estos andlisis adicionales (PCA e
histograma) proporcionaron una visiéon mas clara de los morfotipos encontrados
en nuestro modelo. Aunque el LDA apunt6 al Cluster 3 como microglia vigilante, el
Cluster 2 se ajusta mejor con el estado de vigilancia, ya que su poblacién disminuye
en todas las areas del cerebro después de la inyeccion de NA. El morfotipo del
Cluster 2 es mas abundante en el hipocampo y el nucleo septofimbrial, pero es
bastante escaso en el hipotdlamo. El morfotipo del Cluster 3 puede considerarse
intermedio, ya que estd presente tanto en muestras de animales tratados con
solucion salina como en animales tratados con NA. Al considerar los cambios en las
distintas areas estudiadas, en el hipotdlamo el nimero de células del Cluster 3
disminuye después de la inyecciéon de NA, pero sin embargo en el hipocampo
aumenta. Una contradiccidn similar ocurre con el Cluster 1: tras la inyeccion de NA
hay un aumento de este morfotipo en el hipocampo, pero una disminucién en el
hipotalamo. Por ultimo, el Cldster 4 puede considerarse inequivocamente un
morfotipo activado, ya que s6lo aparece después de la inyeccion de NA en todas las
areas estudiadas. Por lo tanto, se ha desarrollado una herramienta ttil, basada en
la morfologia celular, para clasificar las células microgliales en diferentes estados
de activacion. Sin embargo, es relevante tener en cuenta el area en estudio, ya que
los resultados obtenidos con la microglia de un area pueden no ser extrapolables a
otras areas del cerebro. Es decir, el mismo morfotipo de microglia puede
representar a una célula vigilante en una region del cerebro, mientras que puede

corresponder a una forma activada en otra area cerebral.

Si es complicado establecer una correlacion entre la asignacion de Cluster y el
estado de activacion en nuestro modelo experimental, la comparacién de nuestros
resultados con los de otros investigadores es bastante mas dificil. Podemos

relacionar nuestro morfotipo del Claster 2 con la microglia de vigilancia, siempre
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presente antes de la lesion, que se ha clasificado como microglia ramificada antes
de la lesion cerebral (Soltys et al, 2001), como microglia de Tipo I antes de
axotomia hipoglosa (Yamada and Jinno, 2013), o como microglia de Tipo S en los
controles de un modelo murino de esclerosis lateral amiotréfica (Ohgomori et al.,
2016). Por otra parte, las células de nuestro Cluster 4 pueden corresponder a un
morfotipo activado, presente en diversas situaciones experimentales/patologicas
cerebrales, denominadas microglia arbustiva en situacion de lesion cerebral (Soltys
et al., 2001), microglia tipo IV después de la axotomia (Yamada and Jinno, 2013), o
microglia R3 en procesos avanzados de esclerosis lateral amiotréfica (Ohgomori et

al, 2016).

6.1.3. Propuesta de un arbol de decision basado en parametros morfoldgicos

para la categorizacion de las células de la microglia

Después de la clasificacion predictiva mediante LDA de las células de microglia en
Clusteres, la representaciéon de dichas células en un plano de componentes
principales (PC, del inglés principal components) mostr6 que los diferentes
Clusteres estaban claramente separados, lo cual corroboré la clasificacion
realizada por HCA y LDA. Sin embargo, 1) la poblacién de células qued6 dispersa a
lo largo del eje de PC (Fig. R-6), y 2) los morfotipos de los Clusteres 1 y 3 no se
correlacionaban adecuadamente con un estado de reposo/activacion. Por lo tanto,
decidimos buscar otra subdivision de estos grupos. Para ello, se propuso un arbol
de decision légica (Fig. R-7), basado en los parametros predictivos mas
significativos revelados por el LDA, que inicialmente permiten asignar células en
los grupos definidos; posteriormente, cada grupo se subdivide de nuevo sobre la
base de parametros adicionales, seleccionados de acuerdo con el PCA. Esta ultima
subdivisién propuesta no puede ser considerada como predictiva, como si lo es la
anterior, ya que el PCA no puede validar la clasificacion propuesta (Soltys et al,,
2005; Yamada and Jinno, 2013). Sin embargo, se consider6 que el PCA podria
aprovechar la descripcion cuantitativa de la forma de la microglia basada en otros
parametros, incluso cuando la distribuciéon de datos de esos otros parametros

fuese unimodal.
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Por lo tanto, el primer paso del procedimiento propuesto consiste en evaluar la
ratio de didmetros del poligono convexo (CHSR), la circularidad celular (CC) y el
drea del poligono convexo (CHA) de cada célula microglial. Estos pardmetros
permiten la asignacion de cada célula en uno de los cuatro Clusteres establecidos
por LDA (Fig. R-7 A). Ademas, el PCA mostr6 dos parametros adicionales, el
didmetro mdximo a través del poligono convexo (MSACH) y la circularidad del
poligono convexo (CHC), que pueden utilizarse (al menos en nuestro modelo) para
categorizar las células en un total de 8 Tipos (Fig. R-7 B). La subdivisién propuesta
por PCA debe considerarse solo cuando los valores de los parametros principales
estén claramente polarizados. Las diferencias entre los subgrupos o Tipos

resultantes deben ser en cualquier caso corroboradas por un analisis estadistico.

La ejecuciéon del arbol de decisiones propuesto (Fig. R-7) con ayuda de la
distribucién de los 8 Tipos obtenidos en un histograma (Figura R-8), revela ciertos
morfotipos vigilantes (los Tipos 2.1 y 2.2) y activados (los Tipos 4.1 y 4.2)
inequivocos. Ademas, se resuelve la situacion conflictiva de los Clusteres 1y 3, que
incluyen fenotipos de vigilancia (Tipos 1.1, 1.2 y 3.2) y fenotipos activados (Tipos
1.1 y 3.1) dependiendo de la regién del cerebro donde se localice la célula. Los
Tipos de microglia mas representativos en cada region del cerebro se resumen en
la figura R-10. Hay que tener en cuenta que: 1) en la mayoria de los casos, no hay
un Tipo de microglia exclusiva para una regién del cerebro o para un estado de
activacion; 2) ciertos morfotipos pueden corresponder a una microglia vigilante en
unas areas cerebrales y a una microglia activada en otros lugares. Por lo tanto, la
localizacion anatémica de la microglia siempre tiene que ser tenida en cuenta. En
definitiva, este trabajo demuestra que la microglia en condiciones inflamatorias
(NA) puede ser diferenciada de la microglia en reposo mediante la medida de
parametros morfoldgicos, cuyos valores son estadisticamente diferentes en ambos
estados de las células microgliales. Se han propuesto cuatro grupos o Clusteres de
microglia diferentes por medio del HCA. Luego, el LDA ha sugerido tres parametros
morfologicos relevantes para clasificar cualquier célula de microglia por medio de
un arbol de decisiones. Posteriormente, se han identificado por PCA otros dos
parametros validos adicionales, que han permitido la subdivisién de los Clasteres,

obteniéndose un total de ocho Tipos de células microgliales.
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La asignacion de las células de la microglia que encontramos en nuestro modelo
experimental en los Cldsteres/Tipos aqui propuestos ha resultado en una
distribucién dispersa de la microglia en vigilancia (presente en ratas tratadas con
solucién salina) en diferentes Clusteres/Tipos. Sin embargo, la asignacion de la
microglia activada (presente en ratas tratadas con NA) ha sido mas homogénea, ya
que se ha clasificado mayoritariamente en el Cluster 4. Curiosamente, algunas
células con fenotipo vigilante de areas especificas del cerebro ocasionalmente se
clasificaron bajo el mismo morfotipo que células activadas localizadas en otras
areas cerebrales, lo que indica que el fenotipo de la microglia vigilante puede ser,
hasta cierto punto, especifico de una region. Por dicho motivo se sugiere que la
ubicacion de la microglia dentro del cerebro debe ser considerada para futuras
clasificaciones. Por lo tanto, estos resultados permiten establecer una relacién
entre los diferentes morfotipos y los distintos estados de activacion de las células
microgliales, teniendo en cuenta necesariamente su localizacién cerebral. También
se propone una reevaluacibn de parametros morfométricos por PCA,

particularmente en el caso de aquellos parametros con distribucién unimodal.

6.2. LA CORRELACION ENTRE EL NIVEL DE EXPRESION DE IL-18 Y LOS
PARAMETROS MORFOLOGICOS DEMUESTRA QUE DICHOS PARAMETROS
PUEDEN PREDECIR EL GRADO DE ACTIVACION DE LA MICROGLIA

Como se ha descrito previamente, la inyeccion de NA en el ventriculo lateral
genera una activaciéon de la microglia, que se evidencia por la expresion de IL-1(.
La inmunohistoquimica de fluorescencia mostr6 que las células de microglia
cercanas a las paredes ventriculares son las que expresan de forma especifica esta
citoquina inflamatoria, mientras que conforme nos alejamos de la superficie
ventricular la marca de IL-1f3 fue practicamente inexistente. Este hecho sugiere
que la NA que difunde desde las cavidades ventriculares es la que induce la
activacion de la microglia. En las regiones seleccionadas para este estudio (el
nucleo septofimbrial, el putamen caudado y el hipotalamo) se encontraron células
de microglia activadas en el parénquima nervioso hasta 100-200 um desde la

superficie ventricular (Fig. R-2).
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La expresion de IL-1f por las células de la microglia demuestra una polarizacién
hacia el estado de activacion M1, fenotipo pro-inflamatorio que aparece a las pocas
horas del estimulo inflamatorio (Olah et al., 2011; Orihuela et al., 2016; Walker et
al, 2014). Sin embargo, en nuestro modelo de inflamacién la poblacion de
microglia IL-1f positiva (activada) no parecia mostrar una morfologia homogénea.
Por ello, se decidi6 analizar si dentro de esta poblacion de microglia activada
aparecian diferentes rasgos morfoldgicos, que se pudieran corresponder ademas

con diferentes grados de activacion.

6.2.1. Diferentes grados de expresion de IL-1f en la microglia activada por

inyeccion de NA

Doce horas tras la inyeccion de NA se encontré un alto nimero de células de la
microglia que expresaban IL-1B y que ademas parecian mostrar una alta
variabilidad morfoldgica. Inicialmente se confirmé que las células de la microglia
seleccionadas para el estudio mostraban un rango amplio de marca de IL-1(, que
se corresponderia con diferentes niveles de expresién de esta citoquina. A simple
vista, no se pudo asociar un mayor nivel de marca de IL-1f3 con la proximidad a la
pared ventricular (flecha en Fig. R-12 A). Ademas, si bien es cierto que todas las
células IL-1B positivas seleccionadas mostraban un soma generalmente
hipertrofiado, también se observé que dichas células mostraban patrones de
ramificaciones variados y, salvo alguna excepcion, todas estaban lejos de ser
redondas o ameboides. Todo ello indica que las células de microglia seleccionadas
para este analisis se encontraban en un estado M1 de activacién pero con
diferentes grados de expresion de IL-18 y, ademas, que presentaban un amplio

abanico de morfologias.

Tradicionalmente se han descrito dos formas de microglia: una considerada como
un estado de reposo en el que las células presentan una morfologia altamente
ramificada, y otra considerada como un estado activado en el que adquiere forma
ameboide (Davis et al., 1994). Otros trabajos han descrito microglia activadas con
forma hipertrofiada (Ayoub and Salm, 2003) o cilindrica (Taylor et al., 2014;
Wierzba-Bobrowicz et al.,, 2002).
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Actualmente estd ampliamente aceptado que la microglia ramificada no se
encuentra en estado de reposo, sino que es altamente dindmica en su papel de
vigilar su entorno (Nimmerjahn et al., 2005), presentando diversos estados
funcionales en condiciones normales (Gomez-Nicola and Perry, 2015; Ransohoff
and Perry, 2009). Pero ademas, este escenario es alin mas complejo, ya que se ha
observado que en algunas situaciones patolégicas la microglia conserva sus
ramificaciones. En este sentido, el estudio detallado de la conversion de la
microglia ramificada hacia una forma ameboide ha revelado que inicialmente la
microglia sustituye las ramas existentes por un conjunto de protuberancias
completamente nuevas y altamente moéviles. Durante este cambio, hay una primera
fase de retraccién de ramificaciones (T: transicional), una segunda fase de
formacién de nuevas ramificaciones altamente dindamicas (M; movilidad), y
finalmente la fase de movilidad se combina con otra tercera fase de
desplazamiento de la microglia a través del parénquima (L: locomocion) (Petersen
and Dailey, 2004; Stence et al.,, 2001). Por otra parte, se ha observado que, tras una
lesion cerebral traumatica, las prolongaciones microgliales convergen hacia el
lugar de la lesién sin que haya un desplazamiento del cuerpo celular,
estableciéndose una barrera potencial entre el tejido sano y el lesionado (Davalos
et al., 2005). Por lo tanto, algunos autores han descrito células de la microglia con
morfotipos intermedios, con abundantes ramificaciones y altamente dinamicas en
situaciones de dafio cerebral. Estas formas intermedias de microglia activada

parecen ser también los morfotipos predominantes en nuestro estudio.

6.2.2. Los parametros morfométricos revelan una amplia variabilidad

morfoldgica en la microglia activada por NA

Una vez seleccionada una poblacién de microglia con un amplio rango de
expresion de IL-1(3, se procedi6 a la valoracion de su morfologia mediante
parametros cuantificables y por tanto objetivos, a saber: dimension fractal (D),
lacunaridad (A), perimetro, drea y densidad. El analisis morfométrico realizado en
esta poblacion de microglia activada mostr6 una amplia variedad morfoldgica,
apreciable a simple vista por el rango de valores obtenidos en las mediciones de

los distintos parametros (Fig. R-13).
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Dado que la poblacién de células del hipotdlamo no mostré diferencias
significativas (en los parametros medidos) respecto a las poblaciones del caudado
putamen y del nudcleo septofimbrial (Fig. R-14), se decidié tomar la microglia del
hipotalamo como poblacién de referencia para continuar con el estudio; de esta

forma los resultados fueron mas consistentes y fiables.

Los valores de dimensién fractal (D) dan informacion acerca del grado de
complejidad celular: asi, valores muy altos indican un alto grado de ramificaciéon y
viceversa (Karperien et al,, 2013). En funcién de los resultados obtenidos con la
microglia hipotalamica (Fig. R-14 A; D =1,20-1,39), podemos decir que en dicha
poblacion no hay microglia ramificada vigilante (que suele presentar una D > 1,45)
ni microglia ameboidea (que se caracteriza por una D < 1,2), siendo predominante
la microglia ramificada intermedia de tipo arbustivo o hipertrofiada. En algunos
trabajos, sin embargo, se ha observado la presencia de una microglia hiper-
ramificada cuyos valores de D varian entre 1,45-1,60 (Karperien and Jelinek,
2015). El morfotipo hiper-ramificado, que parece transitorio y previo a una
activacion, se ha vislumbrado tras un traumatismo (Soltys et al.,, 2001), en un
proceso isquémico (Soltys et al., 2005), y tras una lesiéon vascular realizada con
laser (Sheets et al.,, 2013). Dado el rango de valores de D que hemos obtenido en
nuestra muestra (D =1,20-1,39) podemos descartar la presencia de microglia

hiper-ramificada.

La lacunaridad, es un parametro que informa acerca de la homogeneidad (valores
bajos) o heterogeneidad (valores altos) que muestra una imagen (Karperien et al.,
2011). La poblacién activada de microglia hipotalamica presenté un amplio rango
de valores de lacunaridad (Fig. R-14 B; A =0,09-0,71) si los comparamos con los
obtenidos con la microglia ramificada, hipertrofiada o arbustiva (A =0.22-0.34)

presente en un proceso isquémico (Soltys et al., 2001).

Los valores de drea medidos en la microglia activada en nuestro modelo (Fig. R-14
C; drea = 200-600 um?) fueron mas bajos que los obtenidos en microglia de ratas
jovenes (1000-2000 pm?) o incluso de edad avanzada (800-2000 um?) (Baron et
al., 2014). Los valores de area mas bajos de nuestra microglia serian compatibles

con un estado de activacion.

173



Discusion

El perimetro en nuestra poblaciéon de microglia activada (Fig. R-14 D;
perimetro = 200-1300 um) present6 un rango de valores mas amplio que el
obtenido por otros autores tras administrar LPS (200-600 pm; Kozlowski and
Weimer, 2012). Es probable que en dicho modelo de LPS el grado de activacién de
la microglia sea mayor que en nuestro modelo, que emplea dosis moderadas de

NA.

Por ultimo, el rango de valores de densidad en nuestra poblacidon de microglia (Fig.
R-14 E; densidad = 0,1-0,6) coincide con el de estudios realizados en animales
sometidos a un traumatismo (Soltys et al., 2001), a una situacién de estrés hidrico
(Ayoub and Salm, 2003) o a un proceso isquémico (Soltys et al., 2005). En estas
situaciones los datos de densidad (o solidez) van desde valores bajos en microglia
ramificada (densidad = 0,25), valores medios en la microglia hipertrofiada
(densidad = 0,3-0,4) y valores altos en la microglia arbustiva (densidad > 0,4).
Segun esto, en nuestra poblaciéon de microglia hipotaldmica podriamos encontrar

todos estos fenotipos, ya que la densidad oscila desde 0,1 hasta 0,6.

Los resultados morfométricos aqui obtenidos y su comparacién con los obtenidos
en otros trabajos nos llevan a deducir que dentro de la poblacién de microglia
hipotalamica activada por NA se encuentran preferentemente morfotipos
ramificados del tipo hipertrofiado y arbustivo, mientras que no hay microglia
ramificada vigilante ni microglia hiper-ramificada. Igualmente, la microglia

ameboidea también es practicamente inexistente.

6.2.3. Existe una correlacion entre diferentes parametros morfométricos y el
nivel de expresion de IL-18 en la poblacion de microglia hipotalamica

activada por NA

Una vez obtenidos los valores de los diferentes parametros morfométricos y el
nivel de marcaje con IL-1f para cada célula de nuestra poblacién, se realizé6 un
analisis de regresion linear simple de cada parametro morfométrico individual
respecto al nivel de expresion de IL-1B. De esta forma se pretendié investigar si
habia un cambio de forma gradual que se correspondiera con el grado de

activacion de la microglia.
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Los resultados del analisis de regresiéon de los cinco parametros morfométricos
estudiados mostraron que hay dependencia de cada una de las variables (cada
parametro morfométrico) respecto a la variable independiente (el porcentaje de
expresion de IL-1f; Fig. R-15); todos los coeficientes de regresion fueron
significativos y ademdas los coeficientes de correlacion dieron cuenta de la

fiabilidad del analisis (Tabla R-4).

Ademas, los valores de dimension fractal (D), lacunaridad (A), perimetro y drea
disminuyeron conforme aumentaba la expresion de la citoquina inflamatoria. Por
el contrario, el parametro densidad fue incrementando conforme la microglia

expresaba mas IL-1p.

Estos resultados sugieren que la microglia levemente activada (bajos niveles de
IL-1B3) presenta una forma hipertrofiada. Cuando la microglia presenta un mayor
grado de activacion (niveles mas altos de IL-13) adopta un morfotipo arbustivo. La
microglia hipertrofiada y levemente activada muestra una mayor complejidad en
las ramificaciones (D = 1,30-1,40), y una alta heterogeneidad (A =0,4-0,7) que
implica mayor grado de polaridad celular. El drea (400-600 um?) y el perimetro
celular (750-1300 pm) son grandes, mostrando un soma hipertrofiado con una

densidad celular baja (0,1-0,35).

Por otro lado, las células de microglia con un mayor grado de activacién (altos
niveles de IL-1) presentan una forma arbustiva con ramificaciones mas cortas y
mas gruesas (D = 1,20-1,30). Grados aiin mayores de activacidn estarian asociados
a una morfologia mas homogénea (A=0,1-0,4) con drea (200-400 um?) y

perimetro (200-750 um) menores, y mayor densidad celular (0,35-0,7).

Por lo tanto, estos resultados indican que los parametros morfologicos de la
microglia correlacionan con el grado de activacion de la misma. Dichos parametros
podrian ser utilizados como herramientas objetivas para evaluar el grado de

activacion de estas células en distintas situaciones fisioldgicas o patoldgicas.
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6.3. EL RECEPTOR TLR4 DE LA MICROGLIA ES CLAVE EN LA ACTIVACION DEL
PROCESO INFLAMATORIO GENERADO POR LA NEURAMINIDASA, MIENTRAS
QUE EL RECEPTOR TLR2 PARTICIPA INCREMENTANDO LA EXPRESION DE
CITOQUINAS INFLAMATORIAS

Dado que los receptores TLR de la microglia tienen un papel clave en el inicio de la
respuesta inmune (Kawai and Akira, 2006), se plante6 como objetivo averiguar si
los receptores TLR2 y TLR4 de microglia tienen un papel relevante en el inicio del
proceso inflamatorio generado mediante la administraciéon de NA, proceso que se
puede considerar estéril, ya que se inicia por la presencia de una sola proteina, con

actividad sialidasa, en las cavidades ventriculares.

Con este fin se analiz6 la respuesta inflamatoria tras la administracién de NA en
ratones WT, TLR2-/- y TLR4-/-. Ademas se utilizaron cultivos puros de microglia,
procedentes de estas tres cepas de raton, para evaluar la activacion de la microglia
tras estimulacion con NA in vitro. De esta forma se pudo evaluar la relevancia de

cada receptor TLR en el inicio del proceso inflamatorio generado por la NA.

6.3.1. El receptor TLR2 de la microglia participa en la inflamacion inducida

por la NA, aunque no es esencial

La inflamacién generada por la administracion de NA en los ratones mutantes
TLR2/- fue ligeramente mas leve que la generada en los ratones WT. El recuento de
células de microglia (Fig. R-17) y de células que expresaban IL-1f3 (Fig. R-19) en
secciones histolégicas mostré que no habia diferencias significativas entre ambas
cepas de ratones tras la administracién de NA; sin embargo el recuento de células

IL-1p positivas en el hipotalamo si fue algo menor en los TLR2-/- que en los WT.

Por otra parte, el analisis de la expresién de las citoquinas inflamatorias IL-1,
TNFa y IL-6 por qPCR (Fig. R-22) en hipotalamo si mostr6 una menor expresion de
IL-1B y TNFa en los ratones TLR2/- respecto a los WT, ambos tratados con NA.
Estos resultados indican que el receptor TLR2 participa de alguna forma en el

proceso neuroinflamatorio inducido por NA.
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Dicho analisis también se realizé en la cepa TLR4/-, en la cual sin embargo la
expresion de dichas citoquinas fue casi nula. Estos resultados sugieren que TLR2
participaria en la inflamacién inducida por la NA, pero que esta via de activacién
no seria la principal. Ademas, se realiz6 un analisis cuantitativo de la expresion de
genes pro-inflamatorios en cultivos puros de microglia expuestos a NA (Fig. R-23).
La expresion de IL-1 y TNFa en la microglia de los animales TLR2/- fue menor
que en la microglia procedente de animales WT. De este modo se confirmé que los
receptores TLR2Z de la microglia intervienen en la cascada pro-inflamatoria

inducida por la NA.

Por otro lado, también se cuantifico la molécula de adhesion ICAM-1 mediante
inmunocitoquimica. En estudios previos se observé un incremento en la expresiéon
de ICAM-1 en el endotelio vascular tras la inyeccién de NA (Granados-Duran et al.,
2015). En el presente trabajo, este resultado se reprodujo en ratones normales,
pero ademas en las cepas TLR2/- y TLR4/- dicha sobre-expresion de ICAM-1 fue
similar a la obtenida en los ratones WT (Fig. R-21). Esto sugiere que la sobre-
expresion de ICAM-1 en la inflamacién inducida por la NA no depende de la via de

sefializacién mediada por TLR2 o TLR4.

Al igual que sugieren nuestros resultados, se ha descrito que los receptores TLR2
participan en otros procesos inflamatorios, como el que se desarrolla tras una
isquemia cerebral, donde astrocitos y neuronas (Stridh et al., 2011) y también la
microglia (Lehnardt et al., 2007a) facilitan la propagacion del proceso inflamatorio
y del dafio tisular. Asimismo, en la meningitis bacteriana generada por
estreptococos la activacion de los receptores TLR2 de la microglia provoca la
muerte neuronal (Lehnardt et al., 2006) y la apoptosis de la propia microglia
(Lehnardt et al., 2007b). En el caso de la enfermedad de Alzheimer, la activacion de
la microglia a través de TLR2Z puede dar lugar a fenotipos funcionalmente
diferentes: por un lado una activacion al estado M1, que produce mediadores pro-
inflamatorios que generan un dafio neurotoxico, y por otro lado una activacién al
estado M2, en el que la fagocitosis de los depositos de péptido 3-amiloide da lugar

a un efecto neuroprotector (Chen et al., 2006; Liu et al., 2012).
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6.3.2. El receptor TLR4 de la microglia es esencial para iniciar el proceso

inflamatorio inducido por la NA

Tras la inyeccién de NA, la respuesta inflamatoria ocurrida en los ratones TLR4/-
fue mucho mas leve que la observada en los ratones WT y en los ratones TLR2-/-, y
similar a la ocurrida en los ratones WT tratados con solucion salina. Esto se puso
de manifiesto en los recuentos de microglia (Fig. R-17) y de células IL-1 positivas
(Fig. R-19), que fueron mucho menores en los TLR4/- que en los TLR2/- o0 en los
WT. Ademas, no hubo incremento en la expresion de citoquinas pro-inflamatorias
tras la inyeccion de NA en los ratones TLR4-/+, lo que si ocurrid en los TLR2-/-y en
los WT (Fig. R-22). Estos resultados fueron corroborados por los obtenidos en los
experimentos con cultivos puros de microglia: la NA no increment6 la expresiéon de
citoquinas pro-inflamatorias en la microglia TLR4/-, pero si lo hizo en los cultivos
de microglia TLR2/- o WT (Fig. R-23). Estos resultados sugieren que el receptor
TLR4, y en particular el que expresan las células de microglia, tiene un papel
relevante y esencial en el inicio del proceso inflamatorio inducido por la NA. Esto
constituye uno de los principales hallazgos de este trabajo, ya que revela parte del

mecanismo por el cual la NA provoca neuroinflamacién.

Sin embargo, en ratones TLR4-/- tratados con NA si se observd un incremento de
ICAM-1 en el endotelio vascular, que fue similar al de ratones WT y TLR2-/-
(Fig. R-21). Esto sugiere que en los ratones TLR4-/- la NA si genera una cierta
respuesta inflamatoria, mediante algin mecanismo independiente de este

receptor.

Estos resultados coinciden con otros trabajos en los que se pone de manifiesto
papel relevante del receptor TLR4 en respuestas neuroinflamatorias relacionadas
con accidentes cerebrovasculares hemorragicos (Caso et al., 2007; Okada and
Suzuki, 2017). En estos procesos se ha observado que el inicio de la cascada de
activacion de TLR4 es responsable de lesiones cerebrales tempranas que
empeoran el prondstico de esta patologia. En el caso de procesos isquémicos se ha
dado un paso mas, demostrandose que la activacion de TLR4 en la microglia es

clave para la liberacidn de citoquinas inflamatorias toxicas (Yao et al,, 2013).
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Ademas, el papel de TLR4 sobre la depresién (Garate et al., 2011), la obesidad
(Milanski et al., 2009) o patologias derivadas del abuso de alcohol (Alfonso-

Loeches et al,, 2010) ha generado gran interés.

Cabe destacar los avances relacionados con la enfermedad de Alzheimer. Asi, se ha
demostrado que los agregados de (-amiloide activan a la microglia por medio de
TLR4, generandose citoquinas inflamatorias neurotoxicas que repercuten en la
progresion de la enfermedad (Jin et al,, 2008). Por otra parte, se ha evidenciado
que la activaciéon de TLR4 y el consecuente aumento de citoquinas inflamatorias
provoca una retroalimentacion positiva que resulta en un aumento acelerado de
los precursores de [3-amiloide (Dan et al.,, 2015). Este descubrimiento representa
un paso muy importante en el control de la progresiéon la enfermedad ya que

vislumbra la posibilidad de modular la formacién de los péptidos de $-amiloide.

Por otra parte, se ha descrito que los diferentes tipos de receptores TLR pueden
interaccionar en la membrana en diversas combinaciones formando
heterodimeros, generdndose una respuesta diferente a la que ocurriria si se
activaran de forma independiente (Rosenberger et al., 2014). En algunos procesos
inflamatorios como la meningitis neumocécica la reactividad inmunoldgica precisa
de ambos receptores, TLR2 y TLR4 (Klein et al, 2008). Igualmente, en la
enfermedad de Alzheimer se ha demostrado que TLR2 y TLR4 participan juntos en
la interaccién con la proteina 3-amiloide (Reed-Geaghan et al., 2009). Ademas, en
el proceso inflamatorio que se desarrolla tras un traumatismo craneoencefalico se
ha descrito la existencia de un heterodimero formado por TLR2 y TLR4, el cual se
activa por la hemoglobina procedente de la hemorragia intracraneal (Wang et al.,
2014).

Con estos resultados previos, no debemos descartar la posibilidad de que la NA

actuara mediante la unién a este tipo de heterodimeros.

Sobre la base de nuestros resultados podemos deducir que en la respuesta
inflamatoria inducida por la NA el receptor TLR4 tiene un papel fundamental

mientras que la participacion de TLR2 es secundaria.
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Una posible hipétesis seria que el receptor TLR4 iniciara la respuesta inflamatoria
y que el receptor TLR2 colaborara en su desarrollo, una vez que ésta ya se hubiera
iniciado a través del TLR4. Esta hipotesis se basa en la importante reduccién de la
respuesta inflamatoria en los ratones TLR4-/- tratados con NA, a pesar de tener un
TLR2 funcional. Por su parte, dicha respuesta es menor, aunque de cierta entidad,
en los ratones TLR2/-, que presentan un TLR4 funcional y por tanto capaz de

iniciar dicha respuesta.

Por consiguiente, este estudio nos lleva a concluir que el receptor TLR4 de la
microglia tiene un papel clave en inicio del proceso neuroinflamatorio generado
por la NA, y que el receptor TLRZ de la microglia participa en la sintesis de
citoquinas inflamatorias (aunque no es esencial) una vez el proceso ha sido
iniclado a través del receptor TLR4. Por otra parte, existen algunos
acontecimientos del proceso inflamatorio (como la sobre-expresion de ICAM-1)

que ocurren por mecanismos independientes de los receptores TLR2 y TLR4.
6.3.3. Los receptores TLR2 y TLR4 de la microglia como dianas terapéuticas

Se sabe que la NA bacteriana favorece la formacién de biopeliculas o biofilms, y por
ello la colonizacién de los tejidos por estos microorganismos (Soong et al., 2006).
Por otra parte, la NA virica permite la dispersién de nuevos viriones (Colman,
1994). Este proceso se ha estudiado extensamente en el caso del virus influenza, el
cual genera un proceso infeccioso respiratorio en el que la NA tiene un papel

fundamental y determina su virulencia (Wagner et al., 2002).

Pero ademas este virus ha generado diferentes complicaciones neuroldgicas en
numerosas ocasiones (Glaser et al., 2012; Noriega et al., 2010; Surana et al., 2011).
En los ultimos afios ha cobrado especial interés el nimero de casos de
esquizofrenia (Brown, 2006) y autismo (Brown and Patterson, 2011) que se
relacionan con infecciones generadas por el virus influenza durante la etapa fetal,
ademas de casos de encefalopatias (Fujimoto et al., 1998; Steininger et al,, 2003) y
del desarrollo del sindrome de Guillain-Barré (Sivadon-Tardy et al., 2009; Vellozzi

etal,, 2014).
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Asimismo, hay casos de enfermedades desmielinizantes inflamatorias debidas a
infecciones por virus que contienen NA (Bale, 2015; Nardone et al,, 2011; Ozkale et
al., 2012; Sonmez et al., 2004; Voudris et al., 2002) que también han generado
casos de encefalitis e hidrocefalias (Tastan et al., 2007). Aunque se sabe algo sobre
el papel de la NA en el desarrollo de estas infecciones, su posible relevancia en los
procesos neurolégicos subsiguientes es desconocida. Conocer el mecanismo de

accion de la NA es, por tanto, de gran interés.

En concreto, durante la ultima década se ha avanzado en el conocimiento del
mecanismo mediante el cual la NA activa a los receptores TLR2 y TLR4. Se sabe
que los TLRs estan altamente glucosilados. La desializacion del TLR4 por medio de
la sialidasa enddgena Neul es necesaria para la activacién de este receptor y el

inicio de la via de sefializaciéon (Amith et al., 2010).

Por otro parte, en la membrana plasmatica existen otros receptores de patrones
moleculares, en concreto la familia de las Siglecs, que son lectinas con afinidad por
el acido sidlico localizadas principalmente en la superficie de las células del
sistema inmune. Se ha propuesto que las Siglecs se unen a los TLRs a través de sus
residuos de acido sidlico, y proporcionan una inhibicién constitutiva de estos
receptores (Chen et al 2014). La desializaciéon libera al receptor TLR de esa
inhibicién, ya que permite la separaciéon de la Siglec. Recientemente Chen y
colaboradores han propuesto un interesante mecanismo segun el cual primero
ocurrirfa una activaciéon parcial del receptor TLR mediante la unién de alguna
molécula patrén (DAMPs o PAMPs). El TLR asi activado favoreceria la traslocaciéon
de la Neul intracelular a la superficie, y ésta se encargaria de desializar al receptor
TLR, y por tanto de liberarlo de su bloqueo por Siglec. Entonces se produciria una
activacion mucho mas intensa de la via de sefializacién pro-inflamatoria. Este
mecanismo se podria considerar de alguin modo como una retroalimentacion

positiva de la respuesta inflamatoria mediada por los TLRs.

De toda la familia de TLRs y Siglecs, en concreto el TLR4 y el Siglec-E (murino)
funcionarian de este modo (Chen 2014). Asi, las Siglecs proporcionan un
mecanismo de inhibicion de los TLRs que impide la activacion de la respuesta

inmune a antigenos propios.
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Ante la entrada al organismo de algtiin patégeno o cuando ocurre un dafio tisular,
se inicia el mecanismo arriba explicado. Si ademas el patégeno contiene NA, la

sialidasa virica/bacteriana podria favorecer este mecanismo de activacién inmune.

Segin nuestros resultados, el receptor TLR4 es esencial en el inicio de la
inflamacion estéril generada por NA. En nuestro modelo experimental la NA
inyectada podria estar realizando el papel de la Neul de desializar el receptor
TLR4 y liberarlo de su bloqueo por Siglec-E. Ademas, recientemente se ha descrito
la presencia especifica en la microglia residente de la isoforma Siglec-H, que no se
encuentra en macrofagos perivasculares ni el monocitos infiltrados (Konishi et al.,

2017).

Una de las principales estrategias antivirales se basa en la inhibicién de la
actividad enzimatica de la NA (Mckimm-Breschkin, 2013). De esta forma se evita la
liberacién de nuevos viriones de la superficie celular (Kim et al., 1997; von Itzstein
et al., 1993). Estos compuestos antivirales (como oseltamivir o Tamiflu®) son
analogos estructurales del acido sidlico que se unen a la NA con una afinidad
mucho mas elevada que el acido sidlico (hasta 10.000 veces mayor), bloqueando

asi la actividad enzimatica de la NA (Varghese et al., 1992).

Estudios recientes han mostrado que el desarrollo de resistencias en pacientes con
procesos infecciosos viricos tratados con estos antivirales (Gubareva et al., 2001).
En concreto, algunas mutaciones especificas en la secuencia de la NA virica origina
cambios estructurales a la enzima, que se traducen en la aparicién de subtipos
viricos resistentes a estos inhibidores (Abed et al, 2006). Por este motivo,
actualmente el desarrollo de nuevos inhibidores con diferentes mecanismos de

inhibicidn se considera una prioridad (Mckimm-Breschkin, 2013).

El avance en el conocimiento de las interacciones entre Siglecs y TLRs ofrece
nuevas estrategias para el tratamiento de los procesos inflamatorios. En este
sentido, se esta considerando como una valiosa diana terapéutica la sialidasa Neul
enddgena, ya que se ha visto que tanto su modificacion genética como la inhibicién
de su actividad enzimatica proporciona una alta protecciéon frente a la

endotoxemia (Chen et al., 2014).
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Asimismo, se ha demostrado que la inhibicién de la actividad sialidasa de Neul
protege a los ratones contra la sepsis bacteriana, ya que impide la separacion del
complejo SiglecG-TLR, quedando bloqueada la activaciéon de la via TLR pro-
inflamatoria (Chen et al,, 2011).

Por otro lado, también se esta estudiando el empleo de antagonistas de TLR4 para
bloquear su activacion; mediante esta estrategia se consiguié mitigar los dafios
resultantes en un proceso de isquemia-reperfusion a nivel medular (Li et al,
2014). Otros compuestos inhibidores utilizados para bloquear la respuesta pro-
inflamatoria tienen como dianas alguno de los elementos de la via de sefializacién
de TLRs. En este caso se ha descrito una disminucién de las placas seniles y del
dafio neuronal en modelos murinos de Alzheimer (Shi et al, 2016). Ademas,
también se han descrito efectos neuroprotectores y anti-inflamatorios de
polifenoles que actiian a distintos niveles en dicha via de sefializacién (Rahimifard

etal, 2017).

6.4. LA MICROGLIA ACTIVADA POR LA NEURAMINIDASA PARTICIPA EN LA
MUERTE EPENDIMARIA

En este trabajo se ha utilizado la inyeccion ICV de NA en roedores como modelo de
neuroinflamacién aguda. Sin embargo, se observa también de forma consistente
otro evento llamativo: la pérdida parcial o total (dependiendo de la dosis de NA
utilizada) del epitelio ependimario (Del Carmen Gdémez-Roldan et al, 2008;

Granados-Duran et al., 2015; Grondona et al., 1996).

Cuando la dosis de NA utilizada es alta, hay una pérdida masiva del epéndimo, que
da lugar a una hidrocefalia obstructiva bastante severa. Dosis bajas de NA no

provocan hidrocefalia.

En cualquier caso, el epéndimo desprendido nunca se regenera, y las funciones que
ejerce el epéndimo como barrera, en el intercambio regulado entre el parénquima
y el liquido cefalorraquideo (CSF, del inglés cerebrospinal fluid), en el movimiento

de éste gracias al batido ciliar, etc., quedan alteradas.
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Ciertas infecciones viricas que afectan al SNC, como es el caso de las paperas, la
gripe o el sarampidn, han sido asociadas a la muerte ependimaria, y en ocasiones
también a hidrocefalia (Johnson and Johnson, 1969; Johnson et al., 1967; Margolis
and Kiham, 1969; Takano et al, 1993). La pérdida de la barrera ependimaria
podria favorecer el acceso de los agentes patdgenos y las células inflamatorias
infiltradas desde el CSF hacia el parénquima nervioso, lo cual podria tener
consecuencias desde el punto de vista de la neurodegeneracién (Lucas et al., 2006).
Por todo ello, es importante dilucidar el mecanismo por el cual la NA causa la

muerte de los ependimocitos y/o la denudacion ependimaria.

6.4.1. El descenso de viabilidad de los ependimocitos se relaciona

directamente con la activacion de la microglia

En el planteamiento de las posibles causas de la muerte ependimaria es necesario
tener en cuenta que ésta ocurre muy pronto tras la inyecciéon de NA, incluso antes

de que haya infiltracién de células inflamatorias (Granados-Duran et al., 2016).

En este trabajo nos preguntamos si la microglia activada por la NA podria
participar en dicha muerte. Para abordar esta cuestion se realizaron una serie de
experimentos in vitro en los que se analizé la viabilidad de las células
ependimarias, utilizando tanto explantes de pared ventricular (conteniendo células
ependimarias, subepéndimo y parénquima nervioso) como cultivos puros de
ependimocitos. En ambos casos, los ependimocitos se co-cultivaron con células de

microglia activadas.

Estos experimentos resultaron en una mayor muerte ependimaria en presencia de
microglia activada (tanto por NA como por LPS), en comparacién con co-cultivos
con microglia no activada o cultivos sin microglia (R-25 y R-26). En estos
experimentos la sola presencia de NA no afecté a la viablidad de los ependimocitos,
por lo que cabria concluir que la muerte ependimaria no ocurre por la accién
directa de NA. Sin embargo, en un trabajo previo si se observo una leve reduccion
de la viabilidad ependimaria en presencia de una mayor concentracién de NA

(Granados-Duran et al., 2016).
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Ademas, en ese mismo trabajo se demostr6é que la NA provoca la activaciéon del
sistema del complemento presente en el CSF, y que éste participa en la muerte

ependimaria, aunque no seria la inica causa.

Todo ello indica que la NA presente en el CSF puede provocar la muerte de las
células ependimarias por varios mecanismos, entre los que se incluirian la
activacion tanto del complemento como de la microglia por accion de la NA, sin
descartar una leve accion directa de la propia NA sobre la viabilidad de dichas

células.
6.4.2. Otras posibles causas de la muerte ependimaria mediada por NA

Algunos estudios sefialan a la alteracion de las proteinas que conforman las
uniones adherentes intercelulares como una posible causa de la muerte y/o

desprendimiento de las células ependimarias (Jiménez et al., 2014).

Las uniones adherentes son un tipo de unién intercelular cuyos componentes
principales son las proteinas transmembrana cadherinas (N-cadherina en el tejido
nervioso) y las cateninas en el lado citosélico de la membrana (Hartsock and

Nelson, 2008).

Una expresion anormal de N-cadherinas coincide con la denudacién del epitelio
ependimario en patologias como la hidrocefalia y la espina bifida (Guerra et al,,
2015). Ademas, el bloqueo de N-cadherinas dispara una apoptosis masiva que
conduce a una denudacién ependimaria que precede a la dilataciéon ventricular
(Oliver et al., 2013). Algunos autores han mostrado que cambios cualitativos o
cuantitativos en la glucosilacién de las E-cadherinas alteran la estabilidad del
epitelio en cultivos de células CHO (del inglés chinese hamster ovary) (Liwosz et al.,
2006). En el caso del epitelio ependimario, se ha puesto de manifiesto la presencia
de N-cadherinas en las uniones celulares que proporcionan integridad a la capa
ependimaria (Jiménez et al., 2014). Ademas, el glucocalix de la cara luminal de este
epitelio es muy rico en acido sialico, el cual es eliminado tras la administracion de

NA (Granados-Duran et al., 2015).

En nuestro modelo de inyeccion ICV de NA, la desializacidon de las proteinas de

adhesion por la NA podria contribuir a la disrupcién de la integridad del epitelio
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ependimario y a la muerte de sus células. Sin embargo, nuestros resultados no
mostraron un aumento en la muerte ependimaria por la sola presencia de NA.
Ademas, las células ependimarias pueden ser separadas de su monocapa, aisladas
y mantenidas en cultivo durante varias semanas (Grondona et al., 2013), lo cual

indica que la unidn a las células vecinas no es esencial para su supervivencia.

Sin embargo, como se menciond anteriormente, en otro trabajo de nuestro equipo
la NA si produjo un ligero aumento de la muerte de los ependimocitos (Granados-
Duran et al., 2016). En este caso, podriamos especular la existencia de un cierto
efecto citotoxico de la NA sobre estas células, o quizas que su viabilidad se ve
comprometida por la desializacion de algunas proteinas en la superficie celular. En
cualquier caso, parece claro que la acciéon directa de la NA no seria la causa

principal de la muerte ependimaria en nuestro modelo de neuroinflamacion.

Por otra parte, se ha demostrado la participaciéon de otro tipo de moléculas de
adhesiodn, las glucoproteinas transmembrana llamadas integrinas, en la integridad
del epitelio ependimario, pero en este caso en la unién de las células con la matriz

extracelular (Grooms et al., 1993).

El bloqueo de la unién de la B1-integrina con la matriz extracelular mediante
anticuerpos funcionales resulté en la expansion de los ventriculos cerebrales e
hidrocefalia (Nagra et al., 2009). Estos trabajos evidencian que la alteracion de las
proteinas de adhesion en las células ependimarias puede favorecer su

muerte/desprendimiento.

Ademas, se ha visto que la sializaciéon de la B1-integrina bloquea la union de la
galectina-3 (Schauer, 2009) y que la desializacién de los B-galactésidos de la
misma induce la apoptosis (Suzuki and Abe, 2008; Zhuo et al,, 2008). La galectina-3
es una lectina soluble con un dominio conservado que reconoce a 3-galactosidos de
las membranas celulares e interviene en diferentes procesos como la adhesion, la
proliferacion, la apoptosis y la migracion celular (Shin, 2013; Yang and Liu, 2003).
En condiciones inflamatorias la expresion de esta proteina se incrementa en

diferentes regiones periventriculares (James et al,, 2016).
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En concreto, en un modelo inflamatorio de encefalomielitis la sintesis de galectina-
3 aumenta en la microglia activada, pero no en la microglia ramificada o en reposo
(Shin et al., 2013). Este mecanismo podria explicar la mayor proporcién de muerte
ependimaria observada en nuestros experimentos en presencia de microglia
activada por NA. Por una parte la NA propiciaria la desializaciéon de los [3-
galactésidos de la membrana de los ependimocitos, y por otra la microglia activada
seria la fuente de galectina-3 necesaria para iniciar la apoptosis. En contra de esta
posibilidad esta el hecho de que cuando utilizamos LPS en lugar de NA para activar
a la microglia la viabilidad de los ependimocitos se reduce igualmente, a pesar de
no ocurrir la desializacion por NA. Ademas, en ninguno de nuestros estudios
histolégicos previos se detectaron ependimocitos apoptoéticos en animales
inyectados con NA. Por tanto, el mecanismo de induccién de muerte y/o
desprendimiento de las células ependimarias en el modelo de inyecciéon de NA esta

por aclarar.

6.4.3. La muerte ependimaria podria estar mediada por citoquinas

inflamatorias liberadas por la microglia activada

Aunque el papel principal de la microglia en el cerebro es protector, la microglia
activada libera citoquinas inflamatorias que en ocasiones pueden generar un
efecto neurotoéxico (Lull and Block, 2010; Ransohoff and Perry, 2009). Este hecho
ha sido descrito en neuronas (Allan et al,, 2005; Xie et al.,, 2004), en células de
Purkinje (Kaur et al, 2014) y en células ganglionares (Sivakumar et al., 2011).
Asimismo, estos efectos nocivos de las citoquinas inflamatorias también se han
observado en procesos neuroinflamatorios experimentales provocados mediante
la inoculacion del virus de la influenza A, el cual tiene NA en su envuelta lipidica

(Jurgens etal., 2012; Wang et al., 2010).

En nuestro modelo, la activacion microglial causada por la NA produce un
incremento de citoquinas inflamatorias como IL-1f, IL-6 y TNFa (R-22 y R-23), que
podrian provocar dafos celulares, incluida la muerte de las células ependimarias.
Ademas, la NA produjo un incremento en la expresion de los receptores de IL-1B y
TNFa en explantes de pared ventricular (Fig. R-27), lo que sugiere que este tejido

se hace mas susceptible a estas citoquinas inflamatorias.
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La presencia de dichos receptores especificamente en ependimocitos se confirmé
mediante PCR en cultivos puros de estas células (Fig. R-28). Sin embargo, cuando
se cuantifico la expresion de los mismos por qPCR se comprobé que, mientras que
el receptor de IL-1[3 se expresa en ependimocitos de forma constitutiva, el receptor
de TNFa por el contrario apenas se detecta (Fig. R-29). La presencia de IL-13 R1 en
el epéndimo ha sido descrita también por otros autores mediante hibridacién in
situ e inmunohistoquimica (Ericsson et al., 1995; French et al., 1999). Sin embargo,
en un estudio mediante inmunohistoquimica para localizar el receptor de TNFa en
cerebro de rata no se describi6 la presencia de dicho receptor en el epéndimo

(Sairanen et al., 2001), lo cual confirmaria nuestros resultados.

La presencia del receptor de IL-1B en las células ependimarias nos permite
especular la posibilidad de que esta citoquina intervenga en la muerte ependimaria
que ocurre tras la activaciéon de la microglia. Sin embargo, para confirmar esta
posibilidad seria necesaria alguna evidencia directa, por ejemplo desarrollando el
mismo ensayo de viabilidad de ependimocitos realizado en este trabajo pero en

presencia de anticuerpos funcionales que bloqueen el receptor IL-13 R1.

Como conclusidn, los co-cultivos de explantes de pared ventricular o de células
ependimarias puras junto a cultivos puros de microglia han permitido estudiar el
papel de la microglia en la muerte ependimaria causada por la NA. La viabilidad de
los ependimocitos disminuy6 de forma significativa en presencia de microglia
activada por NA. La presencia de receptores de citoquinas inflamatorias,
particularmente de IL-13, en ependimocitos sugiere que dicha citoquina podria
mediar en la muerte ependimaria inducida por la microglia activada por la NA.
Ademas, en un estudio previo se demostré que la NA activa el sistema del
complemento presente en el CSF, lo cual también contribuiria a la muerte
ependimaria. Por ultimo, no se debe descartar un efecto directo de la NA sobre las
células ependimarias, ya que una pequefia fraccion de ellas mueren cuando se
incuban s6lo con NA. La muerte y/o el desprendimiento del epéndimo que ocurre
por la presencia de NA en las cavidades ventriculares son debidos, por tanto, a

multiples factores.
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6.5. LOS MACROFAGOS CIRCULANTES RECLUTADOS AL PARENQUIMA
NERVIOSO DURANTE LA INFLAMACION INDUCIDA POR NEURAMINIDASA
INCREMENTAN LA VIRULENCIA DEL PROCESO INFLAMATORIO INICIADO POR
LA MICROGLIA RESIDENTE

En la inflamaciéon generada mediante la administracion ICV de NA ocurre una
infiltraciéon de neutréfilos, monocitos/macréfagos, linfocitos T (CD3¢) y linfocitos B
(Granados-Duran et al, 2015). Entre ellas, la infiltracion de los monocitos es
totalmente dependiente del receptor CCR2 (Godaly et al., 2001; Kowarik et al,,
2012; Nolz et al., 2011; Strazielle et al.,, 2016; Tsou et al., 2007; Turner et al., 2014).
Los ratones deficientes del receptor CCR2 (CCR27/-) se caracterizan por una
disminucién importante en la incorporacién de monocitos a los tejidos inflamados
(Mildner et al., 2009). Incluso la salida de monocitos de la médula 6sea hacia el

torrente sanguineo se ve comprometida (Tsou et al., 2007).

Utilizando esta cepa de ratones, se planteé el objetivo de estudiar la relevancia de
los monocitos infiltrados en el proceso inflamatorio generado por la NA, para lo
cual se analizaron diferentes parametros inflamatorios. Ademas, también se
cuantifico la proliferacion de la microglia y la infiltracion de macroéfagos
perivasculares, para valorar el papel de la microglia residente respecto al de los

monocitos periféricos.

6.5.1. El receptor CCR2 participa en el incremento de macroéfagos/microglia

que ocurre tras la administracion de NA

Para analizar el papel del receptor CCR2 en la respuesta inflamatoria generada por
la NA, en primer lugar se realizé un recuento de monocitos/macréfagos/microglia
en ratones inyectados ICV con NA. Los monocitos o macroéfagos infiltrados en el
parénquima cerebral dan lugar a nuevas células de microglia. En este trabajo,
ambas poblaciones de microglia, la generada de novo y la microglia residente, se
valoraron conjuntamente por medio del marcador IBA1l. El recuento de células
IBA1 positivas puso de manifiesto que el receptor CCR2 es determinante en el
incremento de microglia en el foco inflamatorio periventricular (Fig. R-31), ya que
en dicha region los ratones CCR2-/- inyectados con NA no mostraron diferencias

con los controles tratados con salino.
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6.5.2. El incremento de la microglia tras la administracion de NA no es debido

a la proliferacion de la microglia residente

Una posible causa del incremento de células IBA1 positivas en las regiones
periventriculares afectadas por la inflamaciéon inducida por NA podria ser la
proliferaciéon de la microglia. Por ello, se realiz6 un estudio de proliferaciéon
utilizando el marcado BrdU, el cual fue inyectado por via intraperitoneal 2 h

después de la inyeccion ICV de NA/salino, y 4 h antes del sacrificio.

El ndmero de células marcadas con BrdU fue significativamente mayor en los
animales tratados con NA respecto a los controles inyectados con solucion salina,
lo cual fue asi tanto en ratones WT como en ratones CCR2/- (Fig. R-32). La
existencia de microglia en proliferacion se evidenci6 mediante doble
inmunofluorescencia con anti-BrdU y anti-IBA1 (Fig. R-32 E). Sin embargo, con
este resultado no podemos concluir que la NA produzca un incremento en la
proliferacién de microglia, ya que no se utilizaron marcadores especificos (como

IBA1) para identificar la naturaleza de las células proliferantes.

Posteriormente, mediante qPCR si se cuantificaron marcadores relacionados
especificamente con la proliferacion de la microglia, como el factor de
transcripcion PU.1 (Gomez-Nicola et al., 2013), el receptor del factor estimulante
de colonias: CSF1R (Patel and Player, 2009) y su ligando IL-34 (Lin et al., 2008).
Los niveles de estos marcadores fueron similares en los ratones tratados ICV con
NA y con solucién salina, y tampoco se encontraron diferencias entre las dos cepas
de ratones estudiadas (Fig. R-33). Estos resultados indicarian que la NA no induce

una proliferacion significativa de la microglia.

Se sabe que en condiciones normales existe un mecanismo de recambio de células
microgliales en el cerebro, basado en la proliferacion de microglia residente y con
escasa contribucion de progenitores circulantes (Askew et al., 2017; Lawson et al,,
1992). Asimismo, se ha sugerido que la proliferacion de las células microgliales
podria ser la causa principal del incremento de la poblacion de microglia en
modelos animales de la enfermedad de Alzheimer (Bolmont et al, 2008).
Evidencias directas de la proliferacion de la microglia (incorporacion de BrdU en

IBA1 células positivas) han sido aportadas recientemente en modelos murinos de
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la enfermedad de Alzheimer (Kamphuis et al.,, 2012) y de la enfermedad priénica
(Gomez-Nicola et al., 2013). Ademas, en procesos inflamatorios agudos generados
mediante la administracion de LPS se ha descrito que la activacion de la microglia
va acompafiada de un incremento en su proliferacion (Gomes et al, 2013;
Ponomarev et al.,, 2005); curiosamente, algunos autores han observado que esta
proliferacion es dependiente de la region cerebral estudiada (Fukushima et al,,
2015). Dado que se ha descrito un pico de proliferacién de la microglia a los 4-5
dias tras la administracion de LPS, seria interesante desplazar nuestro estudio de
proliferacion de microglia activada por NA a esa ventana temporal, para obtener
mas informacién sobre el mecanismo de incremento de la poblacién de microglia

residente en una fase sub-aguda de la neuroinflamacion.

6.5.3. La administracion de NA genera la entrada en el parénquima nervioso

de células MHCII y Ly6C positivas, pero no de macrofagos perivasculares

Siguiendo con el propoésito de averiguar la procedencia del incremento en la
poblacién de microglia presente en los ratones WT tras la administracion de NA, se
realizé un andlisis inmunocitoquimico con marcadores especificos de diferentes
tipos celulares. Un tipo celular que podria contribuir a la poblacién de microglia
son los macréfagos perivasculares. Estos macréfagos con funcion fagocitica estan
localizados en areas perivasculares, en el liquido cefalorraquideo de las meninges y
en los plexos coroideos, y desarrollan un papel clave en la respuesta a estimulos
infecciosos (Galea et al., 2005). En nuestro modelo de inflamacién generada por NA
no se encontraron diferencias significativas en el ndmero de macréfagos
perivasculares (CD206 positivos) entre los animales tratados con NA respecto a los
controles, ni tampoco entre los ratones WT y los CCR2-/- (Fig. R-34). Este resultado
descartaria a dichas células como el origen del incremento de células IBA1

positivas observado tras inyectar NA.

Por otra parte, se analizo la presencia de células presentadoras de antigeno
positivas al complejo mayor de histocompatibilidad II (MHCII). Este marcador se
expresa de forma constitutiva en células dendriticas y linfocitos B. Ademas, los
linfocitos T pueden aumentar su expresion durante procesos infecciosos (Chen and

Jensen, 2008). En algunos procesos inflamatorios del cerebro se ha observado un
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incremento de la expresion de MHCII en la microglia (Gémez-Nicola et al., 2014;
Kuric and Ruscher, 2014). Como era de esperar, los animales controles inyectados
con salino no presentaron células positivas a este marcador, mientras que si fueron
frecuentes en animales inyectados con NA. Ademas, no se observaron diferencias
en el numero de células MHCII positivas entre los animales WT y CCR2-/- tratados
con NA (Fig. R-35). La distribucion concéntrica y préxima a los vasos sanguineos
de estas células MHCII positivas y su morfologia redondeada sugieren un proceso
incipiente de infiltracion desde dichos vasos hacia el parénquima cerebral. La
morfologia y distribucion de las células MHCII positivas observada en nuestro
modelo (Fig. 35 C, D) es claramente diferente a la que presenta la microglia MHCII
positiva en otros proceso inflamatorios (Gémez-Nicola et al., 2014; Kuric and

Ruscher, 2014).

Las células MHCII positivas que encontramos tras la administracion de NA no
parecen ser microglia activada. Dado que la infiltracién de células MHCII positivas
se produce por efecto de la administraciéon de NA y, ademas, es similar en las dos
cepas de ratones utilizadas, se deduce que dichas células, ademas de estar
activadas, su infiltraciéon es independiente del receptor CCR2. Dichas células
podrian corresponder probablemente a linfocitos T activados que, como se ha
descrito previamente, se infiltran en las primeras horas tras la inyeccion de NA

(Granados-Duran et al., 2015).

Finalmente, para continuar con el objetivo de identificar la procedencia de la
subpoblacién de microglia que se incrementé en los ratones WT respecto a los
CCR2/- al administrar NA, se utilizé el marcador Ly6C. La familia de proteinas Ly6
ha sido ampliamente utilizada para analizar la infiltracién de leucocitos en el
parénquima cerebral. Aunque la funcion de estas proteinas no es del todo
conocida, se sabe que cada subtipo de proteina Ly6 esta intimamente relacionado
con un linaje celular. En particular, las proteinas Ly6C1 y la Ly6C2 se expresan en
la superficie de monocitos, células dendriticas, neutrofilos, células T y células NK
(Lee et al,, 2013). Se ha podido seguir el reclutamiento de monocitos circulantes

mediante el andlisis de células CCR2*Ly6Chi presentes en el cerebro en
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enfermedades autoinmunes (Mildner et al., 2009) y en la fase inicial de la isquemia

cerebral (Garcia-Bonilla et al., 2016).

Tras la administraciéon de NA se encontraron numerosas células Ly6C positivas en
regiones periventriculares, en los plexos coroideos, en el cuerpo calloso, etc. (Fig
R-36 A-D), lo que indicaria que en la inflamaciéon provocada por la NA hay
infiltracién de monocitos circulantes. Un resultado no esperado fue que en la cepa
CCR2/- la infiltracién de células Ly6C fue similar a la ocurrida en los WT, lo cual
parece indicar que el receptor CCR2 no es necesario para la entrada de las células
Ly6C que se infiltran en el modelo de NA, y cuestiona que dichas puedan ser
monocitos. Sin embargo, la colocalizacién de Ly6C e IBA1 en algunas de las células
infiltradas en el WT confirmaria que al menos parte de dichas células son

monocitos (Fig. R-37).

La infiltracién similar de células Ly6C en ambas cepas podria tener dos posibles
explicaciones alternativas. En los animales WT se estarian reclutando células
CCR2*Ly6Chi (probablemente monocitos) por medio del receptor CCR2, y también
células CCR2-Ly6Ch, mientras que en los mutantes CCR27/- solo se estarian
reclutando células CCR2-Ly6Chi, Si esta ultima poblacién fuera mucho mayor que la
poblacion de CCR2*Ly6Chi entonces podrian enmascararla, es decir, el recuento de
las células CCR2+*Ly6Chi seria insignificante y quedaria oculto bajo el recuento de
todas las células Ly6C positivas, resultando en recuentos similares en ambas cepas.
Seria necesario un recuento de células que co-expresan Ly6C e IBA1l para

confirmar esta hipotesis.

Otra posibilidad seria que en los animales CCR2/- ocurriera una compensacion, de
tal modo que el déficit de células CCR2+Ly6chi fuera contrarrestado por una mayor
infiltracién de células CCR2-Ly6chi. Este fenémeno de compensaciéon ya se ha
descrito en otros trabajos, donde se observdo un importante incremento del
numero de eosindfilos infiltrados (en lugar de macro6fagos) en el tejido adiposo en
ratones CCR2-/-. Curiosamente, los eosindfilos infiltrados en esos ratones CCR2-/-
modificaron su fenotipo, imitando asi a los macr6fagos que suelen ocupar este

espacio en los animales WT (Bolus et al., 2015).
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Se sabe que durante las primeras 24 horas de la inflamacién generada mediante la
administraciéon ICV de NA se produce una infiltracién de neutréfilos, de
monocitos/macroéfagos, de linfocitos T (CD3¢) y de linfocitos B (Granados-Duran et
al., 2015). En los ultimos afios se han realizado numerosos trabajos donde se
describen los receptores de membrana que utilizan estos tipos celulares para
acceder al parénquima nervioso. Por un lado, los monocitos (Tsou et al., 2007), los
linfocitos T CD4+ (Connor et al, 2004) y ocasionalmente los linfocitos NK (van
Helden et al.,, 2012) migran por medio del receptor CCR2 hacia el foco inflamatorio.
En cuanto a los receptores de otras quimiocinas, los neutréfilos expresan CXCR1
(Godaly et al., 2001) y los linfocitos B CXCR3 y CXCR5 (Kowarik et al., 2012; Turner
et al, 2014). En los linfocitos T la expresion de receptores que facilitan la
infiltracién es compleja, ya que depende de su estado funcional: naive o inmaduro,
efector y célula memoria (Nolz et al., 2011). Por lo que las células Ly6C que se
infiltran en el parénquima nervioso tras la administracion de NA podrian ser

neutroéfilos, linfocitos T o linfocitos B, por ser todas CCR2-.

Por otra parte, se ha demostrado que ICAM-1 modula diversos aspectos de los
linfocitos T, como su funcioén, diferenciacién y migracién (Gottrand et al., 2015;
Smith, 2003). El incremento en la expresion de ICAM-1 en el endotelio vascular
tras el tratamiento con NA (Granados-Duran et al., 2015) sustentaria la posible
identidad de linfocitos T de las células CCR2-Ly6Chi reclutadas en ambas cepas, sin
que esto descarte a los otros tipos celulares mencionados (neutréfilos y linfocitos
B). De hecho, Granados-Duran et al. (2015) describieron una importante
infiltracidon de neutroéfilos, mayor incluso que la de monocitos y linfocitos T o B, a

las 4 horas tras la inyeccion de NA.

Todos estos resultados nos llevan a concluir que el incremento de células IBA1
positivas observado en la fase inicial de la inflamacién inducida por NA no se debe
a la proliferacién de la microglia, ni a la invasiéon de macréfagos periféricos, y que
probablemente se debe a la infiltracion de monocitos (con fenotipo CCR2+Ly6Chi),
cuya entrada al parénquima nervioso depende del receptor CCR2. Ademas,

podemos decir que hay infiltracién de otros tipos celulares con fenotipo
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CCR2-Ly6Chi y MHCII*, cuya infiltracién es independiente del CCR2. Estas ultimas

células podrian corresponder a linfocitos T o a neutrofilos.

6.5.4. El receptor CCR2 hace que la respuesta inflamatoria tras la

administracion de NA sea mas virulenta

El andlisis del proceso inflamatorio generado por la NA en ratones CCR2/-
comparado con el que ocurre en ratones WT revel6 que, en ambas cepas, la NA
provoca un incremento en el nimero de células IBA1-positivas e IL-1B-positivas
(Fig. R-39) y en la expresion (por qPCR) de esta citoquina y de TNFa (Fig. R-40).
Sin embargo, dicho incremento fue algo menor en la cepa CCR2/~. La NA también
indujo la expresién de otros mediadores inflamatorios, como CCL2, IL-6, IL-4, [L-10
y TGFp, en los animales WT, pero en los CCR2-/- no siempre fue asi. En concreto, el
incremento de IL-1f3, de TNFa (como ya se ha dicho) y de IL-10 fue mas moderado
en los CCR2/- que en los WT; la quimiocina CCL2 y las citoquinas IL-6 e IL-4 se
incrementaron en los CCR2-/- de manera similar a los WT; finalmente, el
incremento en la expresion de TGF( observado en los WT no ocurrié en los

animales CCR2/- (Figs. R-40, R-41, R-42).

Podriamos asumir que las diferencias observadas entre los ratones WT y los
CCR2/- son el resultado de la infiltracién deficitaria que ocurre en estos ultimos.
Asi, es probable que la mayor expresion de las citoquinas mas dafiinas (IL-1f y
TNFa) en los WT sea debida a los monocitos circulantes infiltrados en esta cepa, y
que ademas generaron el incremento de macréfagos/microglia en el parénquima
nervioso. En los animales CCR27/-, por su parte, la infiltracién deficiente de
monocitos tras la administracion de NA explicaria el incremento atenuado de IL-1(3
y TNFa asi como la menor poblacion de macrofagos/microglia en el tejido

nervioso.

Dada la conocida capacidad neurotéxica de estas citoquinas pro-inflamatorias, sus
niveles atenuados en los animales CCR27/- podria asociarse a un menor dafio
cerebral en dicha cepa en comparaciéon con los WT. Por otra parte, también se
observé un aumento en los niveles de las citoquinas anti-inflamatorias IL-10, TGFf3
e IL-4 tras la inyeccién de NA, lo que sugiere la puesta en marcha de mecanismos

reparadores del dafo tisular encaminado a la resolucion del proceso inflamatorio.
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Asumiendo que dichas citoquinas son producidas por la microglia, se mostraria la
accion dual y antagoénica que presentan frecuentemente los macréfagos/microglia,
generando efectos pro-inflamatorios a la vez que otros anti-inflamatorios

(Ransohoff and Perry, 2009).

En el caso de la neuroinflamaciéon inducida por NA, sabemos que es un proceso
agudo, en el cual una semana después de la inyecciéon buena parte de los sintomas
de inflamacion han desaparecido (Granados-Duran et al, 2015), y a las dos
semanas el proceso inflamatorio esta practicamente resuelto y la degeneracion
mielinica se ha reparado (Granados-Duran et al, 2017). Las citoquinas anti-
inflamatorias mencionadas probablemente contribuyen a ello. Por su parte, el
incremento en estas citoquinas tras la inyeccién de NA observado en los mutantes
CCR2/- no fue igual que en los WT en todos los casos: IL-4 aument¢ igual, IL-10 lo
hizo de forma mas moderada, mientras que el incremento de TGF{ fue nulo en la
cepa CCR2/-. Por tanto, la deficiente infiltracién celular que ocurre en ausencia de
CCR2 también repercute en la respuesta anti-inflamatoria que se inicia tras la

inyeccion de NA.

Con respecto al papel de los monocitos infiltrados en el tejido nervioso, los
resultados obtenidos por distintos autores son contradictorios, variando en
funcién del proceso patoldgico. En algunos casos la presencia de los receptores
CCR2 favorece la recuperacién tras procesos de hipoxia e isquémicos, lo cual se
refleja en una mejora del aprendizaje (Pimentel-Coelho et al.,, 2015). Asimismo,
tras un traumatismo en el cerebro el receptor CCR2 participa en la recuperacién de
la actividad locomotora, la memoria espacial e incluso la densidad neuronal (Hsieh
et al, 2014). Igualmente, CCR2 favorece la supervivencia de los neuroblastos,
propiciando asi la neurogénesis tras un accidente cerebrovascular (Laterza et al,,

2017).

Ademas, se ha observado un papel relevante de estas células en otras
enfermedades neurodegenerativas como el Alzheimer, donde los monocitos
infiltrados por medio de los receptores CCR2 presentan un papel fagocitico de los
depositos de [3-amiloide, de tal forma que una deficiencia de este receptor acelera

la progresion de la enfermedad (El Khoury et al.,, 2007; Liu et al., 2014). Aunque en
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patologias neurodegenerativas crénicas, como la enfermedad pridnica, la
infiltraciéon de monocitos no causa un impacto en la poblacién de microglia

(Gémez-Nicola et al., 2014).

Por el contrario, en otros casos se ha observado un efecto perjudicial de los
monocitos infiltrados gracias a CCR2. Por ejemplo, dichos monocitos contribuyen a
una discapacidad neuroldgica aguda tras una hemorragia intracraneal (Hammond
et al., 2014), asi como a la inflamacion inducida por un traumatismo en personas
de edad avanzada (Morganti et al., 2016). Ademas, los receptores CCR2 permiten la
invasion de monocitos infectados por virus, que generan encefalitis, como es el
caso del virus del herpes simple (Boivin et al,, 2012; Menasria et al,, 2015) o de
citomegalovirus, donde el receptor CCR2 regula la salida de los monocitos desde la
médula 6sea hacia el torrente sanguineo y su posible posterior entrada en el

cerebro (Crane et al., 2009).

Estos trabajos sustentan la hipotesis de que en los procesos agudos, donde los
monocitos presentan un papel pro-inflamatorio neurotéxico, la infiltraciéon de los
mismos (mediada por el receptor CCR2) en el parénquima nervioso tiene
consecuencias negativas en el prondstico de la patologia, exacerbando el proceso
inflamatorio y generando un dafio mayor. Esta hipétesis se puede trasladar a
nuestro modelo de inflamacién inducida por NA, que se considera un proceso
agudo. En este caso, el receptor CCR2 tiene un papel relevante en la virulencia de la
inflamacion, ya que facilita la infiltraciéon de los monocitos, que contribuyen al
proceso inflamatorio iniciado por la microglia residente. Por estas y otras
evidencias, el receptor CCR2 se considera una diana terapéutica muy prometedora
para el control de los procesos neuroinflamatorios y para el dolor neuropatico
(Ramesh, 2014). En futuros disefios experimentales, el receptor CCR2 deberia ser
tenido en cuenta como un elemento clave en el desarrollo de los procesos

inflamatorios provocados por virus/bacterias.
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Conclusions

1. The morphogical analysis of microglial cells allows their classification in distinct

morphotypes, which may be related to different activation states.

2. The specific location of microglia in the different regions of the brain is a crucial

factor, which must be considered when intending its classification in morphotypes.

3. The correlation observed between various morphological parameters and I1-13
expression level demonstrates that such parameters may be used to predict the

degree of activation of microglial cells.

4. The receptor TLR4 of microglia is essential in the initiation of the inflammatory
process provoked by neuraminidase, while the receptor TLR2 contributes by

increasing the expression of inflammatory cytokines.

5. Microglial cells activated by neuraminidase participate in ependymal cell death,

although they are not the unique factor involved.

6. Microglia play a fundamental role in the inflammation induced by
neuraminidase, and the monocytes recruited to the nervous parenchyma further

contribute to the virulence of the inflammatory process.
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1. El analisis morfolégico de la microglia permite su clasificacion en diferentes

morfotipos, que pueden relacionarse con distintos estados de activacion.

2. La localizacion de la microglia en las distintas regiones cerebrales es un factor

fundamental a considerar cuando se clasifica la microglia en morfotipos.

3. La correlacion existente entre los parametros morfoldgicos y el nivel de
expresion de I1-13 demuestra que dichos parametros pueden ser utilizados para

predecir el grado de activacién de la microglia.

4. El receptor TLR4 de la microglia es clave en el inicio del proceso inflamatorio
generado por la neuraminidasa, mientras que el receptor TLR2 participa

incrementando la expresién de citoquinas inflamatorias.

5. La microglia activada por la neuraminidasa participa en la muerte ependimaria,

aunque no es el unico factor implicado.

6. La microglia desempefia un papel esencial en la inflamacion inducida por la
neuraminidasa, y los monocitos reclutados al parénquima nervioso contribuyen a

incrementar la virulencia del proceso inflamatorio.
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