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ABSTRACT

Perinatal inflammation contributes to neurodevelopmental diseases, and animal models
have revealed that the inflammatory response within the central nervous system is age
dependent. It remains unclear what intrinsic and/or extrinsic factors are responsible for
this variation. Here, my aim was to discover the mechanisms responsible for the age-
dependent changes in the inflammatory response of the brain by injecting interleukin-1f3
(IL-1B) into the brain of mice at postnatal day (P)7, P14, P21 or into adult mice.

A “window of susceptibility” was found at P14, which was associated with marked
neutrophil recruitment and blood-brain barrier (BBB) breakdown, in response to a low
dose of IL-1B. Evaluation of cytokine, chemokine, and adhesion molecule mRNA
transcripts failed to reveal any specific increases in basal or reactive expression following
the injection of IL-1p at P14. The extrinsic hepatic acute phase response (APR) was
evaluated, but, once again, there was no evidence that an altered APR might account for
the enhanced inflammatory response at P14. Indeed, an inverse relationship between the
magnitude of the leukocyte recruitment to the brain and the APR was discovered.
Enhancement of the APR with intravenous IL-1f3 after injection of a low dose of IL-1f3
into the brain was found to reduce the number of neutrophils and BBB permeability in
the brain. While no molecular changes seem to account for the presence of the "window
of susceptibility", a population of Iba-1" large, flattened and irregular perivascular cells
was discovered within the P14 brain, that may contribute to the increased leukocyte
recruitment at P14.

Although variations in the brain inflammatory response with development were not fully
account for, my results highlight the importance of the systemic inflammatory response
on the outcome of acute brain injury and suggest that the systemic APR might be

manipulated therapeutically to protect the brain in the perinatal period.

XVvi
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CHAPTER 1

GENERAL INTRODUCTION

For a long time the brain was considered to be an immune-privileged site due, in part, to
the presence of the brain barriers as well as an attenuated inflammatory response
compared to other organs (Byrnes et al., 1996; Medawar, 1948; Stevenson et al., 1997).
However, it is now evident that this concept is not absolute and describing brain as an
“immunologically specialized” site may be more accurate (Galea et al., 2007). In the last
few years, many studies have shown that inflammation and immune response in the brain
have an important role in many neurological disorders, including multiple sclerosis,
Alzheimer’s disease and Parkinson’s disease (Amor et al., 2010; Fung et al., 2012; Galea
et al., 2007). Neuroinflammation has also been strongly implicated in the aetiology of
neurodevelopmental disorders, such as autism, schizophrenia and cerebral palsy (Bayer
et al., 1999; van Berckel et al., 2008; Kadhim et al., 2003; Li et al., 2009; Radewicz et
al., 2000; Suzuki et al., 2013; Tetreault et al., 2012) and, therefore, suggests that the
interplay between inflammation and neural development is key to understand the
establishment and diversity of neurodevelopmental disorders. The impact that
inflammation may have during development needs to be explored in the light of this
hypothesis. The majority of our understanding of the inflammatory system in the brain
comes from adult diseases, where a number of cellular and molecular mediators have
been identified to modulate the immune response in the brain. However, there are further
specializations of the developing brain and therefore, not all of the features observed in
the adult may be exactly recapitulated in this context. In addition, the impact of
inflammation on development is likely to be highly dependent on the timing of the
challenge as brain development occurs within a very well controlled environment and
includes a range of well-timed events (Bilbo and Schwarz, 2009, 2012, Hagberg et al.,

2012, 2015). It is then important to specifically study immune modulation in the
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developing brain in order to find concrete evidence of its contribution to
neurodevelopmental disorders. Many studies using different adult rodent models of brain
injury (reviewed in Anthony and Couch, 2014 and Anthony et al., 2012) and human data
of adult brain pathologies (Di Napoli et al., 2005; Smith et al., 2006; Villapol, 2016) have
also shown a correlation between the magnitude of the hepatic acute inflammatory
response (acute phase response (APR)) and brain injury. However, very few studies have
focused on the contribution and response of the peripheral immune response in the liver
to brain injury in the fetus or neonates. It is likely that, as in adult, the hepatic APR may
impact the magnitude of brain immune response and injury. This introduction seeks to
provide an overview of the cellular and molecular mechanisms involved in brain and
peripheral inflammatory responses and how these are known to be modulated during

development.

1.1 Molecular and cellular contributors in brain immune response

1.1.1 Immune system overview

The major role of the immune system is to eliminate pathogenic bacteria, virus and any
other toxic substances without an excessive inflammatory response that might cause
further tissue damage. This is achieved by the collaborative work between the innate and
adaptive immune systems. The innate immune system provides a rapid and non-specific
reaction while the adaptive immune system specifically respond to different antigens,
which allows the development of an immune memory that contributes to a faster and
effective response to specific antigens when they are encountered a second time
(reviewed in Chaplin, 2010; Delves and Roitt, 2000 and Parkin and Cohen, 2001). The
innate immune response is mainly initiated after the interaction between pattern

recognition receptors (PRRs) and pathogen-associated molecular patterns (PAMPs)

3
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or/and damaged-associated molecular patterns (DAMPs) leading to the expression of

many inflammatory cytokines (Figure 1.1).

f DAMPs \

(cell components released during

cell damage or death) PAMPs

- Heat shock proteins (pathogen-derived components)

- HMGBI OR - LPS

- DNA and RNA - double-stranded RNA (Poly(1:C))
- ATP - Flagelin

- Adenosine

k Hyaluronan fragments /

PRRs
- Membrane-bound
- Cell surface: TLR1, 2,4, 5, 6 and 10, mannose and
scavenger receptors
- Endosome: TLR3, 7, 8 and 9

. ’ - Cytoplasmic: NOD-like receptors and RIG-I-like receptors
I

- Secreted: complement receptors

! !

Signaling pathways: Phagocytosis of the pathogen
- NFxB

- MAPK

- TRAF/IRF

Inflammatory cytokines
and/or interferons

Figure 1.1 Initiation of the innate immune response. Damaged-associated molecular patterns
(DAMPs) or pathogen-associated molecular patterns (PAMPs) bind to pattern recognition
receptors (PRRs) on/in innate immune cells and, consequently, activate signalling pathways,
which lead to the expression of inflammatory cytokines and/or interferons, or promote
phagocytosis of pathogens. HMGB1: high mobility group box 1 protein, DNA: deoxyribonucleic
acid, RNA: ribonucleic acid, ATP: adenosine triphosphate, LPS: lipopolysaccharide, Poly(I1:C):
polyinosinic:polycytidylic acid, TLR: toll-like receptor, NOD: nucleotide-binding
oligomerization domain, NFkB: nuclear factor kappa-light-chain-enhancer of activated B cells,
MAPK: mitogen-activated protein kinase, TRAF: Tumor necrosis factor receptor associated
factor, IRF: Interferon regulatory factor.
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Downstream, these cytokines induce the production of other proteins and molecules,
including reactive oxygen species (ROS), antimicrobial peptides, complement proteins
and more cytokines by many cells. The activation of PRRs may also induce other non-
transcriptional responses, such as phagocytosis and cell death (reviewed in Brubaker et
al.,2015; Kumar et al., 2011 and Riera Romo et al., 2016). The main cellular components
of the innate immune system are the neutrophils, monocytes, macrophages, eosinophils
and basophils. They recognise senescent cells and microbes by PRRs and can act as
antigen-presenting cells in order to activate the adaptive immune response. These cells
can engulf pathogens and cell debris, and secrete many substances including cytokines,
antimicrobial proteins, histamine, ROS and degradative enzymes (reviewed in Riera
Romo et al., 2016). The adaptive immune response, which normally follows the innate
immune system, is antigen-specific and is mainly mediated by lymphocytes. T
lymphocytes are involved in cell-mediated immune response while B lymphocytes are

involved in the humoral immune response (reviewed in Chaplin, 2010).

All immune cells arise from hematopoietic stem cells (HSCs). The development of the
hematopoietic system starts very early in the embryonic development and occurs in a
range of sites. The first hematopoietic cells start to be formed in the extraembryonic yolk
sac at around embryonic day (E) 7.5 in mice, and later in allantois and placenta. The novo
HSCs, which present characteristics of adult HSCs, are then produced at around E10.5 in
an area surrounding the dorsal aorta named aorta-gonad mesonephros region and in the
placenta. After being produced in the aorta-gonad mesonephros region, HSCs migrate to
the placenta and foetal liver where they expand. Finally, cells start to migrate to the spleen
at around E14 and to the bone marrow around birth (reviewed in Rieger and Schroeder,
2012). In adults, HSCs are located mainly in the bone marrow and are able to self-renew

and differentiate into all blood cell types. It is thought that during hematopoiesis HSCs
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and subsequent progenitors progressively lose their multilineage capacity in order to
commit to specific cell lineages (Orkin and Zon, 2008). Within the leukocytes, T cells,
natural killer cells and B cells constitute the lymphocytes while neutrophils, eosinophils,
basophils, monocytes, mast cells and dendritic cells make part of the myeloid lineage
(Rieger and Schroeder, 2012). Once in circulation, monocytes can migrate to different
tissues and give rise to macrophages that can be divided in alveolar (pulmonary alveolus),
osteoclast (bone), histiocyte (connective tissue), Kupffer cell (liver), intestinal
macrophages and microglia (central nervous system (CNS)) (reviewed in Galli et al.,

2011).

The brain represents a distinct immunological organ from the peripheral immune system.
Microglia are considered to be the only innate immune cells present in the brain
parenchyma in normal physiological conditions and the blood-brain barrier (BBB), which
comprise the unique properties of the CNS parenchymal microvasculature, is an
important player in the communication between central and peripheral immune systems.
These important cellular components of the brain immune response will be discussed in

the following sections.

1.1.2  Cytokines and adhesion molecules

Cytokines are small proteins that constitute one of the most diverse families of signalling
molecules. They include tumour necrosis factors (now tumour necrosis factor (TNF) and
lymphotoxin), interferons (IFN), interleukins (IL), transforming growth factors (TGF),
colony-stimulating factors (CSF), platelet-derived growth factor, epidermal growth
factor, fibroblast growth factors, macrophage migration inhibitory factors, insulin-like
growth factors and chemokines (Bilbo and Schwarz, 2012). Chemokines are divided into
four families according to the spacing of two conserved cysteine residues in the N-

terminal position and include the C-C chemokines (CCL), the C-X-C chemokines
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(CXCL), the C chemokines, and one CX3C chemokine (CX3CL) (Jaerve and Miiller,
2012; Rostene et al., 2011). The inflammatory response is characterised by a highly
dynamic balance between pro- and anti- inflammatory cytokines that can act
synergistically and/or antagonistically. Usually, cytokines may act as anti- and/or pro-
inflammatory mediators; generally pro-inflammatory cytokines include IL-la, IL-1f,
TNF and CCL-2, anti-inflammatory cytokines include IL-1 receptor antagonist (IL-
1RA), IL-4, IL-10 and TGF-f and IL-6 is considered to be anti- and pro-inflammatory.
Any disturbance to the dynamic balance of pro- and anti- inflammatory cytokines may

contribute to pathology (reviewed in Garay and McAllister, 2010).

IL-1 family comprises 11 members that are divided into those with agonist activity (IL-
la, IL-1B, IL-18, IL-33, IL-36a0, IL-36f, IL-36y), receptors antagonists (IL-1RA, IL-
36RA and IL-38) and anti-inflammatory (IL-37) (Garlanda et al., 2013). IL-1 family
members, as many other cytokines, are recognised by specific receptors expressed on the
cell surface. For example, IL-1, which include IL-1a and IL-1p, signals through IL-1 type
1 receptor (IL-1R1) and, consequently, activates nuclear factor-kB and mitogen-activated
protein kinase pathways (O’Neill, 2008; Sims and Smith, 2010). IL-1 can also bind to
IL-1 type 2 receptor (IL-1R2), which acts as a decoy receptor by inhibiting IL-1 signal
transduction. In addition, IL-1RA is produced in parallel with IL-1 and inhibits IL-1
signalling by binding to IL-1R1 (Garlanda et al., 2013; Peters et al., 2013). This balance
between activation and dampening of the inflammatory response is a recurring theme in
inflammatory regulation, and illustrates processes of a carefully controlled inflammatory
response. IL-1a and IL-1P are encoded by distinct genes but have similar biological
effects. The major difference between these cytokines is that IL-1p is secreted by cells
with hematopoietic origin and circulates systemically, and IL-la is most present in

epithelial cells, endothelial cells and astrocytes and only released upon necrosis.
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Moreover, IL-1a is fully active when released and IL-1 needs be cleaved by caspase-1
in order to become active (Dinarello, 2011; Garlanda et al., 2013). In the brain, IL-1 can
be expressed by microglia (Guadagno et al., 2015; Pearson et al., 1999; Pinteaux et al.,
2002; Yao et al., 1992), endothelial cells (Corsini et al., 1996; Fabry et al., 1993) and
astrocytes (Corsini et al., 1996; Lau and Yu, 2001; Pearson et al., 1999) upon stimulation.
Once produced, IL-1 can act on many cells in the brain. IL-1, mainly IL-1p, can induce
the expression of chemokines, growth factors, adhesion molecules and cytokines in
astrocytes (Ballestas and Benveniste, 1995; John et al., 2005; Moynagh et al., 1994;
Shrikant et al., 1994), stimulate microglia to produce cytokines and chemokines
(Hanisch, 2002; Lee et al., 1993), promote differentiation, maturation and survival of
oligodendrocytes (Vela, 2002), and promote the recruitment and migration of leukocytes
by inducing chemokine and adhesion molecules expression by the brain endothelial cells
(Allen et al., 2012; Bernardes-Silva et al., 2001; Proescholdt et al., 2002). IL-1a and IL-
1B have been implicated in many neurological disorders, including Alzheimer's disease,
traumatic brain injury, epilepsy, Parkinson's disease and stroke (reviewed in Allan et al.,
2005). Finally, an example of an anti-inflammatory cytokine is IL-10 that is recognized
by its specific receptor and is able to activate Janus kinase signal transducer and activator
of transcription pathway (Murray, 2006). IL-10 is known to decrease gene expression of
cytokines, such as TNF, IL-1B, CCL-2, CCL-5, CXCL-1 and CXCL-2, increase
expression of anti-inflammatory mediators, including IL-1RA and TGF-B, and
downregulate major histocompatibility complex class II antigens (reviewed in Lobo-
Silva et al., 2016 and Moore et al., 2001). IL-10 was shown to ameliorate local
inflammation during permanent ischemia in mice (Pérez-de Puig et al., 2013) and to
decrease neurodegeneration in a mouse model of Parkinson's disease (Joniec-Maciejak

et al., 2014). However, administration of IL-10 in the brains of two different amyloid
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precursor protein transgenic mice increased amyloid-f accumulation and impaired
memory (Chakrabarty et al., 2015). These studies suggest that any change, either increase
or decrease, to the balanced inflammatory response may lead to negative effects

depending on the injury/disease type.

In addition to their role in the immune response, cytokines have been shown to be
important for CNS development. For example, TNF and IL-1p were detected early in
embryonic neocortical development in sheep (Dziegielewska et al., 2000), leading to the
hypothesis, based on the timing of the expression, that these molecules contributed to
synaptogenesis. An in vitro study using cells from the cerebral hemisphere of E18 rats
has shown that incubation with cytokines from the IL-6 family of ligands increased the
number of astrocytes and oligodendrocytes (Adachi et al., 2005). Finally, IL-6 knockout
mice (12 weeks-old) were shown to have fewer proliferating neural progenitors cells in
the hippocampal dentate gyrus and subventricular zone than their wild-type littermates

(Bowen et al., 2011).

Chemokines are important chemotactic ligands for cell migration during development,
homeostasis and inflammation by binding to their corresponding cell-surface receptors,
which are members of the G protein-coupled receptor family. There are also other
chemokine receptors that do not transduce the chemokine signalling as they lack an
intracellular motif essential for signalling through Gi-type G protein. These receptors
appear to have an important role in controlling chemokine gradients by scavenging and
inducing transcytosis of chemokines (reviewed in Griffith et al., 2014 and Sokol and
Luster, 2015). Chemokines are known to control the development and migration of
immune cells during adult haematopoiesis. For example, CXCL-12 and its receptor CXC
receptor (CXCR)-4 are thought to be involved in the retention of neutrophils in the

marrow and their release to circulation. The current hypothesis is that the retention of
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immature neutrophils in the bone marrow is dependent on CXCR-4 signalling and, as
these cells mature the expression of CXCR-4 on their surface decreased allowing them
to leave the bone marrow (Suratt et al., 2004). In addition, it seems that the expression of
CXCR-2, receptor for CXCL-1 to 8, on neutrophils is important for neutrophil
mobilization from the bone marrow to the circulation (Eash et al., 2010). In the brain,
chemokines have been implicated in many CNS processes and development (reviewed
in Bilbo and Schwarz, 2012 and Rosténe et al., 2011). For example, mice deficient for
CXCL-12 or CXCR-4 at E18.5 were shown to have a disorganised cerebellum with a
distorted architecture (Ma et al., 1998). Another study has demonstrated that CXCR-4 is
expressed in interneuron precursors migrating from the basal forebrain to the neocortex
during rat embryonic development and that CXCL-12 acted as chemoattractant for
isolated striatal precursors from mice at E14.5 (Stumm et al., 2003). In addition, CXCL-
9, CCL-2 and CCL-21 were shown to promote neuronal differentiation while CXCL-1,
CXCL-9 and CCL-2 induced oligodendrocyte differentiation in a neurosphere cell culture
generated from cells isolated from the subventricular zone of 6-8 week old C57BL/6 mice
(Turbic et al., 2011). These results highlight the importance of chemokines in
developmental processes and, therefore, any disturbance in chemokine levels from the
induction of an inflammatory response may impact development and, consequently, lead
to brain dysfunction. In adulthood, excessive expression of many chemokines and their
receptors has been associated with the pathogenesis of neurological diseases, such as
multiple sclerosis, Alzheimer’s disease and stroke (reviewed in Cartier et al., 2005 and
Veenstra and Ransohoff, 2012). The main role of chemokines during inflammation is to
recruit immune cells. In the brain, it seems that CXCL-1 to 8 are important for the
recruitment of neutrophils, which express the receptor CXCR-2. Direct administration of

CXCL-1 or CXCL-2 in the striatum of mice at postnatal day (P) 21 was shown to promote
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neutrophil recruitment 12 hours after the injection of the chemokines (Anthony et al.,
1998). Injection of recombinant human adenovirus with rat CXCL-2 gene insertion in the
dorsal hippocampus of adult mice was also shown to induced an extensive recruitment of
polymorphonuclear leukocytes after 2 days. These cells were still present around the
injury site after 4 and 7 days (Bell et al., 1996). Moreover, the recruitment of neutrophils
to the brain was reduced in a CXCR-2 deficient mice 7 days after closed head injury
when compared to wild-type animals. The decreased number of neutrophils in the injury

site was correlated with reduce tissue damage and neuronal loss (Semple et al., 2010).

Another group of molecules that have been found to be very important in the immune
response in the brain to injury is the group of cell adhesion molecules. They are proteins
located on the cell surface and promote cell-cell or cell-extracellular matrix interactions.
They comprise immunoglobulin superfamily of cell adhesion molecules (IgSF-CAMs),
cadherins, integrins and selectins. Cell adhesion molecules are important for tissue
formation and regeneration, and for immune response (reviewed in Horwitz, 2012). In
the brain, integrins, [gSF-CAMSs, such as neuronal adhesion molecule, and cadherins are
important for brain development and function (reviewed in Sakisaka and Takai, 2005;
Stoeckli, 2004 and Togashi et al., 2009), and the interaction between IgSF-CAMs,
including intracellular adhesion molecule (ICAM)-1 and ICAM-2, integrins and selectins
is essential for leukocyte recruitment during inflammation. The important role of
adhesion molecules during the immune response in the brain will be discussed throughout

this introduction.

As described above, cytokines, chemokines and cell adhesion molecules have been
implicated in many developmental processes in the brain, which support their essential
role in maintaining the homeostasis of the cerebral environment. Here it is hypothesized

that any changes in the levels of cytokines, chemokines and cell adhesion molecules
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during development may affect brain functioning and, consequently, lead to pathology.
Therefore, it is important to characterize the brain immune environment regarding these
important molecular mediators and to find how inflammation may change them, and
consequently, lead to brain pathology during development. In addition, it is necessary to
discover the effects of individual cytokines and cell adhesion molecules on the brain
during development in order to find possible target-specific therapies for

neurodevelopmental disorders.

1.1.3  Neutrophils

Neutrophils are considered important contributors to the pathogenesis of acute
inflammation. These cells are polymorphonuclear cells with a short half-life (8-12 hours
in mice) in circulation (Basu et al., 2002; Lord et al., 1991; Pillay et al., 2010) and migrate
to the injury site in order to eliminate pathogens and resolve inflammation.
Kolaczkowska and Kubes 2013 have published a thorough review focused on neutrophil
recruitment to different tissues. In the brain, from where neutrophils are normally
excluded, many of the molecules involved in their recruitment are still unknown. This
process involves a complex interaction between neutrophils and vessels’ endothelial cells
from the BBB. After being stimulated by different inflammatory mediators from inside
the tissue, such as cytokines, or by direct interaction with pathogens, the endothelial cells
increase expression of E-selectin and P-selectin on their surface (Petri et al., 2008).
Consequently, these adhesion molecules bind to their glycosylated ligands present on
neutrophils and lead to their tethering/capture and, consequently, to their rolling along
the vessel (Zarbock et al., 2011). After, neutrophils need to be activated in order to
completely adhere to the endothelium and this can be achieved by direct activation by
pro-inflammatory cytokines, including IL-1 and TNF, or by contact with the activated

endothelial cells (Summers et al., 2010). Chemokines CXCL-1, CXCL-2 and CXCL-5
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are also very important in promoting neutrophil activation through CXCR-2. The
activation of G-protein-coupled chemokine receptors on neutrophils alters the
conformation of integrins on the cell surface, which results in an increased affinity of
these molecules to their cell adhesion molecule ligands on the endothelium surface. Thus,
a firm adhesion occurs by interaction between integrins to adhesion molecules ICAM-1
and ICAM-2 on endothelial cells and, consequently, neutrophils start to crawl on the
endothelium in order to find a permissive site for their migration. This last process is
mediated by integrins on neutrophils that bind to ICAM-1 on endothelial cells (Phillipson
et al., 2006). Neutrophil transmigration usually occurs at cell-to-cell junctions
(paracellular) and involves integrins on neutrophils and, adhesion molecules and
junctional proteins on endothelial cells (Petri et al., 2011; Phillipson and Kubes, 2011;
Reymond et al., 2004). Neutrophils may also transmigrate through endothelial cells
(transcellular) (Carman and Springer, 2004). Reorganization of the endothelial actin-
cytoskeleton and rearrangement of endothelial cells attachment to basement membrane
occurs during transmigration (Parsons et al., 2012). After migrating through the
endothelial cells, neutrophils need to cross the basement membrane and pericytes. Once
inside the tissue, neutrophils may follow different chemoattractants and release many
inflammatory mediators, including cytokines, chemokines, vascular endothelial growth
factors, proteases (mainly matrix metalloproteinase (MMP)-9) and oxidants (ROS) in

order to resolve the injury (reviewed in Kolaczkowska and Kubes, 2013).

In many situations, neutrophils may accumulate in the tissue and, consequently, induce
damage through excessive and prolonged production of the mediators described above.
Neutrophil recruitment to the brain and subsequent exacerbation of injury have been
found in rodent models of CNS pathologies, such as traumatic brain injury (Kenne et al.,

2012; Semple et al., 2010), Alzheimer’s disease (Zenaro et al., 2015) and ischemic stroke
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(Jin et al., 2010). Blond et al. (2002) have shown that direct injection of IL-1f or TNF in
the striatum of adult rats promoted marked neutrophil recruitment to the brain 24 hours
after the injections of the cytokines. The same authors observed that excitotoxic lesion in
the brain, induced by intracerebral (i.c.) injection of N-Methyl-D-aspartic acid (NMDA),
was also able to cause neutrophil recruitment, which was observed together with neuronal
death after 24 hours (Blond et al., 2002). In neonate rats (P7), neutrophil depletion before
hypoxic-ischemic brain injury was shown to reduce brain swelling at 42 hours of
recovery (Palmer et al., 2004). Injection of IL-1B in the striatum of P21 rats was also
shown to induce (4 hours after) neutrophil recruitment to the brain and increase vessel
permeability, which was proven to be neutrophil-dependent (Anthony et al., 1997). This
injection was also able to increase the expression of CXCL-1 and CXCL-2 in the brain.
The injection of CXCL-1 in the striatum induced similar results, and the co-injection of
IL-1B and anti-CXCL-1 in the brain was able to inhibits vessel/BBB permeability and
neutrophil recruitment, showing that IL-1B-induced phenotype in the brain results from
upregulation of chemokines (Anthony et al., 1998). Anthony et al. (1997) have shown
that neutrophils are responsible for the increased BBB permeability observed after
inflammation in the brain and this may be, in part, due to the fact that neutrophils can
produce ROS. ROS can affect BBB integrity by activation of MMPs, oxidative damage
to cellular molecules, modulation of tight junction proteins, cytoskeletal reorganization,
and induction of inflammatory mediators. In addition, ROS may also increase neutrophil
recruitment by promoting the expression of adhesion molecules on endothelial cells of
the BBB (reviewed in Kunsch and Medford, 1999 and Pun et al., 2009). Neutrophils can
release MMP-9 that can digest the basement membrane and/or extracellular matrix and
contribute to the increased vessel permeability and disruption (Justicia et al., 2003; Rosell

et al., 2008; Turner and Sharp, 2016). For example, Bauer et al. (2010) have shown that
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inhibition of MMP-9 on an adult mouse model of hypoxia-induced vascular leakage
reduced disorganization of tight junction proteins and vascular permeability. In human
cases of fatal ischemic stroke with haemorrhagic complications, an excessive
accumulation of MMP-9" neutrophils surrounding brain microvessels associated with
degradation of basement membrane (type IV collagen) and blood extravasation was
observed (Rosell et al., 2008). Moreover, Moxon-Emre and Schlichter (2011) have
shown that the majority of MMP-9" cells in rat brains after i.c. haemorrhage were
neutrophils and that depletion of neutrophils before i.c. haemorrhage decreased the
expression of MMP-9 and blood-brain barrier permeability to endogenous
immunoglobulin G (IgG) and, consequently, axonal injury. These results indicate that
MMP-9" neutrophils are major contributors to blood-brain barrier disruption. However,
it is important to take into account the existence of many neutrophil subtypes that may
contribute to injury in various ways (reviewed in Beyrau et al., 2012; de Oliveira et al.,
2016 and Silvestre-Roig et al., 2016). For example, a subset of neutrophils expressing
MMP-9, CXCR4 and vascular endothelial growth factor receptor 1 were shown to be
recruited to hypoxic areas upon ischemia and, consequently, to promote vessel formation
(Christoffersson et al., 2012; Massena et al., 2016). In cancer, two subsets of neutrophils
have been found: pro-tumorigenic and immunosuppressive that express CXCR4,
vascular endothelial growth factor and MMP-9 and, anti-tumorigenic and pro-
inflammatory that express pro-inflammatory cytokines and chemokines and, are able to
kill cancer cells (Fridlender et al., 2009). Finally, two subtypes of neutrophils were
observed in a mouse model of methicillin-resistant Staphylococcus aureus infection when
compared to non-infected mice: the first subtype isolated from methicillin-resistant
Staphylococcus aureus-resistant mice and the second subtype isolated from methicillin-

resistant Staphylococcus aureus-sensitive mice were shown to activate macrophages
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toward a pro-inflammatory or anti-inflammatory phenotypes, respectively (Tsuda et al.,

2004).

It is evident from published data that neutrophils play an important role in the acute
response in the brain to a range of injuries in adults and neonates. Furthermore, the
interplay between cytokines, chemokines, adhesion molecules and neutrophils seem to
be an important step in the immune response in the brain. Thus, it is important to further
investigate the role of these molecular and cellular mediators in inflammation during

development.

1.1.4 Microglia and perivascular macrophages

The brain hosts a number of different myeloid populations, including parenchymal
microglia, and perivascular, meningeal and choroid plexus macrophages. The function of
myeloid cells in the brain is essential for both the regulation of the normal CNS milieu,

as well as the response to injury (reviewed in Prinz and Priller, 2014; Prinz et al., 2011;

Ransohoff and Cardona, 2010).

The origins of microglia have been studied and discussed for a long time. Early studies
showed that all myeloid cells derive from the same progenitors during embryonic
development and from bone marrow postnatally (Bertrand et al., 2005; Cumano and
Godin, 2007). Monocytes are commonly transported in the peripheral circulation from
the bone marrow to tissues, where they become tissue specific macrophages. However,
recent studies now suggest that microglia, in contrast to other tissue-resident
macrophages, derive from HSCs present in the yolk sac at E7.5 (Ginhoux et al., 2010;
Kierdorf et al., 2013; Schulz et al., 2012). After entering the brain during embryonic
development, these microglia proliferate to sustain and expand the microglial population
throughout life (Ajami et al., 2007; Alliot et al., 1999) rather than by recruitment of

peripheral myeloid cells (Ginhoux et al., 2010; Schulz et al., 2012). Microglia have also
16
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been shown to support CNS development and function (Bilimoria and Stevens, 2014;
Gomez-Nicola and Perry, 2015; Harry, 2013), which discriminate them from other tissue
macrophages. As part of their many roles, microglia have been shown to ingest excess
neuronal debris (Hosmane et al., 2012; Nielsen et al., 2009; Sierra et al., 2010), control
neuron survival and proliferation (Chamak et al., 1994; Morgan et al., 2004; Nagata et
al., 1993; Ueno et al.,, 2013), regulate synapse number through synapse pruning
(Paolicelli et al., 2011; Schafer et al., 2012) and modulate synaptic function and
maturation (Paolicelli et al., 2011; Zhan et al., 2014). Finally, microglia can also be
distinguished from other tissue macrophages by their unique pattern of gene expression,
which has been recently described in transcriptomic studies. Gautier et al., 2012,
Hickman et al., 2013 and Butovsky et al., 2014 have shown that microglia in mice
specifically express genes such as CX3CRI1, integrin beta-5, solute carrier (Slc) family 2
member 5 and G protein-coupled receptor 34 when compared to macrophages from the
peritoneum and spleen, highlighting the specialist role of microglia in the brain, above

and beyond their macrophage-like functions.

Microglia are the resident innate immune cells in the CNS and, as other macrophages,
they may perform phagocytosis, produce inflammatory mediators and act as antigen
presenting cells (reviewed in Almolda et al., 2011; Greter et al., 2015; Hanisch and
Kettenmann, 2007). They use their highly motile processes to monitor the CNS
environment (Davalos et al., 2005; Nimmerjahn et al., 2005). Once they sense any
disturbance, microglia rapidly migrate to the injury site in order to acutely respond and,
consequently, resolve the injury by removing debris and restoring damaged tissue;
however, if microglia activation is not properly controlled brain injury may expand and
lead to long-term neuronal pathology (reviewed in Hu et al., 2014). This is achieved

because microglia can produce ROS (Colton and Gilbert, 1987) and many pro-
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inflammatory cytokines (Lee et al., 1993). Therefore, microglia have been found to have
both beneficial and harmful effects in response to a stimulus. In order to minimise the
extremes of these responses, microglial activity has to be very well controlled, which
appears to be achieved by a tightly regulated balance between a range of microglial
receptors, including receptors from the immunoglobulin superfamily, chemokine
receptors, purinergic receptors, PRRs and, phosphatidylserine receptors and bridging
proteins, that sense different environmental cues (reviewed in Garden and Mdller, 2006;
Hanisch, 2002; Harry, 2013 and Hu et al., 2014). These receptors can be characterised as
"Off", which maintain microglia in their quiescence state and/or "On", which activate
microglia during pathological conditions, and recognise ligands that are secreted or are
present on the surface of other CNS cells. Cluster of differentiation (CD) 200 receptor or
OX2 receptor, which belong to the immunoglobulin superfamily, is an example of an
"Off" receptor. It is specifically expressed in macrophages/microglia and recognises
CD200 on the surface of other cells and, consequently, maintains microglia in their
"resting" state (Preston et al., 1997; Wright et al., 2000). In brains of CD200 deficient
mice, microglia spontaneously present a more activated state, characterised by a more
amoeboid morphology, when compared to wild-type mice, where microglia have many
long processes. Furthermore, induction of experimental autoimmune encephalomyelitis
(EAE), which is an animal model of multiple sclerosis in humans, in CD200"" mice
resulted in an earlier disease onset when compared to CD200"" mice (Hoek et al., 2000).
In addition, administration of an antibody against CD200 receptor after the induction of
EAE in rats resulted in a more severe EAE with higher clinical disease score than control
animals (Wright et al., 2000). It is evident from these studies that increased activation of
microglia resulting from unbalanced expression of receptors exacerbates neurological

injury. Another receptor specifically expressed in microglia is the CX3C receptor
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(CX3CR)-1 or fractalkine receptor that recognises the chemokine CX3CL-1 that can be
secreted or recognised at cell surface level. CX3CL-1 is mainly expressed by neurons
and, therefore, plays and important role in neuron-microglial crosstalk (Harrison et al.,
1998; Meucci et al., 1998; Nishiyori et al., 1998) and argued to maintain the microglia
phenotype. A previous study have shown that in a toxic model of Parkinson's disease
CX3CR ™" mice presented more neuronal loss in the substance nigra pars compacta when
compared to wild-type mice (Cardona et al., 2006). Cho et al., (2011) have also shown
that CX3CL-1 levels in the brain were lower in Alzheimer's disease patients when
compared to age-matched controls and that deletion of CX3CR in a mice model of
Alzheimer's disease exacerbated microglial activation, increased Tau phosphorylation
and memory deficits. However, in a model of focal cerebral ischemia, brains from
CX3CR™ adult mice were shown to have smaller infarcts, less BBB permeability, and
fewer apoptotic cells and leukocytes infiltrates than brains from wild-type animals
(Dénes et al., 2008). All these previous studies suggest that CX3CR role in CNS injury
may vary with the type of disorder. Many other chemokine receptors, such as CCR2,
CCR5 and CXCR4, are expressed by microglia and are responsible for microglial
activation, including cell migration to the injury site and production of pro-inflammatory
cytokines (reviewed in Hu et al., 2014). Regardless their receptors, the activation of
microglia have been correlated and/or implicated in many neurogical disorders, including
Alzheimer’s disease, Amyotrophic Lateral Sclerosis, Parkinson’s disease and
Huntington’s disease (reviewed in Block et al., 2007; Gomez-Nicola and Perry, 2015;
Prinz et al., 2011). Microglia also seem to play a role in disease progression in
neurological disorders with a developmental origin. Published data supporting this

hypothesis, along with the contribution of other immune mediators to the development
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of disorders such as autism, schizophrenia and cerebral palsy, is discussed in the next

section.

Perivascular cells or macrophages are located in the perivascular space in the CNS and
they perform immune surveillance mainly by acting as antigen presenting cells (Graeber
et al., 1992; Hickey and Kimura, 1988). These cells are also able to sense neuronal injury
and death, ingest CNS antigens and sense alterations in the periphery, such as cytokines
and endotoxin levels. The ability to receive signals from both sides, periphery and CNS,
make these cells an important player in the interaction between the CNS and peripheral
immune system (reviewed in Williams et al., 2001). Perivascular macrophages are bone
marrow derived and were shown to be continuously replaced in adult rats by blood-borne
monocytes in physiological conditions (Bechmann et al., 2001). Perivascular
macrophages were shown to decrease amyloid burden in models of Alzheimer’s disease
(Hawkes and McLaurin, 2009; Mildner et al., 2011). However, more perivascular
macrophages were found in brains from multiple sclerosis patients when compared to
control brains (Zhang et al., 2011). These contradictory results suggest that the role of
perivascular macrophages may vary with the type of injury. Evidence of the presence of
perivascular macrophages and their contribution to brain function and injury during

development are lacking.

1.2 Neurodevelopmental disorders and inflammation

1.2.1 General aspects of neurodevelopmental disorders

Neurodevelopmental disorders are a group of conditions that result from disturbances
during CNS development and are characterized by impairments in motor function,

learning, social behaviour, cognition or/and language.
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1.2.1.1 Autism and schizophrenia

Autism spectrum disorder, commonly named autism, is an early onset (<3 years, (Owen
et al., 2016)) neuropsychiatric disorder that is characterised by deficits in social
interaction and communication, and repetitive and restrictive behaviour, interests or
activities that can be accompanied by defects in language and intellectual impairment.
This disorder has a worldwide prevalence of 7:1000 (Lai et al., 2014). There is no unique
cause for autism, but a multifactorial aetiology is proposed (Figure 1.2). Genetic
background and environmental factors, such as sex and infections during development,
may play a role (reviewed in Bourgeron, 2015; Constantino and Charman, 2015 and
Watts, 2008). Such factors are thought to disrupt normal brain development and,
consequently, generate region-specific functional changes. However, despite this widely
held view, it remains unclear what specific brain regions and neural mechanisms are
involved in autism. Brain dysfunction may arise from disturbed neural connectivity and
growth, changes in neural migration, unbalanced excitatory-inhibitory networks,
abnormal dentritic morphology, neuroimmune changes, calcium signalling defects and
neuronal loss (reviewed in Bourgeron, 2015; Donovan and Basson, 2016; Waterhouse
and Gillberg, 2014 and Watts, 2008). However, once again there is remarkably little

evidence for many of these claims.

Schizophrenia is a heterogeneous neuropsychiatric disorder with an age of onset of 16-
30 years (Owen et al., 2016) and a prevalence of 5:1000 (McGrath et al., 2008). It
manifests as one or more behavioural abnormalities, including delusions, hallucinations,
impaired motivation, reduction in spontaneous speech and social withdrawal. This can
be accompanied by cognitive impairment (Owen et al., 2016). Schizophrenia, as autism,
has a multifactorial aetiology (Figure 1.2) where genetic background and environmental

factors during development are responsible for the different phenotypes found in
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schizophrenia patients (reviewed in Siever and Davis, 2004). Anatomical or functional
abnormalities in the brain can include changes in neurotransmission, decreases in
inhibitory neurons and reductions in grey matter (reviewed in Bakhshi and Chance, 2015;

Haijma et al., 2013; Lewis, 2012 and Owen et al., 2016).

Autism and schizophrenia have been shown to overlap at many levels. Both disorders
share similar impairments in neuro- and social-cognition functioning (Eack et al., 2013)
while intellectual deficits are more common in autism (Christensen et al., 2016; Cooper,
1997; Morgan et al., 2008). These two neurodevelopmental disorders also share many
genetic mechanisms and environments risks, including prenatal infection, gestational
diabetes, paternal age and mother nutrition (Chisholm et al., 2015; Meyer et al., 2011).
Regarding brain anatomy and function, both disorders show volume loss of grey matter
(Cheung et al., 2010) and changes in neurotransmition, such as glutamatergic and
dopaminergic dysfunction (reviewed in Bourgeron, 2015; Chisholm et al., 2015 and

Owen et al., 2016).

1.2.1.2  Cerebral Palsy (and preterm damage)

Cerebral palsy is a neurodevelopmental disorder very distinct from autism and
schizophrenia that has an prevalence of 2:1000 live births (Oskoui et al., 2013) and an
age of onset of around 18 months (Rosenbaum et al., 2007). It is characterised by a range
of phenotypes of motor impairment that may be accompanied by cognitive and visual
deficits (Pakula et al., 2009). There are subtypes of cerebral palsy, which have different
levels of disability, that are normally classified according to topographical distribution.
They may result from diverse insults in different areas of the CNS during embryonic
development, at birth or postnatal period (Figure 1.2). Risk factors include preterm birth,
genetic background, infections/inflammation, asphyxia/hypoxia (mainly during birth),

toxic factors, maternal factors and sex. Regarding brain anatomy and function, cerebral
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palsy patient can present different lesions, such as infarcts and white matter injuries
(including periventricular leukomalacia: injury to the white matter surrounding the
ventricles of the brain). These may then lead to cell death/loss and neuronal impairment,
which in turn can lead to movement dysfunction when they occur in different areas
involved in motor function (including cortex, cerebellum, basal ganglia and thalamus)

(reviewed in Marret et al., 2013).

As stated above, preterm birth is one of the risk factors of cerebral palsy; however, it is
also considered a multifactorial syndrome leading to many clinical complications. It is
estimated that approximately 15 million babies (more than 1 in 10 babies) are born
preterm (before 37 completed weeks of gestation; 37 to <42 weeks = term), representing
11.1% of all livebirths worldwide, and that this number is increasing. In addition, preterm
complications are considered the leading cause of death in children under 5 years old,
being responsible for almost 1 million deaths each year (Blencowe et al., 2012; World
Health Organization: fact sheet n°363, November 2015). Furthermore, a large percentage
of the survivors of preterm birth may suffer long-term neurological impairments (Marlow
et al., 2005). Preterm birth can be classified into those that happen spontaneous/naturally
or those that result from medical order (caecsarecan section or labour induction).
Approximately 70% of preterm births in high-income countries are spontaneous preterm
and represent the syndrome that is responsible for diverse pathologies. Spontaneous
preterm results from interaction of many factors that induce the activation of maternal
and foetal tissues, which promotes the production of mediators, including prostaglandins
and cytokines and metalloproteinases. Consequently, these mediators induce myometrial
contractions and/or rupture of foetal membranes. Risk factors include
inflammation/infection, haemorrhage, uterine distension, immune dysregulation, stress

and cervical insufficiency and many other genetic, biological, behavioural, social, clinical
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and environmental events (reviewed in Harrison and Goldenberg, 2016 and Rubens et

al., 2014).

Genetic Environmental

background factors

Infection/inflammation
Preterm birth

Sex
Maternal factors
etc. l
Time-dependent | During embryonic
Disruption of specific’brain ———————— | development, birth
developmental procésses or postnatal period

l

Functional and behavioural changes

Autism
Schizophrenia
Cerebral Palsy

Figure 1.2 Neurodevelopmental disorders and their multifactorial origin.
Neurodevelopmental disorders, such as autism, schizophrenia and cerebral palsy, are complex
conditions that result from the interaction of a genetic predisposition and environmental factors.
These may occur at different time points during development and, consequently, influence
specific brain developmental processes that may lead to deficits in function and behaviour.

1.2.2  The role of inflammation in neurodevelopmental disorders

1.2.2.1 Clinical evidence
Many clinical studies have correlated inflammatory processes with neurodevelopmental
disorders. Li et al. (2009) have found increased levels of TNF, IL-6 and CXCL-8 in post-

mortem frontal cortex of autistic patients when compared to controls. Vargas et al. (2005)
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have also observed elevated levels of CCL-2 and TGF-B1 in the cerebellum and cortex,
and of many other inflammatory mediators, such as IL-6, IL-10, CCL-7, in the cortex of
post-mortem brains from autistic patients when compared to controls. Astrogliosis and
microglial activation was also observed in both regions analysed, but it was more
prominent in the cerebellum. The same authors found that levels of CCL-2, CCL-4,
CXCL-7, CXCL-10, IL-6 and IFN-y in the cerebrospinal fluid were higher in autistic
than in control patients (Vargas et al., 2005). A later study by Suzuki et al. (2013) have
shown a prominent microglial activation in the cerebellum of autistic subjects when
compared to controls by using positron emission tomography (PET) and a radiotracer for
microglia ([11C](R)-PK11195). It seems that the cerebellum in brains of autistic subjects
is one of the main regions where neuroinflammation occurs. This is in concordance with
previous observations showing that the cerebellum is one of the foci of pathological
abnormalities in autism (Bailey et al., 1998; Courchesne, 1991; Courchesne et al., 1988;
Kemper and Bauman, 2002). It is known that cerebellum processes inputs from many
areas of the brain and it is thought to play a major role in motor/movement control.
However, evidence has suggested that cerebellum may also be important for cognitive
function, such executive, visual spatial, and linguistic impairments, and affective
dysregulation (Schmahmann and Sherman, 1998; Stoodley and Schmahmann, 2010) and
that this may be, in part, due to the connectivity loop exiting between cerebellum and
prefrontal cortex, which is essential for cognitive function (Watson et al., 2014). Indeed,
deficits in cognitive tasks, such as executive control, attention, memory functions and
language, in autism have been correlated with cerebellar impairments (reviewed in
Fatemi et al., 2012). Thus, immune dysfunction found either in cerebellum and prefrontal
cortex (Li et al., 2009; Suzuki et al., 2013; Vargas et al., 2005) may contribute to many

anatomical and functional changes on these same brain regions (Donovan and Basson,
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2016) and, consequently, to behavioural deficits in autism. In fact, Vargas et al. (2005)
not only observed glial activation but also neuron loss in the cerebellum of 9 out of 10
autistic brains. Peripheral immune activation have also been correlated with autism as
many cytokines and chemokines, including CCL-2, CCL-5, CCL-11, CXCL-8, IL-1p and
IL-6 were found to be elevated in plasma from patients suffering from autism when
compared to control subjects (Ashwood et al., 2011a, 2011b). Many studies have also
discovered immune activation in schizophrenia. For example, elevated levels of
inflammatory mediators, such as IL-2, IL-6 and CXCL-8, were found in serum of
schizophrenic patients when compared to controls (Zhang et al., 2004). Bayer et al.
(1999) have shown microglia activation in frontal cortex and hippocampus and Radewicz
et al. (2000) have observed microglia activation in temporal and frontal cortex in post-
mortem brains of schizophrenic patients when compared to controls. All these studies
clearly support that inflammation plays an important role in autism and schizophrenia as
high levels cytokines and reactive glia were found in brain areas that are responsible for
many cognitive tasks that are normally impaired in these disorders. However, it is
important to study and correlate inflammatory mediators with specific developmental
processes in the brain in order to discover target-specific therapies and clear connections

between brain dysfunction and behavioural impairments in autism and schizophrenia.

Evidence of inflammation has also been found in cerebral palsy cases. Yoon et al. (2000)
have studied the relationship between the occurrence of cerebral palsy in 3 years-old
children and the presence of funisitis (inflammation of the connective tissue of the
umbilical cord), amniotic fluid concentrations of IL-6 and CXCL-8, and amniotic fluid
white blood cell count. The authors found that newborns, which were born with <35
weeks, that later developed cerebral palsy had higher rate of funisitis and were born to

mothers with higher levels of IL-6 and CXCL-8 and higher white blood cell counts in the
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amniotic fluid than newborns that did not developed cerebral palsy (Yoon et al., 2000).
An earlier study observed that preterm newborns (26 to 35 weeks-old) that later
developed periventricular white matter (periventricular leukomalacia) lesions were born
to mothers with higher concentrations of IL-6, IL-1B and TNF and IL-1RA in the
amniotic fluid than those without white matter lesions. In addition, the authors found that
newborns that developed periventricular leukomalacia were delivered at a lower mean
gestational age and birth weight, and had a higher rate of significant complications, such
as infection-related complications, intraventricular haemorrhage and cerebral palsy,
when compared to those that did not have white matter lesion. In fact, all neonates that
were diagnosed with cerebral palsy had periventricular white matter lesions (Yoon et al.,
1997), which is characteristic of cerebral palsy (Folkerth, 2005). Kadhim et al. (2001)
have also shown higher immunoreactivity for IL-1f and TNF in and around
periventricular leukomalacia lesions in brains of neonates that died shortly after birth
when compared to brains without any lesion (Kadhim et al., 2001). Later, Kadhim et al.
(2003) observed higher immunoreactivity of IL-13 and TNF in neurons from neocortex
and deep grey matter structures, such as thalamus, putamen and hippocampus, of
neonates diagnosed with periventricular leukomalacia when compared with neonates
without the lesion (Kadhim et al., 2003). This suggest that deficits in cortical and other
grey matter regions, which may result from immune activation, may be involved in
cerebral palsy as periventricular leukomalacia is the main neuropathology associated to
this disorder. In fact, cortical and deep gray structures impairments have been observed
in periventricular leukomalacia and cerebral palsy cases (Hoon A.H. et al., 1997; Inder
et al., 1999; Marin-Padilla, 1997; Menkes and Curran, 1994). Lesions in cortex and other

grey matter regions may explain not only motor (cortex and putamen) but also the
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cognitive and visual (cortex, thalamus and hippocampus) impairments observed in many

cerebral palsy subjects.

As described above, Yoon et al. (1997) have found that newborns with periventricular
white matter lesions were delivered at a lower mean gestational age and had higher rates
of significant complications, such as infection-related complications, intraventricular
hemorrhage and cerebral palsy, when compared to those that did not have white matter
lesions. This data suggests that newborns with low gestational age are more susceptible
to many postnatal complications and, consequently, brain injury than newborns with a
higher gestational age. Many other studies have correlated postnatal bacterial infections
in preterm infants and neurodevelopmental impairments and/or brain injury (reviewed in
Strunk et al., 2014). Furthermore, Kuban et al. (2015) have demonstrated that increased
levels and number of inflammatory proteins in the blood of preterm infants (<28 weeks)
during the first two weeks after birth were positively associated with increasing risk of
disorders of brain function and structure at 2 years of age. Later, Kuban et al. (2017)
positively correlated increased levels of inflammatory mediators, including CXCL-8 and
ICAM-1, in the blood of preterm children (<28 weeks) during the first postnatal month
with cognitive deficits at 10 years of age. It is evident that preterm babies are at higher
risk of brain injury, which may result from immune activation. It is therefore important
to study the effects of inflammation during the intensive care period in order to
specifically discover how and when the brain of preterm infants is susceptible to brain
injury.

1.2.2.2  Animal models for studying inflammation during development

Many rodent models have been developed in order to study the effects of
infection/inflammation on brain development and behaviour. It is widely accepted that

the third trimester in humans are roughly equivalent to PO-P10 in rats, which have a total
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gestation time of 21 days, and mice, which have a total gestation time of 18.5 days, and
that the entire gestation period in rats and mouse is approximately equivalent to the first
two trimesters in humans (Clancy et al., 2007; Workman et al., 2013). Moreover, it is
described that there are specific "windows of susceptibility" to the development of
autism, schizophrenia and cerebral palsy. A first epidemiological study has shown an
positive association between schizophrenia and influenza virus infection during the
second trimester during the 1957 influenza A2 epidemic in Finland (Mednick et al.,
1988). Later, Brown et al. (2004) reported an increased risk of schizophrenia in the
offspring of mothers infected with influenza virus during the first trimester but not during
the second or third trimester. The differences between these two studies may rely on the
fact that the first one defined timing of exposure to the virus by the dates of the peak
periods of influenza epidemics and the second used quantification of influenza antibody
levels in the serum of each pregnancy, which is more accurate. In another epidemiologic
study, admission to hospital due to viral or bacterial infection in the first or second
trimester, respectively, was positively associated with autism spectrum disorder in the
offspring (Atladottir et al., 2010). While schizophrenia and autism were both correlated
with infection during the first and second trimester, cerebral palsy was shown to result
from different types of infection/inflammation occurring during late gestation, birth and
neonatal period (reviewed in Dubowitz et al., 1985; Hermansen and Hermansen, 2006;
Nelson, 2008; Nelson and Willoughby, 2000 and Reddihough and Collins, 2003). Many
authors have taken this information into account in order to study the effects of
infection/inflammation on neuropathology and behaviour in rodents at specific time

points relevant for the different developmental disorders.

Different immunogens have been used in animal models for immune activation during

development. Lipopolysaccharide (LPS) (component of Gram negative bacteria wall) has
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been used to mimic bacterial infection while polyinosinic:polycytidylic acid (poly(I:C))
has been used to mimic viral infection. Both induce a signalling cascade, through toll-
like receptors, that induce the transcription of inflammatory mediators, including anti-
and pro- inflammatory cytokines, chemokines and complement proteins. Virus, such as
influenza, are also used for prenatal immune activation. In addition, direct administration
of cytokines during embryonic or postnatal periods have also been used in order to study
the effects of specific component of the immune system on neurodevelopment (reviwed
in Boksa, 2010 and Harvey and Boksa, 2012). Behaviour and brain pathology, including
molecular, neurochemical and morphologic changes are the main outcomes measured in

these models.

At behavioural level, prepulse inhibition is one of the most frequently measured
outcomes in animal models as it is a core characteristic of schizophrenia patients (Kumari
et al., 2000) and it is also observed in autism (Perry et al., 2007). Moreover, it can be
assessed in rodents and human using similar paradigms (Harvey and Boksa, 2012).
Prepulse inhibition of the startle reflex response is the capacity of a weak prestimulus to
inhibit the response to a subsequent strong sensory stimulus and it is used to study deficits
in attention and information processing (sensomotor gating) (Kumari et al., 2000; Perry
et al., 2007). Deficits in prepulse inhibition have been observed in rodent models of
maternal immune activation by prenatal administration of poly(I:C) (Howland et al.,
2012; Meyer et al., 2008; Wolff and Bilkey, 2008), LPS (Fortier et al., 2007; Romero et
al., 2010; Wischhof et al., 2014) and IL-6 (Smith et al., 2007) (Table 1.1). Delivery of
influenza virus by intra-nasal infusion in pregnant mice at around E9.5 not only caused
deficits in prepulse inhibition in the adult offspring but also deficits in social interaction
and exploratory behaviour, which can be observed in autism and schizophrenia patients

(Shi et al., 2003). Prenatal administration of poly(I:C) in mice at E17 (Meyer et al., 2006)
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or from E12 to 17 (Ozawa et al., 2006), LPS in mice at E8 (Coyle et al., 2009) and IL-6
in rats at pregnancy days 16, 18 and 20 (Samuelsson et al., 2006) has also been shown to
alter diverse learning and memory tasks that indicated decreased spatial exploration and
perseverative behaviour (Meyer et al., 2006) and, deficits in recognition memory (Coyle
etal., 2009; Ozawa et al., 2006) and spatial memory (Samuelsson et al., 2006) in the adult
offspring. Another study has shown that intraperitoneal (i.p.) injection of poly(I:C) at
E10.5, 12.5 and 14.5 decreased social interaction and increased repetitive/stereotyped
behaviour in adult mice, which are the two principal symptoms of autism spectrum
disorder (Malkova et al., 2012). Also, i.p. injections of LPS from E17 until the end of
gestation induced motor dysfunction, which is characteristic of cerebral palsy disorder,

in adult rat offspring (Girard et al., 2009).

Table 1.1 Immune activation impairs prepulse inhibition.

Immunogen | Species | Injection route | Time of administration Reference
Rat L.V. El15 Wollff and Bilkey 2008
Poly(I:C) Mouse LV. E9 Meyer et al. 2008
Rat L.V. E15 Howland et al. 2012
Rat 1.p. E15 and 18 Fortier et al. 2007
LPS Rat s.C. From E1 to 21 Romero et al. 2010
Rat 1.p. El5 and 16 Wischhofet al. 2014
IL-6 Mouse 1.p. E12.5 Smith et al. 2007
Influenza virus | Mice intra-nasal E9.5 Shi et al. 2003

Details of published studies showing that immune activation during embryonic development
decreases prepulse inhibition in the offspring are shown in this table. i.v.: intravenous, i.p.:
intraperitoneal, s.c.: subcutaneous, E: embryonic day.

Much work has been done to identify the morphological, molecular and neurochemical

impairments in the brain that underlie the behavioural deficits characteristic of
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schizophrenia, autism and cerebral palsy. Animal models of immune activation, either
during embryonic development or postnatally, have shown many neuropathologies
similar to those observed in autism, schizophrenia and cerebral palsy. These include
cerebellar abnormalities (Shi et al., 2009), altered dopaminergic system (Fortier et al.,
2004; Meyer et al., 2008), and demyelination and white matter injury (Bell and
Hallenbeck, 2002; Paintlia et al., 2004; Pang et al., 2003). Most importantly, studies have
shown the direct relationship between brain dysfunction and behavioural impairments in
rodent models (Table 1.2). Wischhof et al. (2014) have shown that i.p. injection of LPS
at E15 and 16 in rats reduced prepulse inhibition and myelination in the orbitofrontal
cortex and basolateral amygdala (both areas important for making predictions to guide
behaviour) (Sharpe and Schoenbaum, 2016)), and affected GABAergic system
(decreased calcium-binding protein Parvalbumin) in the prefrontal cortex and
hippocampus in adult offspring. Impairments in GABAergic system are involved in the
neuropathology of schizophrenia and they are likely to contribute to cognitive deficits
when affecting prefrontal cortex and hippocampus (Wischhof et al., 2014). Meyer et al.
(2008) have shown that intravenous (i.v.) injection of poly(I:C) in mice at E9 impaired
prepulse inhibition and the dopaminergic system (reduced prefrontal dopamine D1
receptors) in adult offspring, which is common in autism and schizophrenia. Injections
(i.p.) of poly(I:C) in mice from E12 to E17 were also shown to induce deficits in cognitive
impairment (recognition memory), decrease prepulse inhibition and alter the
dopaminergic system (increased dopamine turnover and decreased receptor binding of
D,-like receptors in the striatum, which is important for motor learning/modulation and
reward-guided behaviours (Cerovic et al., 2013)) in adult offspring (Ozawa et al., 2006).
It is clear from these studies that immune activation early in development induces brain

pathology in specific areas of the brain that may explain certain behaviour deficits in
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rodents. However, it is essential to discover the pathways that link immune activation
and these impairments. As discussed above, human data have suggested that
inflammation may contribute for brain dysfunction and, consequently, to behaviour
changes observed in neurodevelopmental disorders. Many studies using rodent models
have been developed in order to mimic the human condition regarding inflammation and
brain/behaviour in neurodevelopmental disorders, and to discover possible links between
inflammatory mediators and specific brain/behaviour deficits. As in humans, increased
levels of inflammatory mediators have been found in rodent models of immune activation
during development. Most of these studies have focused on embryonic development in
rodents, which are clinically relevant for autism and schizophrenia. Mice that received
i.p. injection of LPS at E15 were shown to have increased levels of IL-1a, TNF and IL-
6 in serum and of IL-1a and IL-6 in the amniotic fluid a few hours after injection (Fidel
et al., 1994). LPS (2.5mg/kg) injection (i.p.) at E16 also increased levels of TNF in the
amniotic fluid, and of IL-6 and TNF in the placenta but decreased TNF in the rat foetal
whole brain 2 hours after LPS administration (Urakubo et al., 2001). Cai et al. (2000)
have studied the expression of TNF and IL-1 in the foetal rat brain after i.p. injection of
LPS (4mg/kg) at E18 and observed that these cytokines were upregulated in whole brain
1 hour after LPS administration when compared to saline-controls. In contrast to Cai et
al. (2000), Gayle et al. (2004) have demonstrated that i.p. injection of LPS (0.1mg/kg) at
E18 increased levels of cytokines in maternal serum (TNF, IL-1, IL-6 and IL-10) and
amniotic fluid (TNF, IL-1B and IL-6) within 6 hours, but did not induce the expression
of the same cytokines in rat foetal whole brain. A later study supported the observation
by Gayle et al. (2004), as i.p. injection of LPS (0.05mg/kg) at E18 increased levels of
TNF, IL-1B and IL-6 in maternal plasma and placenta within 8 hours, induced levels of

IL-1P in rat foetal plasma 4 hours after LPS administration but did not change protein
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levels of any cytokine in the foetal whole brain at any time point studied (Ashdown et al.,
2006). The differences between these three studies may rely on the fact that Cai et al.
(2000) used higher concentrations of LPS than the two later studies. Many other studies
have shown that poly(I:C) i.p or i.v. injections at different embryonic days (E9, E16 or
E18) were shown to increase cytokines and chemokines in the foetal brain of mice and
rats (reviewed in Arrode-Brusés et al., 2012 and Patterson, 2009). Although most of the
published data are focused on embryonic development, and are, therefore, correlated with
autism and schizophrenia, there are also few other studies where immune activation is
induced in newborn rodents, being clinically relevant for cerebral palsy and preterm
newborns, which are very susceptible to infections/inflammation. Arrode-Brusés et al.
(2012) have observed that i.p. injection of Poly(I:C) in P4 mice increased many
inflammatory mediators, including IL-1B, CCL-11, CCL-2, CCL-3, CCL-4, CCL-5,
CXCL-10, CXCL-1, CXCL-2, CXCL-5 and CXCL-9 while other cytokines, such as IL-
6 and IL-10 decreased in whole brain 24 hours after poly(I:C) exposure. Also, direct
injections of LPS in both brain hemispheres of P2 mice promoted increases in the
expression of many inflammatory mediators, such as IL-1p, IL-6, TNF, CCL-2, CXCL-
1, CXCL-10 and ICAM-1, in the brain 12 hours after LPS administration (Christensen et
al., 2014). All these studies clearly show that immune activation by bacterial or viral
components during embryonic development or in newborn rodents changes the levels of
pro- or/and anti- inflammatory in maternal and/or foetal/newborn tissues. However, in
order to create clinically relevant rodent models to study the role of immune activation
in neurodevelopmental disorders it is important to correlate the increased/decreased
levels of inflammatory mediators and microglia activation with brain pathology and/or
behaviour impairments similar to those observed in humans (Table 1.2). Ribeiro et al.

(2013) have observed that daily i.p. injection of poly(I:C) from P5 to P7 in rats promoted
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activation of microglia in the hippocampus and striatum, and this was accompanied by
deficits in prepulse inhibition. Also, i.p. injection of LPS at E9 in mice promoted
activation of microglia throughout the brain at E18 and at birth, impairments in social
behaviour in P7 offspring and excessive repetitive grooming behaviour in adult offspring
(Le Belle et al., 2014). Both social and repetitive behavioural deficits are core in autistic
patients. Rousset et al. (2006) have also shown that LPS (0.3mg/kg) i.p. injection in rats
at E19 and 20 was able to promote the expression of IL-1p in the brain of P1 offspring
and this was correlated with increased cell death in periventricular white matter
(characteristic of cerebral palsy) and striatum that was still present in P7 rats. Finally,
Favrais et al. (2011) have studied myelination and oligodendrogenesis, and behaviour in
mice that received i.p. injections of IL-1f from P1 to P5. The authors showed that IL-13
injections increased blood levels of IL-1B and TNF at P5, induced severe memory
impairments at P29 to P30, decreased brain white matter fractional anisotropy at P35,
reduced many myelin proteins and increased the number of nonmyelinated axons in the
brain at P15 and P30 and, impaired maturation of oligodendrocytes from P5 to P30 when
compared to control mice. Interestingly, this last study was able to correlate the three
steps that are suggested to occur after immune activation during development: increased
inflammatory mediators, brain pathology and behavioural deficits. Moreover, it
demonstrated cytokine-specific effects as the authors have used IL-1p for immune
activation from P1 to P5 (equivalent to preterm newborns/third trimester of pregnancy in
humans). More studies need to be performed in order to correlate specific mechanisms
of brain damage with each cytokine that is known to be altered in neurodevelopmental

pathologies in humans and rodents.
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In summary, either studies using human tissue and/or animal models have shown that
inflammation has an important role and a profound impact on the development of brain
disorders. Many rodent models have been developed in order to mimic different aspects
of neurodevelopmental disorders by using different type and doses of immunogens, and
injection times. In general, all studies so far support the current hypothesis that immune
activation during development leads to immune imbalance (altered levels of anti- and
pro-inflammatory cytokines) and, consequently, neuropathology and behaviour deficits.
It is important now to explore the contribution of specific inflammatory mediators to
neurodevelopmental injury and study how brain capacity to respond to inflammation vary

during development and, consequently, contribute to final pathological outcome.

1.2.3  "Windows of susceptibility" during development

It is clear from many published studies focused on infection/inflammation and
neurodevelopment disorders that the deficits observed vary with the time of immune
activation. Both human and rodent data have shown specific "windows of susceptibility"
to different types of infection/inflammation during development. In response to this,
researchers studied the effects of infection/inflammation on the immune response,
neuropathology and behavioural outcome at different time points during development in
rodent models. Meyer et al. (2008) have shown that i.v. injection of poly(I:C) at E9
induced deficits in prepulse inhibition and in the dopaminergic system (reduced
prefrontal dopamine D1 receptors), while poly(I:C) injection at E17 impaired working
memory and reduced expression of hippocampal NMDA-receptor subunit 1 in adult
mouse offspring. The authors were able to mimic two core features of autism and
schizophrenia (deficits in prepulse inhibition and dopaminergic system) by inducing viral
infection at E9 and, therefore, supported the current idea that infection/inflammation

occurring early in gestation is correlated with the development of these two disorders.
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Moreover, immune activation later in embryonic development was shown to promote
deficits in hippocampus that may explain the observed memory deficiency and, therefore,
demonstrate that long-term brain and cognitive abnormalities are modulated by the
timing of immune activation during pregnancy in mice (Meyer et al., 2008). Another
study has shown that i.p. injection of LPS at E15-16 and E18-19 but not at E10-11
decreased prepulse inhibition in adult rat offspring (Fortier et al., 2007). Meyer et al.
(2006) have also shown that maternal immune activation (i.v. injection of poly(I:C)) at
different embryonic time points (E9 or E17) promoted differential cytokine (IL-1p3, IL-6,
TNF and IL-10) production in foetal brain shortly after the injection (4h or 6h).
Specifically, at 6 hours, poly(I:C) treatment at E17 increased gene expression of IL-6,
TNF and IL-10 whereas the same treatment preformed at E9 did not induce the expression
of any cytokine but decreased expression of IL-10 instead. The same authors have
observed that immune activation at E9 decreased open-field exploration while at E17 it
promoted perseverative behaviour in the adult offspring (Meyer et al., 2006). Injection of
LPS (i.p.) inrats at P1, P21 or P70 promoted an acute (2h) increased in the expression of
many pro-inflammatory cytokines (IL-1B, IL6 and TNF) and chemokines (CXCL-1,
CCL2 and CCL4) in the brain at P21 and P70. At P1, increased expression of these
inflammatory mediators was only observed 6 hours after LPS injection when compared
to the other ages, indicating a delayed inflammatory response (Ortega et al., 2011).
Finally, direct injection of LPS in both brain hemispheres promoted a cytokine (IL-1a,
IL-1B, IL-2, IL-5, IL-6, TNF) and chemokine (CCL2, CCL3, CXCL9 and CXCL10)
response 12 hours after injection at P2 but not at P21 in mice (Christensen et al., 2014).
All these studies show that many immunogens affect behavioural, neurological and
immune processes according to the time when they are administrated. Most importantly,

they have demonstrated that distinct behavioural, neurological and inflammatory
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outcomes may be generated when immune activation occurs at different time points
within each equivalent susceptible period for developmental disorders in humans. This
finding suggests that the time when inflammation occurs it may, in part, explain why
there are so many "subtypes" of deleterious outcomes at brain and behavioural level
during human development. Thus, characterization of the immune environment in the
brain before and after administration of inflammatory mediators at different time points
during development needs to be further studied in order to discover the molecular
pathways that may explain why brain susceptibility to injury changes throughout

development.

1.3 The blood-brain barrier: interface between brain and periphery

It is well known that the brain develops and functions within a very strictly-controlled
environment. The BBB represents the interface between the blood and the brain
parenchyma, it regulates the movement of molecules, ions and cells between the two
compartments, and protects the brain from toxins and pathogens. It ensures a well-
controlled homeostasis and, consequently, allows normal neuronal function (Daneman
and Prat, 2015). This barrier is composed by endothelial cells, basement membrane,
pericytes and astrocytes endfeet. The interaction between these components and
microglia and perivascular cells is also crucial for maintenance of the BBB properties

and, together, they all form the neurovascular unit (Sa-Pereira et al., 2012) (Figure 1.3).

1.3.1 Endothelial cells

Endothelial cells from the BBB have unique and distinguishable morphological,
biochemical and functional features, and are considered to be the anatomic basis of the

BBB (Engelhardt and Sorokin, 2009; Hawkins and Egleton, 2006). Endothelial cells have
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a cytoplasm with a uniform thickness and no fenestrae (Fenstermacher et al., 1988),
sparse pinocytic vesicular transport systems (Sedlakova et al., 1999) and a negative
surface charge that repulses negatively charged compounds (de Boer and Gaillard, 2006;
Ribeiro et al., 2011). They also have a large number of mitochondria that enhance the
energy potential for enzymatic activity and for selective transport systems, which actively
transport nutrients and other compounds into and out of the brain (de Boer and Gaillard,
2006; Oldendorf et al., 1977). In addition to these properties, the monolayer of
endothelial cells in the brain capillaries has a selective and sealed phenotype. They create
a cellular barrier by expressing junction complexes at their surface that bind to adjacent
endothelial cells at the intercellular space (reviewed in Tietz and Engelhardt, 2015)
(Figure 1.3). These complexes include tight and adherens junctions that prevent any free
paracellular diffusion of substances from the blood to the brain and block the penetration
of macromolecules (Abbott et al., 2010; Tietz and Engelhardt, 2015; Wolburg and
Lippoldt, 2002). Tight junctions comprise a complex of transmembrane proteins,
including claudins (Furuse and Tsukita, 2006), ocludins (Furuse et al., 1993) and
junctional adhesion molecules (Martin-Padura et al., 1998), and cytoplasmatic proteins,
including zonula occludens (ZO) -1, 2 and 3, cingulin, AF-6 and 7H6 (Balda and
Anderson, 1993; Citi et al., 1989; Haskins et al., 1998; Jesaitis and Goodenough, 1994;
Stevenson et al., 1986; Zhong et al., 1994). Cytoplasmic proteins are responsible for
binding the tight junctions to the actin cytoskeleton in the endothelial cells (Tietz and
Engelhardt, 2015). Adherens junctions contribute to cell-cell adhesion through VE-
cadherin and catenins, which act as an anchor to the actin filaments in the cells (Dejana
et al., 2008, 2009). Besides their impermeable paracellular structure, endothelial cells
also have receptors and specific transport systems that control transcellular transport

(reviewed in Saunders et al., 2013 and Strazielle and Ghersi-Egea, 2015). The solute
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carrier family of proteins ensures the transport of water-soluble molecules such as
glucose, which is a major source of energy in the brain, amino acids, which are important
for synthesis of many neurotransmitters, and ions, which are involved in
neurotransmission, from the blood to the brain. Some of these carriers have high substrate
specificity and, therefore, are only able to transport compounds that are very similar to
endogenous substrates (e.g. GLUT]I, transporter for glucose). Many others are more
permissive and they may transport a broader range of substrates, which make them a
possible entry route for exogenous/drugs (reviewed in Saunders et al., 2013, 2016). ATP-
binding cassete transporters or ABC transporters, including P-glycoprotein (P-gp), breast
cancer resistance protein (BCRP) and multidrug resistance-associated proteins, are
responsible for the efflux of harmful and toxic compounds from the brain to the blood
(Cooray et al., 2002; Leslie et al., 2005; Schinkel and Jonker, 2003; Schinkel et al., 1996;
Strazielle and Ghersi-Egea, 2005). These efflux transporters have a broad substrate
specificity and are able to export many drugs, such as anti-inflammatory,
immunosuppressive, anti-infectious and psychotropic drugs, and this contributes to the
fact that these transporters represent an obstacle for the delivery of drugs to the brain
(reviewed in Strazielle and Ghersi-Egea, 2015). Finally, vesicular trafficking through
caveolae can also occur in the endothelial cells. Caveolae are small invaginations of
plasma membrane that are involved in endocytosis, signal transduction and transcytosis.
Caveolae are very rich in proteins, such as caveolin-1, and lipids, including cholesterol
and sphingolipids (reviewed in Cardoso et al., 2010; Parton et al., 1994; Simionescu et

al., 2002 and Stan, 2002).
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CNS
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CNS

Figure 1.3 Neurovascular Unit. Neuroanatomy of the neurovascular unit. The endothelial cells
(E) are the anatomical basis of the BBB and constitute a selective barrier by their low pinocytic
vesicular transport, negative surface, tight (TJ) and adherens (AJ) junction complexes and, influx
and efflux transport systems (T). These cells are surrounded by the endothelial basement
membrane (EB) in which many pericytes (P) are embedded. Another basement membrane can be
found on top of the EB, which is named parenchymal basement (PB). Astrocytes (A) sit on top
of the PB and together they form the glia limitans perivascularis. At capillary level, both EB and
PB merge and cannot be distinguished. In post-capillary venules, both basement membranes are
separated and delimit the cerebrospinal fluid-drained perivascular space where antigen presenting
cells, such as perivascular macrophages (PM), can be found. Microglia (M) are present in the
CNS parenchyma and they make part of the neurovascular unit as they are important for BBB
function. Adapted from Engelhardt and Ransohoff 2012.
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1.3.2 Barrier mechanisms in the developing brain

It is known that tight junctions and many of the transport mechanisms, including solute-
linked carrier and efflux transporters, are present in the BBB very early in the
development and that this translates into functional effectiveness of the blood—brain

barrier (reviewed in Ek et al., 2012 and Saunders et al., 2012).

Early studies using transmission electron and/or freeze facture have shown that tight
junctions were present and well formed from early vascularization in the brain of humans
(10 and 13 weeks of gestation) and sheep (18 weeks of gestation; total gestation time: 21
weeks) (Mollgegard and Saunders, 1975), baboons (mid-gestation) (Bass et al., 1992) and
mice (E10) (Bauer et al., 1993). These results supported even earlier studies showing that
after injecting dye systemically, the brain of many rodent animals and humans was free
from dye early in the embryonic development as well as in adults animals (reviewed in
Saunders et al., 2014). Moreover, Ek et al. (2006) have shown that the BBB was
functionally restrictive to small water-soluble molecules very early in brain
vascularization (when first vessels penetrate into the neocortex: P5 marsupial opossum)

and this was correlated with the presence of claudin-5 in vessels (Ek et al., 2006).

The GLUT]1 transporter has been observed in brain vessels early in development both in
mice (E11; (Bauer et al., 1995a)) and rats (E14.5; (Dermietzel et al., 1992)). Vannucci et
al. (1994) also studied GLUT1 expression in cortical microvessels from E19 to P30 in
rats and determined rate constants for the transport of glucose into and out of the brain in
7, 14 and 21 day old rats. The authors observed that GLUT1 was present and glucose was
transported from the earliest time point analysed and that both parameters increased with
age (Vannucci et al., 1994). Braun et al. (1980) have demonstrated higher brain uptake
rates for amino acids, such as arginine, choline, and adenine, in newborn rabbits when

compared to adult rabbits. In addition, Cornford et al. (1982) have studied the uptake of
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amino acids and glucose to the rabbit brain at different postnatal ages and found that the
transport rate of arginine, choline, adenine and tryptophan decreased while the transport
of glucose was the same from newborn to adult animals. Lefauconnier and Trouvé (1983)
have also shown that transport of amino acids, such as alanine, serine, cysteine and
threonine, across the BBB decreased from P5 to P19 rats while of others, including
leucine, tryptophan, did not change with age. On a later study, Daneman et al. (2010)
have isolated endothelial cells from brains of mice neonates (P2-8) and adults (P60-70)
and were able to produce a transcriptome and, consequently, compare the expression of
many transporters between the developing and adult brain. Many transporters were found
to be upregulated in the neonate, including influx transporters, such as Slclal
(glutamate), Slc2al/Glut-1 (glucose), Slc7al and Slc7a3 (cationic amino acids), Slc7a5
and Slc38a5 (neutral amino acids), Slcl12a6 (K'/CI) and Slco2bl (prostaglandins,
organic anions) and efflux transporters, such as Abcbla (P-gp), Abcc4 (multidrug
resistance associated protein 4) and Abcg2 (BCRP). Some transporters were also
downregulated in the neonate. These included influx transporters, such as Slc7a8 and
Slc7a7 (cationic amino acids), Slc39a8 (metal ion transporter), Slc1a4 (glutamate, neutral
amino acids) and Slco2al (organic anions), and efflux transporters, such as Abcgl and
Abcal (cholesterol efflux regulatory protein) (Daneman et al., 2010). Finally, another
study has shown that multidrug resistance-associated proteins 1 and 4, P-gp and BCRP

were expressed in the rat brains from E13 onwards (Ek et al., 2010).

Although they are some contradictory results, mainly regarding glucose transport,
between all studies presented above, they all support the concept of a functional and tight
BBB very early in the development. Variation in the BBB composition regarding influx
transport of amino acids (for synthesis of neurotransmitters), ions (for synapses), glucose

(major energy source) and neurotransmitters (glutamate), and efflux transport of
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xenobiotics, drugs and other toxic substances supports the hypothesis that the function of
the BBB may vary during development in order to protect and fulfil the metabolic
demands of the developing brain. In fact, the brain microenvironment during
development may need to be carefully controlled as or even more than in adults in order
to make sure that cell positioning and connections are established in a way that will
guarantee a healthy and functional brain later in life. Any alterations to this complex and

controlled process has the potential to cause major deficits in the brain.

1.3.3 The role of the adult blood-brain barrier in inflammation

The BBB represents an effective barrier between the periphery and the CNS. This barrier
may also mediate the cross-talk between the CNS and immune system in disease and
physiologic states. For example, the adult BBB may (1) transport circulating cytokines
into the CNS, (2) respond to circulating cytokines and other inflammatory mediators by
producing more cytokines and other inflammatory mediators and, (3) interact with
immune cells allowing their transport into the brain. Moreover, BBB dysfunction and
disruption can also occur in response to inflammation and, consequently, contribute to

brain injury (reviewed in Banks, 2015 and Erickson et al., 2012).

Different cytokines and chemokines, such as IL-1p, IL-1a, TNF and CCL-2 have been
shown to cross the BBB from the blood to the brain in rodents. However, the transport of
these inflammatory mediators from the brain to the blood through the BBB has not been
reported (reviewed Banks and Erickson, 2010). Many more studies have demonstrated
the importance of the endothelial cells in receiving and transmitting signals from and to
the periphery. As discussed in section /./.2, cytokines are recognized by receptors
expressed on different cells and induce different signalling pathways that contribute to
the immune response. Endothelial cells of the BBB are known to express receptors for

different cytokines and, consequently, induce the recruitment and migration of leukocytes
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to the brain by producing chemokines and adhesion molecules (reviewed in Daneman
and Prat, 2015 and Larochelle et al., 2011). An endothelial-specific IL-1R1 knockdown
mice model injected with IL-1p (intracerebroventricular) showed inhibition of leukocyte
infiltration to the brain compared with wild-type mice (Ching et al., 2007). Besides IL-
1B, other cytokines have been reported to interact with their receptors at BBB
endothelium. These include TNF and lymphotoxin that may act together to modulate
chemokines, cytokines and cell adhesion molecules expression in microvessels, and IL-
6, which can affect cell adhesion molecules expression in endothelial cells and leukocyte
recruitment (reviewed in Larochelle et al., 2011 and Meager, 1999). Many in vitro studies
have also shown that endothelial cells are able to produce different cytokines, such as IL-
1B, IL-1a and IL-6, constitutively and/or when stimulated with inflammatory stimulus,
including IL-1B and LPS (mice: Fabry et al., 1993; rhesus monkey: Reyes et al., 1999).
An important feature of the endothelial cells of the BBB is that they have an abluminal
cell membrane in contact with the CNS and a luminal cell membrane connected with the
periphery. This polarity allows them to receive signals from one side, and produce and
secrete inflammatory mediators to the other side, representing one important mechanism
of immune signalling between the CNS and the peripheral immune system (reviewed in
Erickson et al., 2012). A good example of this process is the in vitro work by Verma et
al. (2006). The authors used a monolayer of mouse brain endothelial cells on a Transwell
system, and studied the production and release of cytokines after LPS incubation. The
endothelial cells were able to release IL-6, IL-10 and TNF either to the abluminal (top
chamber) and to the luminal (bottom chamber) side 24 hours after incubation of LPS (100
pg/ml) in the abluminal side (Verma et al., 2006). Another study using the same
Transwell system with rat brain endothelial cells has demonstrated that IL-1 incubation

for 5 hours on the luminal side upregulated ICAM-1 (quantified by immunogold electron
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microscopy) on the luminal but also on the abluminal cell surface when compared to

unstimulated cells (Staykova et al., 2000).

Disruption and/or dysfunction of the BBB may also happen during inflammation and,
consequently, this barrier may no longer promote the ideal CNS environment for normal
brain function. Adult BBB disruption/dysfunction may involve increased permeability,
tight junction protein redistribution and/or decreased expression, deficits in influx or/and
efflux transporters, disrupted basement membrane, pericytes detachment and loss of
astrocyte endfeet. (reviewed in Obermeier et al., 2013; Strazielle and Ghersi-Egea, 2015
and Tietz and Engelhardt, 2015). BBB disruption/dysfunction has been observed in many
CNS pathologies, such as multiple sclerosis, stroke and Alzheimer's disease (reviewed in
Obermeier et al., 2013 and de Vries et al., 2012). Altered ZO-1 presence was observed in
human brains of different multiple sclerosis cases and this was associated with fibrinogen
leakage, which indicates increase BBB permeability (Kirk et al., 2003). Reduced
expression of P-gp by the endothelial cells in a EAE rat model and in human brains of
multiple sclerosis was also observed and coincided with the presence of perivascular
infiltrates of lymphocytes (Kooij et al., 2010). Also, in a rat model of stroke the
expression of ZO-1, claudin-5 and occludins was decreased and correlated with increases
in BBB permeability (Jiao et al., 2011). Loss of claudin-5, occludin and ZO-1 associated
with activated microglia was observed in human cortex capillaries where beta-amyloid
accumulated (brains with capillary cerebral amyloid angiopathy, which is frequently
observed in Alzheimer's patients) (Carrano et al., 2011). Moreover, Bolton et al. (1998)
have shown that occludin and ZO-1 were absent from vessels presenting extensive
neutrophil recruitment in the striatum of P21 rats that received i.c. injection of IL-18

(Bolton et al., 1998). Finally, many in vitro studies have shown that different cytokines

47



CHAPTER 1

decrease the expression of tight and adherens junctions in the endothelial cells (reviewed

in Rochfort and Cummins, 2015).

1.3.4 The blood-brain barrier and inflammation during development

Daneman et al. (2010) have shown that mouse neonatal endothelial cells express many
inflammatory transcripts needed for immune response. ICAM-1 and integrin 06, which
are important for immune cell migration through the BBB, were shown to be expressed
early in development. Transcripts of IL-1p and one of its receptors (IL-1R2), IL-6, and
IL-6RA and IL-6RB, which make up the cell-surface type I cytokine receptor complex,
were also observed in the neonate endothelial cells. Finally, TNFR1, TNFR2 and several
other TNF receptor family members transcripts were highly expressed in the neonate
endothelial cells (Daneman et al., 2010). The expression of these inflammatory
transcripts by the endothelial cells in neonates indicates that the BBB early in the
development may be capable of responding to inflammation and, consequently,
contribute to neurodevelopmental brain injuries. Thus, studies focused on the role of the
BBB in inflammation during development are needed. BBB dysfunction/disruption may
also happen during development. Many studies have shown BBB susceptibility to
neuroinflammation or peripheral inflammation at early stages and this seems to vary with
age, and the time and the location of the insult (Stolp et al., 2013), which is in
concordance with the presence of "windows of susceptibility" in neurodevelopmental
disorders. For instance, an IL-1f injection in the striatum has been shown to produce a
significant increase in vessel permeability to horseradish peroxidase and neutrophil
recruitment around the injection site 4 hours after injection in P21 rats, but not at PO or
in adult animals. This increase in BBB permeability was found to be neutrophil-
dependent as no BBB leakage was observed in P21 brains after neutrophil depletion

(Anthony et al., 1997). The same authors have also shown that TNF injection in the
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striatum did not induce BBB permeability or neutrophil recruitment to the injected site at
any time point (Anthony et al., 1997), suggesting that BBB dysfunction varies according
to the inflammation induced in the brain. Lawson and Perry (1995) have observed that
LPS injection in the striatum of BALB/c mice promoted a rapid increase in leukocyte
recruitment at P7 and not at PO (Lawson and Perry, 1995). Furthermore, immune
activation by i.p. injection of LPS transiently increased BBB permeability in the
periventricular white matter tract during the first postnatal week in rats (Stolp et al., 2005)
and i.p. injection of LPS followed by hypoxia-ischemia increased neutrophils recruitment
and BBB permeability at P12 and not at P1 in Lewis rats (Brochu et al., 2011). The
observed developmental differences in the response of the BBB to inflammation are
likely to be dependent on developmental stage of the CNS, BBB immune signalling
mechanisms, and developmental stage of the peripheral immune system at the time of
injury (reviewed in Stolp et al., 2013). Future studies should examine all these aspects in
order to find specific molecular and/or cellular mechanisms that can explain

susceptibility to inflammation during development.

1.4 Other brain barriers and possible signalling routes from the

central nervous system to the periphery

Besides the BBB, other barriers can be found in the CNS: the blood-cerebrospinal fluid
(csf), which is formed by junctional proteins between epithelial cells of the choroid
plexus within the cerebral ventricles; the outer csf-brain barrier at the level of the pia
arachnoid, formed by junctional proteins between endothelial cells of the arachnoid
vessels; the inner csf-brain barrier, present only in early embryonic development, formed
by strap junctions between the neuroependymal cells covering the ventricular surfaces

(Stolp et al., 2013) (Figure 1.4). Blood-csf barrier, like the BBB, expresses tight junctions
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and, influx and efflux transporters, which are important for controlling the composition
of the csf. It is also currently accepted that this barrier is functional from early in
development (reviewed in Liddelow, 2015) and that choroid plexus can produce many
neurotrophic molecules important for brain development (reviewed in Johansson, 2014).
This barrier, together with the outer csf-brain barrier and BBB, is thought to allow the
entrance of macrophages, dendritic cells and T-cells to the csf in physiologic conditions,
where these cells perform immunosurveillance (reviewed in Ousman and Kubes, 2012).
Moreover, the blood-csf barrier may also act as an entry site for immune cells during
CNS injury. For example, neutrophils were shown to be transported from the periphery
through blood-csf barrier in traumatic brain injury in adult rodents (Szmydynger-
Chodobska et al., 2009). Once in the csf, these cells may migrate to brain parenchyma at
the level of the BBB, outer csf-brain barrier or through neuroependymal cells lining the
ventricular surfaces. Antigens from CNS may also be transported into the csf at the level
of the BBB, outer csf-brain and neuroependymal cells covering the ventricular surfaces
and, consequently, to circulation through vessels present in all three barriers. Finally,
choroid plexus can also express many inflammatory mediators, such as CXCL-1, IL-1p,
ICAM-1, upon immune activation and, therefore, contribute to the inflammatory

response in the CNS (Marques et al., 2009).

Recently, functional lymphatic vessels were found lining the dural venous sinuses, which
are able to carry fluid and immune cell from the csf and are associated to the deep cervical
lymph nodes (Louveau et al., 2015). This may then be a route for diverse signals and
immune cells from the CNS and to the periphery either in physiological and/or
pathological conditions and, consequently, important for surveillance and injury

resolution in the CNS.
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i. BLOOD-BRAIN BARRIER ii. BLOOD-CSF BARRIER
(CEREBRAL VASCULATURE) (CHOROID PLEXUS)

H

e
BRAIN-CSF BARRIER

(PIA ARACHNOID) (NEUROEPENDYMA)

Figure 1.4 Brain barriers of the brain. Choroid plexuses are shown in red. csf: cerebrospinal
fluid (blue), astro, astrocyte; bv, blood vessel; cpec, choroid plexus epithelial cell; Csf,
cerebrospinal fluid; peri, pericytes. This figure was provided by Stolp et al. (2013).

1.5 Acute phase response to brain injury

Peripheral infection/inflammation has been strongly implicated in neurodevelopmental
disorders. As discussed above, many in vivo studies have shown that immune activation
in the periphery may increase inflammatory mediators and injury in the brain. However,
it is also known that the peripheral immune system can respond to injury to the brain in
adults and, as a consequence, contribute to further brain damage. Thus, it is important to

understand the interaction between the peripheral and central immune responses and
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study the systemic inflammatory response to brain inflammation during development in

order to discover its contribution to neurodevelopmental disorders.

1.4.1 Acute phase response in the adult liver

The liver is an important immunological organ that contains a range of immune cells,
including Kupffer cells, monocytes, neutrophils, dendritic cells, natural killer cells, and
natural killer T cells (Robinson et al., 2016). PRRs, such as toll-like receptors, are
expressed on many of these cells and others, such as endothelial cells and hepatocytes
(Broering et al., 2008; Preiss et al., 2008; Wu et al., 2007, 2010; Xia et al., 2008; Zhang
et al., 2009). These receptors are able to recognize exogenous PAMPs or endogenous
signals from damaged cells and, consequently, induce the production of cytokines
(Broering et al., 2011). Within the immune cell population, Kupffer cells and neutrophils
are the most prominent cells in the acute immune response in the liver (Bieghs and
Trautwein, 2013). Kupffer cells sit on the surface of a fenestrated layer of liver sinusoidal
endothelial cells, which constitute a network of sinusoids capillaries. Therefore, the
endothelial cells and the Kupffer cells have easy access to blood content and,
consequently, are key to the transduction of immune responses in the liver (Ishibashi et
al., 2009; Si-tayeb et al., 2010). Kupffer cells are the first cells to detect exogenous
PAMPs and endogenous DAMPs through their surface-expressed PRRs. These cells are
able to act as phagocytes and secrete pro-inflammatory cytokines, such as TNF, IL-1f3
and IL-6, and chemokines that contribute to inflammation and initiate the acute-phase
response (reviewed in Bieghs and Trautwein, 2013). In addition, cytokines induce the
expression of adhesion molecules, such as ICAM-1, by the liver sinusoidal endothelial
cells, which can participate in the recruitment of immune cells, including neutrophils
(Ando et al., 2007; Ohira et al., 1994, 2003; Sakamoto et al., 1997). As discussed above,

neutrophils are important innate immune cells that quickly migrate to the injury site and,
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consequently, produce cytotoxic signals, including cytokines, chemokines and oxidants,

and recruit more neutrophils and monocytes.

The APR is a rapid systemic reaction to any homeostasis changes that result from many
types of injury and its mainly coordinated by the liver that produces a range of plasma
proteins (acute phase proteins (APPs)) as a consequence (Gabay and Kushner, 1999;
Gruys et al., 2005). At the site of injury, many pro-inflammatory cytokines are secreted
and, consequently, diffuse into extracellular fluid and blood. These inflammatory
mediators activate receptors on hepatocytes, mediating the production of many APPs
(reviewed in O’Reilly and Eckersall, 2014). TNF, IL-1p and IL-6 are main mediators in
the activation of the APR, being IL-6 the cytokine that upregulates most of the APPs
(Castell et al., 1989; Heinrich et al., 1990; Le and Vilcek, 1989). The APPs produced by
hepatocytes have a range of functions that promote pathogen/injury clearance. APPs that
are secreted include (1) complement proteins that may increase phagocytosis, cell
lysis/degranulation and vascular permeability; (2) iron-binding proteins that reduce free
iron; (3) antimicrobial proteins; (3) clotting proteins; (4) inflammatory proteins, such as
IL-6 that increase other pro-inflammatory mediators and amplify the APR; (5) protease
inhibitors that act as anti-inflammatory mediators as they inhibit coagulation and
neutrophils, and (6) other proteins, such as c-reactive protein and serum amyloid P that
activate complement system and increase phagocytosis, and serum amyloid A that
recruits myeloid-derived suppressor cells (reviewed in Robinson et al., 2016). Other
APPs are downregulated during the APR and they include albumin and transferrin. This
last may contribute to decreasing levels of iron, which are important for microbial growth
(Gruys et al., 2005). In summary, the APR in the liver to diverse injuries in the organism
is a very controlled and balanced mechanism. Hepatic secretion of many pro- or anti-

inflammatory APPs allows the resolution of the damage and contribute to tissue repair.
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1.4.2  Acute phase response to brain injury in adults

It is known that inflammation in the CNS is followed by an APR in the liver in adult
rodents in order to eliminate the inflammatory stimuli, attenuate local inflammation, and
promote tissue repair and regeneration (reviewed in Anthony and Couch, 2014 and
Anthony et al., 2012). Many published studies support the concept that inflammatory
brain injury is followed by an APR in the liver, which is characterized by the production
of cytokines, chemokines and other APPs. These are then able to circulate in the blood
and induce the mobilization of leukocytes to the circulation, and, consequently, to the
brain in order to resolve the initial injury or contribute to further damage, if an excessive
inflammatory response occurs (Figure 1.5). Injection of IL-1p in the striatum of adult rats
increased CXCL-1 levels in the liver and serum after 2 hours, and this was accompanied
by increased numbers of neutrophils in the peripheral blood, liver and brain. This
pathway was inhibited by an antibody against CXCL-1 when administered systemically
10 minutes before i.c. injection of IL-1f (Campbell et al., 2003), highlighting the role of
CXCL-1 as a strong chemoattractant for neutrophil recruitment to the liver and brain.
Another study has also shown that i.c. injection of TNF induced a rapid APR in the liver,
including upregulation of CXCL-1 and CCL-2, and increased the recruitment of
leukocytes to the brain (Campbell et al., 2005). An earlier study has observed a rapid
upregulation of APPs, including serum amyloid A2 and serum amyloid P, in the liver of
adult mice after injection of IL-1f in the striatum (Wilcockson et al., 2002). Increases in
CXCL-1 and IL-6 levels in plasma and liver were also observed 4 hours after focal
cerebral ischemia in adult mice (Chapman et al., 2009). Traumatic brain injury in adult
mice has also been shown to induce the APR in the liver (increased serum amyloid Al,
recruitment of neutrophils and macrophages and, expression of CXCL-1 and CXCL-10)

(Villapol et al., 2015). Finally, human studies have observed that circulating levels of c-
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reactive protein and IL-6 of ischemic stroke patients were positively correlated with brain
infarct volume, stroke severity and clinical outcome (Acalovschi et al., 2003; Smith et
al., 2004, 2006; Vila et al., 2000). All these studies have shown that APR in the liver is
activated after different types of injury in the adult brain and suggest that production of
inflammatory mediators by the liver may contribute to the recruitment of leukocytes to
the injury site. In addition, it appears that there is a correlation between the magnitude of
the acute hepatic inflammatory response and the extent of brain injury. As stated above,
APR in the liver have been positively correlated with the magnitude of brain injury in
ischemic stroke patients. Furthermore, Campbell et al. (2003) have observed that i.c.
injection of IL-1P induced the production and release of CXCL-1 by the liver and the
recruitment of neutrophils to the liver, blood and brain in a dose-dependent manner

(Campbell et al., 2003).

1.4.3 The role of the hepatic acute phase response during development

Whilst it is common to assess how peripheral inflammation affects brain injury in
development, there has been little study of the reverse situation to date. Most of rodent
studies have shown that immune activation in the periphery during either embryonic
development or in neonates contribute to increased levels of inflammatory mediators in
the blood and/or in the brain, brain dysfunction and behavioral deficits. Clinical studies
have also shown a positive correlation between the levels of many cytokines and
chemokines (either in circulation or in the brain) and the development of brain injury in
cases of autism, schizophrenia, cerebral palsy and in preterm newborns. In these
situations, increased levels of inflammatory cytokines/chemokines in the periphery may:
(1) be the cause of brain injury or/and (2) be induced after brain injury and further
aggravate brain damage. Due to the difficulty of studying this dual hypothesis in humans,

rodent studies are needed to discover the role of the peripheral immune response to brain
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injury during development. Very little is known about the hepatic APR during
development. One study by Aly et al. (2011) have measured the concentration of serum
amyloid A in circulation of full-term or near-term newborns (gestational age: 39+2.1
weeks) diagnosed with asphyxia and admitted to the neonate intensive care unit, and age-
matched controls in the first 24 hours and at P7. The authors have demonstrated that
levels of serum amyloid A were higher in newborns with asphyxia than controls at P1
and P7. In addition, the concentration of serum amyloid A was positively correlated with
the severity of hypoxic ischemic encephalopathy at both time points (Aly et al., 2011).
Only one animal study so far has studied the hepatic APR to brain injury. The authors
have shown that hypoxia-ischemia in P7 rats decreased TNF, IL-1f and CCL-2 but
increased CXCL-1 expression in the liver 3 hours after injury and this was followed by
the recruitment of neutrophils to the affected brain hemisphere (Bonestroo et al., 2013).
While this seems to be different from adults, it still demonstrates that the APR may play
a role in the development of brain injury at early ages. However, more studies should be

performed in order to validate this hypothesis.
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Figure 1.5 The acute phase response to brain injury in adult rodents. Proposed mechanism
for the interaction between acute brain injury and APR in the liver. After acute brain injury, injury
signals, which may include cytokines, from the brain are transmitted to the periphery and,
consequently, induce an APR in the liver characterized by the production of inflammatory
cytokines, chemokines and other APPs, such as serum amyloid A and P. These inflammatory
mediators are then release to circulation and induce the recruitment of neutrophils from their main
production site (bone marrow) to circulation, liver and brain, where their main goal is to resolve
the initial injury. However, excessive inflammatory response and neutrophil persistence in the
brain may contribute to further damage. Adapted from Anthony and Couch (2014).
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1.6 Aims

The principal aim of this thesis is to study the brain and hepatic acute responses to focal
inflammation induced by the injection of IL-1 into the brain at different postnatal ages
in mice. It is clear from human and rodent data that inflammation is implicated in
different types of brain injury that occur during development. However, it remains
unclear which factors might be responsible for the age-specific susceptibility of the brain
to inflammation. It is my hypothesis that the developmental stage of the brain,
specifically its capacity to respond to inflammation, and the APR in the liver modulate
CNS immune cell recruitment after focal inflammation. Thus, work in this thesis was

conducted in order to test the following hypotheses:

e That the cytokine expression profile accounts for the susceptibility of the brain to

focal inflammation during postnatal development.

e That brain macrophage populations modulate the response of the developing brain

to focal inflammation during the postnatal period.

e That the hepatic APR is related to the severity of the brain inflammatory response
and controls/influences the recruitment of leukocytes to the CNS after focal

inflammation during postnatal development.
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METHODS

2.1 Animals

C57Bl1/6 mice were used at P7, 12, 13, 14 and 21 days. Eight-week-old mice were also
used. Mice were obtained from Harlan, UK, at least 3 days before the experiments, to
allow animals to acclimatise to the local environment prior to experimentation. These
animals were housed in specific pathogen-free facilities under a standard light/dark cycle
with food and water ad libitum. All animal procedures were conducted in accordance

with institutional ethical guidelines and with UK Home Office approval.

2.2 Administration of substances

2.2.1 Intracerebral injection of IL-1f

Wild-type animals were anaesthetised with 2-3% isoflurane in oxygen. All surgical
procedures were performed under an operating microscope. Stereotaxic surgery was
performed as previously described (Couch et al., 2014) between 9 and 10am. The head
of the anaesthetised animal was shaved and held in a stereotaxic frame. The skull was
exposed with a midline sagittal incision and dental burr drill was used to make a small
hole for injection into the left striatum. Stereotaxic coordinates were used to locate this
region (Table 2.1). A pulled glass microcapillary needle was used to inject 0.5ul
containing 1, 10 or 100ng of rat recombinant IL-1f (rrIL-1B, 501-RL/CF; 2ng/ul, 20ng/ul
or 200ng/ul; R&D Systems, UK) or vehicle (0.9% saline). The cytokine was delivered
over a period of 5 minutes to allow the diffusion through the parenchyma. The wound
was closed using surgical clips. The animals were allowed to recover in a heated chamber.
Mice were anaesthetized with pentobarbital 4 hours after stereotaxic injection for tissue

collection. rrIL-1p shares approximately 90% amino acid sequence identity with mouse
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(obtained by Blast analysis) and it is thought to signal through IL-1R1 in mice
(Zetterstrom et al., 1998). It possible that the extent of the response may vary between
rrlL-1p and mouse recombinant IL-1B and, therefore, comparison studies should be

performed in the future.

Table 2.1 Stereotaxic coordinates for injection of IL-1p in the striatum of C57B1/6 mice.

Age Stereotaxic coordinates

P7 Bregma: AP +0.5mm, ML +1mm, DV -1.7mm

P14 Bregma: AP +0.5mm, ML +1mm, DV -2mm

P21 Bregma: AP +0.5mm, ML +1.5mm, DV -2mm
8 weeks Bregma: AP +0.5mm, ML +1.8mm, DV -2mm

2.2.2 Macrophage depletion

2.2.2.1 Anti-colony stimulating factor 1 receptor

Rat anti-mouse CSF1 receptor (CSF1R) (120ug/20ul; M279, Amgen, USA) or Rat IgG
(120pg/20ul; Sigma 14131, UK) was administered by i.p. injection, twice weekly from

PO to P14. Mice were anaesthetized with pentobarbital at P14 for tissue collection.

2.2.2.2  Clodronate liposomes

Wild-type P12 and P13 mice were anaesthetised with 2-3% isoflurane in oxygen. All
surgical procedures were performed under an operating microscope. Liposomes
containing clodronate or PBS (0.3mg/60 pl; ClodLip BV — ClodronateLiposomes.com,
NL) were injected intravenously into the tail vein. The animals were allowed to recover
in a heated chamber. Mice were anaesthetized with pentobarbital at P14 for tissue

collection.
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2.2.3 Intravenous injection of IL-1f

Wild-type P14 mice were anaesthetised with 2-3% isoflurane in oxygen. All surgical
procedures were performed under an operating microscope. Saline or 100ng of rrIL-18
(50ul) were injected into the tail vein of naive mice or immediately after i.c. injection of
0.5ul containing Ing of rrIL-1p or vehicle (0.9% saline). The animals were allowed to
recover in a heated chamber. Mice were anaesthetized with pentobarbital 4 hours after

1.v. injection for tissue collection.

2.3 Tissue preparation

Mice were anaesthetized with pentobarbital (20% w/v pentobarbital sodium, i.p.; J M
Loveridge Ltd, UK) and then transcardially perfused with cold 0.9% saline with heparin
(Sigma, UK). Liver and striatum were removed to dry ice and later to -80 for extraction
of messenger ribonucleic acid (mRNA). The striatum was dissected into ipsilateral
(injected) and contralateral side from saline and IL-1p injected animals. The contralateral
side from naive animals was also removed for the same purpose. Alternately, mice were
transcardially perfused fixed with 4% paraformaldehyde (in 0.1M phosphate buffer, pH
7.4) after 0.9% saline with heparin (Sigma, UK). Brain and liver were collected and
immersed into 4% paraformaldehyde at 4°C. After 24 hours they were immersed in 30%
sucrose at 4 °C until they sink and, subsequently, they were embedded in optimal cutting
temperature (O.C.T.) compound (CellPath, UK). Ten-micrometer-thick sections were cut
on a cryostat (Leica Microsystems, UK) and mounted on gelatine-coated slides (made in

house).
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2.4 Light-microscopy immunohistochemistry

2.4.1 Immunohistochemistry

Slides were dried at 37 C for 15 minutes and quenched for endogenous peroxidase
activity in hydrogen peroxide solution (3% of a 0.03% hydrogen peroxide solution in
methanol; Sigma, UK). Using Shandon Sequenza® slide racks (Thermo Scientific, UK),
slides were blocked for non-specific Fc-dependent binding in 10% serum in phosphate-
buffered saline (PBS). Endogenous biotin in the liver was reduced using an avidin-biotin
blocking kit (Vector Laboratories, UK). Sections were incubated in primary antibody at
4°C overnight. These include ionized calcium-binding adapter molecule 1 (Iba-1)
(Abcam, 1:500), CD68 (Bio-Rad, 1:200) and CD206 (Bio-Rad, 1:100) for macrophages,
lamininl+2 (Abcam, 1:500) and Glut-1: (Calbiochem, 1:500) for vessels and an anti-
neutrophil serum HB199 (MBS) (made in house, 1:1000) for neutrophils. MBS has been
validated by the use of other antibodies, such as anti-neutrophil elastase (Friedrich et al.,
2011) and has been widely used to identify neutrophils (Anthony et al., 1998, 1997;
Blamire et al., 2000; Bolton and Perry, 1998; Campbell et al., 2002, 2003, 2007a, 2008,
2010; Couch et al., 2014; Ferrari et al., 2004; Hughes et al., 2003; Losey et al., 2015;
Sibson et al., 2002). Sections were then incubated for 2 hours with the appropriate
biotinylated secondary antibody (Vector Laboratories, UK) followed by an avidin-biotin-
peroxidase solution (Vectastain Elite ABC, Vector Laboratories, UK) for 1 hour.
Peroxidase was then exposed to the chromogen diaminobenzidine hydrochloride
(0.5pg/ml, Sigma, UK) in 0.1M phosphate buffer with 0.05% hydrogen peroxide. Finally,
slides were washed, counterstained with cresyl violet, dehydrated/xylene and mounted
with DPX medium. BBB permeability was measured by the presence of endogenous IgG
in the brain. For that, the slides were incubated with biotinylated antibody anti-mouse

IgG (Vector Laboratories, UK). Double immunohistochemistry for Iba-1 and Glut-1 or
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MBS and lamininl+2 was also performed by two sequential immunohistochemistry
processes. These were separated by an avidin/biotin blocking (Avidin/Biotin blocking
kit, Vector Laboratories, UK). More specifically, the slides were dry at 37 C for 15
minutes, quenched for endogenous peroxidase activity and blocked for non-specific Fc-
dependent binding as described above. Sections were then incubated with the first
primary antibody at 4°C overnight. Sections were incubated for 2 hours with the
appropriate biotinylated secondary antibody followed by an avidin-biotin-peroxidase
solution for 1 hour. Peroxidase was then exposed to the chromogen diaminobenzidine
hydrochloride in 0.1M phosphate buffer with 0.05% hydrogen peroxide. Slides were
washed in PBS and incubated with 1:20 avidin blocking solution for 15min followed by
one PBS wash and 1:20 biotin blocking solution for 15min. Slides were then washed with
PBS and blocked again for non-specific Fc-dependent binding. This was followed by the
second primary antibody incubation at 4°C overnight. The sections were again incubated
for 2 hours with the appropriate biotinylated secondary antibody followed by an avidin-
biotin-peroxidase solution for 1 hour. Peroxidase was then exposed to the VECTOR VIP
substrate (VECTOR VIP peroxidase substrate kit, Vector Laboratories, UK), which gives
a purple colour. Finally, sections were washed in distilled water, dehydrated/xylene and
mounted with DPS medium. A citrate buffer (10mM Citric Acid, 0.05% Tween 20, pH

6.0) antigen retrieval step was added to the laminin 1+2 staining protocol.

2.4.2 Immunohistochemistry analysis

Cell counts were performed by light microscopy (Leica, UK) under 40x magnification.
A microscope graticule (10 by 10 squares) was used to randomly sample positive cells
(microglia in the striatum, and neutrophils or macrophages in the liver) throughout the
tissue area, and a micrometer slide with 1mm scale was used for calibration in order to

obtain the final number of cells per mm?. The total number of neutrophils, and Iba-1",
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CD68" and CD206" cells associated with vessels in the striatum were counted in the
whole ipsilateral striatum of at least two brain coronal sections approximately 120um
apart. The area of the striatum was measured by tracing it under a Camera Lucida (4x
magnification), which was attached to the microscope (Leitz Laborlux S, Leica
Biosystems, GE). A 1mm scale was also drawn from the micrometer slide for calibration.
All drawings were scanned and the area of the striatum was measured in Imagel] with
appropriate calibration. The number of positive cells per mm” was then calculated by
dividing the total number of cells by the area of the striatum. The total number of Iba-1"
cells in vessels (either in the lumen or attached to vessels) in each brain was represented
as the average of the total number of positive cells in two entire brain coronal sections

that were approximately 120um apart and encompassed the striatum.

To schematically represent neutrophil recruitment patterns in the brain, a 10um coronal
section at approximately Bregma +0.5mm immunolabelled for neutrophils was selected
from the injection site of mice in each relevant treatment group. The section was viewed
at 1.6x magnification using a light microscope attached to a Camera Lucida. The total
number of neutrophils were dotted with a black marker pen onto white paper forming a
spatial map of the pattern of recruited neutrophils. The brain limit, corpus callosum and
ventricles were also drawn with a pencil. Spatial maps were then scanned and converted
onto a transparent background using Abode Photoshop. Spatial maps were superimposed
onto coronal figure 23 from The Mouse Brain in Stereotaxic Coordinates (Paxinos and

Franklin).
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2.5 mRNA extraction

mRNA was isolated using Rneasy mini kit (Qiagen, UK) following manufacturer’s
guidelines. Tissue was disrupted and homogenized in Buffer RLT containing 1% of -
Mercaptoethanol (Sigma, UK) using a pellet pestle motor (Kontes, UK). Lysate was
transferred directly into a QIAshredder spin column placed in a 2 ml collection tube and
centrifuged for 2min at full speed. Supernatant was then carefully mixed with 1 volume
of 75% ethanol, transferred to a Rneasy spin column placed in a 2ml collection tube and
centrifuged for 15s at 10000 rpm. The flow-through was discarded. Buffer RW1 was
added to the column and centrifugation for 15s at 10000 rpm was performed. The flow-
through was discarded and the previous step was repeated. The same was done using
buffer RPE. The Rneasy spin column was then transferred to a new 1.5ml collection tube.
Finally, 25ul of nuclease free water was added to the column and the tube was centrifuged
for Imin at 10000 rpm to elute the mRNA. The quantity and quality of mRNA were
assessed using a NanoDrop 1000 Spectrophotometer (Thermo Scientific, UK). A ratio of
sample absorbance at 260 and 280 of ~2.0 and ratio of sample absorbance at 260 and 230

of 1.8-2.2 were considered as “pure” for mRNA.

2.6 cDNA conversion and Real-Time polymerase chain reaction

mRNA was converted to cDNA using nanoScript2™ reverse transcript kit (Primerdesign,
UK) (Table 2.2). Real-Time polymerase chain reaction (RT-qPCR) was performed using
a LightCycler” 480 (Roche Diagnostics, UK) and SBYR green mastermix (Primerdesign,
UK) (Table 2.3). ICAM-1 and E-selectin primers were obtained from Invitrogen™ and,
BCRP, P-gp, Caveolin-1, Glut-1, Claudin-5, TNF and CDI11b primers were obtained

from Roche Life Science. The rest of the primers were obtained as custom designed real-
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time PCR assays from Primerdesign (Table 2.4). House-keeping genes were selected by
a GeNorm analysis for the same samples (geNormPLUS 12 gene kit, Primerdesign, UK)
(Table 2.5). GeNorm is a system for selecting the most appropriate candidate reference
gene(s); one or more that are not affected by the experimental conditions and
constitutively expressed in all the samples. To perform geNorm the expression of 12
reference (house-keeping) genes was measured by RT-qPCR in a representative set of
brain or liver samples, including naive tissue and tissue from animals injected with saline
or IL-1p into the striatum. Then, the GeNorm software (qbase+) was used to provide a
ranking of the reference genes in order of stability of expression throughout the samples
and to select the best house-keeping genes for each experiment (Figure 2.1 and 2.2). In
detail, the software creates two graphs: the first one (Figure 2.1A and 2.2A) represents
the average expression stability value (geNorm M) of reference genes at each step during
stepwise exclusion of the least stably expressed reference gene. Starting from the least
stable gene at the left, the genes are ranked according to increasing expression stability,
ending with the most stable gene on the right; the second graph (Figure 2.1B and 2.2B)
determines the optimal number of reference genes by illustrating the variation in average
stability of the reference genes (geNorm V). This graph shows sequential addition of each
reference gene starting with the two most stably expressed genes on the left with the
inclusion of a third, fourth and fifth gene etc. moving to the right. This measure is known
as “pairwise variation, V(n/n+1)”. The Cq values obtained using these selected reference
genes are then averaged to give the normalisation factor. The optimal number of reference
genes n is found when V(n/n+1) drops below 0.15. E.g. ifa V2/3 score of 0.25 is achieved
using two reference genes but a V3/4 score of 0.14 is achieved using a third reference
gene then the ideal normalisation factor would be calculated using the top three reference

genes in future experiments. In these experiments, the optimal number of reference
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targets in this experimental situation is 2 (geNorm V<0.15). As such, the optimal
normalization factor can be calculated as the geometric mean of reference targets Zfp91
and Cdc40 for brain (Figure 2.1A and B) and Csnk2a2 and Paklipl for liver (Figure 2.2C

and D) (information obtained from gbase™"®

software and geNorm SYBRgreen
Handbook). All experimental brain samples were compared to Zfp91 and Cdc40 and liver
samples to Csnk2a2 and Paklipl. A relative quantification was performed using AACt

analysis. The results were represented as fold change of naive expression levels.

2.7 Statistics

Data are presented as mean + standard error of the mean (SEM) and considered
statistically significant with a p<0.05. Data were analysed using one-way ANOVA with
Tukey’s multiple comparison test, Kruskal-Wallis with Dunn’s multiple comparisons test
or two-way ANOVA with Bonferroni—-Dunn post-hoc test for multiple groups where
appropriate. All details regarding statistical tests and the number of animals used in each

group can be found in figure legends.
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Table 2.2 Protocol for RNA conversion to cDNA.

Step nanoScript2™ reverse transcript kit
RNA template (up to 2pg) x pl
Oligo-dT primer apd Random 1.0l
1 nonamer primer
RNAse/DNAse free water X ul
Final volume 10 pl
2 65°C 5 min
3 Ice
nanoScript2 4X Buffer 5.0 ul
dNTP mix 10mM 1.0 ul
4 RNAse/DNAse free water 3.0 ul
nanoScript2 enzyme 1.0 pl
Final volume 10 pl
25°C 5 min
42°C 20 min
: 75°C 10 min
-20°C 0
Table 2.3 Protocol for RT-qPCR.
Step Primerdesign Ltd - RT-qPCR protocol
PrecisionPLUS-S.YBRgreen 10 ul
mastermix
Primer 1.0 ul
: Template (25ng) 5.0 pl
RNAse/DNAse free water 4.0 pul
Final volume 20 pul
Enzy "}’If)t’;f;:atm 95°C 2 min
Denaturation™® 95°C 15s
Data collection* 60°C 60s
Melting Curve

* Cycling x40

CHAPTER 2
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Table 2.4 Primers sequences.

Primers

Foward

Reverse

interleukin 1 beta (IL-18)

GCTATGGCAACTGTTCCTGAA

ACAGCCCAGGTCAAAGGTT

interleukin 6 (IL-6)

AATTCCAGAAACCGCTATGAAGT

ATCCTCTGTGAAGTCTCCTCTC

interleukin 4 (IL-4)

AGCAACGAAGAACACCACAG

GCAGCTCCATGAGAACACTAG

interleukin 10 (IL-10)

GGGAAGAGAAACCAGGGAGAT

GCCACAGTTTCAGGGATGA

interleukin 1 receptor,

CCCCGAACCGTGAACAAC  |[AAACGATCTGATTTGGATATTCTGTA
typel (IL-IR1)
'“‘f;'::;‘["(‘l:j%’;“ GGCAAGAAGCAGCAAGGTA | TTACTAACACAAGCAAGATGAACA

interleukin 1 receptor
antagonist (IL-1RA)

GACCTTTTACCTGAGAAACAAC

TAGGCACCATGTCTATCTTTTC

chemokine (C-X-C motif)
ligand 1 (CXCL-1)

GCTGGGATTCACCTCAAGAAC

TGTGGCTATGACTTCGGTTTG

chemokine (C-X-C motif)
ligand 2 (CXCL-2)

CAGAAGTCATAGCCACTCTCAAG

AGCCTTGCCTTTGTTCAGTATC

chemokine (C-X-C motif)
ligand 5 (CXCL-5)

AAAGATTTCTGAGGACTCTGACC

TTTTCTCATCAAAGCAGGGAGT

Intercellular Adhesion

e (LT CCCACGCTACCTCTGCTC GATGGATACCTGAGCATCACC
E-Selectin TCCTCTGGAGAGTGGAGTGC GGTGGGTCAAAGCTTCACAT
Breast Cancer Resistance | 11 ;G AGTACTTTGCATCA AAATCCGCAGGGTTGTTGTA

Protein (BCRP)

P-glycoprotein (P-gp)

GGGCATTTACTTCAAACTTGTCA

TTTACAAGCTTCATTTCCTAATTCAA

Caveolin-1(Cav-1) CCAGGGAAACCTCCTCAGA CCGGATGGGAACAGTGTAGA
G'"°°S(CG‘I‘L‘:‘_SI‘;°“°' . ATGGATCCCAGCAGCAAG CCAGTGTTATAGCCGAACTGC
LTI CE Rl e TGCCTATGTCTCAGCCTCTTC GAGGCCATTTGGGAACTTCT
alpha (TNF)
Gl EEath Ce e CAATAGCCAGCCTCAGTGC GAGCCCAGGGGAGAAGTG

molecule 11B (CD11b)

Table 2.5 Mouse geNormPLUS Kit gene list.

Mouse geNormPLUS kit gene list (Mus musculus)

adaptor-related protein complex 3, delta 1 subunit(Ap3dl), mRNA

casein kinase 2, alpha prime polypeptide (Csnk2a2), nRNA

cell division cycle 40 homolog (yeast) (Cdc40), mRNA

F-box and WD-40 domain protein 2 (Fbxw2), mRNA
F-box protein 38 (Fbx038), mnRNA
HIV TAT specific factor 1 (Htatsfl), mRNA

MON2 homolog (yeast) (Mon2), transcript variant 1, mRNA

PAK1 interacting protein 1 (Paklipl), mRNA
zinc finger protein 91 (Zfp91), mRNA
18S rRNA gene

actin, beta, cytoplasmic (ACTB), mRNA

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), mRNA
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Figure 2.1 GeNorm analysis to select the best candidate reference gene(s) that are not
affected by the experimental conditions and constitutively expressed in all brain samples.
A) Average expression stability value (geNorm M) of reference genes at each step during
stepwise exclusion of the least stably expressed reference gene. B) Determination of the optimal
number of reference genes by illustrating the variation in average stability of the reference genes
(geNorm V). The optimal normalization factor can be calculated as the geometric mean of
reference targets Zfp91 and Cdc40. Information in this legend was obtained from gbasePLUS
software and geNorm SYBRgreen Handbook.
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Figure 2.2 GeNorm analysis to select the best candidate reference gene(s) that are not
affected by the experimental conditions and constitutively expressed in all liver samples. A)
Average expression stability value (geNorm M) of reference genes at each step during stepwise
exclusion of the least stably expressed reference gene. B) Determination of the optimal number
of reference genes by illustrating the variation in average stability of the reference genes (geNorm
V). The optimal normalization factor can be calculated as the geometric mean of reference targets
Csnk2a2 and Paklipl. Information in this legend was obtained from gbase”™%

geNorm SYBRgreen Handbook.
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CHAPTER 3

AN AGE SPECIFIC PERIVASCULAR CELL POPULATION IS FOUND

DURING “WINDOW OF SUSCEPTIBILITY” TO BRAIN

INFLAMMATION

3.1 Introduction and aims

In this chapter, the response of the brain to focal inflammation was studied during
postnatal development in mice. It is clear from previous studies that many immune
activators affect neurological processes, often in a manner specific to the stage of brain
development. However, the majority of these studies only focused on a specific time
point of the brain development and did not consider the effects of immune activation
throughout development. This is of particular importance as rodent data suggest the
inflammatory response in the brain is increased during development (Campbell et al.,
2002) and, therefore, may contribute to the dysfunction of important developmental
neuronal processes. Anthony et al. (1997) previously showed that in response to an i.c.
inflammation, there was an age-specific increase in BBB permeability which was
associated with a substantial influx of neutrophils. While this work showed that the BBB
permeability was neutrophil-dependent it did not establish the inflammatory signalling
pathways involved in this response. Therefore, in this chapter the acute molecular and
cellular responses in the brain to focal inflammation were investigated in order to
characterize the molecular profile of the brain inflammatory response that may explain
the brain susceptibility to inflammation during development. The principal aims of this
chapter were (1) to study BBB integrity, (2) to evaluate leukocyte recruitment to the

brain, 3) to measure the expression of various inflammatory mediators in the brain and
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(4) to examine the response of microglia and perivascular macrophages, in each case, 4

hours after i.c. injection of 1ng IL-1f in the striatum of P7, P14 or P21 C57B1/6 mice.

3.2 Results

3.2.1 Blood-brain barrier disruption and neutrophil recruitment were only

observed at P14 after focal inflammation

Focal inflammation in the brain was induced by Ing IL-1p injection into the left striatum
of C57B1/6 mice at different postnatal ages including P7, P14 and P21. Naive or saline
injected brains were used as controls. BBB permeability was revealed using an antibody
against endogenous IgG, which does not cross the BBB in physiological conditions. In
naive and saline injected brains endogenous IgG could not be observed macroscopically.
The injection of 1ng IL-1p increased BBB permeability in the ipsilateral striatum only at
P14 (Figure 3.1A). Increased BBB permeability was not detected in the contralateral
striatum at P14, or in brains at P7 and P21 (Figure 3.1A). Microscopic examination of
brain immunolabelled for endogenous IgG with cresyl violet counterstain confirmed this
observation as IgG was only found in the ipsilateral parenchyma at P14. At P7 and P21
i.c. injection of IL-1f did not promote IgG extravasation into the parenchyma as IgG was

only observed in vessels (Figure 3.1B).

The mRNA expression of different BBB transporters, including GLUT-1, P-gp and
BCRP, vesicular trafficking protein caveolin-1, and tight junction proteins claudin-5 and
Z0-1 was measured in the ipsilateral striatum injected with saline or Ing IL-1f. Within
each age group, the expression of all transport proteins, claudin-5 and ZO-1 did not
change after Ing IL-1p injection in the brain, except claudin-5 at P7 that significantly

increased from saline to IL-1P injected brains (Figure 3.2). GLUT-1 expression
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significantly increased from P7 to P14 and P21 (p<0.05) in control brains and from P7 to

P21 (p<0.001) in the IL-1p injected brains (Figure 3.2).

To determine if focal inflammation caused leukocyte migration to the brain parenchyma
and if their presence was correlated with BBB permeability, double
immunohistochemistry was performed for neutrophils (MBS) and vessels (laminin 1+2)
on IL-1p injected brains and in control brains (naive and saline injected) (Figure 3.3A).
Representative spatial maps of neutrophil distribution were generated using the
immunolabelled slides. More neutrophils were recruited to the left hemisphere injected
with IL-1p at P14 compared to P7 and P21 brains (Figure 3.3B). Neutrophils were
counted in the entire ipsilateral striatum on the basis of their presence in the brain
parenchyma or vessels (either in the lumen or attached to vessels). No neutrophil
recruitment was observed in control brains (Figure 3.3A). The number of neutrophils
were 11 + 2/mm” in vessels and 23 + 10/mm” in the parenchyma at P7, 8 + 1/mm” in
vessels and 85 + 21/mm? in the parenchyma at P14, and 8 + 2/mm” in vessels and 13 +
4/mm” in the parenchyma at P21 (Figure 3.3C). A two-way ANOVA analysis with
Bonferroni—Dunn post-hoc test showed that the number of neutrophils in the parenchyma
was only significantly higher than in vessels at P14 (p<0.001) and that the number of
neutrophils in the parenchyma was significantly higher at P14 than at P7 and P21

(p<0.01) (Figure 3.3C).
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Figure 3.1 BBB permeability after focal inflammation during postnatal development. BBB
permeability to endogenous IgG was examined in naive brains and in brains 4 hours after the i.c.
injection of saline or 1ng IL-1p at P7, P14 or P21 by immunohistochemistry. A) Representative
pictures of the whole brain injected with saline or IL-1p at P7, P14 or P21. B) Representative
pictures of IgG immunohistochemistry with cresyl violet counterstain in the ipsilateral striatum
of naive brains and of brains injected with saline or IL-1f3 at P7, P14 or P21. Scale bar = 50um.
BBB permeability was highest in the ipsilateral striatum at P14. Squares boxes in A represent

area from where pictures were taken in B and the injection site. Four brains of each age and
condition group were used.
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Figure 3.2 mRNA expression of transporters and tight junction proteins in the brain after
focal inflammation at different time points during postnatal development. nRNA expression
of GLUT-1, caveolin-1, P-gp, BCRP, claudin-5 and ZO-1 was measured by RT-qPCR in the
ipsilateral striatum injected with saline or 1ng IL-1f at P7, P14 or P21. There was no significant
decrease in the expression of any of the transcripts measured 4 hours after focal inflammation,
suggesting that changes in the expression of these molecules do not explain the increased BBB
permeability at P14. Data are represented as relative fold change from contralateral expression
levels of P21 naive mice. Bars represent mean + SEM.*p<0.05 and **p<0.01. Statistics: two-way
ANOVA with Bonferroni—Dunn post-hoc test. n=4 each group.
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Figure 3.3 Recruitment of neutrophils to brain parenchyma after focal inflammation
during postnatal period. Double immunohistochemistry for neutrophils (MBS, brown) and
vessels (laminin 142, purple) on brains injected with saline or Ing IL-1B was performed (A).
Scale bar = 50um. Representative spatial maps of neutrophil distribution were obtained using a
representative coronal immunolabelled section from each treatment group (B). Spatial maps of
saline injected brains are not shown as no neutrophils were found in these brains. More
neutrophils were present in the P14 ipsilateral hemisphere 4 hours after the injection of IL-1f3
when compared to P7 and P21. Neutrophils were counted on the basis of their presence in the
parenchyma or in vessels (C). More neutrophils were observed in the parenchyma at P14 than at
P7 and P21 after focal inflammation. Data are represented as number of neutrophils per mm?® of
striatum. ***p<0.001, ##p<0.01 vs. P7, P21 parenchyma values. Statistics: two-way ANOVA
with Bonferroni—-Dunn post-hoc test. P7: n=4, P14: n=5 and P21: n=4.
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3.2.2 The expression of key inflammatory mediators at basal level and after

inflammation in the brain were age-dependent

To determine if age-dependent basal or post-injury levels of inflammatory mediators
contributed to the observed increase in BBB permeability and neutrophil recruitment at
P14, RT-qPCR for different inflammatory mediators was performed. The mRNA
expression of both pro- and anti- inflammatory cytokines, IL-1P receptors, adhesion
molecules and chemokines was measured in naive contralateral striatum, and in the
ipsilateral and contralateral striatum 4 hours after saline or 1ng IL-1p injection. mRNA
expression levels were represented as relative fold change from contralateral expression

levels of P21 naive mice.

In naive striatum, mRNA expression of pro-inflammatory cytokines, including IL-1f3 and
IL-6, was highest at P7 (Figure 3.4). IL-1p mRNA was upregulated at P7 (2.34 + 0.34)
when compared to P14 (1.69 £ 0.30) and P21 (1.02 £ 0.13) though only P7 and P21 levels
were significantly (p<<0.05) different. IL-6 expression was significantly higher at P7 (2.07
+ 0.26) than at P14 (1.18 £ 0.06) and P21 (1.03 £ 0.14). Anti-inflammatory cytokines,
IL-4 and IL-10, presented different expression profiles from each other. IL-4 was highly
expressed (p<0.05) in P7 (2.35 £ 0.39) and P14 mice (2.45 + 0.07) when compared to
P21 animals (1.08 £ 0.21) and IL-10 was highest at P7 (2.09 £ 0.33) and significantly
(p<0.05) decreased from P7 to P14 (0.91 £ 0.14) and P21 (1.05 £ 0.17). IL-1RA was also
highest in P7 mice (p<0.01, P7: 3.34 + 0.47 vs. P14: 1.21 £ 0.13 and P21: 1.05 £ 0.19).
In contrast to the pattern for the previously mentioned transcripts, IL-1R1 expression
significantly (p<0.05) increased from P7 (0.46 £ 0.08) and P14 (0.46 + 0.04) to P21 (1.08
1 0.24). IL-1R2 was significantly (p<0.01) higher in P7 (1.76 £ 0.19) animals compared

to P14 (0.95 £ 0.03) and P21 (1.03 £ 0.15) mice. Expression of the adhesion molecule
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ICAM-1 in the naive brain did not change throughout postnatal development, but E-
selectin expression was significantly (p<0.05) higher at P7 (1.38 £ 0.05) than at P14 (1.04
1+ 0.01) and P21 (1.01 £ 0.10). Finally, CXCL-1 exhibited a similar mRNA expression
pattern to E-selectin. This chemokine significantly decreased from P7 (1.76 + 0.27) to

P14 (0.62 £ 0.05) and P21 (1.03 £ 0.14) in the naive brain.

Four hours after i.c. injection of saline or Ing IL-1B, mRNA expression of the
inflammatory mediators discussed above was differentially upregulated in the ipsilateral
striatum (Figure 3.5 and 3.6). A two-way ANOVA with Bonferroni-Dunn post-hoc test
was performed at the different ages in order to compare ipsilateral and contralateral
(internal control) expression levels within each treatment group and to compare
ipsilateral or contralateral expression levels between treatment groups. IL-1f expression
did not change at P7, but was significantly upregulated in the IL-1p ipsilateral striatum
at P14 (32.24 + 12.82 vs. 7.27 + 3.26 IL-1B contralateral (p<0.05) and 1.78 + 0.54
ipsilateral saline (p<<0.01)) and P21 (224.60 + 83.03 vs. 16.74 £ 10.22 IL-1p contralateral
(p<0.01) and 1.00 £ 0.06 ipsilateral saline (p<0.01)). IL-6 expression significantly
(p<0.05) increased from saline ipsilateral striatum (2.88 + 0.86) to IL-1P ipsilateral
striatum (9.09 £ 2.92) at P7. IL-6 was also upregulated in the IL-1p ipsilateral striatum
of P21 animals (121.10 +45.44 vs. 10.13 £ 5.65 IL-1 contralateral (p<0.01) and 1.63 +
0.42 saline ipsilateral (p<0.01)). No changes in expression of anti-inflammatory
cytokines (IL-4 and IL-10) were detected following IL-1p injection at any point during
postnatal development. IL-1IRA mRNA expression increased in the IL-1f ipsilateral
striatum in all ages. At P7, IL-1RA expression was upregulated in the IL-1f ipsilateral
striatum (8.79 £ 1.63) though only significantly (p<0.05) different from saline ipsilateral

striatum (2.58 £ 0.35) and not from IL-1p contralateral striatum (7.67 + 2.80). IL-1RA
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expression in the IL-1f ipsilateral striatum significantly increased at P14 (8.79 £ 1.63 vs.
7.67 £ 2.80 IL-1p contralateral (p<0.05) and vs. 2.58 £ 0.35 saline ipsilateral (p<0.01))
and at P21 (40.50 £ 20.63 vs. 3.73 £ 1.76 IL-1p contralateral (p<0.05) and 1.10 + 0.17
saline ipsilateral (p<0.05)) (Figure 3.5). IL-1R1 mRNA expression in the IL-1p ipsilateral
striatum was only upregulated in P21 mice (2.50 £ 0.30 vs. 1.60 £ 0.22 IL-1f contralateral
(p<0.5) and 1.24 £ 0.20 saline ipsilateral (p<0.01)). In comparison, the expression of the
second IL-1P receptor, IL-1R2, significantly (p<0.05) increased in the IL-1f ipsilateral
striatum at P14 (1.46 £ 0.35) when compared to saline ipsilateral striatum (0.79 £ 0.09)
and not to IL-1p contralateral striatum (1.02 £ 0.11). ICAM-1 was upregulated in the IL-
1B ipsilateral striatum (8.72 £ 1.85) of P7 animals though only significantly (p<0.05)
higher than saline ipsilateral striatum (3.81 = 0.95). The expression of this adhesion
molecule in the IL-1f ipsilateral striatum increased at P14 (9.17 = 1.84 vs. 4.87 £ 0.74
IL-1PB contralateral (p<0.05) and 3.33 £ 0.21 saline ipsilateral (p<0.01)) and P21 (20.11
1+ 3.31 vs. 4.17 £ 1.06 IL-1P contralateral (p<0.001) and 3.51 £ 0.32 saline ipsilateral
(p<0.001)). E-selectin mRNA expression was upregulated in the IL-1f ipsilateral
striatum (1.65 + 0.44) at P14, but was only significantly (p<0.05) different from saline
ipsilateral striatum (0.48 + 0.10) and not from IL-1P contralateral striatum (1.21 £ 0.24).
The expression of this adhesion molecule was also significantly upregulated at P21
(10.86 £ 2.95 vs. 1.23 £ 0.41 IL-1P contralateral (p<0.001) and 1.14 £+ 0.66 saline
ipsilateral (p<0.001)). Finally, CXCL-1 significantly (p<0.05) increased from saline
ipsilateral striatum (1.92 £ 0.32) to IL-1p ipsilateral striatum (56.32 = 32.31) at P14 and
was significantly (p<0.01) upregulated in the IL-1f ipsilateral striatum at P21 (456.00 +
169.80 vs. 34.72 + 21.88 IL-1P contralateral and 1.34 + 0.69 saline ipsilateral) (Figure

3.6). A two-way ANOVA analysis with Bonferroni—Dunn post-hoc test showed that the
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expression of IL-1B, IL-6, IL-1RA, IL-1R1, ICAM-1, E-selectin and CXCL-1 was

highest in the IL-1p ipsilateral striatum at P21 when compared to the other ages.
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Figure 3.4 mRNA expression of pro- and anti- inflammatory mediators in the brain during
postnatal development. IL-1f, IL-6, IL-4, IL-10, IL-1RA, IL-1R1, IL-1R2, ICAM-1, E-selectin
and CXCL-1 mRNA was measured by RT-qPCR in the naive contralateral striatum of C57Bl/6
mice at P7, P14 and P21. The expression of most inflammatory mediators measured, including
IL-1B, IL-6, IL-10, IL-1RA, IL-1R2, E-selectin and CXCL-1, was higher at P7 than at P14 and
P21. IL-4 was upregulated at P7 and P14 compared to P21 and IL-1R1 was increased at P21 and
not at P7 and P14. Data are represented as relative fold change from expression levels of P21
naive mice. Samples were compared with two housekeeping genes (Zpf91 and Cdc40). Bars
represent mean + SEM. *p<0.05 and **p<0.01. Statistics: one-way ANOVA with Tukey’s
multiple comparison test. n=4 each group.
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Figure 3.5 mRNA expression of pro- and anti- inflammatory cytokines in the brain after
focal inflammation during postnatal period. IL-1p, IL-6, IL-4, IL-10, and IL-1RA mRNA was
measured by RT-qPCR in the ipsilateral and contralateral striatum from mice that received i.c.
injection of saline or Ing IL-1P at P7, P14 or P21. The expression of IL-4 and IL-10 did not
change at any time point but the expression of IL-1p, IL-6, and IL-1RA was upregulated in the

ipsilateral striatum injected with 1ng IL-1P of older mice. Data are represented as relative fold
change from contralateral expression levels of P21 naive mice. Samples were compared with two
housekeeping genes (Zpf91 and Cdc40). Bars represent mean + SEM. *p<0.05 and **p<0.01.
Statistics: two-way ANOVA with Bonferroni—-Dunn post-hoc test. At least n=8 each group.
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Figure 3.6 mRNA expression of IL-1p receptors, adhesion molecules and chemokines in the
brain after focal inflammation during postnatal period. IL-1R1, IL-1R2, ICAM-1, E-selectin
and CXCL-1 mRNA was measured by RT-qPCR in the ipsilateral and contralateral striatum from
mice that received i.c. injection of saline or 1ng IL-1P at P7, P14 or P21. The expression of IL-
IR1, ICAM-1, E-selectin and CXCL-1 was upregulated in the ipsilateral striatum injected with
Ing IL-1B of older mice. Data are represented as relative fold change from contralateral
expression levels of P21 naive mice. Samples were compared with two housekeeping genes
(Zpf91 and Cdc40). Bars represent mean = SEM. *p<0.05, **p<0.01 and ***p<0.001. Statistics:
two-way ANOVA with Bonferroni—Dunn post-hoc test. At least n=8 each group.
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3.2.3 Microglia responded to inflammation from P14 onwards

After showing that upregulation of inflammatory mediators does not clearly correspond
with the "window of susceptibility" to Ing IL-1B at P14, other contributors to
neuroinflammation were assessed. The Iba-1 antibody was used to analyse microglia
population in the striatum at the different postnatal ages (Figure 3.7). The number of
microglia in the naive striatum significantly (p<<0.001) increased throughout the postnatal
period (P7: 82 + 4 cells/mm?, P14: 129 + 4 cells/mm” and P21: 161 + 6 cells/mm?; Figure
3.7A and B). The number of microglia did not change after the Ing IL-1p injection into
the striatum (Figure 3.7B). At P7, the morphology of microglia did not change after i.c.
injection of IL-1B at P7, but these cells presented a very different morphology when
compared to naive and saline injected brains at later age. P7 microglia were dark stained,
rounded and with very few thick long processes and changed towards a morphology with
many long and thin processes throughout postnatal development (Figure 3.7C). The
morphology of the cells acquired an activated amoeboid state from P14 onwards after
focal inflammation. These cells had fewer, shorter processes than the cells in saline

injected brains (Figure 3.7C).
3.2.4 A specific cell population was identified at P14

Microglia response to focal inflammation was not shown to be correlated with BBB
permeability or neutrophil recruitment at P14. However, Iba-1" large flattened irregular
perivascular cells (IPCs) were observed around vessels in P14 naive brains (Figure 3.8A)
both in the striatum and the cortex. Iba-1 (brown) and GLUT-1 (purple) double
immunohistochemistry showed that more IPCs per mm® of striatum were observed

around vessels in naive P14 animals when compared to P7 and P21 (p<0.05, P14: 4.1 +

1.0/mm? vs. P7: 0.7 + 0.2/mm” and P21: 0.5 + 0.1/mm?) (Figure 3.8B and C). These cells
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were still present after i.c. injection of 1ng IL-1p in the left striatum, and they were found
to be associated with neutrophil recruitment, which was observed after double
immunohistochemistry for Iba-1 (brown) and neutrophils (purple) (Figure 3.8D). CD68
and CD206 antibodies were also used to label macrophages in the brain in order to verify
if the specific perivascular macrophage population could also be immunoreactive for
these markers. CD68" and CD206" cells with the same perivascular morphology as IPCs
in close association with vessels were counted in the striatum. Very few CD68" IPCs
were present in the brain at any time point of postnatal development and the number of
these cells did not vary between P7, P14 and P21 (P7: 1.3 1.0/mm?, P14: 1.5 + 0.6/mm”
and P21: 2.0 + 0.7/mm?) (Figure 3.8E). Regarding CD206 marker, the number of positive
cells were 0.4 + 0.1/mm? at P7, 1.9 + 0.3/mm? at P14 and 2.1 + 0.3/mm? at P21. Once
again, very few CD206" IPCs were observed in every age group, but it significantly

increased from P7 to P21 (p<0.05) (Figure 3.8F).

3.3 Discussion

The results in this chapter clearly demonstrated that susceptibility to acute inflammation
changed throughout postnatal development in mice. A "window of susceptibility" to focal
inflammation was found at P14 and this was associated with the presence of age-specific
Ibal® IPCs. More neutrophils were recruited to the brain parenchyma and BBB
permeability to endogenous IgG was visible at P14. While the presence of a novel
macrophage population at P14 was the only unique finding to explain the vulnerability
of the brain at this age, it is likely that other aspects of the developmental stage of the

brain also contribute to this "window of susceptibility".
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Figure 3.7 Microglia population in naive mice and after focal inflammation during
postnatal development. Microglia population at P7, P14 and P21 was studied after
immunohistochemistry using Iba-1 antibody. The number of microglia increased with age. This
can be seen in the micrographs showing microglia in the naive brain (A) and graph showing the
results of blinded cell counts (B). The number of cells did not change after i.c. injection of 1ng
IL-1p at P7, P14 or P21 (B). Data are represented as number of microglia per mm?®. ***p<0.001.
Statistics: two-way ANOVA with Bonferroni—-Dunn post-hoc test. P7: n=6 for naive, n=4 for
saline and Ing IL-1B; P14: n=10 for naive, n=5 for saline and Ing IL-1B; P21: n=11 for naive,
n=4 for saline and Ing IL-1B. P7 microglia in control brains showed a distinct amoeboid
morphology from P14 and P21 (C). Microglia morphology changed to a more amoeboid and
activated state from saline to IL-1p injected brains at P14 and P21 (C). Scale bar = 50um.
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Figure 3.8 Perivascular macrophage population in the brain during postnatal development.
Immunohistochemistry for microglia using Iba-1 antibody revealed not only Iba-1" cells in the
parenchyma but also around vessels, which were identified by cresyl violet counterstain, in the
naive P14 brains (A). The number of these cells, which were large, flattened and irregular (IPCs),
was obtained after double immunohistochemistry for Iba-1 (brown) and vessels (GLUT-I;
purple) in P7, P14 and P21 naive brains. The number of these cells significantly increased in the
naive brain at P14 when compared to P7 and P21 (B and C) and there were in close association
with neutrophils (D — double immunohistochemistry for Iba-1 (brown) and neutrophils (purple))
after focal inflammation (D). Quantification of perivascular cells after immunohistochemistry for
CD68 and CD206 was also performed but this did not reveal any specific IPC population in the
naive brain at P14 (E and F). Data are represented as number of cells per mm” of striatum.
*p<0.05. P7: n=5. P14: n=8 and P21: n=9. Scale bar = 50um. IPCs: Large flattened irregular
perivascular cells.
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BBB permeability to endogenous IgG was detected after IL-1f injection in the left
striatum at P14. IgG molecules are approximately 155,000Da in size and can be used to
look for increases in BBB permeability (Saunders et al., 2015). While a small percentage
(0.1%) of IgG molecules can normally cross the BBB (Obermeier et al., 2013), the use
of naive and saline controls in these experiments clearly showed that the presence of IgG
after inflammation results from the IL-1p injection. IgG as a marker of BBB permeability
has the advantage of being an endogenous molecule and, therefore, avoids any adverse
effects from injecting exogenous molecules. However, the use of a combination of
different sized molecules is important to dissect the properties of BBB permeability.
Biotin or fluorophore labelled-dextrans are polysaccharides of glucose molecules that can
be purchased in a range of sizes, from 1500 to 2,000,000Da. These can be injected into
the circulation and, consequently, detected in brain parenchyma when BBB permeability
increases. Moreover, radiolabelled molecules, such as sucrose (342.3Da) and inulin
(7000Da), can be quantified in the brain and, therefore, can be used to discover the extend

of BBB permeability, which is not achieved with IgG or dextrans (Saunders et al., 2015).

The increased BBB permeability at P14 was correlated with increased number of
neutrophils recruited to brain parenchyma in the ipsilateral striatum injected with 1ng IL-
1B. Neutrophils are major contributors during acute inflammation and they quickly
migrate to the injury site in order to resolve the damage (Kolaczkowska and Kubes,
2013). They can also produce high levels of ROS that may affect BBB integrity by
activation of matrix metalloproteinases, oxidative damage, modulation of tight junction
proteins, cytoskeletal reorganization, and induction of inflammatory mediators (Pun et
al., 2009). Previous work has shown that 1ng IL-1p injected to the left striatum of P21
rats promoted an acute increase in BBB permeability in a neutrophil-dependent manner

(Anthony et al., 1998, 1997). Shaftel et al. (2007) have also shown that IL-1p can
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increase BBB permeability and leukocyte recruitment in mice, however, in their model
of chronic and sustained (for 2 weeks) IL-1 production in the hippocampus, the change
in BBB permeability was not neutrophil dependent. The respective acute and chronic
assessment is likely to be the major explanation for the different outcomes reported in
these studies. In an acute inflammatory lesion, neutrophils are expected to be major and
only contributors; however, other type of cells can be recruited and, consequently, may
be responsible for the increased BBB permeability, as the inflammatory lesion develops.
Indeed, Shaftel et al. (2007) have shown the presence of other leukocytes, including
dendritic cells and CD3" T lymphocytes in the hippocampus after chronic expression of
IL-1B, but did not specifically investigate their role in BBB leakage. These previous
results (Anthony et al., 1998, 1997; Shaftel et al., 2007) support the hypothesis that the
impact of neutrophils on the BBB integrity may vary between acute and chronic models
of inflammation and, therefore, it is likely that neutrophils are a major contributor to the
BBB disruption in our acute brain inflammation mice model. However, depletion of
neutrophils before the i.c. injection of IL-1B at P14 should be performed in order to

confirm this assumption.

BBB breakdown can be characterized by different features, including reduced tight
junctions expression and redistribution, impaired efflux and influx function and,
disrupted basement membrane (Obermeier et al., 2013). In this study, no reduction in
mRNA levels of efflux, influx and vesicular transporters as well as tight junctions were
observed. However, it is important to consider that brain inflammation can decrease
efflux transporters activity without changing their expression during development (Harati
et al., 2012). Likewise, though mRNA expression levels for tight junction proteins were
not changed, the protein distribution and structure might have been affected (Coisne and

Engelhardt, 2011). Previous data have shown that occludin and ZO-1 were absent from
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vessels presenting extensive neutrophil recruitment in the striatum of P21 rats that
received i.c. injection of IL-1 (Bolton et al., 1998). Therefore, future experiments ought
to study tight junction distribution and transport activity in order to discover if these are

really not affected by i.c. injection of 1ng IL-1.

This is not the first study to show a developmental susceptibility to inflammation, but
adds data to support the observation that susceptibility to inflammation may vary with
type, site of injury, as well as species. Anthony et al. (1997) showed that IL-1f injection
in the striatum of only P21 Lewis rats resulted in neutrophil recruitment and BBB
disruption when compared to PO and adult rats. Lawson and Perry (1995) have shown
that LPS injection in the striatum of BALB/c mice promoted an increased neutrophil
recruitment to the brain at P7 and not at PO (Lawson and Perry, 1995). LPS injection
peripherally in Sprague-Dawley rats transiently increased BBB permeability in the first
postnatal week (Stolp et al., 2005). In addition, i.p. injection of LPS followed by hypoxia-
ischemia increased neutrophils recruitment to the brain and BBB permeability at P12 and
not at P1 in Lewis rats (Brochu et al., 2011). These differences may result not only from
the immunogen-specific molecular cascades but also from the distinct brain development
timeline between rats and mouse (Semple et al., 2013; Workman et al., 2013). This may
explain, in part, the differences in the “window of susceptibility" to i.c. injection of IL-
1B observed in this chapter (P14 mice) and in previous data (P21 rats; (Anthony et al.,

1997)).

These results showed, for the first time, that a Iba-1" IPC population was present at the
susceptible time point during brain development. However, these cells were not revealed
by the other markers used, including CD68, which may be expressed by microglia in
steady state and upregulated when these cells are activated (Perry and Teeling, 2013), or

CD206, which was been shown to be specifically expressed by perivascular macrophages
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(Galea et al., 2005; Goldmann et al., 2016). This observation suggests that the specific
Iba-1" IPCs found at P14 may not express either CD68 or CD206. The fact that almost
no CD206" IPCs were found at P14 suggests that Iba-1" IPCs may not be the typical
perivascular macrophages found in normal adult mouse brain. In fact, Goldmann et al.
(2016) have demonstrated that perivascular cells could be distinguishable from microglia
on the basis of their expression of CD206 in the adult brain. Moreover, Iba-1" IPCs found
at P14 presented bigger and larger cell bodies than the adult CD206" perivascular
macrophages found by Goldmann et al. (2016). Thus, here it is hypothesized that there is
a specific developmental pattern of blood-borne monocytes/macrophages recruitment to
the perivascular space during postnatal period, which may alter the responsiveness of the
brain or BBB to inflammation. After i.c. injection of IL-1p, neutrophils were observed in
very close association with these cells. The correlation between the influx of Iba-1" IPCs
and neutrophil recruitment observed in this study strongly supports the hypothesis of a
common pathway for cellular entry to the brain parenchyma and, consequently, for BBB
disruption in response to the focal inflammation at P14. Previous evidence has shown
that neutrophils are preferentially extravasated from inflamed dermal venules in close
proximity to perivascular macrophages in adult mice (Abtin et al., 2014). In addition,
perivascular macrophages have been suggested to be important for the recruitment of
leukocytes in response to injury as these cells can express chemokines and other
inflammatory mediators (Nourshargh and Alon, 2014). However, it still remains unclear
why the increased number of Iba-1" IPCs is transient during the postnatal period. This
could be the result of different cues from the CNS, resulting from the developing stage
of the brain, and/or haematopoiesis system age-specific features. No published data was
found regarding age-specific perivascular cells appearance. In order to determine whether

this cell population contributes to the "window of susceptibility”, it will be necessary to
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further characterize them and experimentally manipulate the population to ascertain
whether the "window of susceptibility" is altered. Depletion of blood-borne
monocytes/macrophages at P14 may represent a first step to study their role in the
response to focal inflammation in the brain. In the next chapter, different approaches were
used in order to deplete the Iba-1" IPCs found at P14. Regarding characterization of these
cells, more work is needed. Double or triple immunofluorescence and flow cytometry
using a large number of markers for myeloid cells may be used to further characterise
macrophages/microglia during postnatal development. Laser capture microdissection
may also be used to isolate age-specific Iba-1" IPCs and, consequently, study their unique
pattern of gene expression, which may then be used to differentiate them from other cells

and to specifically target them.

The data in this chapter also showed that the immune responsiveness of the brain varied
over development. P7 mice showed a muted response to i.c injection of 1ng IL-1p, with
minimal changes in expression of inflammatory genes, and no signs of altered BBB
permeability or cellular injury. This is despite a comparatively higher basal level of
cytokine expression at this age, which is thought to be due to these inflammatory
mediators having an important role in regulating normal developmental processes (Bauer
et al., 2007; Garay and McAllister, 2010; Stolp, 2013), such as neurogenesis, neuronal
and glial cell migration, proliferation and differentiation, and synaptic maturation and
pruning (Bilbo and Schwarz, 2012). Inflammatory mediators, including IL-1p, IL-6, E-
selectin and CXCL-1, were increased in the striatum of naive P7 mice and their
expression decreased throughout postnatal period suggesting their importance for early
brain development. Previous data have shown that IL-1p production in cortex of rats
peaked at E18 and decreased after until it became undetectable in adults (Giulian et al.,

1988). In the hippocampus of rats, IL-1B was increased at PO when compared to adult
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(Schwarz et al., 2012). Another study has shown that IL-6 was highly expressed in the
embryonic cortex (E18) compared to P2, P20 and the adult rat (Pousset, 1994). All these
studies and the observation in this thesis support the hypothesis that cytokines are
extremely important for brain development and, therefore, are highly expressed early in
development. Consequently, their expression decrease as the brain mature with age.
Chemokines have also been implicated in different neural processes, including
neurotransmission and neural stem cells migration (Bilbo and Schwarz, 2012). Anti-
inflammatory mediators, such as IL-4, IL-10, IL-1RA and IL-1R2, were also highly
expressed in younger mice, which suggest, not only that they may have a role in
development, but also that the dynamic balance between pro- and anti- inflammatory
mediators is essential for brain homeostasis in the newborn. This well controlled balance
may also restrict the response to inflammation in the brain at early postnatal time points.
The results in this chapter showed that microglia in control animals had large and rounded
cell bodies with a very few thick long processes at P7 and changed with age towards a
more ramified morphology, where microglia had many long thin processes. At P14,
microglia exhibited a more ramified morphology than at P7 but most of the cells were
still not fully mature as at P21. In addition, the number of microglia increased from P7
onwards. It is known that microglia have a ramified morphology in the adult naive brain.
They have thin and long processes, and small cell bodies. It is also known that microglia
develop and mature during the first postnatal month towards a ramified morphology.
Between P5 and P15 the number of these cells increases dramatically and at the end of
this period the entire parenchyma is filled by microglia (Harry, 2013; Lawson et al., 1990;
Perry et al., 1985). Early in postnatal development microglia are known to have a large,
rounded and amoeboid-like morphology, which is similar to the adult morphology after

injury (Cuadros and Navascués, 1998). However, such amoeboid morphology was not
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associated with an increased inflammatory response in terms of brain expression of
inflammatory mediators and leukocyte recruitment after i.c. injection of IL-1f3 in P7 mice.
Many previous studies have shown that microglia produce many inflammatory cytokines
and chemokines, and are thought to play an important role in hypoxia-ischemia induced
in neonatal rodents (P5-P10) (reviewed in Lai et al., 2016). The contradictory
observations in these studies and in this thesis, indicate that microglia response is highly
dependent on the type of injury occurring early in postnatal period. In contrast to P7, P14
and P21 brains expressed higher levels of inflammatory mediators after focal
inflammation as the number of microglia increased and their morphology changed
towards a ramified, adult-like one. These cells may be then well developed and,
consequently, capable of responding to injury as observed in this chapter, where
microglia presented an activated amoeboid morphology in P14 and P21 brains 4 hours
after i.c. injection of Ing IL-1B. Consequently, many inflammatory mediators were
highly express in the ipsilateral striatum after focal inflammation at P14 and P21 when
compared to controls. At P21, there was no BBB disruption, and the number of
neutrophils in the parenchyma resembled P7. While a significant pro-inflammatory
response to the IL-1f injection was observed in these animals, there were also significant
increases in IL-1RA mRNA expression, which is known to inhibit the activation of IL-
IR1 and can limit neutrophil recruitment to inflamed tissues (Kolaczkowska and Kubes,
2013). This suggests that there was a controlled immune response after inflammation at
P21, avoiding substantial recruitment of neutrophils, which may partially explain why
BBB injury is transient during brain development and, consequently, why the “window

of susceptibility" to injury closes.
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3.4 Conclusion

The data in this chapter showed a developmental phenomenon that may contribute to the
“window of susceptibility" for postnatal brain inflammation. A population of Iba-1" IPCs
was present in the naive brain of P14 animals and may have thus provided a nexus for
further leukocyte recruitment at this time point. Targeting this cellular population may
intervene in the leukocyte-mediated damage that can occur during the “window of
susceptibility". The developmental stage of the brain and its capacity to response to
inflammation were also shown to determine the resulting injury. The immune response
in the brain gradually developed from an immature stage at P7 to a high and controlled
response at P21. Between these ages, there was a high susceptibility to inflammation that
increased BBB permeability and recruitment of high number of neutrophils, which may
increase injury and contribute to a worst outcome. These results suggest that the brain
respond differently to injury during development and that age-specific therapies to

neurodevelopmental disorders may need to be considered.
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CHAPTER 4

TARGETING PERIVASCULAR CELLS TO RESOLVE THE "WINDOW

OF SUSCEPTIBILITY"

4.1 Introduction and aims

In the previous chapter, it was discovered that P14 mice were more susceptible to focal
inflammation in the brain than before or after this developmental "window". This
"window of susceptibility" was characterised by increased recruitment of neutrophils to
the brain and increased BBB permeability. An Iba-1" IPC population was specifically
present in the brain at P14, which suggested that a certain monocyte/macrophage
population may be recruited to the brain at around P14 and, consequently, generate a
niche for neutrophil recruitment after focal inflammation by altering local/focal
characteristics of the inflammatory response. However, in order to confirm this
hypothesis, it is necessary to experimentally inhibit the recruitment of these perivascular
cells to the brain during development and, consequently, remove them by P14. Using this
experimental paradigm, it would be possible to test whether the "window of
susceptibility" to inflammation in the brain is dependent on the presence of this new

perivascular macrophage population.

In this chapter, two experimental approaches were tested in order to deplete Iba-1" IPCs
and, consequently, to inhibit the recruitment of these cells to the perivascular space in the
brain. In the first of these paradigms, an antibody against CSF1R was used. CSFIR is
expressed by monocytes/macrophages and it is essential for their production,
proliferation, differentiation and function. The antibody used, M279, is a rat
immunoglobulin G1 (IgG1) mAb that blocks the ability of CSF-1 to maintain

proliferation of a CSF-1-dependent cell line and does not effectively elicit complement-
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mediated lysis. This antibody was shown to effectively deplete peripheral macrophages,
but leave microglia intact when injected i.p. (MacDonald et al., 2010). In the second
paradigm, clodronate-filled liposomes were used to kill the peripheral
monocytes/macrophages by apoptosis. Liposomes can be administered through i.v.
injection and are phagocytosed by circulating macrophages. Once inside the phagocytic
cells, the phospholipid bilayer of the liposomes is disrupted and the clodronate is
released. Clodronate is toxic and induces cell death through an apoptotic pathway (Van
Rooijen et al., 1996). Immunohistochemistry was performed on liver and brain sections
to determine the effectiveness of both targeting systems on macrophage/microglia
populations, including the newly identified Iba-1" IPCs. Liver was used as an indicator
of the effectiveness of both treatments in depleting peripheral macrophages due to their
permissive architecture. Blood entering the hepatic parenchyma flows through a network
of sinusoids capillaries that include a fenestrated layer of liver sinusoidal endothelial
cells. Kupffer cells sit on the surface of these cells and, therefore, are readily exposed to

the circulating content of the blood (Ishibashi et al., 2009; Si-tayeb et al., 2010).

4.2 Results

4.2.1 Anti-CSF1R treatment did not deplete peripheral macrophages but
affected microglia population

Anti-CSF1R (120pg) was injected i.p., twice per week from PO to P14. Naive mice and

mice injected with rat IgG were used as controls. To test the effectiveness of the

treatments, Iba-1" cell populations were counted in the liver and the brain. Anti-CSFIR

treatment was insufficient to deplete macrophages in the liver as all three groups of mice

showed the same number of Iba-1" positive macrophages (naive: 425 + 13 cells/mm?, rat

IgG: 405 + 39 cells/mm” and anti-CSF1R: 401 + 19cells/mm?) (Figure 4.1A and B).
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Analysis of the brains after Iba-1 immunohistochemistry showed that the average number
of microglia did not significantly change in all three groups (naive: 129 + 4 cells/mm’,
IgG: 160 + 14 cells/mm” and anti-CSF1R: 108 + 63 cells/mm?) (Figure 4.2A). However,
surprisingly, almost no microglia and no perivascular cells were observed in the brain of
two out of the four anti-CSFIR treated animals (Figure 4.2B, C and D). The remaining
microglia found in these animals were restricted to the corpus callosum (Figure 4.2D). In
the other two brains, Iba-1" cells, including microglia and perivascular macrophages,

were present as they were in the control animals.
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Figure 4.1 Impact of anti-CSF1R treatment on macrophage population in the liver.
Immunohistochemistry using Iba-1 antibody was performed to stain macrophages in the naive
liver (P14) and liver from mice that received i.p. injection of rat anti-CSF1R or rat IgG twice per
week, from PO to P14. Quantification of the number of macrophages showed that anti-CSFI1R did
not affect these cells (A). Data are represented as number of Iba-1" cells per mm’. Statistics: one-
way ANOVA with Tukey’s multiple comparison test. Naive: n=3, IgG: n=3 and anti-CSFIR:
n=4. Representative pictures of Iba-1" macrophages in the liver of mice injected with rat IgG or
anti-CSF1R are shown in B. Scale bar = 50pm.
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Figure 4.2 Microglia population after anti-CSF1R treatment. Microglia were analysed after
immunohistochemistry for Iba-1 with or without cresyl violet counterstain in brains from P14
naive mice, and from mice that received i.p. injection of rat anti-CSFIR or rat IgG twice per
week, from PO to P14. Quantification of the number of microglia in the striatum did not show
any significantly changes between both treatment groups (A) but two out of the four anti-CSF1R
treated animals show almost no microglia and no perivascular cells in the brain (striatum in B, C

and D). The remaining few microglia in these two animals were restrictive to corpus callosum
(E). Scale bar = 50pm. Data in A are represented as number of Iba-1" cells per mm?. Statistics:
Kruskal-Wallis with Dunn’s multiple comparisons test. Naive: n=10, IgG: n=3 and anti-CSFIR:

n=4.
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4.2.2 Clodronate liposomes depleted peripheral macrophages and
significantly decrease the number of Iba" perivascular cells in the
brain

Clodronate containing liposomes were injected into the tail vein of C57Bl/6 mice either

24 hours or 48 hours before histological assessment at P14 (i.e. on P13 or P12

respectively). Vehicle control animals were treated with PBS filled liposomes and were

injected 24 hours before histological assessment at P14 (on P13), and baseline values
were assessed in naive animals at P14. Immunohistochemistry for Iba-1" macrophages in

the liver showed that clodronate treatment 24 or 48 hours before P14 resulted in a

significant (p<0.001) depletion of macrophages (Figure 4.3 A and B). The number of Iba-

1" macrophages in the liver were 425 + 13/mm” in naive animals, 438 + 36/mm” in mice

injected with PBS liposomes at 24 hours before P14, 35 + 13/mm” in mice injected with

clodronate-filled liposomes at 24 hours before P14 and 86 + 17/mm” in animals that
received clodronate liposomes at 48 hours before P14. Conversely, the number of
microglia did not change in the brains of any of the four treatment groups (Figure 4.4A).

Double immunohistochemistry for Iba-1 and vessels (laminin 1 + 2) was performed and

the total number of Iba-1" IPCs were counted in each brain. By P14, the number of Iba-

1" IPCs was significantly (p<0.05) decreased from naive animals to mice that were

injected with clodronate-filled liposomes at P12 (48 hours) (naive: 36 + 8/mm’ vs.

clodronate liposomes 48 hours: 15 + 2/mm?) (Figure 4.4C and D). The number of these

cells also decreased at P14 when clodronate-filled liposomes were injected at P13 (24

hours) though this was not statistically significant (Figure 4.4C).
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CHAPTER 4

Figure 4.3 Macrophages in the liver after injection of clodronate-filled liposomes.
Immunohistochemistry using Iba-1 antibody was performed to stain macrophages in naive livers
(P14) and, livers from P14 mice that received i.v. injection of liposomes filled with PBS or
clodronate 24 or 48 hours earlier (A). Quantification of the number of macrophages showed that
clodronate liposomes were efficient in depleting macrophages in the liver at P14 when they were
injected 24 or 48 hours before (B). Data are represented as number of Iba-1" cells per mm”.
Statistics: one-way ANOVA with Tukey’s multiple comparison test. Naive: n=3, PBS liposomes
P13: n=3, clodronate liposomes 24h: n=3 and clodronate liposomes 48h: n=4. Scale bar = 50um.
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Figure 4.4 Microglia and Iba-1" perivascular cell (IPCs) populations after injection of
clodronate-filled liposomes. Microglial cells and IPCs were analysed after double
immunohistochemistry for Iba-1 (brown) and vessels (GLUT-1) using brains from naive mice
(P14), and from P14 mice that received i.v. injection of liposomes filled with PBS or clodronate
24 or 48 hours earlier. Quantification of parenchymal Iba-1"cells showed that liposomes filled
with clodronate did not affect the number of microglia (A). Data are represented as number of
Iba-1" cells per mm?. Clodronate liposomes injected 48 hours before assessment at P14
significantly reduced the number of Iba-1" IPCs when compared to naive brains (B and C). Scale
bar = 50pum.Data are represented as total average number of Iba-1" IPCs in two entire brain
coronal sections that were approximately 120pum apart. Statistics: one-way ANOVA with
Tukey’s multiple comparison test for A and Kruskal-Wallis with Dunn’s multiple comparisons
test for B. Naive: n=7, PBS liposomes 24h: n=3, clodronate liposomes 24h: n=3 and clodronate
liposomes 48h: n=4. IPCs: Large flattened irregular perivascular macrophages.
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4.3 Discussion

The data in this chapter demonstrates for the first time that liposomes filled with
clodronate can be used to decrease the number of Iba-1" IPCs without affecting microglial
population during postnatal development. This was an improvement over the anti-CSF1R
method as this treatment affected the number of microglia population and, therefore,

could not be used to specifically deplete Iba-1"IPCs.

In the anti-CSF1R experiments, there was no reduction of Iba-1" cells in the liver but Iba-
1" cells were almost entirely depleted in the brain of two out of the four anti-CSFIR
treated mice when compared to naive or IgG-treated mice. This result contradicts
previous observations in adult mice, which indicates that peripheral anti-CSF1R
treatment causes depletion of resident macrophages in the liver, but does no effect brain
microglia (MacDonald et al., 2010). The authors have shown that the half-life of 400ug
of the CSF1R antibody injected in the peritoneal cavity of adult mice was 68 hours and
that injections thrice per week for three weeks in adult mice was sufficient to maintain
the antibody in circulation and to promote an almost complete depletion of macrophages
in the liver without interfering with microglia (MacDonald et al., 2010). In this study,
this experimental design was replicated, but the dose was adjusted to the weight of P14
mice (120pg). Anti-CSF1R treatment did not deplete macrophages in the liver at P14
suggesting that there are other trophic factors in circulation that keep macrophages alive
at this stage of postnatal development or that the dose of the antibody was inefficient to
overcome macrophage repopulation in the liver from self-renewal or blood-borne
monocytes (Sieweke and Allen, 2013; Varol et al., 2015), which may be faster and more
efficient than in adults as P14 liver is still growing (Alexander et al., 1997; Walthall et
al., 2005). However, this is speculative as there is no published data regarding this aspect

during postnatal development. In order to determine if this age specific effect is real,
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future experiments should include further examination of peripheral macrophage

populations after anti-CSFR1 treatment at different ages and doses.

One interpretation of the contradictory results between P14 and adult mice regarding the
brain is that the antibody was able to cross the BBB in neonatal mice, but not in adults.
Once in the brain the antibody against CSFI1R would be able to bind to the receptor in
microglia, inhibit microglia proliferation and lead to their death. CSF1R is known to be
expressed in microglia, and regulate cell proliferation and survival (reviewed in Chitu et
al., 2016). CSF1R-null mice brains were shown to be almost devoided of microglia either
at E18, Pl and adulthood (Erblich et al., 2011; Ginhoux et al., 2010). Moreover,
inhibition of CSFIR by PLX3397, which was administered mixed in the normal rodent
diet, was shown to deplete all microglia in the regions analysed (hippocampus, thalamus
and cortex) by day 21 of treatment in adult mice, without compromising the BBB (no
increased permeability to Evans blue observed). The same authors have also shown that
many microglia were positively stained for caspase-3, a classic marker of apoptosis,
during treatment (Elmore et al., 2014). It is possible that the specific composition of the
BBB at P14 may facilitate the transfer of the antibody against CSF1R more readily than
in the adult brain. It is known that tight junctions and many of the transport mechanisms,
including solute-linked carrier and efflux transporters, are present in the BBB very early
in the development and that this translates into functional effectiveness of the BBB
(reviewed in Ek et al., 2012 and Saunders et al., 2012). However, different patterns of
expression of proteins associated with transporters (influx and efflux), ion channels, and
metabolic and transduction pathways were also observed in the neonate when compared
to the adult brain (Daneman et al., 2010). Indeed, expression of influx transporters for
nutrients such as amino acids, glucose and trace metals was shown to be upregulated in

the mouse neonate endothelial cells (Daneman et al., 2010) and some were shown to be
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more active than in adult brain (Braun et al., 1980; Cornford and Cornford, 1986;
Cornford et al., 1982; Lefauconnier and Trouvé, 1983; Pardridge and Mietus, 1982).
Some amino acid transporters and transferrin receptors were also shown to facilitate the
transport of toxic compounds such as heavy metals and different drugs (reviewed in Ek
et al., 2012 and Saunders et al., 2012, 2016). Therefore, changes in function of different
transporters may determine the composition of the brain environment essential for
development and allow the entry of the CSFIR antibody. Another hypothesis for
microglia depletion at P14 could be that anti-CSF1R would affect microglia influx to the
brain. However, it is now thought that resident microglia population is well established
by P14 and that proliferation of these resident cells is responsible for the increasing
number of microglia during development (Alliot et al., 1999; Ginhoux et al., 2010;
Kierdorf et al., 2013; Schulz et al., 2012). Future experiments are necessary in order to
confirm the observation that anti-CSF1R treatment reduces microglia, as only two out of
four treated mice showed almost complete depletion of Iba-1" cells. It is important to
study how microglia are depleted and if these cells repopulate the brain after being
removed at P14. Previous studies have already shown that microglia repopulate from
brain-resident progenitor cells after being depleted by PLX3397 in adult mice (Elmore et
al., 2014), though no data is available regarding young mice. It would also be interesting
to examine repopulation follow CSFI1R-mediated depletion to discover whether the
morphology and distribution of the cells return to normal. In addition, mice at other time
points during postnatal development could be treated with the antibody in order to verify
if this phenomenon of microglia depletion occurs throughout this period and to discover
the specific time point when CSFIR is no longer able to access the brain. Even if
complete depletion had been observed in this study, these results suggest that anti-CSF1R

treatment is not the best option to specifically deplete Iba-1" perivascular cells.
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The second approach used in this chapter for Iba-1" IPCs was the injection of liposomes
filled with clodronate, which are known to cause macrophage apoptosis. These liposomes
were shown to be engulfed by macrophages and once inside the cells, clodronate was
released and, consequently, induced apoptosis (Van Rooijen et al., 1996). However,
liposomes cannot cross the vascular barriers formed by capillary walls in many organs
and are, therefore, restricted in their targeting of tissue specific macrophages. In order to
overcome this, liposomes need be administrated through a tissue specific route in order
to encounter target macrophage populations (Rooijen and Sanders, 1994; van Rooijen
and van Kesteren-Hendrikx, 2002). Injection of 0.1ml of the liposome suspension, which
contains Smg/ml of clodronate per 10 grams of animal weight, was shown to deplete
circulating and, consequently, liver macrophages within 24 hours when injected via i.v.
route (Rooijen and Hendrikx, 2010; Van Rooijen and Sanders, 1996, 1998; Van Rooijen
et al., 1990; Sunderkotter et al., 2004; Xue et al., 1999). I.v. administration of liposomes
filled with clodronate in rats was also shown to reduce infiltration of macrophages to the
brain in EAE without affecting perivascular macrophages, and, therefore, suggesting that
liposomes do not cross the BBB (Bauer et al., 1995b; Huitinga et al., 1990). This method
was implemented in the current study in order to deplete circulating
monocytes/macrophages and, consequently, limit migration of these cells to the
perivascular space in the brain. Injection of clodronate-filled liposomes into mice 24
hours before they reached P14 induced an almost complete depletion of Iba-1"
macrophages in the liver at P14 when compared to naive animals and those injected with
PBS liposomes. This indicated that the treatment successfully depleted Kupfer cells in
the liver. The injected liposomes did not affect the resident microglial population owing
to the fact that liposomes injected peripherally do not cross BBB (Bauer et al., 1995b;

Claassen and Van Rooijen, 1984; Huitinga et al., 1990). When clodronate liposomes were
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injected at P13 (24 hours before reaching P14), mice showed a reduction of Iba-1" IPCs
when compared to naive animals and those injected with PBS liposomes, though this
effect was not significant. For this reason, clodronate liposomes were also injected 48
hours before reaching P14, which promoted a further reduction and this time significant
when compared to naive mice. This suggests that liposomes successfully reduced Iba-1"
IPCs and, consequently, may be used to study the effects of focal inflammation in the

absence of Iba-1" IPCs.

Liposomes filled with clodronate did not completely deplete the specific Iba-1" cell
population associated with vessels at P14, which suggests that these cells may migrate
from the circulation to the perivascular space at earlier time points prior to P12. It would
be expected that the injection of clodronate liposomes even earlier than P12 may
completely deplete these cells. However, it is important to consider that macrophages
repopulation in the liver starts 4 days after liposomes injection (Van Rooijen et al., 1990;
Yamamoto et al., 1996) and, therefore, repeated injections might have a greater and
longer effect on the number of Iba-1" cells being recruited to the perivascular space in the
brain than single injections. It is also known that adult perivascular cells are bone marrow
derived and these cells are continuously replaced by blood-borne monocytes (Williams
et al.,, 2001). Previous findings have shown a constant turnover of adult perivascular
macrophages in physiologic conditions (Bechmann et al., 2001). Therefore, it is
important that liposomes also deplete monocytes in circulation. Previous studies have
shown that monocytes were almost completely depleted in the circulation 18 hours after
i.v. injection of liposomes filled with clodronate and that they started to repopulate 24
hours after the injection (Sunderkotter et al., 2004). Others have also shown that
monocytes were only partially depleted in the circulation 48 hours after i.v. injection of

clodronate liposomes (Zhang-Hoover et al., 2000). In my experiments, circulating
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monocytes may not be completely depleted following injection of clodronate liposomes
both at P12 or P13. This would then result in the consequent migration of those cells into
the perivascular space in the brain where they could differentiate into IPCs (Van Rooijen
et al., 1997). Based on the data observed here and previous studies, future experiments
should include i.v. injections of liposomes filled with clodronate every day from P10 or
P11 to P13 and blood should be analysed to verify the absence of monocytes. If this were
to completely deplete the Iba-1" IPCs population, it would be then possible to assess if
absence of Iba-1" IPCs would protect the brain from neutrophil recruitment and BBB
disruption following focal inflammation. Perivascular macrophages can be completely
depleted by intraventricular injection of liposomes filled with clodronate (Polfliet et al.,
2002, 2001). This protocol would allow us to test if, in fact, Iba-1" IPCs are present in
the perivascular space but it wouldn't allow us to test our main hypothesis that the age-

specific IPC population is transiently recruited from the periphery to the brain at P14.

4.4 Conclusion

The results in this chapter showed that the antibody against CSFIR (M279) failed to
deplete macrophages in the liver and to protect microglia in the brain, contrary to
expectations from previous work in adult mice. Therefore, this antibody may not be
appropriate for use in young animals to study the influence of the specific absence of
peripheral macrophages on the brain response to inflammation. Injection of liposomes
filled with clodronate was more effective in depleting peripheral macrophages and,
consequently, limiting the recruitment of macrophages into the brain without interfering
with the microglial population. These findings highlight the importance of the
developmental stage of the animals on their response to exogenous molecules and that
extrapolation of data from studies using adult animals may not be straightforward.
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Finally, i.v. injection of liposomes containing clodronate was shown to be a good model
to reduce the number of Iba-1" IPCs in the brain and, consequently, to assess the
importance of these cells in the "window of susceptibility" to inflammation in the brain,

which may be used in the future.
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CHAPTER 5

EXPERIMENTAL ACTIVATION OF THE ACUTE PHASE RESPONSE

AFTER FOCAL BRAIN INJURY INVERTS THE "WINDOW OF

SUSCEPTIBILITY"

5.1 Introduction and aims

In this chapter, the relationship between brain inflammation and the peripheral
inflammatory response during postnatal development was studied. It is known that
inflammation in the CNS is followed by a peripheral APR that is coordinated mainly by
the liver in adult rodents (Anthony and Couch, 2014; Anthony et al., 2012). However,
this has not been examined during the first weeks after birth in comparison with the
adults. It was our suspicion that the altered APR during development might, in some way,
account for the appearance of the "window of susceptibility". Low or high doses of IL-
1B were injected in the striatum of P7, P14, P21 and 8-week-old C57B1/6 mice and the
inflammatory response in the liver was studied after 4 hours. Naive and saline injected
mice were used as controls and to study the baseline immune environment in the liver
during the postnatal period. With these experiments the variability in the liver immune
response to neuroinflammation during postnatal development, and the relationship
between the severity of brain and peripheral inflammatory responses during development
were explored. Finally, the impact of activating the liver immune response on the
susceptibility of the brain to inflammation was studied. For all these experiments,
histology and gene expression analysis were performed in order to investigate the
recruitment of leukocytes and expression of inflammatory mediators in the liver and in

the brain.
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5.2 Results

5.2.1 Basal expression of key inflammatory mediators and the number of
neutrophils in the liver were highest in younger mice
Before studying the immune response in the liver following brain focal inflammation, it
was important to examine the liver immune status during development. Therefore,
mRNA expression of inflammatory mediators (Figure 5.1) and leukocyte content (Figure
5.2) in the liver were analysed in the naive C57Bl1/6 mice at different postnatal ages (P7,
P14, P21 and 8 weeks). Expression levels of all transcripts were calculated as relative
fold change from expression levels of naive 8-week-old mice. In general, the expression
of most of the pro- and anti- inflammatory mediators measured were higher in young
animals than in older mice. Hepatic IL-1p expression levels did not change throughout
development. However, IL-6 expression was higher (p<0.01) in the liver at P7 (5.96
0.47) compared to the other ages. The expression levels of this cytokine decreased from
P7 to 2.98 £ 0.61 at P14. The levels observed at P7 and P14 were significantly higher
than those measured at P21 (1.34 + 0.23) and 8 weeks (1.00 £ 0.03). TNF and IL-10
exhibited a similar expression pattern. These cytokines were elevated in the liver at P7
(TNF-a: 2.90 + 0.33, IL-10: 2.03 + 0.28) though, only significantly different from P21
(TNF-a: 1.09 £ 0.53 and IL-10: 0.93 £ 0.22) and 8 weeks (TNF-a: 1.03 £ 0.17 and IL-
10: 1.00 + 0.04). At P14, the expression levels of TNF and IL-10 were 1.86 £+ 0.30 and
1.21 £ 0.21, respectively, and these were not significantly different from other ages.
Expression of the adhesion molecule ICAM-1 and the chemokines CXCL-1, CXCL-2
and CXCL-5 were also measured in the naive liver. ICAM-1 mRNA expression was
significantly (p<0.05) higher at P7 (1.84 £ 0.10) and P14 (1.79 £ 0.18) when compared

to 8 weeks (1.00 £ 0.03) but not to P21 (1.43 + 0.23). CXCL-1 and CXCL-2 expression
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did not differ during development. However, CXCL-5 was significantly (p<0.05) higher
during the first three weeks after birth (P7: 3.51 £ 0.17, P14: 2.97 £ 0.34 and P21: 3.22 +

0.41) when compared to 8-week-old mice (1.10 + 0.32) (Figure 5.1).

The presence of leukocytes in the liver during normal development was evaluated by
looking at mRNA expression of CD11b, a marker for leukocytes, including monocytes
and macrophages, and by immunohistochemistry for neutrophils. The expression of
CD11b decreased throughout development though this was not statistically significant
(P7: 1.77 £ 0.06, P14: 1.41 £ 0.15, P21: 1.24 £ 0.24 and 8 weeks: 1.00 £ 0.06) (Figure
5.2A). The number of neutrophils in the liver was quantified after immunohistochemistry
using MBS (Figure 5.2B and C). At P7, 205.5 cells/mm” were present in the liver and this
number was significantly (p<0.001) higher than in P14, P21 and 8-week-old livers. The
number of neutrophils significantly decreased from 65.51 cells/mm” at P14 to 38.63
cells/mm” at P21 and to 21.84 cells/mm” at 8 weeks. Specifically, at P7, many neutrophil

clusters were observed throughout the liver (Figure 5.2C).

5.2.2 Expression of key inflammatory mediators and the number of
leukocytes in the liver increased after injection of a high dose of IL-
1P in the brain and were highest at P7 and P14

mRNA expression of the same inflammatory mediators studied above was also measured

in the liver after injection of saline, 1ng or 100ng IL-1f in the striatum of P7, P14, P21

and 8-week-old C57Bl/6 mice (Figure 5.3 and 5.4). Expression levels of all transcripts
were calculated as relative fold change from expression levels of naive 8-week-old mice.

There were no significant differences between the expression levels of all inflammatory

mediators between naive and saline injected striatum except CXCL-1 mRNA expression,

which significantly increased in saline injected animals at P7 (1.03 £ 0.13 naive vs. 96.97
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+ 9.39 saline), P14 (1.05 + 0.10 naive, 80.97 + 8.00 saline) and 8 weeks (1.07 + 0.24
naive vs. 60.96 £ 16.86 saline) and ICAM-1 mRNA expression at P7 (1.84 £ 0.10 naive

vs. 3.65 £ 0.41 saline) (Figure 5.4).
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Figure 5.1 mRNA expression of pro- and anti- inflammatory cytokines in the liver during
postnatal development. IL-153, IL-6, TNF, IL-10, ICAM-1, CXCL-1, CXCL-2 and CXCL-5
mRNA was measured by RT-qPCR in the naive liver of mice at different postnatal ages (P7, P14,
P21 and 8 weeks). IL-6, TNF-a, IL-10 were highly expressed in younger animals and decreased
throughout development. ICAM-1 and CXCL-5 were highly expressed during the first 3 weeks
after birth when compared to adult mice while CXCL-1 and CXCL-2 expression did not change
throughout development. Data are represented as relative fold change from expression levels of
8-week-old naive mice. Samples were compared with two housekeeping genes (Csnk2a2 and
Paklipl). Bars represent mean + SEM. *p<0.05. Statistics: one-way ANOVA with Tukey’s
multiple comparison test. P7: n=4, P14: n=4, P21 n=4 and 8 weeks: n=3.
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Figure 5.2 mRNA expression of CD11b and the number of neutrophils in the liver during
postnatal development. CD11b mRNA was measured by RT-qPCR and the number of
neutrophils were counted after immunohistochemistry for neutrophils (MBS) in the naive liver
of C57B1/6 mice at different postnatal ages (P7, P14, P21 and 8 weeks). CD11b expression did
not significantly change during development (A) and the number of neutrophils was highest at
P7 (B). Representative pictures of immunohistochemistry for neutrophils (brown) with cresyl
violet counterstain in the liver at the different ages are shown in C. Scale bar = 50pm. Data are
represented as relative fold change from expression levels of 8-week-old naive mice in A and as
number of neutrophils per mm? in B. Samples were compared with two housekeeping genes
(Csnk2a2 and Paklipl) in A. Bars represent mean = SEM. *p<0.05 and ***p<0.001. Statistics:
one-way ANOVA with Tukey’s multiple comparison test. P7: n=4, P14: n=4, P21 n=4 and 8

weeks: n=4.
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The mRNA expression of most pro- and anti- inflammatory mediators did not change in
the liver after i.c. injection of 1ng IL-1p. Only TNF significantly increased between saline

(0.91 £0.06) and Ing IL-1B (1.53 £ 0.09) at 8 weeks (Figure 5.3).

The i.c injection of 100ng IL-1p increased the expression of most of the inflammatory
mediators in the liver in an age-dependent manner (Figure 5.3 and 5.4). In detail, IL-1
expression was significantly upregulated at P7 (10.30 + 1.04 vs 4.07 = 0.64 saline and
3.48 £ 0.69 Ing IL-1B) and P14 (7.53 £ 0.45 vs. 1.74 £ 0.09 saline and 1.14 £ 0.27 Ing
IL-1B) but not at P21 and 8 weeks. IL-6 expression significantly increased after i.c.
injection of 100ng IL-1p in the liver of P7 (104.40 £ 10.23 vs. 7.40 £ 2.22 saline and 4.73
+ 0.84 Ing IL-1B), P14 (84.85 £ 5.17 vs. 1.42 £ 0.34 saline and 1.52 £ 0.50 Ing IL-1B),
P21 (8.81 £2.21 vs. 0.98 £ 0.29 saline and 1.06 = 0.16 Ing IL-1p) and 8-week-old (3.65
+ 0.44 vs. 0.88 £ 0.14 saline, 1.00 £ 0.14 Ing IL-1B) mice. TNF expression was
significantly upregulated in the liver only when 100ng IL-1 was injected in the brain at
P7 (7.86 £ 0.41 vs. 4.42 £ 0.83 saline and 3.79 + 0.37 1Ing IL-1pB), P14 (6.42 £ 0.60 vs.
1.99 £ 0.25 saline and 2.32 £ 0.82 Ing IL-1B) and P21 (2.34 £ 0.09 vs. 0.58 £ 0.02 saline
and 0.58 £ 0.12 1ng IL-1P). IL-10 was only significantly upregulated in the liver at P21
after i.c. injection of 100ng IL-1B (2.05 £ 0.13 vs. 0.77 £ 0.13 saline, 0.70 £ 0.08 1ng IL-
1B) (Figure 5.3). ICAM-1 expression was significantly induced in the liver at P14 (3.82
+0.21 vs.2.10 £ 0.32 saline and 1.46 £ 0.31 Ing IL-1pB), P21 (4.23 £ 0.60 vs. 0.97 £ 0.33
saline and 1.26 + 0.086 1ng IL-1B) and 8-week-old (3.20 £ 0.22 vs. 1.01 £ 0.05 saline
and 0.90 £ 0.06 1ng IL-1PB) mice. CXCL-1 mRNA expression significantly increased at
P14 (150.80 £ 4.65 vs. 80.97 £ 8.00 saline and 62.15 + 14.53 Ing IL-1p) and P21 (125.2
+ 17.76 vs. 32.54 £ 12.56 saline and 34.88 + 10.67 Ing IL-1B), and CXCL-2 was

significantly upregulated in the liver after i.c. injection of 100ng IL-1p at P7 (82.99 £
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18.00 vs. 3.14 £ 0.63 saline and 3.63 £ 0.45 Ing IL-1P), P14 (46.22 £ 6.57 vs. 3.08 +
0.54 saline and 2.07 £ 0.61 1ng IL-1B), P21 (46.35 £ 19.50 vs. 2.51 £ 0.20 saline and
2.37£0.24 Ing IL-1B) and 8 weeks (3.77 £0.77 vs. 1.52 + 0.23 saline and 1.33 £ 0.17
Ing IL-1B). Finally, CXCL-5 expression significantly increased at P7 (10.60 + 1.28 vs.
3.28 £0.70 saline and 2.31 £ 0.29 Ing IL-1B) and P14 (12.60 + 0.85 vs. 2.45 + 0.34 saline
and 1.15 £ 0.31 Ing IL-1pB). This chemokine was also upregulated at P21 (5.41 £+ 0.84),
though only significantly different from Ing IL-1B group (2.01 + 0.31), and at 8§ weeks
(2.35 £ 0.29) when compared to Ing IL-1 (1.35 £ 0.09) group of mice (Figure 5.4). The
magnitude of increase in the expression of a number of inflammatory mediators in the
liver after i.c. injection of 100ng IL-1p was significantly higher at P7 when compared to
the other ages, which was shown by a two-way ANOV A analysis with Bonferroni—Dunn
post-hoc test. Indeed, mRNA expression of IL-1B, IL-6, TNF, IL-10, ICAM-1 and
CXCL-2 in the liver after 100ng IL-1p injection in the brain was highest at P7 and
decreased with age. CXCL-1 expression exhibited a very different pattern when
compared to the other inflammatory mediators. After 100ng IL-1p injection in the brain,
the liver expressed higher levels of this chemokine at P14 and P21 than at P7 or 8 weeks.
Finally, i.c. injection of 100ng IL-1p induced higher levels of CXCL-5 in the liver at P7

and P14 when compared to P21 and 8 weeks (p<0.01) (Table 5.1).

In order to determine if the increase in mMRNA expression of the inflammatory mediators
in the liver correlated with the presence of leukocytes, CD11b mRNA expression and the
number of neutrophils in the liver were quantified after injection of 100ng IL-1p in the
brain. CD11b expression was significantly upregulated in the liver at P7 (5.34 £ 0.23 vs.
1.78 £ 0.06 naive and 2.67 £+ 0.28 saline), P14 (3.36 £ 0.18 vs. 1.41 £ 0.15 naive and 1.87

+ 0.13 saline) and P21 (2.26 £ 0.15 vs 1.24 £ 0.34 naive and 0.91 £ 0.16 saline). When a
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comparison was made between between ages, CD11b expression in the liver after i.c.
injection of 100ng IL-1P was highest at P7 and significantly decreased throughout
development (Figure 5.5A). Immunohistochemistry was performed to detect neutrophils
in the liver and the number of these cells per mm? of liver was quantified (Figure 5.5B
and C). The number of neutrophils in the liver significantly increased at all ages after
injection of 100ng IL-1p in the brain. The number of cells increased from approximately
205 + 10/mm’ (naive) and 186 + 8/mm? (saline) to 362 + 40/mm” at P7, 65 £+ 2/mm’
(naive) and 83 + 11/mm?” (saline) to 338 + 52/mm” at P14, 39 + 3/mm” (naive) and 74 +
3/mm” (saline) to 237 + 8/mm” at P21, and from 22 + I/mm” (naive) and 31 + 3/mm?’
(saline) to 155 + 18/mm” at 8 weeks. The two-way ANOVA with Bonferroni-Dunn post-
hoc test used also showed that the number of neutrophils in the liver was highest at P7
and P14 (p<0.001), and significantly decreased to P21 and from P21 to 8 weeks in
response to i.c. injection of 100ng IL-1p (Figure 5.5B). Figure 5.6 shows representative
pictures of the data described above, including livers from saline and 100ng IL-18

injected mice.

In summary, injection of a high dose of IL-1P in the brain increased the number of
neutrophils in the liver at all time points, but it was greatest at the earlier time points (P7
and P14). In addition, it is clear that the APR at P14 was not very different from P7 except
that CXCL-1 was increased. Finally, there was not an evident APR when a low dose of
IL-1B was injected in the left striatum at any time point and, therefore, may not account

to the "window of susceptibility" found in chapter 3.
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Figure 5.3 Effect of low and high doses of IL-1f in the brain on mRNA expression of pro-
and anti- inflammatory cytokines in the liver. IL-1B, IL-6, TNF and IL-10 mRNA was
measured by RT-qPCR in the liver of naive mice and mice that received i.c. injection of saline or
Ing IL-1pB or 100ng IL-1p at different postnatal ages (P7, P14, P21 and 8 weeks). Injection of 1ng
IL-1B in the brain did not induced the expression of any of the cytokines, but injection of 100ng
IL-1PB in the brain promoted the expression in the liver: IL-1p at P7 and P14, IL-6 throughout
development, TNF at P7, P14 and P21, and IL-10 at P7 and P21. Data are represented as relative
fold change from expression levels of 8-week old naive mice. Samples were compared with two
housekeeping genes (Csnk2a2 and Paklipl). Bars represent mean £ SEM. *p<0.05, **p<0.01
and ***p<0.001. Statistics: one-way ANOVA with Tukey’s multiple comparison test. P7: n=4
for saline, n=5 for Ing and 100ng IL-1B; P14: n=4 for saline, n=3 for 1ng IL-1B, n=5 for 100ng
IL-1B, P21: n=4 for saline, Ing IL-1B and 100ng IL-1B; 8 weeks: n=4 for saline and 1ng IL-1,
n=5 for 100ng IL-1p.
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Figure 5.4 Effect of low and high doses of IL-1p in the brain on mRNA expression of
adhesion molecules and chemokines in the liver. ICAM-1, CXCL-1, CXCL-2 and CXCL-5
mRNA was measured by RT-qPCR in the liver of naive mice and mice that received i.c. injection
of saline or Ing IL-1B or 100ng IL-1p at different post-natal ages (P7, P14, P21 and 8 weeks).
Injection of 1ng IL-1p in the brain did not induced the expression of any of the inflammatory
mediators, but injection of 100ng IL-1p in the brain promoted the expression in the liver: ICAM-
1 at P14, P21 and 8 weeks, CXCL-1 at P14 and P21, CXCL-2 throughout development, and
CXCL-5 at P7 and P14. Data are represented as relative fold change from expression levels of 8-
week old naive mice. Samples were compared with two housekeeping genes (Csnk2a2 and
Paklipl). Bars represent mean + SEM. *p<0.05, **p<0.01 and ***p<0.001. Statistics: one-way
ANOVA with Tukey’s multiple comparison test. P7: n=4 for saline, n=5 for Ing and 100ng IL-
1B; P14: n=4 for saline, n=3 for 1ng IL-1B, n=5 for 100ng IL-1p, P21: n=4 for saline, 1ng IL-1f
and 100ng IL-1p; 8 weeks: n=4 for saline and 1ng IL-1, n=5 for 100ng IL-1.
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Table 5.1 Hepatic mRNA expression levels of inflammatory mediators after injection of

100ng IL-1p in the brain at different time points during postnatal period.

P7 P14 P21 8 weeks P<0.05
IL-1B 10.30+ 1.04 | 7.53+0.45 1.79 + 0.23 1.07+0.12
P7 vs.P14,P21 and 8 weeks
IL-6 |104.40+10.23| 84.85+5.17 | 8.81+2.21 | 3.65+0.44 P14vs. P7. P21 and 8 weeks
TNF 7.86+0.41 6.42+0.60 | 234+0.09 | 1.11+0.16
IL-10 5.02 +0.66 2.32+0.37 2.05+0.13 1.71+0.16 |P7 vs.P14,P21 and 8 weeks
ICAM-1| 5.11+0.53 3.82+0.21 423+0.60 | 3.20+0.22 P7 vs. P14 and 8 weeks
P7 vs. P14 and P21
CXCL-1| 72.41+4.70 [150.80+4.65|125.2+17.76(45.90+ 11.10 2 weeks vs. P14 and P21
P7 vs.P14,P21 and 8 weeks
CXCL-2| 82.99+ 18.00 | 46.22+ 6.57 |46.35+19.50| 3.77+0.77 P14 vs. P7 and 8 weeks
P21 vs. P7 and 8 weeks
P7 vs. P21 and 8 weeks
CXCL-5| 10.60+1.28 | 12.60+0.85 | 541+0.84 | 2.35+0.29 | P14 vs. P7,P21 an 8 weeks

P21 vs. 8 weeks

Data are represented as relative fold change from expression levels of 8-week old naive mice.
Samples were compared with two housekeeping genes (Csnk2a2 and Paklipl). Statistical
significance was calculated by a two-way ANOVA analysis with Bonferroni—Dunn post-hoc test,

where all conditions (naive, saline, Ing IL-1f3 and 100ng IL-1p) and ages were compared.
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Figure 5.5 mRNA expression of CD11b and the number of neutrophils in the liver after
injection of 100ng IL-1P in the brain. CD11b mRNA was measured by RT-qPCR and the
number of neutrophils were counted after immunohistochemistry for neutrophils (MBS) in the
liver of naive mice and mice that received i.c. injection of saline or 100ng IL-1p at different
postnatal ages (P7, P14, P21 and 8 weeks). Injection of 100ng IL-1B in the left striatum
significantly induced CD11b expression in the liver at P7, P14 and P21. CD11b expression after
brain inflammation was highest at P7 and decreased throughout development (A). The number
of neutrophils in the liver increased after i.c. injection of 100ng IL-1p in all ages and this increase
was higher at P7 and P14 than at P21 and 8 weeks (B). Data are represented as relative fold
change from expression levels of 8-week old naive mice in A and as number of neutrophils per
mm” in B. Samples were compared with two housekeeping genes (Csnk2a2 and Paklipl) in A.
Bars represent mean + SEM. **p<0.01 and ***p<0.001. For A) #p<0.05 vs. naive 8 weeks, $
significantly different from all saline values, $$ significantly different from all 100ng values. For
B) ###p<0.001 vs. all naive values, $ significantly different from all saline values, SS
significantly different from 100ng P21 and 8 weeks, $$$ significantly different from all 100ng
values. Statistics: two-way ANOVA with Bonferroni—-Dunn post-hoc test. For A) P7: n=4 for
naive and saline, n=5 for 100ng IL-1B; P14: n=4 for naive and saline, n=5 for 100ng IL-1f; P21
n=4 each group and 8 weeks: n=4 for naive and saline, n=5 for 100ng IL-1p. For B) P7: n=3
each group, P14: n=3 each group, P21: n=3 each group and 8 weeks: n=4 for naive and saline,
n=7 for 100ng IL-1p.
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Figure 5.6 Neutrophil recruitment to the liver after injection of 100ng IL-1§ in the brain.
Representative pictures of neutrophil (MBS) immunohistochemistry with cresyl violet
counterstain using liver sections from mice that received i.c. injection of saline or 100ng IL-1f3 at
P7, P14, P21 or § weeks. Scale bar = 50um.
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5.2.3 The "window of susceptibility" in the brain disappeared after 100ng
IL-1p injection in the brain
In chapter 3, it was shown that 1ng IL-1p injection in the left striatum increased BBB
permeability and neutrophil recruitment to the parenchyma at P14. In addition, i.c.
injection of 1ng IL-1P did not produce peripheral inflammation. Given that the 100ng
dose of IL-1p affected the liver inflammatory response, experiments were performed to
determine if this dose of IL-1p would have the same effect in the brain as Ing IL-1p.
Previous studies have shown that increasing doses of IL-1f injected in the brain in adult
rats not only induced the APR in the liver, but also a dose-dependent leukocyte
recruitment to the brain (Campbell et al., 2003). Double immunohistochemistry for
neutrophils (MBS) and vessels (Glut-1) and immunohistochemistry for endogenous IgG
were performed using brain sections of naive and saline or Ing IL-1$ or 100ng IL-1
injected mice. As discussed in chapter 3, no neutrophils were observed in naive or saline
injected mice. Representative spatial maps of neutrophil distribution in brains injected
with Ing IL-1p at P7, P14, P21 and 8 weeks showed that, as indicated previously in
chapter 3, large number of neutrophils were recruited to the ipsilateral hemisphere at P14.
Very few neutrophils were found in the brain of P7, P21 and 8week-old mice injected
with Ing IL-1P. Representative spatial maps of neutrophil recruitment to the brain
injected with 100ng IL-1B showed that very few neutrophils were present in any of the
time points of development (Figure 5.7). To confirm these observations, neutrophils were
counted in all ipsilateral striatum to determine their presence in the brain parenchyma or
vessels (Figure 5.8). There was a decrease in the number of neutrophils in the parenchyma
from i.c. injection of 1ng IL-1p to 100ng IL-1p at P7 (23 + 10 cells/mm® and 0.14 + 0.14

cells/mm’, respectively), P14 (85 + 21 cells/mm” and 1 + 0.1 cells/mm?, respectively) and

P21 (13 + 4 cells/mm® and 1 + 1 cells/mm®, respectively), though only significantly
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(p<0.001) different at P14 (Figure 5.8B). At 8 weeks the brain parenchyma had 0.1 £ 0.1
cells/mm” when Ing IL-1p was injected and 1 + 1 cells/mm? after i.c. injection of 100ng
IL-1B, but this was not statistically different (Figure 5.8B). In vessels, there was a
significant decrease on the number of cells from Ing IL-1 to 100ng IL-1p at P7 (11 £ 3
cells/mm” and 2 + 0.5 cells/mm?, respectively), P14 (8 + 1 cells/mm” and 2 + 0.2
cells/mm’, respectively) and P21 (8 + 2 cells/mm” and 1 + 0.5 cells/mm’, respectively).
There was no significant decrease at 8 weeks (1ng IL-1p: 0.1 + 0.1 cells/mm® and 100ng
IL-1PB: 1 + 1 cells/mm?) (Figure 5.8C). The Two-way ANOVA analysis with Bonferroni—
Dunn post-hoc test used for these results also showed that the number of neutrophils in
vessels significantly decreased from P7, P14 and P21 to 8 weeks and that the number of
neutrophils in the parenchyma was higher at P14 than at P7, P21 and 8 weeks 4 hours
after the i.c. injection of Ing IL-1P. However, these changes were no longer statistically
significant when 100ng IL-1f was injected in the striatum, showing that the number of
cells either in vessels or in the brain parenchyma is similar between the different ages
(Figure 5.8B and C). The absence of neutrophils at P14 after i.c. injection of 100ng IL-
I when compared to Ing IL-1B injection in the brain was correlated with BBB
permeability. As observed in chapter 3, 1ng IL-1P injection in the brain increased BBB
permeability to endogenous IgG only at P14 when compared to P7 and P21. No increased
BBB permeability was observed at 8 weeks when compared to saline controls. After i.c.
injection of 100ng IL-1p, no increased BBB permeability was detected in any time point

when compared with saline control (Figure 5.9).
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Figure 5.7 Spatial maps of neutrophil distribution after injection of 1ng or 100ng IL-1p in
the brain. Double immunohistochemistry for neutrophils (MBS) and vessels (GLUT-1) was
performed using brain sections from mice that received i.c. injection of Ing or 100ng IL-1f at
P7, P14, P21 or 8 weeks. Representative spatial maps were obtained and these showed that more
neutrophils were present in the ipsilateral hemisphere at P14 after i.c. injection of Ing IL-1 when
compared to P7, P21 and 8-week-old mice. Very few neutrophils were present in the brain at any
time point during postnatal development when 100ng IL-1p was injected in the striatum.
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Figure 5.8 Recruitment of neutrophils to the brain after injection of 1ng or 100ng IL-1p in
the brain. The number of neutrophils were counted in brains injected with Ing or 100ng IL-1f3
at P7, P14, P21 or 8 weeks after double immunohistochemistry for neutrophils (MBS, brown)
and vessels (laminin 1+2, purple) on the basis of their presence in the parenchyma or in vessels
(A). More neutrophils were recruited to the brain parenchyma after i.c. injection of 1ng IL-1f at
P14 when compared to P7, P21 and 8-week-old mice and this difference disappeared after 100ng
IL-1P injection in the brain (B). In vessels, more neutrophils were counted at P7, P14 and P21
than at 8 weeks when Ing IL-1B was injected in the brain and all ages had approximately the
same number of neutrophils after i.c. injection of 100ng IL-1B (C). Data are represented as
number of neutrophils per mm® of striatum. *p<0.05, ***p<0.001, ###p<0.001 vs. all Ing values
and ##p<0.01 vs. Ing 8weeks mean. Statistics: two-way ANOVA with Bonferroni—Dunn post-
hoc test. P7: n=4 each group; P14: n=>5 for Ing IL-1p, n=3 for 100ng IL-1pB; P21: n=4 for Ing IL-
1B, n=3 for 100ng IL-1B; 8 weeks: n=3 each group. Scale bar = 50pm.
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Figure 5.9 Effects of 1ng or 100ng IL-1p in the brain on BBB permeability. BBB permeability
to endogenous IgG was measured in brains injected with saline or 1ng or 100ng IL-1 at P7, P14,
P21 or 8 weeks. Representative pictures of BBB permeability in the ipsilateral striatum of each
treatment group of mice are shown. Significant increase in BBB permeability was observed only
at P14 after i.c. injection of Ing IL-1p and not after 100 ng IL-1B. Scale bar = 50pm. P7: n=4
each group; P14: n=4 for saline, n=5 for Ing IL-1p, n=3 for 100ng IL-1f; P21: n=4 for saline and
Ing IL-1B, n=3 for 100ng IL-1pB; 8 weeks: n=3 each group.
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5.2.4 Blood-brain barrier permeability and neutrophil recruitment to the
brain decreased while brain expression of inflammatory mediators
increased with the concentration of IL-1p injected in the brain

In light of the findings described above, a more extensive dose response experiment was

performed at P14, repeating the previous findings together with an additional

intermediate dose of 10ng. BBB permeability, neutrophil recruitment and expression of

IL-1B and ICAM-1 were examined and compared to naive and saline injected mice. After

4 hours, IgG positive stain was found in the ipsilateral striatum after Ing IL-1p injection,

consistent with previous results. This decreased when 10ng IL-1p was injected in the

brain, and almost no IgG was visible after i.c. injection of 100ng IL-1p (Figure 5.10).

Ing IL-1p 10ng IL-1p 100ng IL-1p

Figure 5.10 Effects of increasing doses of IL-1$ on BBB permeability during susceptible
period. BBB permeability to endogenous IgG was measured in brains injected with 1ng, 10ng or
100ng IL-1p at P14. BBB permeability was highest in the ipsilateral striatum injected with 1ng
IL-1B and this decreased with the increasing concentration of IL-1p injected in the brain. n=3
each group. Representative pictures are shown here.

This result was correlated with the number of neutrophils recruited to the brain. After
immunohistochemistry for neutrophils (MBS) and vessels (Glut-1), it was observed that
the number of neutrophils in the ipsilateral striatum decreased with the severity of the
inflammation (Figure 5.11A and B). In brains injected with Ing IL-1B, 37 £ 18

neutrophils per mm? of striatum were observed in vessels and 126 + 41 neutrophils per
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mm” of striatum were found in the parenchyma, indicating that from the total number of
neutrophils recruited to the brain more of these cells were able to reach the parenchyma
(p<0.05) (Figure 5.11C). When 10ng (14 + 7/mm” in vessels and 10 + 7/mm” in the
parenchyma) or 100ng IL-1B (5 + 1/mm” in vessels and 2 + 0.2/mm” in the parenchyma)
were injected in the striatum, not only were there fewer neutrophils found all together,
but a smaller percentage were able to cross the BBB. The difference between the number
of cells in the parenchyma was not statistically significant when 10ng or 100ng IL-13
were injected in the brain, and the same was observed for the number of cells in vessels.
Consequently, the number of neutrophils in the parenchyma was significantly (p<0.01)
higher when Ing IL-1P was injected in the brain when compared to 10ng and 100ng IL-

1B (Figure 5.11C).

mRNA expression of IL-1p and ICAM-1 was measured in the ipsilateral and contralateral
striatum of naive mice and saline, 1ng, 10ng or 100ng IL-1p injected P14 mice (Figure
5.12). Expression levels of both transcripts were represented as relative fold change from
contralateral expression levels of naive P14 mice. Both inflammatory mediators
presented similar expression pattern. There were no significant differences between
ipsilateral and contralateral expression of IL-1B and ICAM-1 in any of the control or
treatment groups. Expression of both inflammatory mediators in the ipsilateral striatum
did not change from naive (IL-1f: 1.08 £ 0.06; ICAM-1: 1.24 £ 0.15) to saline injected
animals (IL-1B: 4.57 £ 2.03; ICAM-1: 1.11 £ 0.12). Expression levels of IL-1B and
ICAM-1 in the ipsilateral side of the brain significantly increased from naive and saline
injected brains to Ing IL-1f injected striatum (IL-1B: 278.30 + 151.10; ICAM-1: 18.80
+ 9.36) and from Ing IL-1B to 10ng IL-1p (IL-1B: 588.70 + 27.42; ICAM-1: 52.67 +
2.10) and 100ng (IL-1B: 729.80 £ 159.10; ICAM-1: 65.80 £ 2.99) injected brains. The

mRNA expression of both inflammatory mediators in the ipsilateral striatum did not
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significantly differ between 10ng and 100ng IL-1p treatment groups. In the contralateral
striatum, the expression of IL-1p and ICAM-1 in naive mice (IL-1B: 1.03 £ 0.14; ICAM-
1: 1.00 £ 0.7), and saline (IL-1B: 1.34 £ 0.22; ICAM-1: 0.93 + 0.10) or 1ng IL-1p (IL-
1B: 36.88 = 10.38; ICAM-1: 4.38 £ 0.92) injected animals did not significantly differ
from each other. The expression of both inflammatory mediators in the contralateral side
significantly increased from controls and Ing IL-1p injected striatum to 10ng IL-1B
injected brains (IL-1B: 319.90 + 34.03; ICAM-1: 31.34 + 6.38) and from 10ng IL-1p to

100ng IL-1B (IL-1B: 669.60 £ 91.44; ICAM-1: 64.43 £ 5.68) injected mice (Figure 5.12).

5.2.5 The inverse relationship between the severity of the brain cellular
injury and the magnitude of the hepatic acute phase response
In the previous section, a dose response was observed within the P14 brain, which was
characterised by a disconnect between the local inflammatory response and the measures
of BBB permeability and neutrophil recruitment. Thus, the APR in the liver was assessed
in order to establish if an equivalent relationship exists between the brain and peripheral
response. Immunohistochemistry for neutrophils (MBS) (Figure 5.13) and RT-qPCR for
IL-6, TNF, ICAM-1, CXCL-2 and CXCL-5 (Figure 5.14) were performed. The number
of neutrophils in the liver increased as the concentration of IL-1p injected in the brain
increased (Figure 5.13A). The number of cells was unchanged between naive (54 £ 6
cells/mm?), saline (62 + 13 cells/mm?) and 1ng IL-1p (64 + 4 cells/mm?) injected mice.
However, i.c. injection of 10ng IL-1f significantly induced the recruitment of neutrophils
to the liver (150 + 36 cells/mm?). The number of neutrophils in the liver was even higher
(p<0.001) after 100ng IL-1p injection (319 + 18/mm?) (Figure 5.13B). IL-6, TNF, ICAM-
1, CXCL-2 and CXCL-5 showed similar mRNA expression pattern. The expression of

all these inflammatory mediators in the liver increased from control and Ing IL-1B
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injected mice to 10ng and 100ng IL-1p injected animals though, it was only statistically

significant after the injection of 100ng IL-1p into the brain (Figure 5.14).
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Figure 5.11 Neutrophil recruitment after injection of 1ng, 10ng or 100ng IL-1p in the brain
during susceptible period. Representative spatial maps of neutrophil distribution in the brain
(A) and double immunohistochemistry for neutrophils (MBS, brown) and vessels (laminin 1+2,
purple) (B) using brain sections from mice injected with 1ng, 10ng or 100ng IL-1p at P14 showed
that the number of neutrophils in the brain decreased with the dose of IL-1f. Quantification of
neutrophils on the basis of their presence in the parenchyma or in vessels showed that more cells
were recruited to the brain parenchyma after i.c. injection of Ing IL-1B when compared to 10ng
or 100ng IL-1B (C). Data are represented as number of neutrophils per mm” of striatum. *p<0.05
and ##p<0.01 vs all parenchyma values. Statistics: two-way ANOVA with Bonferroni—Dunn
post-hoc test. n=3 each group. Scale bar = 50pum.
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Figure 5.12 Effect of increasing focal inflammation on the expression of IL-1$ and ICAM-
1 in the brain. IL-1B and ICAM-1 mRNA was measured by RT-qPCR in the ipsilateral and
contralateral striatum of naive mice and mice that received i.c. injection of saline or 1ng, 10ng or
100ng IL-1P at P14. The expression of both inflammatory mediators in the brain increased from
control animals to 1ng IL-1P injected mice and continued to increase with the concentration of
IL-1PB injected in the striatum. Data are represented as relative fold change from contralateral
expression levels of P14 naive mice. Samples were compared with two housekeeping genes
(Zpf91 and Cdc40). Bars represent mean = SEM. # significantly different from 1ng, 10ng and
100ng ipsilateral values. ## significantly different from naive, saline, 10ng and 100ng ipsilateral
values, ### significantly different from naive, saline and 1ng ipsilateral values, $ significantly
different from 10ng and 100ng contralateral values, $$ significantly different from naive, saline,
Ing, 100ng contralateral values, $$$ significantly different from naive, saline, Ing, 10ng
contralateral values. Statistics: one-way ANOVA with Tukey’s multiple comparison test. n=4
each group.
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CHAPTER 5

Figure 5.13 Neutrophil recruitment to the liver after injection of 1ng, 10ng or 100ng IL-1
in the brain during susceptible period. The number of neutrophils were counted after
immunohistochemistry for neutrophils (MBS, brown) with cresyl violet counterstain (blue) in the
liver of naive mice and mice that received i.c. injection of saline or 1ng, 10ng or 100ng IL-1p at
P14 (A). Scale bar = 50um. The number of neutrophils did not change when 1ng IL-1 was
injected in the brain but increased after i.c. injection of 10ng IL-1p and even more after 100ng
IL-1P injection (B). Data are represented as number of neutrophils per mm?. *p<0.05, **p<0.01
and ***p<0.001. Statistics: one-way ANOVA with Tukey’s multiple comparison test. n=3 each

group.
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Figure 5.14 The expression of inflammatory mediators in the liver after i.c. injection of 1ng,
10ng or 100ng IL-1p during susceptible period. IL-6, TNF, ICAM-1, CXCL-2 and CXCL-5
mRNA was measured by RT-qPCR in the liver of naive mice and mice that received i.c. injection
of saline or 1ng, 10ng or 100ng IL-1p at P14. Injection of 100ng IL-1f in the brain significantly
induced the expression of all inflammatory mediators. Data are represented as relative fold
change from expression levels of P14 naive mice. Samples were compared with two
housekeeping genes (Csnk2a2 and Paklipl). Bars represent mean + SEM. *p<0.05 and
*#%p<0.001. Statistics: one-way ANOVA with Tukey’s multiple comparison test. n= 4 for naive,
Ing, 10ng and 100ng and n=8 for saline.
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5.2.6 Peripheral injection of IL-1p after injection of a low dose of IL-1p
induced the hepatic acute phase response
The results described above showed an inverse relationship between the severity of the
brain cellular response to inflammation and the magnitude of the APR in the liver, which
suggested that the response in the liver to high concentrations of IL-1p injected in the
brain may contribute to the decreased neutrophil recruitment to the brain parenchyma. To
test this hypothesis, P14 mice received an i.v. injection of 100ng IL-1p immediately after
i.c. injection of 1ng IL-1P in order to activate the liver immune response to a degree
observed within previous experiments. Two other groups of mice were used as controls,
one received i.c. injection of saline and i.v. injection of 100ng IL-18 and the other
received i.c. injection of 1ng IL-1p and i.v. injection of saline. Immunohistochemistry for
neutrophils (MBS) in the liver was performed (Figure 15A). The number of neutrophils
recruited to the liver significantly increased in both groups where i.v. injection of 100ng
IL-1B was performed (255 + 20/mm” saline i.c. / 100ng i.v. and 195 + 11/mm” Ing i.c. /
100ng i.v.) when compared to Ing i.c./ saline i.v. (45 £ 3/mm®). A comparison was also
made between the number of neutrophils in the liver of these three groups to mice from
previous experiments where 100ng IL-1f was injected in the striatum. This animal group
had more neutrophils (328 + 25 cells/mm?) in the liver than all three groups that received
i.v. injections (Figure 5.15B). Although the injection of 100ng IL-1B in the brain
significantly increased the number of neutrophils in the liver when compared to saline
i.c. / 100ng i.v., Ing i.c. / saline i.v. and Ing i.c. / 100ng i.v. groups of animals, these
experiments showed that injection of 100ng IL-1p in the periphery was able to increase
the number of neutrophil recruited to the liver and, consequently, closely mimic liver

response after injection of a high dose of IL-1f in the brain.
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Figure 5.15 Effect of experimental activation of the APR on the number of neutrophils
recruited to the liver after injection of 1ng IL-1f in the brain. Immunohistochemistry for
neutrophils (MBS) with cresyl violet counterstain was performed using livers from P14 mice that
received an i.v. injection of saline or 100ng IL-1p immediately after i.c. injection of Ing IL-1f
(Ing i.c. / saline or 100ng i.v.) and mice that mice that received i.c. injection of saline followed
by i.v. injection of 100ng IL-1f (saline i.c. / 100ng i.v.) (A). Representative picture of neutrophil
presence in the liver of mice injected with 100ng IL-1pB in the brain obtained from previous
experiments is also showed in A. Scale bar = 50pum. Quantification of neutrophils showed that
injection of 100ng IL-1f in periphery after injection of Ing IL-1p in the brain increased the
number of neutrophils recruited to the liver, mimicking the APR in the liver after injection of
100ng IL-1B in the brain (B). Data are represented as number of neutrophils per mm?®. *p<0.05
and ***p<0.001. Statistics: one-way ANOVA with Tukey’s multiple comparison test. saline i.c.
/100ng i.v.: n=3, Ing i.c. / saline i.v.: n=8, Ingi.c. / 100ng i.v.: n=8 and 100ng i.c.: n=6.
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The expression levels of many inflammatory mediators also supported the concept that
systemic administration of 100ng IL-1p induces the hepatic APR as observed when
100ng IL-1B was injected in the left striatum. IL-6, TNF and CXCL-5 were upregulated
in the liver of Ing i.c. / 100ng i.v. when compared to Ing i.c / saline i.v. group of mice
(Figure 5.16). In detail, mRNA expression of IL-6, TNF, ICAM-1, CXCL-2 and CXCL-
5 was measured in the liver of the saline i.c. / 100ng i.v., Ing i.c. / saline i.v. and Ing i.c.
/ 100ng i.v. groups of mice (Figure 5.16). Expression levels of all transcripts were
represented as relative fold change from expression levels of Ing i.c. / saline i.v. group
of mice. IL-6 and TNF were significantly upregulated in livers of saline i.c. / 100ng i.v.
(IL-6: 19.13 + 2.81; TNF-a: 3.64 £ 0.27) and Ing i.c. / 100ng i.v. (IL-6: 13.03 + 2.70;
TNF-a: 2.83 + 0.43) animals when compared to the Ing i.c. / saline i.v. (IL-6: 1.05
0.14; TNF-a: 1.14 £ 0.22) group of mice and, did not significantly differ from each other.
ICAM-1 mRNA expression was significantly increased in saline i.c. / 100ng i.v. (3.88 +
0.29) compared to 1ng i.c. / saline i.v. (1.26 £ 0.30) livers. Mice that received Ing i.c.
followed by 100ng i.v. showed increased expression of ICAM-1 in the liver (2.53 + 0.48)
though not significantly different from the other two groups. CXCL-2 was significantly
higher in the liver of saline i.c. / 100ng i.v. (17.08 £4.86) mice than Ing i.c. / saline i.v.
(1.08 £ 0.18) and Ing i.c. / 100ng i.v. (4.45 £ 0.96) animals. Once again, CXCL-2 was
increased in Ing i.c. / 100ng livers, but not statically significant. Finally, CXCL-5
expression was upregulated in the livers from saline i.c. / 100ng i.v. (147.80 + 18.24) and
Ingi.c./ 100ng (65.60 = 7.62) when compared to Ing i.c./saline i.v. (1.06 £ 0.15). Also,
CXCL-5 expression was significantly higher in saline i.c. / 100ng i.v. than in Ing i.c. /

100ng mice (Figure 5.16).
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Figure 5.16 Effect of experimental activation of the APR on the hepatic expression of
inflammatory mediators after injection of 1ng IL-1P in the brain. IL-6, TNF, ICAM-I,
CXCL-2 and CXCL-5 mRNA was measured by RT-qPCR in the liver of three different groups
of P14 mice: saline i.c. / 100ng i.v., Ing i.c. / saline i.v. and Ingi.c. / 100ng i.v.. The injection of
IL-1P in the periphery after i.c. injection of 1ng IL-1p increased the expression of IL-6, TNF and
CXCL-2 in the liver when compared to a sole i.c. injection of 1ng IL-1p in the brain. Samples
were compared with two housekeeping genes (Csnk2a2 and Paklipl). Data are represented as
relative fold change from expression levels of Ingi.c./saline i.v. group of animals. Bars represent
mean = SEM. **p<0.01 and ***p<0.001. Statistics: one-way ANOVA with Tukey’s multiple
comparison test. saline i.c. / 100ng i.v.: n=3, Ing i.c. / saline i.v.: n=8 and Ing i.c. / 100ng i.v.:
n=8.
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5.2.7 Experimental activation of the acute phase response after
intracerebral injection of a low dose of IL-1p protected the brain from
neutrophil recruitment and increased BBB permeability

Activation of the APR in the liver together with focal inflammation in the brain promoted

by injection of 1ng IL-1p was characterised by the increased number of neutrophils, and

expression of inflammatory cytokines and chemokines in the liver. This outcome was
equivalent to that achieved by a single i.c. injection of 100ng IL-1p. As the i.c. injection
of 100ng IL-1P had been previously shown to reduce BBB breakdown and recruitment
of neutrophils, further assessment was performed to determine if this phenomenon was
recapitulated in the brains of 1ngi.c. / 100ng i.v. treated animals. Immunohistochemistry
for neutrophils (MBS) and endogenous IgG was performed using brain sections of mice

that received i.c. injection of 1ng IL-1p followed by i.v. injection of saline or 100ng IL-

1B and from mice of previous experiments that receive i.c. injection of 100ng IL-1.

Representative spatial maps of neutrophil distribution in the brain showed that activation

of the APR in the liver after injection of Ing IL-1f in the brain induced an almost

complete depletion of neutrophils in the brain and this resembled brains that received i.c.

injection of 100ng IL-1B (Figure 5.17A). Immunohistochemistry (Figure 5.17B) and

quantification of the number of neutrophils per mm® of striatum (Figure 5.17C)
confirmed this observation. The number of neutrophils in the striatum significantly

decreased (p<0.001) in mice that received i.c. injection of Ing IL-1pB followed by i.v.

injection of saline (162 + 13 cells/mm®) compared with mice that received injection of

Ing IL-1pB injection in the brain followed by i.v. injection of 100ng IL-18 (4 = 0.4

cells/mm?) and mice where 100ng IL-1p was injected in the brain (5 + 1 cells/mm?). The

number of neutrophils in the brain was almost the same in the striatum of mice where
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APR was activated in the liver after Ing IL-1p injection in the striatum and of mice that

received 100ng IL-1f in the striatum (Figure 5.17B and C).

BBB permeability to IgG decreased in mice that received i.v. injection of 100ng IL-13
when compared to those that received i.v. injection of saline after Ing IL-1f injection in

the brain (Figure 5.17D).

mRNA expression of IL-1B, ICAM-1, CXCL-2 and CXCL-5 was also measured in the
ipsilateral and contralateral striatum of animals that received i.c. injection Ing IL-1B
followed by i.v. injection of saline or 100ng IL-1B, and of mice that only received i.v.
injection of 100ng. Expression levels of these inflammatory mediators were calculated
as relative fold change from expression levels of Ing i.c. / saline i.v. group of mice in
order to discover if experimental acute phase activation after i.c. injection of Ing IL-1
would change the expression of inflammatory mediators in the brain. None of these
inflammatory mediators showed any changes in their expression levels (Figure 5.18),
suggesting that experimental activation of the hepatic APR does not induce the

expression of cytokines, chemokines and adhesion molecules in the brain.
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Figure 5.17 Effect of experimental activation of the APR on the number of neutrophils
recruited to the brain and BBB permeability after injection of 1ng IL-1p in the brain.
Representative spatial maps of neutrophil distribution in the brain (A) and immunohistochemistry
for neutrophils (MBS, brown) with cresyl violet counterstain (B) using brain sections from P14
mice that received an i.v. injection of saline or 100ng IL-1B immediately after i.c. injection of
Ing IL-1B (Ing i.c. / saline or 100ng i.v.) and from P14 mice injected with 100ng IL-1p in the
brain (from previous experiments). The recruitment of neutrophils to the brain decreased when
the APR in the liver was activated after injection of Ing IL-1p in the brain when compared to
brains injected with Ing IL-1p alone. The number of neutrophils in the brain resembled the
number of cells observed in the brain of animals that received i.c. injection of 100ng IL-1f. Data
are represented as number of neutrophils per mm® of striatum (C). *p<0.05 and ***p<0.001.
Statistics: one-way ANOVA with Tukey’s multiple comparison test. BBB permeability to
endogenous IgG was measured in brains (D). BBB permeability decreased when the APR in the
liver was activated after injection of 1ng IL-1p in the brain when compared to brains injected
with 1ng IL-1p alone. Scale bar = 50pm. 1ng i.c. / saline i.v.: n=3, Ingi.c. / 100ng i.v.: n=4 and
100ng i.c.: n=6.
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Figure 5.18 Effect of experimental activation of the APR on the expression of inflammatory
mediators in the striatum after injection of 1ng IL-1 in the brain. IL-1p, ICAM-1, CXCL-2
and CXCL-5 mRNA was measured by RT-qPCR in the ipsilateral and contralateral striatum of
three different groups of mice: saline i.c. / 100ng i.v., Ing i.c. / saline i.v. and 1ng i.c. / 100ng
i.v.. No changes were observed in the expression of any of the inflammatory mediators. Samples
were compared with two housekeeping genes (Zfp91 and Cdc40). Data are represented as relative
fold change from expression levels of 1ng i.c. / saline i.v. group of mice. Bars represent mean +
SEM. Statistics: Statistics: two-way ANOVA with Bonferroni-Dunn post-hoc test. saline
i.c./100ng i.v.: n=3, Ing i.c./saline i.v.: n=4 and Ing i.c./100ng i.v.: n=4.
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5.3 Discussion

The results in this chapter showed that injection of a high dose of IL-1f in the brain
induced an APR in the liver, which decreased during postnatal development, and that the
immunological background of the liver varied with age and therefore, may contribute to
the differential hepatic response to brain inflammation. During the "window of
susceptibility" at P14, an inverse relationship was shown between the cellular response
in the brain and the hepatic APR to focal inflammation in the brain. The results also
showed that the brain susceptibility to inflammation at P14 can be ameliorated by

activation of the peripheral inflammatory response in the liver.

Inflammation in the CNS is known to be followed by a peripheral APR that is coordinated
mainly by the liver in adult rodents. The liver was shown to respond to acute brain injury
by producing cytokines, chemokines and other APPs. These chemical mediators are then
release to the circulation and able to induce the recruitment of leukocytes to the blood,
liver and brain in order to resolve the initial injury or contribute to further damage
(reviewed in Anthony and Couch, 2014). Data presented here showed that P7 mice
expressed more IL-6, TNF and IL-10 in their livers at baseline than P14, P21 and 8-week-
old mice. In rodents, the liver undergoes a complex maturation process during the first
four weeks after birth, where extensive structure remodelling happens in order to achieve
a mature architecture (Alexander et al., 1997; Walthall et al., 2005). The liver weight also
increases during the first four postnatal weeks as a result of the extensive hepatic cell
proliferation (Apte et al., 2007; Behrens et al., 2002; Septer et al., 2012). TNF and IL-1
have been shown to have an important role in hepatocytes growth during this postnatal
period by activating the NF-kB pathway (Kinoshita and Miyajima, 2002; May, 1999).
These two cytokines were also shown to be important for initiation and progression of
liver regeneration after partial hepatectomy (Bohm et al., 2010; Fausto et al., 2006; Taub,
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2004). Other studies have shown that IL-10 represses liver regeneration by limiting
inflammatory cytokines, such as TNF, IL-6 and CCL-2, that activate regeneration after
liver injury (Louis et al., 1998; Rai et al., 1997; Yin et al., 2011). Therefore, it is possible
that during early postnatal development high levels of pro- and anti- inflammatory
cytokines may coordinate functions to precisely regulate, synchronize and limit liver
growth. The results in this chapter also showed that ICAM-1 and CXCL-5 were highly
expressed during the first two or three weeks after birth, respectively, when compared to
adult mice and that the number of neutrophils in the liver was highest at P7 and decreased
throughout the development. There are no published data showing the direct role of
adhesion molecules, chemokines and neutrophils in liver development. However, ICAM-
1 and neutrophils were shown to have a crucial role in liver regeneration after partial
hepatectomy and this may indicate its importance in liver growth during development.
Selzner et al. (2003) have suggested that the expression of ICAM-1 by Kupffer cells and
endothelial cells after partial hepatectomy promotes neutrophil recruitment, which
activates the release of IL-6 and TNF by the Kupffer cells (Selzner et al., 2003). Another
study has examined the foetal liver, which is known to be the main hematopoietic organ
during embryonic development, from E12 to PO in mice. The authors have shown that
neutrophils start to appear at E15 and their number increases until PO, where they
represent several foci (Ayres-silva et al., 2011). As a consequence of liver maturation,
mature or immature neutrophils leave the liver as its environment is no longer favourable
for them (Ayres-silva et al., 2011; Kinoshita et al., 1999; Si-tayeb et al., 2010). This
concept supports the data in this chapter showing that the number of neutrophils decrease
from P7 to 8 weeks, by which point very few neutrophils were found. Indeed, it is
described that neutrophils are largely absent from the adult healthy liver (Campbell et al.,

2003; Gregory et al., 1996). Finally, another explanation for the increased expression of
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inflammatory mediators early in postnatal period may be directly linked to the increased
number of neutrophils, which are able to express these mediators, observed in the liver

at P7 and P14.

The increased expression of inflammatory mediators and leukocytes number in the naive
liver at P7 may, not only contribute to liver growth and development, but also to the
inflammatory response after acute injury in the brain. The APR in the liver to
inflammation in the brain was highest at P7 and decreased throughout development after
the injection of 100ng IL-1p in the striatum. This high dose of IL-1 in the brain induced
the expression of different inflammatory mediators, including IL-1, IL-6, TNF, ICAM-
I, CXCI-2 and CXCL-5, increased expression of CDI1b and the recruitment of
neutrophils to the liver of P7 and P14 mice when compared to P21 and 8-week-old mice.
Although the hepatic response was higher in younger animals, adult mice showed an APR
in the liver characterised by upregulation of IL-6, ICAM-1 and CXCL-2 and, increased
number of neutrophils in the liver. Previous studies are in concordance with this data as
they have also shown that the liver acutely responds to different brain injuries in adult
rodents. Stereotaxic injection in the striatum of TNF (1000ng) or IL-1p (1000ng) in adult
rats induced APR in the liver by upregulating the expression of chemokines and
increasing the recruitment of leukocytes, including neutrophils, 4 hours after brain
injection (Campbell et al., 2003, 2005). Stereotaxic injection of IL-1B (Ing) in the
striatum also induced the expression of APPs, including serum amyloid A and P, in the
liver 6 hours after the injection in adult C57Bl/6 mice (Wilcockson et al., 2002).
Moreover, 4 hours after experimental stroke in adult mice, CXCL-1 expression was
upregulated in the liver (Chapman et al., 2009). These studies only examined the APR in
adult animals and did not compare them to other ages. There are very few published

papers that studied the hepatic immune response in young animals. Bonestroo et al.
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(2013) have shown that cerebral hypoxia-ischemia caused a hepatic APR after 3 hours in
P7 rats characterized by upregulation of CXCL-1 and downregulation of TNF, IL-1f and
CCL-2. However, this study did not explore the hepatic response in other postnatal ages
or in adults as has been done here. It is clear from the data in this chapter and previous
published results that the liver can respond to brain injury by producing APPs and that

the APR can vary, regarding the molecular cues, with the type of brain injury and age.

While the hepatic APR was only significantly induced after the i.c. injection of 100ng
IL-1B, cerebral inflammation at P14 was greatest after the i.c. injection of 1ng IL-1,
which was characterised by increased BBB permeability and neutrophil recruitment. In
fact, no BBB permeability to IgG and very few neutrophils were found in the brains
injected with 100ng IL-1p. The injection of increasing concentrations of IL-1f (1ng, 10ng
and 100ng) in P14 brains confirmed the dose-dependent effect on BBB disruption and
neutrophil recruitment to the brain parenchyma, but was also positively correlated with
expression of IL-1B and ICAM-1. This suggests that while a high dose of IL-1f in the
brain induced the expression of inflammatory mediators in the brain that are important
for neutrophil recruitment, it was not followed by an increase in neutrophil recruitment.
This implies that another mechanism may be counteracting the molecular inflammatory

response in the brain and, consequently, signalling to the periphery.

An inverse relationship between the number of neutrophils in the brain parenchyma and
the magnitude of the APR in the liver was observed, which contradicts many previous
findings. The APR in the liver has been correlated with the most severe cases of ischemic
stroke and with traumatic brain injury (Di Napoli et al., 2005; Smith et al., 2006; Villapol,
2016). Previous studies have also shown that stereotaxic injection of TNF or IL-1 in
adult rats not only induced the APR in the liver, but increased the recruitment of

leukocytes to the brain (Campbell et al., 2003, 2005). Furthermore, Campbell et al. (2003)
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have observed that i.c. injection of IL-1 induced the production and release of CXCL-1
by the liver and the recruitment of neutrophils to the brain in a dose-dependent manner.
Cerebral hypoxia-ischemia in P7 rats increased CXCL-1 expression in the liver and
recruitment of neutrophils to the affected brain hemisphere (Bonestroo et al., 2013). The
differences between the study of Bonestroo et al. (2013) and the results in this chapter
may rely on the different type of brain injury and species used. When analysing brain
sections of each individual age, it was observed that the number of neutrophils in the
brain parenchyma decreased at P7, P14 and P21 but increased at 8 weeks from 1ng IL-1
B to 100ng IL-1p injections in the brain (Figure 8). Although this was not statistically
significant, except at P14, this observation suggests that the observed inverse relationship
between the severity of brain injury and the magnitude of the APR in the liver is a specific
developmental process. This hypothesis is also supported by previous results showing a
positive relationship between the magnitude of the APR and the recruitment of
neutrophils to the brain after i.c. injection of IL-1p in adult rats (Campbell et al., 2003).
The differences in the brain neutrophil recruitment profile observed in the P14 animals
versus adult animals may be dependent on the magnitude of the APR after the injury. It
was very noticeable that the APR to an i.c. injection 100ng IL-1 B was much higher at
P14 than in adult. This may be, in part, due to the increased basal levels of inflammatory
mediators at the early time points and the increased number of basal neutrophils within
the P14 naive liver. Thus, it seems that the liver may be primed at the time of the
inflammation in the brain, and this 'head start' in the activation process may result in the
increased magnitude of the APR at P14. As a consequence, it seems likely that the
peripheral response then overwhelms the inflammatory signals generated locally in the
brain and thus neutrophils are redirected to the liver and possibly to other peripheral

organs. In the adult, the APR is smaller and thus does not out compete the local injury
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signals in the brain that recruit neutrophils (albeit a small number at acute time points).
This hypothesis is supported by the observations made after the peripheral injection of

IL-1.

The inverse relationship between the recruitment of neutrophils to the brain and the
magnitude of the APR following focal inflammation to the brain at P14 suggests that
activation of the APR in the liver after i.c. injection of 100ng IL-1f in the brain may
protect the brain from the potentially damaging consequences of neutrophil recruitment.
Indeed, by injecting 100ng IL-1p i.v. immediately after stereotaxic injection of 1ng IL-
1B in the striatum of P14 mice, the liver response was activated (increased neutrophils
recruitment and expression of inflammatory cytokines and chemokines) and,
consequently, eliminated almost all neutrophils from the brain without inducing the
expression of IL-1P, ICAM-1, CXCL-2 and CXCL-5 in the brain. It is known that
neutrophils are major players during acute inflammation and these leukocytes are quickly
recruited to the injury site in order to resolve the damage. However, excessive activation
of neutrophils may result in tissue damage (Kolaczkowska and Kubes, 2013). Therefore,
it is possible that tissue damage may be controlled through redistribution of neutrophils
throughout the body by activating liver APR after inflammation in the brain. This
naturally happened when 100ng IL-1p and not Ing IL-1p was injected in the brain,
indicating that signalling from the brain to the periphery increases with the magnitude of
brain inflammation and it is essential for brain protection. However, it still remains
unclear what are the specific mechanisms that underline signalling from the brain to the
liver after acute brain injury. Endothelial cells from the BBB may contribute to the
signalling pathways. As discussed in the introduction to this thesis, these cells have an
important role in immune communication between brain and peripheral immune system

as they are able to receive signals from one side and produce and secrete inflammatory

152



CHAPTER 5

mediators to the other side. Unpublished results from our laboratory suggest that brain-
derived extracellular vesicles, which can contain RNA and many proteins, may play a
role in this communication. Peripheral injection of extracellular vesicles, which were
isolated from the blood of adult rodents that received an i.c. injection of IL-1p, into
circulation of naive rodents was shown to produce both sickness behaviour and a hepatic
APR. Moreover, extracellular vesicles derived from brain endothelial cells (in vitro)
stimulated with IL-1 were able to induce an APR when peripherally injected into naive
animals, and to exacerbate brain injury in a rodent model of traumatic brain injury. As
discussed in the introduction, signalling to the periphery may also occur through the
neuroependymal cells covering the ventricular surfaces and, consequently, the blood-csf
barrier in the choroid plexus. Both structures are in close proximity to the injection site
in our mouse model and, therefore, may play a role in the communication between the

brain and periphery.

The results in this chapter showed, for the first time, a protective role of the APR in the
periphery to focal inflammation during development. Moreover, they suggest that
experimental activation of peripheral immune response may be used to reduce neonatal
brain injury in opposition to what it normally happens in adults. Indeed, many anti-
inflammatory therapies/drugs have been shown to be beneficial for disorders, such as
acute stroke and traumatic brain injury, with an inflammatory component (reviewed in
Bergold, 2016 and Smith et al., 2015). Also, Campbell et al. (2007) have shown that
peripheral administration of etanercept, a competitive TNF inhibitor, reduced the
recruitment of neutrophils to an IL-1p -induced focal inflammatory lesion in the brain via
inhibition of the hepatic APR. The authors have shown that injection of 1000ng IL-1f in
the striatum of adult rats upregulated many inflammatory mediators, including TNF, IL-

1B, CXCL-1, CXCL-2, CXCL-10, CCL-2, and ICAM-1, in the liver 2 hours after focal
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inflammation in the brain when compared to saline controls. Moreover, pre-treatment
with etanercept was shown to reduce the hepatic expression of many of the previous
inflammatory mediators and to decreased the number of neutrophils recruited to the liver
and blood 2, 8 and 24 hours after IL-1p injection in the brain and, consequently, to reduce
the number of neutrophils in the brain 8 and 24 hours after i.c. injection of IL-1B
(Campbell et al., 2007b). On the other hand, other studies have shown that peripheral
activation may protect the brain from injury, though it seems that this depends of the type
of immunogen used to activate the peripheral immune system. For example, i.v. injection
of LPS, but not IL-1p, 2 hours before or after stereotaxic injection of 1000ng IL-1f in the
striatum of adult rats was shown to reduce the recruitment of neutrophils to the brain
(Davis et al., 2005). However, there was no changes in the number of neutrophils in the
liver, which suggests that brain protection against focal inflammation in adult rats by LPS
may result from a different mechanism from the one proposed in this chapter, the
redirection of neutrophils. IL-1p i.v. injection did not protect the brain from neutrophil
recruitment in adult rats and this may result from the developmental stage of the animal
and from the fact that the authors used rats instead of mice. It would be very interesting
to examine the effect of i.v. injection of different immunogens before or after the i.c.
injection of 1ng IL-1P at P14 and at other time points during development in order to
discover if brain protection against neutrophil recruitment and BBB disruption varies
with age, type of immunogen and time when the peripheral immune activation is

performed in mice.

The use of experimental activation of the APR for brain protection observed in this
chapter is also supported by other publications using different models of brain injury. In
P7 rats, i.v. injection of LPS 24 hours before hypoxia-ischemia was shown to reduce

brain injury. However, increased brain injury was observed when LPS was injected 6 or
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72 hours before hypoxia-ischemia, highlighting the importance of the time intervals
between stimuli (Eklind et al., 2005). In adult rats, i.v. injection of LPS 3 days prior to
focal cerebral ischemia was able to reduce lesion size (Furuya et al., 2005; Tasaki et al.,
1997), and IL-1pB and TNF administration prior ischemia were also able to reduce injury
in the brain (Nawashiro et al., 1997; Ohtsuki et al., 1996). A major difference between
most of these studies and the results in this chapter is the fact that they activate peripheral
immune system prior brain injury and, therefore, may not be as clinically relevant as
injecting inflammatory mediators after brain damage, as was performed here. Therefore,
it will be important to further study the effects of experimental activation of the APR
after inflammation in the brain not only during development, but also in adults in order
to confirm the age-dependent effects of the hepatic immune response to brain damage.
Moreover, it is important to examine the long-term effects of peripheral immune
activation after focal inflammation on structural and functional integrity of the brain,

besides neutrophil recruitment and BBB disruption.

5.4 Conclusion

The data in this chapter showed, for the first time, a protective role of the APR in the
liver to inflammation in the brain during the "window of susceptibility" in mice.
Activation of the peripheral immune response after the injection of a low dose of IL-18
in the brain was able to deplete neutrophils from the brain. It was also shown that the
magnitude of the hepatic immune response decreases throughout postnatal development
and that the immune environment at the different ages may contribute to this observation.
Furthermore, an inverse relationship between the severity of the cellular brain response

and the magnitude of the APR in the liver in the early postnatal period was observed. All
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these results indicate that young mice behave very differently from an adult mouse
following proinflammatory challenges. Importantly, this suggests that in neonates
peripherally administered anti-inflammatory agents may not have the neuroprotective
role predicted from work on adult animals, and that, in fact, activation of peripheral

immune response may be a therapy option for neonatal brain injuries.
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GENERAL DISCUSSION

The principal findings of this thesis are as follows:

e That there is a "window of susceptibility" in mouse brain to acute inflammation
at P14 induced by the injection of a low dose of IL-1B in the striatum during

postnatal development.

e That this "window of susceptibility" is correlated with the presence of a Iba-1"
perivascular cell population (IPCs), which may be manipulated by the use of

clodronate filled liposomes.

e That experimental activation of the APR in the liver can be used as protective
mechanism against an excessive inflammatory response in the brain during the

susceptible period of postnatal development.

Overall, the data in this thesis have demonstrated the importance of the interplay between
the brain and peripheral immune responses in defining the magnitude of the acute
inflammatory response in the brain to focal inflammation during postnatal development

1n mice.

Injection of a low dose of IL-1P (Ing IL-1P) in the left striatum was shown to promote
the acute recruitment of neutrophils and BBB permeability to endogenous IgG in an age-
dependent manner. Mice at P14, and not at P7 and P21, were most susceptible to this
inflammation. This observation supports a number of previous findings showing that the
susceptibility of the brain to immune activation (either central or peripheral) varies
according to the stage of development of humans and rodents. In fact, human

epidemiologic studies have shown a strong positive correlation between
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infection/inflammation at specific developmental ages and the development of
neurodevelopmental disorders, such as autism, schizophrenia and cerebral palsy. Autism
and schizophrenia were associated with infection/inflammation during the first and
second trimester, while cerebral palsy was shown to have the last trimester and early
postnatal days as vulnerable time points to infection/inflammation (Atladéttir et al., 2010;
Brown et al., 2004; Dubowitz et al., 1985; Mednick et al., 1988). In the case of an IL-1
challenge in the brain, it seems that P14 mice, which are approximately equivalent to
human newborns, are more vulnerable. Rodent studies have also shown that immune
activation by peripheral injection of poly(I:C) or LPS at different time points during
embryonic development resulted in distinct behavioural, neuropathological and/or
inflammatory (levels of cytokines in the brain) outcomes in the offspring (Fortier et al.,
2007; Meyer et al., 2006, 2008). At postnatal level, very few studies have examined the
variability in the brain response to immune activation induced not only by viral and
bacterial components but also by specific cytokines. The results in this thesis are the first
showing variability in the acute brain response to IL-1f during postnatal development in
mice. They also support previous findings in rats, where the same dose of IL-1f3 was
injected in the striatum and, consequently, induced an acute susceptibility (increased
recruitment of neutrophils and BBB permeability) in the brain of P21 and not of PO and
adult animals. However, the major challenge has been to discover the cellular and/or
molecular mechanisms behind these observations. In this thesis, data has been generated
with the aim of providing a better understanding of possible molecular and cellular events
that may explain the brain susceptibility to low dose of IL-1f in the brain. At P7, the
increased basal levels of both pro- and anti-inflammatory mediators, but the relatively
small number and immaturity of microglia in naive brains when compared to older mice

may explain, in part, why the brain did not respond to the inflammatory challenge and,
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consequently, promote neutrophil recruitment and BBB permeability. On the other hand,
P21 brains expressed very low levels of inflammatory mediators at baseline, but had more
mature and higher number of microglia, which may rapidly respond to inflammatory
challenges. After the injection of a low dose of IL-1p, P21 brains were able to highly
express many pro- and anti- inflammatory mediators creating a balanced immune
response, which may prevent an excessive recruitment of neutrophils and, consequently,
brain damage (Figure 6.1). It is possible that the small number of neutrophils found in
the brain at this time point may be contributing to inflammation resolution and not to
further injury. At P14, no specific molecular and cellular mechanism was detected in
brain parenchyma that could explain the more marked recruitment of neutrophils and
BBB permeability. There was also no significant difference in the APR in the liver that
might have accounted for the recruitment of neutrophils and increased BBB permeability.
However, Iba-1" IPCs were found in naive P14 brains (Figure 6.1). This population,
which appear to be derived from the blood, may facilitate the passage of neutrophils to
the brain parenchyma after inflammation at P14. This hypothesis is supported by a
previous study demonstrating by multiphoton intravital microscopy that adult
perivascular macrophages are important for neutrophil migration into mouse ear skin
infected with Staphylococcus aureus (Abtin et al., 2014). Although the contribution of
Iba-1" IPCs to the "window of susceptibility" was not experimentally proved in this
thesis, the systemic injection of liposomes filled with clodronate was shown to
significantly reduced the recruitment of this cell population to the perivascular space at
P14. Therefore, this approach may be used in the future to discover the role of these cells

after focal inflammation in the brain at P14.

As stated above, no significant acute inflammatory response in the liver was detected

after the injection of a low dose of IL-1p in the brain during the first three weeks after
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birth. This was also observed in adult mice. However, a cellular and molecular
inflammatory response in the liver was detected when a more severe focal inflammation
was induced by injecting 100ng IL-1p in the brain (Figure 6.2). The APR in the liver was
characterised by the upregulation of many pro-inflammatory mediators and the
recruitment of large numbers of neutrophils. This was observed either in young and adult
mice. Previous findings have also shown an APR to high doses of IL-1p and TNF in the
brain of adults rats (1000ng TNF or IL-1; (Campbell et al., 2003, 2005)), stroke in adult
mice (Chapman et al., 2009) and cerebral hypoxia-ischemia in P7 rats (Bonestroo et al.,
2013). An interesting result in this thesis was that the magnitude of the APR decreased
throughout the development. This has not been reported before as most of published
studies are focus on a specific time point during development. This observation may be
explained, in part, by the immune environment in naive animals during postnatal
development. The expression of many inflammatory mediators and the number of
neutrophils in naive liver were highest in younger mice and decreased with age (Figure
6.2). Surprisingly and for the first time, it was observed that the activation of the APR in
the liver of young mice did not contribute to the inflammatory response in the brain; all
previous studies in humans and rodents have correlated the APR with increased
inflammatory response and/or injury in the brain (Acalovschi et al., 2003; Campbell et
al., 2003; Smith et al., 2004, 2006; Vila et al., 2000). Indeed, the increased recruitment
of neutrophils and BBB permeability observed in brains of P14 mice after injection of a
low dose of IL-1p completely disappeared after injection of a higher dose of IL-1f in the
brain and, consequently, a significant hepatic APR (Figure 6.2). Furthermore, injection
of increasing concentrations of IL-1 in the brain at P14 induced the APR in a dose-
dependent manner, but decreased the number of neutrophils recruited to the brain and

permeability of the BBB (Figure 6.3). It seems that the excessive APR observed early in
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the early postnatal period may account for the absence of neutrophils in the brain after
i.c. injection of a high dose of IL-1P. These results were not expected as previous
findings, in adult or neonate rodents, have shown that activation of the APR in the liver
to inflammatory damage or other type of injuries in the brain was followed by the
recruitment of neutrophils to the brain (Bonestroo et al., 2013; Campbell et al., 2003,
2005; Wilcockson et al., 2002). Campbell et al. (2003) have discovered that injection of
IL-1B in the brain of adult rats induced the APR in the liver (increased levels of CXCL-
1 and number of neutrophils in the liver and blood) and recruitment of neutrophils to the
brain in a dose-dependent manner. The differences between the data in this thesis and
these previous results may rely on the fact that Campbell et al. (2003) used adult rats and,
therefore, suggests that not only the specie but the developmental stage of the animal may
account for the age-related differences. Bonestroo et al. (2013) have also correlated the
upregulation of CXCL-1 in the liver and the recruitment of neutrophils to the brain after
cerebral hypoxia-ischemia in P7 rats. In this case, the opposite findings may be explained
by the different type of brain injury used. In fact, cerebral hypoxia-ischemia is a very
complex and distinct type of injury from focal inflammation, which was used in this
thesis. Considering the results from Campbell et al. (2003), and in light of the data from
this thesis, the inverse relationship between the magnitude of the hepatic APR and the
recruitment of neutrophils to the brain at P14 may be a development-specific mechanism
to inflammation in the brain induced by the injection of IL-1p. It remains unknown if this
observation is specific of IL-1 and, therefore, future experiments should study the
relationship between brain and hepatic inflammatory responses in different brain
inflammatory contexts. Focal inflammation by i.c. injection of TNF or IL-6 should be
selected as these cytokines have been strongly upregulated in brains of many rodent

models and human patients of neurodevelopmental disorders (Arrode-Brusés et al., 2012;
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Cai et al., 2000; Kadhim et al., 2001, 2003; Li et al., 2009; Patterson, 2009; Rousset et
al., 2006; Vargas et al., 2005; Yoon et al., 1997). These experiments, together with the
results presented in the thesis, will allow us to differentiate cytokine-specific mechanisms
of brain and liver inflammatory responses. However, it is also important to study brain
and liver immune responses and their interaction in more clinically relevant rodent
models of brain injury occurring early in postnatal life, such as traumatic brain injury and

cerebral hypoxia-ischemia.

Another paradoxical result obtained in this thesis was that increasing doses of IL-1f in
the brain at P14 induced the expression of endogenous IL-1B and ICAM-1 in the brain,
but decreased the recruitment of neutrophils and BBB permeability (Figure 6.3). It is
known that both IL-1 and ICAM-1 are essential for neutrophil recruitment and migration
across vessels (Allen et al., 2012; Bernardes-Silva et al., 2001; Kolaczkowska and Kubes,
2013). However, it seems that in these experiments the role of both inflammatory
mediators as potential players for immune cell recruitment were somehow interrupted. It
is possible that the liver may play an important role in this process. In fact, the last
experiments in this thesis were able to show that the activation of the hepatic APR directly
contributed to the absence of neutrophils and increased BBB permeability after
inflammation in the brain (Figure 6.4). Experimental activation of the APR immediately
after the injection of a low dose of IL-1f in the brain, which was shown to promote
extensive recruitment of neutrophils and BBB permeability without inducing hepatic
inflammatory response, protected the brain from neutrophil recruitment and increased
BBB permeability. These results definitively showed that the acute phase in the liver can
protect the brain from extensive neutrophil recruitment and BBB permeability after
inflammation in the brain induced by the i.c. injection of IL-1B. However, this may only

occur when the inflammation in the brain is substantial enough to activate the APR that

163



CHAPTER 6

would then counteract the molecular inflammatory response in the brain by redirecting
the neutrophils from the brain. Neutrophils may be relocated to the liver as more
neutrophils were found there after APR, but they may also migrate to other organs and
this, therefore, needs to be investigated. In addition, future experiments should also
include the inhibition of the APR after the injection of a high dose of IL-1f in the brain
in order to mimic the brain scenario when a low dose of IL-1p is injected into the brain
and no APR is detected. This would further support the current hypothesis that activation
of the hepatic APR protects and can be used to protect the brain against extensive
neutrophil recruitment after focal inflammation in P14 mice. Finally, it is also important
to discover the major molecular players that directly contribute to the protective role of
the hepatic acute phase in order to create a more target-specific strategy for peripheral
immune activation and, therefore, avoid possible side effects from a general

inflammation generated by peripheral injection of IL-1.

The data in this thesis not only support the current view that susceptibility of the brain to
infection/inflammation varies with age, but also suggests that the peripheral immune
environment may define the injury outcome. All experiments in this thesis were focused
on the acute inflammatory response (4 hours) and, therefore, more experiments need to
be performed to study the long term effects, including molecular, neurochemical and
morphologic changes in the brain and behavioural deficits, of focal inflammation and
subsequent hepatic APR during postnatal development in mice. These experiments are
going to be essential to discover if the brain susceptibility to a low dose of IL-1p observed
in this thesis corresponds to a more profound brain pathology and behavioural changes
later in life in opposition to the injection of a higher dose of IL-1P or experimental
activation of the APR. Regardless of the lack of long term experiments in this thesis, the

data presented here strongly suggest that the APR is an important player in the aetiology
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of brain dysfunction during development. It is, therefore, necessary to give more attention
to the APR not only in rodent models but also when analysing human tissues for different
types of brain injury occurring either during embryonic development or early postnatal

period.
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Figure 6.1 Developmental response to a low dose of IL-1p in the brain. The baseline immune
environment in brains of P7, P14 and P21 C57Bl/6 mice was studied (A) before i.c. injection of
Ing IL-1B (B). A) The expression of inflammatory mediators was highest in the striatum of P7
mice and decreased throughout postnatal development. Microglia were rounded with few thick
processes at P7 and developed into a ramified mature morphology with age. Iba-1" IPCs were
mainly found in the striatum at P14. B) 4 hours after i.c. injection of 1ng IL-1p, neutrophil
recruitment and BBB permeability to endogenous IgG were highest at P14. Microglia did not
change their morphology at P7 but presented an amoeboid activated state at P14 and P21. Many
inflammatory mediators were highly upregulated in the ipsilateral striatum of P21 mice. The
presence of Iba-1" IPCs was found to be the only event specific of P14 mice. In this model of
focal inflammation, no significant APR in the liver was detected (C).
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Figure 6.2 The effects of a high dose of IL-1p in the brain on the inflammatory responses in
the brain and liver. Expression levels of inflammatory mediators and the presence of neutrophils
in the liver were studied in naive mice (A) and in mice that received i.c. injection of 100ng IL-1f3
(B) at P7, P14, P21 and 8 weeks. Neutrophil recruitment and BBB permeability were also
measured in the brain. A) The expression of many inflammatory mediators and the number of
neutrophils in naive livers were highest at P7 and decreased with age. B) After i.c. injection of a
high dose of IL-1pB, there was an APR in liver in all ages, but it decreased throughout
development. The APR was characterised by the upregulation of many pro-inflammatory
mediators and increased recruitment of neutrophil when compared to saline injected mice.
Contrary to what was observed after the injection of 1ng IL-1p in the brain (Figure 6.1), minimal
recruitment of neutrophils to the brain and no increased in BBB permeability to IgG was observed
at P14 mice after i.c. injection of 100ng IL-1p.
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Figure 6.3 The inflammatory response of P14 mice to increasing severity of inflammation
in the brain. The brain and liver acute inflammatory responses to increasing doses of IL-1f
injected in the brain was examined in P14 mice. The number of neutrophils recruited to the brain
and BBB permeability to endogenous IgG decreased while the expression of IL-1B and ICAM-1
increased with the severity of the inflammation. The APR in the liver, characterised by the
expression of many pro-inflammatory mediators and recruitment of neutrophils, increased in a
dose-dependent manner.
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Figure 6.4 Experimental activation of the acute phase response after injection of a low dose
of IL-1p in the brain. The brain and liver acute inflammatory responses were examined in P14
mice that received systemic injection of saline or 100ng IL-1p immediately after i.c. injection of
Ing IL-1B (A). Peripheral injection of 100ng IL-1p induced the APR in the liver and protected
the brain from excessive neutrophil recruitment, which was observed when saline was injected in
the periphery (A), resembling brains after severe inflammation (100ng IL-1p) in the brain (B).
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FINAL CONCLUSION

The data in this thesis support the current view that susceptibility of the brain to
infection/inflammation varies with age and that the peripheral immune environment may
define the injury outcome. Activation of the APR in the liver was shown to invert the
"window of susceptibility" in a mice model of cerebral inflammation and, therefore, may
be a good therapy option. The results from this thesis together with previous findings also
suggest that APR contribution to brain injury may vary from young animals to adults,
where increasing APR appears to further increase leukocyte recruitment and BBB
damage. These evidences highlight the importance of the use of age-dependent therapies
and, therefore, it is possible that peripherally administered anti-inflammatory drugs in
neonates may not have the neuroprotective role predicted in many published studies using
adult animals. Finally, in the absence of a peripheral APR to inflammation in the brain,
data in this thesis suggest that the baseline immune environment in the brain may define
the brain response and susceptibility to inflammation. Specifically, Iba-1" IPCs in the
brain were found at the susceptible time during postnatal development and, consequently,

may be a possible cellular target for neuroinflammation resolution.

170



CHAPTER 6

REFERENCES

Abbott, N.J., Patabendige, A.A.K., Dolman, D.E.M., Yusof, S.R., and Begley, D.J. (2010).

Structure and function of the blood-brain barrier. Neurobiol. Dis. 37, 13-25.

Abtin, A., Jain, R., Mitchell, A.J., Roediger, B., Brzoska, A.J., Tikoo, S., Cheng, Q., Ng, L.G.,
Cavanagh, L.L., von Andrian, U.H., et al. (2014). Perivascular macrophages mediate neutrophil

recruitment during bacterial skin infection. Nat. Immunol. /5, 45-53.

Acalovschi, D., Wiest, T., Hartmann, M., Farahmi, M., Mansmann, U., Auffarth, G.U., Grau,
A.J., Green, F.R., Grond-Ginsbach, C., and Schwaninger, M. (2003). Multiple levels of regulation
of the interleukin-6 system in stroke. Stroke. 34, 1864—1869.

Adachi, T., Takanaga, H., Kunimoto, M., and Asou, H. (2005). Influence of LIF and BMP-2 on
differentiation and development of glial cells in primary cultures of embryonic rat cerebral

hemisphere. J. Neurosci. Res. 79, 608—615.

Ajami, B., Bennett, J.L., Krieger, C., Tetzlaff, W., and Rossi, F.M. V (2007). Local self-renewal
can sustain CNS microglia maintenance and function throughout adult life. Nat. Neurosci. /0,

1538-1543.

Alexander, B., Guzail, M.A., and Foster, C.S. (1997). Morphological changes during

hepatocellular maturity in neonatal rats. Anat. Rec. 248, 104—109.

Allan, S.M., Tyrrell, P.J., and Rothwell, N.J. (2005). Interleukin-1 and neuronal injury. Nat. Rev.
Immunol. 5, 629-640.

Allen, C., Thornton, P., Denes, A., McColl, B.W., Pierozynski, A., Monestier, M., Pinteaux, E.,
Rothwell, N.J., and Allan, S.M. (2012). Neutrophil Cerebrovascular Transmigration Triggers
Rapid Neurotoxicity through Release of Proteases Associated with Decondensed DNA. J.
Immunol. /89, 381-392.

Alliot, F., Godin, 1., and Pessac, B. (1999). Microglia derive from progenitors, originating from

the yolk sac, and which proliferate in the brain. Dev. Brain Res. /77, 145-152.

Almolda, B., Gonzalez, B., and Castellano, B. (2011). Antigen presentation in EAE: role of
microglia, macrophages and dendritic cells. Front. Biosci. (Landmark Ed. 76, 1157-1171.

Aly, H., Hamed, Z., Mohsen, L., Ramy, N., Arnaoot, H., and Lotfy, a (2011). Serum amyloid A
protein and hypoxic ischemic encephalopathy in the newborn. J. Perinatol. 3/, 263-268.

Amor, S., Puentes, F., Baker, D., and van der Valk, P. (2010). Inflammation in neurodegenerative

diseases. Immunology 729, 154—-169.

Ando, T., Langley, R.R., Wang, Y., Jordan, P.A., Minagar, A., Alexander, J.S., and Jennings,
171



CHAPTER 6

M.H. (2007). Inflammatory cytokines induce MAdCAM-1 in murine hepatic endothelial cells
and mediate alpha-4 beta-7 integrin dependent lymphocyte endothelial adhesion in vitro. BMC
Physiol. 7, 10.

Anthony, D.C., and Couch, Y. (2014). The systemic response to CNS injury. Exp. Neurol. 258,
105-111.

Anthony, D., Dempster, R., Fearn, S., Clements, J., Wells, G., Perry, V.H., and Walker, K.
(1998). CXC chemokines generate age-related increases in neutrophil-mediated brain

inflammation and blood-brain barrier breakdown. Curr. Biol. 8, 923-927.

Anthony, D.C., Bolton, S.J., Fearn, S., and Perry, V.H. (1997). Age-related effects of interleukin-
1 beta on polymorphonuclear neutrophil-dependent increases in blood-brain barrier permeability

in rats. Brain 720, 435-444.

Anthony, D.C., Couch, Y., Losey, P., and Evans, M.C. (2012). The systemic response to brain
injury and disease. Brain. Behav. Immun. 26, 534-540.

Apte, U., Zeng, G., Thompson, M.D., Muller, P., Micsenyi, A., Cieply, B., Kaestner, K.H., and
Monga, S.P.S. (2007). beta-Catenin is critical for early postnatal liver growth. Am. J. Physiol.
Gastrointest. Liver Physiol. 292, G1578-85.

Arrode-Brusés, G., Brusés, J.L., Fatemi, S., Folsom, T., Patterson, P., Walsh, T., McClellan, J.,
McCarthy, S., Addington, A., Pierce, S., et al. (2012). Maternal immune activation by poly(I1:C)
induces expression of cytokines IL-1p and IL-13, chemokine MCP-1 and colony stimulating

factor VEGF in fetal mouse brain. J. Neuroinflammation 9, 83.

Ashdown, H., Dumont, Y., Ng, M., Poole, S., Boksa, P., and Luheshi, G.N. (2006). The role of
cytokines in mediating effects of prenatal infection on the fetus: implications for schizophrenia.

Mol. Psychiatry /1, 47-55.

Ashwood, P., Krakowiak, P., Hertz-Picciotto, 1., Hansen, R., Pessah, 1., and Van de Water, J.
(2011a). Elevated plasma cytokines in autism spectrum disorders provide evidence of immune
dysfunction and are associated with impaired behavioral outcome. Brain. Behav. Immun. 25, 40—

45.

Ashwood, P., Krakowiak, P., Hertz-Picciotto, I., Hansen, R., Pessah, I.N., and Van de Water, J.
(2011b). Associations of impaired behaviors with elevated plasma chemokines in autism

spectrum disorders. Brain. Behav. Immun. 232, 196-199.

Atladéttir, H.O., Thorsen, P., Ostergaard, L., Schendel, D.E., Lemcke, S., Abdallah, M., and
Parner, E.T. (2010). Maternal infection requiring hospitalization during pregnancy and autism

spectrum disorders. J. Autism Dev. Disord. 40, 1423—-1430.

172



CHAPTER 6

Ayres-silva, J.D.P., Paulo, P., and Manso, D.A. (2011). Sequential morphological characteristics
of murine fetal liver hematopoietic microenvironment in Swiss Webster mice. Cell Tissue Res.

344,455-469.

Bailey, A., Luthert, P., Dean, A., Harding, B., Janota, 1., Montgomery, M., Rutter, M., and Lantos,
P. (1998). A clinicopathological study of autism. Brain /27, 889-905.

Bakhshi, K., and Chance, S.A. (2015). The neuropathology of schizophrenia: A selective review
of past studies and emerging themes in brain structure and cytoarchitecture. Neuroscience 303,

82-102.

Balda, M.S., and Anderson, J.M. (1993). Two classes of tight junctions are revealed by ZO-1
isoforms. Am. J. Physiol. 264, C918-24.

Ballestas, M.E., and Benveniste, E.N. (1995). Interleukin 1-beta- and tumor necrosis factor-
alpha-mediated regulation of ICAM-1 gene expression in astrocytes requires protein kinase C

activity. Glia 74, 267-278.

Banks, W.A. (2015). The blood-brain barrier in neuroimmunology: Tales of separation and

assimilation. Brain. Behav. Immun. 44, 1-8.

Bass, T., Singer, G., Slusser, J., and Liuzzi, F.J. (1992). Radial glial interaction with cerebral
germinal matrix capillaries in the fetal baboon. Exp. Neurol. /78, 126-132.

Basu, S., Hodgson, G., Katz, M., and Dunn, A.R. (2002). Evaluation of role of G-CSF in the

production, survival, and release of neutrophils from bone marrow into circulation. Blood 7/00.

Bauer, A.T., Biirgers, H.F., Rabie, T., and Marti, H.H. (2010). Matrix metalloproteinase-9
mediates hypoxia-induced vascular leakage in the brain via tight junction rearrangement. J.

Cereb. Blood Flow Metab. 30, 837-848.

Bauer, H., Sonnleitner, U., Lametschwandtner, A., Steiner, M., Adam, H., and Bauer, H.C.
(1995a). Ontogenic expression of the erythroid-type glucose transporter (Glut 1) in the
telencephalon of the mouse: correlation to the tightening of the blood-brain barrier. Brain Res.

Dev. Brain Res. 86, 317-325.

Bauer, H.C., Bauer, H., Lametschwandtner, A., Amberger, A., Ruiz, P., and Steiner, M. (1993).
Neovascularization and the appearance of morphological characteristics of the blood-brain

barrier in the embryonic mouse central nervous system. Dev. Brain Res. 75, 269-278.

Bauer, J., Huitinga, 1., Zhao, W., Lassmann, H., Hickey, W.F., and Dijkstra, C.D. (1995b). The
role of macrophages, perivascular cells, and microglial cells in the pathogenesis of experimental

autoimmune encephalomyelitis. Glia /5, 437-446.

Bauer, S., Kerr, B.J., and Patterson, P.H. (2007). The neuropoictic cytokine family in
173



CHAPTER 6

development, plasticity, disease and injury. Nat. Rev. Neurosci. 8, 221-232.

Bayer, T.A., Buslei, R., Havas, L., and Falkai, P. (1999). Evidence for activation of microglia in
patients with psychiatric illnesses. Neurosci. Lett. 2717, 126—128.

Bechmann, I., Kwidzinski, E., Kovac, A.D., Simbiirger, E., Horvath, T., Gimsa, U., Dirnagl, U.,
Priller, J., and Nitsch, R. (2001). Turnover of rat brain perivascular cells. Exp. Neurol. /68, 242—
249.

Behrens, A., Sibilia, M., David, J.P., M??hle-Steinlein, U., Tronche, F., Sch??tz, G., and Wagner,
E.F. (2002). Impaired postnatal hepatocyte proliferation and liver regeneration in mice lacking c-

jun in the liver. EMBO J. 21, 1782-1790.

Bell, M.J., and Hallenbeck, J.M. (2002). Effects of intrauterine inflammation on developing rat
brain. J. Neurosci. Res. 70, 570-579.

Bell, M.D., Taub, D.D., Kunkel, S.J., Strieter, R.M., Foley, R., Gauldie, J., and Perry, V.H.
(1996). Recombinant human adenovirus with rat MIP-2 gene insertion causes prolonged PMN

recruitment to the murine brain. Eur. J. Neurosci. 8, 1803-1811.

Le Belle, J.E., Sperry, J., Ngo, A., Ghochani, Y., Laks, D.R., Lopez-Aranda, M., Silva, A.J., and
Kornblum, H.I. (2014). Maternal inflammation contributes to brain overgrowth and autism-
associated behaviors through altered redox signaling in stem and progenitor cells. Stem Cell

Reports 3, 725-734.

van Berckel, B.N., Bossong, M.G., Boellaard, R., Kloet, R., Schuitemaker, A., Caspers, E.,
Luurtsema, G., Windhorst, A.D., Cahn, W., Lammertsma, A.A., et al. (2008). Microglia
Activation in Recent-Onset Schizophrenia: A Quantitative (R)-[11C]PK11195 Positron Emission
Tomography Study. Biol. Psychiatry 64, 820-822.

Bergold, P.J. (2016). Treatment of traumatic brain injury with anti-inflammatory drugs. Exp.
Neurol. 275, 367-380.

Bernardes-Silva, M., Anthony, D.C., Issekutz, A.C., and Perry, V.H. (2001). Recruitment of
neutrophils across the blood-brain barrier: the role of E- and P-selectins. J. Cereb. Blood Flow

Metab. 27, 1115-1124.

Bertrand, J.Y ., Jalil, A., Klaine, M., Jung, S., Cumano, A., and Godin, . (2005). Three pathways

to mature macrophages in the early mouse yolk sac. Blood /06, 3004-3011.

Beyrau, M., Bodkin, J. V, and Nourshargh, S. (2012). Neutrophil heterogeneity in health and

disease: a revitalized avenue in inflammation and immunity. Open.Biol. 2, 120134.

Bieghs, V., and Trautwein, C. (2013). The innate immune response during liver inflammation

and metabolic disease. Trends Immunol. 34, 447-452.

174



CHAPTER 6

Bilbo, S.D., and Schwarz, J.M. (2009). Early-life programming of later-life brain and behavior:

a critical role for the immune system. Front. Behav. Neurosci. 3, 14.

Bilbo, S.D., and Schwarz, J.M. (2012). The immune system and developmental programming of

brain and behavior. Front. Neuroendocrinol. 33, 267-286.

Bilimoria, P.M., and Stevens, B. (2014). Microglia function during brain development: New

insights from animal models. Brain Res. /1617, 7-17.

Blamire, A.M., Anthony, D.C., Rajagopalan, B., Sibson, N.R., Perry, V.H., and Styles, P. (2000).
Interleukin-1beta -induced changes in blood-brain barrier permeability, apparent diffusion
coefficient, and cerebral blood volume in the rat brain: a magnetic resonance study. J Neurosci

20, 8153-8159.

Blencowe, H., Cousens, S., Oestergaard, M.Z., Chou, D., Moller, A.B., Narwal, R., Adler, A.,
Vera Garcia, C., Rohde, S., Say, L., et al. (2012). National, regional, and worldwide estimates of
preterm birth rates in the year 2010 with time trends since 1990 for selected countries: A

systematic analysis and implications. Lancet 379, 2162-2172.

Block, M.L., Zecca, L., and Hong, J.-S. (2007). Microglia-mediated neurotoxicity: uncovering

the molecular mechanisms. Nat. Rev. Neurosci. 8, 57-69.

Blond, D., Campbell, S.J., Butchart, A.G., Perry, V.H., and Anthony, D.C. (2002). Differential
induction of interleukin-1 and tumour necrosis factor-o may account for specific patterns of

leukocyte recruitment in the brain. Brain Res. 958, §89-99.

de Boer, A.G., and Gaillard, P.J. (2006). Blood-brain barrier dysfunction and recovery. J. Neural
Transm. 713, 455-462.

Bohm, F., Kohler, U.A., Speicher, T., and Werner, S. (2010). Regulation of liver regeneration by
growth factors and cytokines. EMBO Mol. Med. 2, 294-305.

Boksa, P. (2010). Effects of prenatal infection on brain development and behavior: A review of

findings from animal models. Brain. Behav. Immun. 24, 881-897.

Bolton, S.J., and Perry, V.H. (1998). Differential Blood—Brain Barrier Breakdown and Leucocyte
Recruitment Following Excitotoxic Lesions in Juvenile and Adult Rats. Exp. Neurol. /54, 231-

240.

Bolton, S.., Anthony, D.., and Perry, V.. (1998). Loss of the tight junction proteins occludin and
zonula occludens-1 from cerebral vascular endothelium during neutrophil-induced blood—brain

barrier breakdown in vivo. Neuroscience 86, 1245-1257.

Bonestroo, H.J.C., Nijboer, C.H.A., van Velthoven, C.T.J., Kavelaars, A., Hack, C.E., van Bel,

F., and Heijnen, C.J. (2013). Cerebral and hepatic inflammatory response after neonatal hypoxia-

175



CHAPTER 6

ischemia in newborn rats. Dev. Neurosci. 35, 197-211.

Bourgeron, T. (2015). From the genetic architecture to synaptic plasticity in autism spectrum

disorder. Nat. Rev. Neurosci. /6, 551-563.

Bowen, K.K., Dempsey, R.J., and Vemuganti, R. (2011). Adult interleukin-6 knockout mice

show compromised neurogenesis. Neuroreport 22, 126—130.

Braun, L.D., Cornford, E.M., and Oldendorf, W.H. (1980). Newborn rabbit blood-brain barrier
is selectively permeable and differs substantially from the adult. J. Neurochem. 34, 147—-152.

Brochu, M.-E., Girard, S., Lavoie, K., and Sébire, G. (2011). Developmental regulation of the
neuroinflammatory responses to LPS and/or hypoxia-ischemia between preterm and term

neonates: An experimental study. J. Neuroinflammation &, 55.

Broering, R., Wu, J., Meng, Z., Hilgard, P., Lu, M., Trippler, M., Szczeponek, A., Gerken, G.,
and Schlaak, J.F. (2008). Toll-like receptor-stimulated non-parenchymal liver cells can regulate

hepatitis C virus replication. J. Hepatol. 48, 914-922.

Broering, R., Lu, M., Schlaak, J.F., Fearon, D.T., Locksley, R.M., Biron, C.A., Akira, S.,
Uematsu, S., Takeuchi, O., Takeda, K., et al. (2011). Role of Toll-like receptors in liver health
and disease. Clin. Sci. (Lond). /21, 415-426.

Brown, A.S., Begg, M.D., Gravenstein, S., Schaefer, C.A., Wyatt, R.J., Bresnahan, M., Babulas,
V.P., and Susser, E.S. (2004). Serologic evidence of prenatal influenza in the etiology of
schizophrenia. Arch. Gen. Psychiatry 61, 774—780.

Brubaker, S.W., Bonham, K.S., Zanoni, I., and Kagan, J.C. (2015). Innate Immune Pattern
Recognition: A Cell Biological Perspective. Annu. Rev. Immunol. 33, 257-90.

Butovsky, O., Jedrychowski, M.P., Moore, C.S., Cialic, R., Lanser, A.J., Gabriely, G.,
Koeglsperger, T., Dake, B., Wu, P.M., Doykan, C.E., et al. (2014). Identification of a unique

TGF-B-dependent molecular and functional signature in microglia. Nat. Neurosci. /7, 131-143.

Byrnes, A.P., MacLaren, R.E., and Charlton, H.M. (1996). Immunological instability of
persistent adenovirus vectors in the brain: peripheral exposure to vector leads to renewed

inflammation, reduced gene expression, and demyelination. J Neurosci /6, 3045-3055.

Cai, Z., Pan, Z.L., Pang, Y., Evans, O.B., and Rhodes, P.G. (2000). Cytokine induction in fetal
rat brains and brain injury in neonatal rats after maternal lipopolysaccharide administration.

Pediatr. Res. 47, 64-72.

Campbell, S.J., Wilcockson, D.C., Butchart, A.G., Perry, V.H., and Anthony, D.C. (2002).
Altered chemokine expression in the spinal cord and brain contributes to differential interleukin-

1 b -induced neutrophil recruitment. J Neurochem. 83, 432—441.
176



CHAPTER 6

Campbell, S.J., Hughes, P.M., Iredale, J.P., Wilcockson, D.C., Waters, S., Docagne, F., Perry,
V.H., and Anthony, D.C. (2003). CINC-1 is an acute-phase protein induced by focal brain injury
causing leukocyte mobilization and liver injury. FASEB J. /7, 1168-1170.

Campbell, S.J., Perry, V.H., Pitossi, F.J., Butchart, A.G., Chertoff, M., Waters, S., Dempster, R.,
and Anthony, D.C. (2005). Central nervous system injury triggers hepatic CC and CXC
chemokine expression that is associated with leukocyte mobilization and recruitment to both the

central nervous system and the liver. Am. J. Pathol. /66, 1487-1497.

Campbell, S.J., Carare-Nnadi, R.O., Losey, P.H., and Anthony, D.C. (2007a). Loss of the atypical
inflammatory response in juvenile and aged rats. Neuropathol. Appl. Neurobiol. 33, 108—120.

Campbell, S.J., Jiang, Y., Davis, A.E.M., Farrands, R., Holbrook, J., Leppert, D., and Anthony,
D.C. (2007b). Immunomodulatory effects of etanercept in a model of brain injury act through

attenuation of the acute-phase response. J. Neurochem. /03, 2245-2255.

Campbell, S.J., Zahid, 1., Losey, P., Law, S., Jiang, Y., Bilgen, M., van Rooijen, N., Morsali, D.,
Davis, A.E.M., and Anthony, D.C. (2008). Liver Kupffer cells control the magnitude of the

inflammatory response in the injured brain and spinal cord. Neuropharmacology 55, 780—787.

Campbell, S.J., Meier, U., Mardiguian, S., Jiang, Y., Littleton, E.T., Bristow, A., Relton, J.,
Connor, T.J., and Anthony, D.C. (2010). Sickness behaviour is induced by a peripheral CXC-

chemokine also expressed in multiple sclerosis and EAE. Brain. Behav. Immun. 24, 738-746.

Cardona, A.E., Pioro, E.P., Sasse, M.E., Kostenko, V., Cardona, S.M., Dijkstra, .M., Huang, D.,
Kidd, G., Dombrowski, S., Dutta, R., et al. (2006). Control of microglial neurotoxicity by the
fractalkine receptor. Nat. Neurosci. 9, 917-924.

Cardoso, F.L., Brites, D., and Brito, M.A. (2010). Looking at the blood-brain barrier: Molecular

anatomy and possible investigation approaches. Brain Res. Rev. 64, 328-363.

Carman, C. V., and Springer, T.A. (2004). A transmigratory cup in leukocyte diapedesis both
through individual vascular endothelial cells and between them. J. Cell Biol. 167, 377-388.

Carrano, A., Hoozemans, J.J., van der Vies, S.M., Rozemuller, A.J., van Horssen, J., and de Vries,
H.E. (2011). Amyloid Beta induces oxidative stress-mediated blood-brain barrier changes in

capillary amyloid angiopathy. Antioxid Redox Signal /5, 1167-1178.

Cartier, L., Hartley, O., Dubois-Dauphin, M., and Krause, K.-H. (2005). Chemokine receptors in
the central nervous system: role in brain inflammation and neurodegenerative diseases. Brain

Res. Brain Res. Rev. 48, 16-42.

Castell, J. V, Gomez-Lechén, M.J., David, M., Andus, T., Geiger, T., Trullenque, R., Fabra, R.,

and Heinrich, P.C. (1989). Interleukin-6 is the major regulator of acute phase protein synthesis in

177



CHAPTER 6

adult human hepatocytes. FEBS Lett. 242, 237-239.

Cerovic, M., d’Isa, R., Tonini, R., and Brambilla, R. (2013). Molecular and cellular mechanisms

of dopamine-mediated behavioral plasticity in the striatum. Neurobiol. Learn. Mem. /05, 63—-80.

Chakrabarty, P., Li, A., Ceballos-Diaz, C., Eddy, J.A., Funk, C.C., Moore, B., DiNunno, N.,
Rosario, A.M., Cruz, P.E., Verbeeck, C., et al. (2015). IL-10 Alters Immunoproteostasis in APP

Mice, Increasing Plaque Burden and Worsening Cognitive Behavior. Neuron 85, 519-533.

Chamak, B., Morandi, V., and Mallat, M. (1994). Brain macrophages stimulate neurite growth

and regeneration by secreting thrombospondin. J. Neurosci. Res. 38, 221-233.

Chaplin, D.D. (2010). Overview of the immune response. J. Allergy Clin. Immunol. /25, S3—
S23.

Chapman, K.Z., Dale, V.Q., Dénes, A., Bennett, G., Rothwell, N.J., Allan, S.M., and McColl,
B.W. (2009). A rapid and transient peripheral inflammatory response precedes brain
inflammation after experimental stroke. J. Cereb. Blood Flow Metab. 29, 1764—1768.

Cheung, C., Yu, K., Fung, G., Leung, M., Wong, C., Li, Q., Sham, P., Chua, S., and McAlonan,
G. (2010). Autistic Disorders and Schizophrenia: Related or Remote? An Anatomical Likelihood
Estimation. PLoS One 5, €12233.

Ching, S., Zhang, H., Belevych, N., He, L., Lai, W., Pu, X.A., Jaeger, L.B., Chen, Q., and Quan,
N. (2007). Endothelial-specific knockdown of interleukin-1 (IL-1) type 1 receptor differentially
alters CNS responses to IL-1 depending on its route of administration. J Neurosci 27, 10476—

10486.

Chisholm, K., Lin, A., Abu-Akel, A., and Wood, S.J. (2015). The association between autism
and schizophrenia spectrum disorders: A review of eight alternate models of co-occurrence.

Neurosci. Biobehav. Rev. 55, 173-183.

Chitu, V., Gokhan, $, Nandi, S., Mehler, M.F., and Stanley, E.R. (2016). Emerging Roles for
CSF-1 Receptor and its Ligands in the Nervous System. Trends Neurosci. 39, 378-393.

Cho, S.H., Sun, B., Zhou, Y., Kauppinen, T.M., Halabisky, B., Wes, P., Ransohoff, R.M., and
Gan, L. (2011). CX3CRI protein signaling modulates microglial activation and protects against
plaque-independent cognitive deficits in a mouse model of Alzheimer disease. J. Biol. Chem.

286,32713-32722.

Christensen, D.L., Baio, J., Van Naarden Braun, K., Bilder, D., Charles, J., Constantino, J.N.,
Daniels, J., Durkin, M.S., Fitzgerald, R.T., Kurzius-Spencer, M., et al. (2016). Prevalence and
Characteristics of Autism Spectrum Disorder Among Children Aged 8 Years--Autism and

Developmental Disabilities Monitoring Network, 11 Sites, United States, 2012. MMWR.
178



CHAPTER 6

Surveill. Summ. 65, 1-23.

Christensen, L.B., Woods, T.A., Carmody, A.B., Caughey, B., and Peterson, K.E. (2014). Age-
related differences in neuroinflammatory responses associated with a distinct profile of regulatory

markers on neonatal microglia. J. Neuroinflammation /7, 70.

Christoffersson, G., Végesjo, E., Vandooren, J., Lid??n, M., Massena, S., Reinert, R.B., Brissova,
M., Powers, A.C., Opdenakker, G., and Phillipson, M. (2012). VEGF-A recruits a proangiogenic
MMP-9-delivering neutrophil subset that induces angiogenesis in transplanted hypoxic tissue.

Blood 120, 4653—4662.

Citi, S., Sabanay, H., Kendrick-Jones, J., and Geiger, B. (1989). Cingulin: characterization and
localization. J. Cell Sci. 93, 107-122.

Claassen, E., and Van Rooijen, N. (1984). The effect of elimination of macrophages on the tissue

distribution of liposomes containing [3H]methotrexate. Biochim. Biophys. Acta 802, 428—434.

Clancy, B., Kersh, B., Hyde, J., Darlington, R.B., Anand, K.J.S., and Finlay, B.L. (2007). Web-
based method for translating neurodevelopment from laboratory species to humans.

Neuroinformatics 5, 79-94.

Coisne, C., and Engelhardt, B. (2011). Tight junctions in brain barriers during central nervous

system inflammation. Antioxid Redox Signal /5, 1285-1303.

Colton, C.A., and Gilbert, D.L. (1987). Production of superoxide anions by a CNS macrophage,
the microglia. FEBS Lett. 223, 284-288.

Constantino, J.N., and Charman, T. (2015). Diagnosis of autism spectrum disorder: Reconciling

the syndrome, its diverse origins, and variation in expression. Lancet Neurol. /5, 279-291.

Cooper, S.-A. (1997). Psychiatry of elderly compared to younger adults with intellectual
disabilities. J. Appl. Res. Intellect. Disabil. /0, 303-311.

Cooray, H.C., Blackmore, C.G., Maskell, L., and Barrand, M.A. (2002). Localisation of breast
cancer resistance protein in microvessel endothelium of human brain. Neuroreport /3, 2059—

2063.

Cornford, E.M., and Cornford, M.E. (1986). Nutrient transport and the blood-brain barrier in
developing animals. Fed. Proc. 45, 2065-2072.

Cornford, E.M., Braun, L.D., and Oldendorf, W.H. (1982). Developmental modulations of blood-
brain barrier permeability as an indicator of changing nutritional requirements in the brain.

Pediatr. Res. 16, 324-328.

Corsini, E., Dufour, A., Ciusani, E., Gelati, M., Frigerio, S., Gritti, A., Cajola, L., Mancardi, G.L.,

179



CHAPTER 6

Massa, G., and Salmaggi, A. (1996). Human brain endothelial cells and astrocytes produce IL-1
beta but not IL-10. Scand. J. Immunol. 44, 506-511.

Couch, Y., Davis, A.E., Sa-Pereira, 1., Campbell, S.J., and Anthony, D.C. (2014). Viral pre-
challenge increases central nervous system inflammation after intracranial interleukin-1§

injection. J. Neuroinflammation 7/, 178.
Courchesne, E. (1991). Neuroanatomic imaging in autism. Pediatrics 87, 781-790.

Courchesne, E., Yeung-Courchesne, R., Press, G.A., Hesselink, J.R., and Jernigan, T.L. (1988).
Hypoplasia of cerebellar vermal lobules VI and VII in autism. N. Engl. J. Med. 378, 1349-1354.

Coyle, P., Tran, N., Fung, J.N.T., Summers, B.L., and Rofe, A.M. (2009). Maternal dietary zinc
supplementation prevents aberrant behaviour in an object recognition task in mice offspring

exposed to LPS in early pregnancy. Behav. Brain Res. /97, 210-218.

Cuadros, M.A., and Navascués, J. (1998). The origin and differentiation of microglial cells during

development. Prog. Neurobiol. 56, 173—189.

Cumano, A., and Godin, I. (2007). Ontogeny of the Hematopoietic System. Annu. Rev. Immunol.
25, 745-785.

Daneman, R., and Prat, A. (2015). The blood-brain barrier. Cold Spring Harb. Perspect. Biol. 7,
a020412.

Daneman, R., Zhou, L., Agalliu, D., Cahoy, J.D., Kaushal, A., and Barres, B.A. (2010). The
mouse blood-brain barrier transcriptome: a new resource for understanding the development and

function of brain endothelial cells. PLoS One 5, e13741.

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V, Zuo, Y., Jung, S., Littman, D.R., Dustin, M.L.,
and Gan, W.-B. (2005). ATP mediates rapid microglial response to local brain injury in vivo.

Nat. Neurosci. 8, 752-758.

Davis, A.E.M., Campbell, S.J., Wilainam, P., and Anthony, D.C. (2005). Post-conditioning with
lipopolysaccharide reduces the inflammatory infiltrate to the injured brain and spinal cord: A

potential neuroprotective treatment. Eur. J. Neurosci. 22, 2441-2450.

Dejana, E., Orsenigo, F., and Lampugnani, M.G. (2008). The role of adherens junctions and VE-
cadherin in the control of vascular permeability. J. Cell Sci. 121, 2115-2122.

Dejana, E., Tournier-Lasserve, E., and Weinstein, B.M. (2009). The control of vascular integrity
by endothelial cell junctions: molecular basis and pathological implications. Dev. Cell 76, 209—

221.

Delves, P.J., and Roitt, .M. (2000). The immune system. First of two parts. N. Engl. J. Med. 343,

180



CHAPTER 6

37-49.

Dénes, A., Ferenczi, S., Halasz, J., Kornyei, Z., and Kovacs, K.J. (2008). Role of CX3CRI1
(fractalkine receptor) in brain damage and inflammation induced by focal cerebral ischemia in

mouse. J. Cereb. Blood Flow Metab. 28, 1707-1721.

Dermietzel, R., Krause, D., Kremer, M., Wang, C., and Stevenson, B. (1992). Pattern of glucose
transporter (Glut 1) expression in embryonic brains is related to maturation of blood-brain barrier

tightness. Dev. Dyn. 793, 152-163.

Dinarello, C.A. (2011). Interleukin-1 in the pathogenesis and treatment of inflammatory diseases.

Blood 717, 3720-3732.

Donovan, A.P.A., and Basson, M.A. (2016). The neuroanatomy of autism - a developmental

perspective. J. Anat. 44, 1-12.

Dubowitz, L.M., Bydder, G.M., and Mushin, J. (1985). Developmental sequence of
periventricular leukomalacia. Correlation of ultrasound, clinical, and nuclear magnetic resonance

functions. Arch. Dis. Child. 60, 349-355.

Dziegielewska, K.M., Moller, J.E., Potter, A.M., Ek, J., Lane, M.A., and Saunders, N.R. (2000).
Acute-phase cytokines IL-1beta and TNF-alpha in brain development. Cell Tissue Res. 299, 335—
345.

Eack, S.M., Bahorik, A.L., McKnight, S.A.F., Hogarty, S.S., Greenwald, D.P., Newhill, C.E.,
Phillips, M.L., Keshavan, M.S., and Minshew, N.J. (2013). Commonalities in social and non-
social cognitive impairments in adults with autism spectrum disorder and schizophrenia.

Schizophr. Res. /48, 24-28.

Eash, K.J., Greenbaum, A.M., Gopalan, P.K., and Link, D.C. (2010). CXCR2 and CXCR4
antagonistically regulate neutrophil trafficking from murine bone marrow. J. Clin. Invest. /20,

2423-2431.

Ek, C.J., Dziegielewska, K.M., Stolp, H., and Saunders, N.R. (2006). Functional effectiveness of
the blood-brain barrier to small water-soluble molecules in developing and adult opossum

(Monodelphis domestica). J. Comp. Neurol. 496, 13-26.

Ek, C.J., Wong, A., Liddelow, S.A., Johansson, P.A., Dziegiclewska, K.M., and Saunders, N.R.
(2010). Efflux mechanisms at the developing brain barriers: ABC-transporters in the fetal and
postnatal rat. Toxicol. Lett. /97, 51-59.

Ek, C.J., Dziegielewska, K.M., Habgood, M.D., and Saunders, N.R. (2012). Barriers in the
developing brain and Neurotoxicology. Neurotoxicology 33, 586—-604.

Eklind, S., Mallard, C., Arvidsson, P., and Hagberg, H. (2005). Lipopolysaccharide induces both
181



CHAPTER 6

a primary and a secondary phase of sensitization in the developing rat brain. Pediatr. Res. 58,

112-116.

Elmore, M.R.P., Najafi, A.R., Koike, M.A., Dagher, N.N., Spangenberg, E.E., Rice, R.A.,
Kitazawa, M., Matusow, B., Nguyen, H., West, B.L., et al. (2014). Colony-stimulating factor 1
receptor signaling is necessary for microglia viability, unmasking a microglia progenitor cell in

the adult brain. Neuron 82, 380-397.

Engelhardt, B., and Ransohoff, R.M. (2012). Capture, crawl, cross: the T cell code to breach the
blood-brain barriers. Trends Immunol. 33, 579-589.

Engelhardt, B., and Sorokin, L. (2009). The blood-brain and the blood-cerebrospinal fluid

barriers: function and dysfunction. Semin Immunopathol 37, 497-511.

Erblich, B., Zhu, L., Etgen, A.M., Dobrenis, K., and Pollard, J.W. (2011). Absence of colony
stimulation factor-1 receptor results in loss of microglia, disrupted brain development and

olfactory deficits. PLoS One 6, €26317..

Erickson, M.A., Dohi, K., and Banks, W.A. (2012). Neuroinflammation: a common pathway in

CNS diseases as mediated at the blood-brain barrier. Neuroimmunomodulation /9, 121-130.

Fabry, Z., Fitzsimmons, K.M., Herlein, J.A., Moninger, T.O., Dobbs, M.B., and Hart, M.N.
(1993). Production of the cytokines interleukin 1 and 6 by murine brain microvessel endothelium

and smooth muscle pericytes. J Neuroimmunol 47, 23-34.

Fatemi, S.H., Aldinger, K.A., Ashwood, P., Bauman, M.L., Blaha, C.D., Blatt, G.J., Chauhan,
A., Chauhan, V., Dager, S.R., Dickson, P.E., et al. (2012). Consensus paper: Pathological role of
the cerebellum in Autism. Cerebellum 77, 777-807.

Fausto, N., Campbell, J.S., and Riehle, K.J. (2006). Liver regeneration. Hepatology 43, 45-53.

Favrais, G., Van De Looij, Y., Fleiss, B., Ramanantsoa, N., Bonnin, P., Stoltenburg-Didinger, G.,
Lacaud, A., Saliba, E., Dammann, O., Gallego, J., et al. (2011). Systemic inflammation disrupts

the developmental program of white matter. Ann. Neurol. 70, 550-565.

Fenstermacher, J., Gross, P., Sposito, N., Acuff, V., Pettersen, S., and Gruber, K. (1988).
Structural and functional variations in capillary systems within the brain. Ann. N. Y. Acad. Sci.

529, 21-30.

Ferrari, C.C., Depino, A.M., Prada, F., Muraro, N., Campbell, S., Podhajcer, O., Perry, V.H.,
Anthony, D.C., and Pitossi, F.J. (2004). Reversible Demyelination, Blood-Brain Barrier
Breakdown, and Pronounced Neutrophil Recruitment Induced by Chronic IL-1 Expression in the
Brain. Am. J. Pathol. 165, 1827-1837.

Fidel, P.L., Romero, R., Wolf, N., Cutright, J., Ramirez, M., Araneda, H., and Cotton, D.B.
182



CHAPTER 6

(1994). Systemic and local cytokine profiles in endotoxin-induced preterm parturition in mice.

Am. J. Obstet. Gynecol. 170, 1467-1475.
Folkerth, R.D. (2005). Neuropathologic substrate of cerebral palsy. J. Child Neurol. 20, 940-949.

Fortier, M.-E., Luheshi, G.N., and Boksa, P. (2007). Effects of prenatal infection on prepulse
inhibition in the rat depend on the nature of the infectious agent and the stage of pregnancy.

Behav. Brain Res. /81, 270-277.

Fortier, M.-E., Joober, R., Luheshi, G.N., and Boksa, P. (2004). Maternal exposure to bacterial
endotoxin during pregnancy enhances amphetamine-induced locomotion and startle responses in

adult rat offspring. J. Psychiatr. Res. 38, 335-345.

Fridlender, Z.G., Sun, J., Kim, S., Kapoor, V., Cheng, G., Ling, L., Worthen, G.S., and Albelda,
S.M. (2009). Polarization of tumor-associated neutrophil phenotype by TGF-beta:
&quot;N1&quot; versus &quot;N2&quot; TAN. Cancer Cell 16, 183—-194.

Friedrich, V., Flores, R., Muller, A., Bi, W., Peerschke, E.I., and Sehba, F. a (2011). Reduction
of neutrophil activity decreases early microvascular injury after subarachnoid haemorrhage. J.

Neuroinflammation 8, 103.

Fung, A., Vizcaychipi, M., Lloyd, D., Wan, Y., and Ma, D. (2012). Central nervous system

inflammation in disease related conditions: Mechanistic prospects. Brain Res. /1446, 144-155.

Furuse, M., and Tsukita, S. (2006). Claudins in occluding junctions of humans and flies. Trends

Cell Biol. /6, 181-188.

Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., Tsukita, S., and Tsukita, S. (1993).
Occludin: a novel integral membrane protein localizing at tight junctions. J. Cell Biol. /123, 1777—

1788.

Furuse, M., Fujita, K., Hiiragi, T., Fujimoto, K., and Tsukita, S. (1998). Claudin-1 and -2: Novel
integral membrane proteins localizing at tight junctions with no sequence similarity to occludin.

J. Cell Biol. 141, 1539-1550.

Furuya, K., Zhu, L., Kawahara, N., Abe, O., and Kirino, T. (2005). Differences in infarct
evolution between lipopolysaccharide-induced tolerant and nontolerant conditions to focal

cerebral ischemia. J. Neurosurg. /03, 715-723.

Gabay, C., and Kushner, 1. (1999). Acute-phase proteins and other systemic responses to
inflammation. N. Engl. J. Med. 340, 448—454.

Galea, L., Palin, K., Newman, T.A., Van Rooijen, N., Perry, V.H., and Boche, D. (2005). Mannose
receptor expression specifically reveals perivascular macrophages in normal, injured, and

diseased mouse brain. Glia 49, 375-384.
183



CHAPTER 6

Galea, 1., Bechmann, 1., and Perry, V.H. (2007). What is immune privilege (not)? Trends
Immunol. 28, 12-18.

Galli, S.J., Borregaard, N., and Wynn, T.A. (2011). Phenotypic and functional plasticity of cells

of innate immunity: macrophages, mast cells and neutrophils. Nat Immunol /2, 1035-1044.

Garay, P. a, and McAllister, a K. (2010). Novel roles for immune molecules in neural

development: implications for neurodevelopmental disorders. Front. Synaptic Neurosci. 2, 136.

Garden, G.A., and M??ller, T. (2006). Microglia biology in health and disease. J. Neuroimmune
Pharmacol. 7, 127-137.

Garlanda, C., Dinarello, C.A., and Mantovani, A. (2013). The Interleukin-1 Family: Back to the
Future. Immunity 39, 1003-1018.

Gautier, E.L., Shay, T., Miller, J., Greter, M., Jakubzick, C., Ivanov, S., Helft, J., Chow, A.,
Elpek, K.G., Gordonov, S., et al. (2012). Gene-expression profiles and transcriptional regulatory
pathways that underlie the identity and diversity of mouse tissue macrophages. Nat. Immunol.

13,1118-1128.

Gayle, D.A., Beloosesky, R., Desai, M., Amidi, F., Nufiez, S.E., and Ross, M.G. (2004). Maternal
LPS induces cytokines in the amniotic fluid and corticotropin releasing hormone in the fetal rat

brain. Am. J. Physiol. - Regul. Integr. Comp. Physiol. 286, R1024-9.

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., Mehler, M.F., Conway,
S.J., Ng, L.G., Stanley, E.R., et al. (2010). Fate mapping analysis reveals that adult microglia

derive from primitive macrophages. Science 330, 841-845.

Girard, S., Kadhim, H., Beaudet, N., Sarret, P., and Sébire, G. (2009). Developmental motor
deficits induced by combined fetal exposure to lipopolysaccharide and early neonatal
hypoxia/ischemia: a novel animal model for cerebral palsy in very premature infants.

Neuroscience /58, 673—-682.

Giulian, D., Young, D.G., Woodward, J., Brown, D.C., and Lachman, L.B. (1988). Interleukin-1

is an astroglial growth factor in the developing brain. J. Neurosci. §, 709-714.

Goldmann, T., Wieghofer, P., Jorddo, M.J.C., Prutek, F., Hagemeyer, N., Frenzel, K., Amann,
L., Staszewski, O., Kierdorf, K., Krueger, M., et al. (2016). Origin, fate and dynamics of

macrophages at central nervous system interfaces. Nat. Immunol. /7, 797-805.

Gomez-Nicola, D., and Perry, V.H. (2015). Microglial Dynamics and Role in the Healthy and
Diseased Brain: A Paradigm of Functional Plasticity. Neurosci. 27, 169-184.

Graeber, M.B., Streit, W.J., Biiringer, D., Sparks, D.L., and Kreutzberg, G.W. (1992).

Ultrastructural location of major histocompatibility complex (MHC) class II positive perivascular

184



CHAPTER 6

cells in histologically normal human brain. J. Neuropathol. Exp. Neurol. 57, 303-311.

Gregory, S.H., Sagnimeni, aJ., and Wing, E.J. (1996). Bacteria in the bloodstream are trapped
in the liver and killed by immigrating neutrophils. J. Immunol. 757, 2514-2520.

Greter, M., Lelios, 1., and Croxford, A.L. (2015). Microglia versus myeloid cell nomenclature

during brain inflammation. Front. Immunol. 6, 1-7.

Griffith, J.W., Sokol, C.L., and Luster, A.D. (2014). Chemokines and chemokine receptors:

positioning cells for host defense and immunity. Annu. Rev. Immunol. 32, 659-702.

Gruys, E., Toussaint, M.J., Niewold, T.A., and Koopmans, S.J. (2005). Acute phase reaction and
acute phase proteins. J Zhejiang Univ Sci B 6, 1045-1056.

Guadagno, J., Swan, P., Shaikh, R., and Cregan, S.P. (2015). Microglia-derived IL-1p triggers

p53-mediated cell cycle arrest and apoptosis in neural precursor cells. Cell Death Dis. 6, e1779.

Hagberg, H., Gressens, P., and Mallard, C. (2012). Inflammation during fetal and neonatal life:
implications for neurologic and neuropsychiatric disease in children and adults. Ann. Neurol. 7/,

444-457.

Hagberg, H., Mallard, C., Ferriero, D.M., Vannucci, S.J., Levison, S.W., Vexler, Z.S., and
Gressens, P. (2015). The role of inflammation in perinatal brain injury. Nat. Rev. Neurol. /7,

192-208.

Haijma, S. V, Van Haren, N., Cahn, W., Koolschijn, P.C.M.P., Hulshoff Pol, H.E., and Kahn,
R.S. (2013). Brain volumes in schizophrenia: a meta-analysis in over 18 000 subjects. Schizophr.

Bull. 39, 1129-1138.
Hanisch, U.K. (2002). Microglia as a source and target of cytokines. Glia 40, 140—155.

Hanisch, U.-K.K., and Kettenmann, H. (2007). Microglia: active sensor and versatile effector

cells in the normal and pathologic brain. Nat. Neurosci. /0, 1387-1394.

Harati, R., Villegier, A.S., Banks, W.A., and Mabondzo, A. (2012). Susceptibility of juvenile and
adult blood-brain barrier to endothelin-1: regulation of P-glycoprotein and breast cancer

resistance protein expression and transport activity. J Neuroinflammation 9, 273.

Harrison, M.S., and Goldenberg, R.L. (2016). Global burden of prematurity. Semin. Fetal
Neonatal Med. 21, 74-79.

Harrison, J.K., Jiang, Y., Chen, S., Xia, Y., Maciejewski, D., McNamara, R.K., Streit, W.J.,
Salafranca, M.N., Adhikari, S., Thompson, D.A., et al. (1998). Role for neuronally derived
fractalkine in mediating interactions between neurons and CX3CR 1-expressing microglia. Proc.

Natl. Acad. Sci. U. S. A. 95, 10896-10901.

185



CHAPTER 6

Harry, G.J. (2013). Microglia during development and aging. Pharmacol. Ther. 739, 313-326.

Harvey, L., and Boksa, P. (2012). Prenatal and postnatal animal models of immune activation:

Relevance to a range of neurodevelopmental disorders. Dev. Neurobiol. 72, 1335-1348.

Haskins, J., Gu, L., Wittchen, E.S., Hibbard, J., and Stevenson, B.R. (1998). ZO-3, a novel
member of the MAGUK protein family found at the tight junction, interacts with ZO-1 and
occludin. J. Cell Biol. 141, 199-208.

Hawkes, C.A., and McLaurin, J. (2009). Selective targeting of perivascular macrophages for
clearance of beta-amyloid in cerebral amyloid angiopathy. Proc. Natl. Acad. Sci. U. S. A. 106,
1261-1266.

Hawkins, B.T., and Egleton, R.D. (2006). Fluorescence imaging of blood-brain barrier
disruption. J. Neurosci. Methods 751, 262-267.

Heinrich, P.C., Castell, J. V, and Andus, T. (1990). Interleukin-6 and the acute phase response.
Biochem. J. 265, 621-636.

Hermansen, M.C., and Hermansen, M.G. (2006). Perinatal Infections and Cerebral Palsy. Clin.
Perinatol. 33, 315-333.

Hickey, W.F., and Kimura, H. (1988). Perivascular microglial cells of the CNS are bone marrow-

derived and present antigen in vivo. Science 239, 290-292.

Hickman, S.E., Kingery, N.D., Ohsumi, T.K., Borowsky, M.L., Wang, L., Means, T.K., and El
Khoury, J. (2013). The microglial sensome revealed by direct RNA sequencing. Nat. Neurosci.
16, 1896-1905.

Hoek, R.M., Ruuls, S.R., Murphy, C.A., Wright, G.J., Goddard, R., Zurawski, S.M., Blom, B.,
Homola, M.E., Streit, W.J., Brown, M.H., et al. (2000). Down-regulation of the macrophage
lineage through interaction with OX2 (CD200). Science 290, 1768-1771.

Hoon A.H., J., Reinhardt, E.M., Kelley, R.I., Breiter, S.N., Morton, D.H., Naidu, S., and
Johnston, M. V. (1997). Brain magnetic resonance imaging in suspected extrapyramidal cerebral

palsy: Observations in distinguishing genetic-metabolic from acquired causes. J. Pediatr. /31,

240-245.

Horwitz, A.R. (2012). The origins of the molecular era of adhesion research. Nat. Rev. Mol. Cell
Biol. /3, 805-811.

Hosmane, S., Tegenge, M.A., Rajbhandari, L., Uapinyoying, P., Kumar, N.G., Thakor, N., and
Venkatesan, A. (2012). Toll/interleukin-1 receptor domain-containing adapter inducing
interferon-p mediates microglial phagocytosis of degenerating axons. J. Neurosci. 32, 7745—

7757.
186



CHAPTER 6

Howland, J.G., Cazakoff, B.N., and Zhang, Y. (2012). Altered object-in-place recognition
memory, prepulse inhibition, and locomotor activity in the offspring of rats exposed to a viral

mimetic during pregnancy. Neuroscience 20/, 184-198.

Hu, X., Liou, A.K.F., Leak, R.K., Xu, M., An, C., Suenaga, J., Shi, Y., Gao, Y., Zheng, P., and
Chen, J. (2014). Neurobiology of microglial action in CNS injuries: Receptor-mediated signaling

mechanisms and functional roles. Prog. Neurobiol. /79, 60-84.

Hughes, P.M., Anthony, D.C., Ruddin, M., Botham, M.S., Rankine, E.L., Sablone, M., Baumann,
D., Mir, A.K., and Perry, V.H. (2003). Focal lesions in the rat central nervous system induced by
endothelin-1. J. Neuropathol. Exp. Neurol. 62, 1276-1286.

Huitinga, 1., van Rooijen, N., de Groot, C.J., Uitdehaag, B.M., and Dijkstra, C.D. (1990).
Suppression of experimental allergic encephalomyelitis in Lewis rats after elimination of

macrophages. J. Exp. Med. 7172, 1025-1033.

Inder, T.E., Huppi, P.S., Warfield, S., Kikinis, R., Zientara, G.P., Barnes, P.D., Jolesz, F., and
Volpe, J.J. (1999). Periventricular white matter injury in the premature infant is followed by

reduced cerebral cortical gray matter volume at term. Ann. Neurol. 46, 755-760.

Ishibashi, H., Nakamura, M., Komori, A., Migita, K., and Shimoda, S. (2009). Liver architecture,

cell function, and disease. Semin. Immunopathol. 37, 399-409.

Jaerve, A., and Miiller, H.W. (2012). Chemokines in CNS injury and repair. Cell Tissue Res. 349,
229-248.

Jesaitis, L.A., and Goodenough, D.A. (1994). Molecular characterization and tissue distribution
of Z0O-2, a tight junction protein homologous to ZO-1 and the Drosophila discs-large tumor

suppressor protein. J. Cell Biol. /124, 949-961.

Jiao, H., Wang, Z., Liu, Y., Wang, P., and Xue, Y. (2011). Specific Role of Tight Junction
Proteins Claudin-5, Occludin, and ZO-1 of the Blood—Brain Barrier in a Focal Cerebral Ischemic

Insult. J. Mol. Neurosci. 44, 130-139.

Jin, R., Yang, G., and Li, G. (2010). Inflammatory mechanisms in ischemic stroke: role of

inflammatory cells. J. Leukoc. Biol. 87, 779-789.

Johansson, P.A. (2014). The choroid plexuses and their impact on developmental neurogenesis.

Front. Neurosci. 8, 340.

John, G.R.,, Lee, S.C., Song, X., Rivieccio, M., and Brosnan, C.F. (2005). IL-1-regulated

responses in astrocytes: relevance to injury and recovery. Glia 49, 161-176.

Joniec-Maciejak, I., Ciesielska, A., Wawer, A., Sznejder-Pachotek, A., Schwenkgrub, J., Cudna,

A., Hadaczek, P., Bankiewicz, K.S., Czlonkowska, A., and Czlonkowski, A. (2014). The
187



CHAPTER 6

influence of AAV2-mediated gene transfer of human IL-10 on neurodegeneration and immune

response in a murine model of Parkinson’s disease. Pharmacol. Reports 66, 660—669.

Justicia, C., Panés, J., Solé, S., Cervera, A., Deulofeu, R., Chamorro, A., and Planas, A.M. (2003).
Neutrophil infiltration increases matrix metalloproteinase-9 in the ischemic brain after
occlusion/reperfusion of the middle cerebral artery in rats. J. Cereb. Blood Flow Metab. 23, 1430—
1440.

Kadhim, H., Tabarki, B., Verellen, G., De Prez, C., Rona, A.M., and Sébire, G. (2001).
Inflammatory cytokines in the pathogenesis of periventricular leukomalacia. Neurology 56,

1278-1284.

Kadhim, H., Tabarki, B., De Prez, C., and Sébire, G. (2003). Cytokine immunoreactivity in
cortical and subcortical neurons in periventricular leukomalacia: are cytokines implicated in

neuronal dysfunction in cerebral palsy? Acta Neuropathol. /05, 209-216.

Kemper, T.L., and Bauman, M.L. (2002). Neuropathology of infantile autism. Mol. Psychiatry 7
Suppl 2, S12-3.

Kenne, E., Erlandsson, A., Lindbom, L., Hillered, L., and Clausen, F. (2012). Neutrophil
depletion reduces edema formation and tissue loss following traumatic brain injury in mice. J.

Neuroinflammation 9, 17.

Kierdorf, K., Erny, D., Goldmann, T., Sander, V., Schulz, C., Perdiguero, E.G., Wieghofer, P.,
Heinrich, A., Riemke, P., Holscher, C., et al. (2013). Microglia emerge from erythromyeloid
precursors via Pu.1- and Irf8-dependent pathways. Nat. Neurosci. /6, 273-280.

Kinoshita, T., and Miyajima, A. (2002). Cytokine regulation of liver development. Biochim
Biophys Acta 71592, 303-312.

Kinoshita, T., Sekiguchi, T., Xu, M.J., Ito, Y., Kamiya, a, Tsuji, K., Nakahata, T., and Miyajima,
a (1999). Hepatic differentiation induced by oncostatin M attenuates fetal liver hematopoiesis.

Proc. Natl. Acad. Sci. U. S. A. 96, 7265-7270.

Kirk, J., Plumb, J., Mirakhur, M., and McQuaid, S. (2003). Tight junctional abnormality in
multiple sclerosis white matter affects all calibres of vessel and is associated with blood-brain

barrier leakage and active demyelination. J. Pathol. 207, 319-327.

Kolaczkowska, E., and Kubes, P. (2013). Neutrophil recruitment and function in health and

inflammation. Nat. Rev. Immunol. /3, 159-175.

Kooij, G., van Horssen, J., de Lange, E.C., Reijerkerk, A., van der Pol, S.M., van Het Hof, B.,
Drexhage, J., Vennegoor, A., Killestein, J., Scheffer, G., et al. (2010). T lymphocytes impair P-

glycoprotein function during neuroinflammation. J Autoimmun 34, 416-425.

188



CHAPTER 6

Kuban, K.C.K., O’Shea, T.M., Allred, E.N., Fichorova, R.N., Heeren, T., Paneth, N., Hirtz, D.,
Dammann, O., and Leviton, A. (2015). The breadth and type of systemic inflammation and the
risk of adverse neurological outcomes in extremely low gestation newborns. Pediatr. Neurol. 52,

42-48.

Kuban, K.C.K., Joseph, R.M., O’Shea, T.M., Heeren, T., Fichorova, R.N., Douglass, L., Jara, H.,
Frazier, J.A., Hirtz, D., Rollins, J.V., et al. (2017). Circulating Inflammatory-Associated Proteins
in the First Month of Life and Cognitive Impairment at Age 10 Years in Children Born Extremely
Preterm. J. Pediatr. /80, 116-123.

Kumar, H., Kawai, T., and Akira, S. (2011). Pathogen recognition by the innate immune system.

Int. Rev. Immunol. 30, 16-34.

Kumari, V., Soni, W., Mathew, V.M., Sharma, T., FK, G., DL, B., I, F., HY, M., HS, H., D, B.,
et al. (2000). Prepulse Inhibition of the Startle Response in Men With Schizophrenia: Effects of
Age of Onset of Illness, Symptoms, and Medication. Arch. Gen. Psychiatry 57, 238-248.

Kunsch, C., and Medford, R.M. (1999). Oxidative Stress as a Regulator of Gene Expression in
the Vasculature. Circ. Res. 85, 753-766.

Lai, J.C.Y., Rocha-Ferreira, E., Ek, C.J., Wang, X., Hagberg, H., and Mallard, C. (2016). Immune

responses in perinatal brain injury. Brain. Behav. Immun. Epub ahead of print.
Lai, M.-C., Lombardo, M. V, and Baron-Cohen, S. (2014). Autism. Lancet 383, 896-910.

Larochelle, C., Alvarez, J.I., and Prat, A. (2011). How do immune cells overcome the blood-brain

barrier in multiple sclerosis? FEBS Lett. 585, 3770-3780.

Lau, L.T., and Yu, A.C. (2001). Astrocytes produce and release interleukin-1, interleukin-6,
tumor necrosis factor alpha and interferon-gamma following traumatic and metabolic injury. J.

Neurotrauma /8, 351-359.

Lawson, L.J., and Perry, V.H. (1995). The Unique Characteristics of Inflammatory Responses in
Mouse Brain are Acquired During Postnatal Development. Eur. J. Neurosci. 7, 1584—-1595.

Lawson, L.J., Perry, V.H., Dri, P., and Gordon, S. (1990). Heterogeneity in the distribution and

morphology of microglia in the normal adult mouse brain. Neuroscience 39, 151-170.

Le, J.JM., and Vilcek, J. (1989). Interleukin 6: a multifunctional cytokine regulating immune

reactions and the acute phase protein response. Lab. Invest. 67, 588—602.

Lee, S.C., Liu, W., Dickson, D.W., Brosnan, C.F., and Berman, J.W. (1993). Cytokine production
by human fetal microglia and astrocytes. Differential induction by lipopolysaccharide and IL-1

beta. J. Immunol. /50, 2659-2667.

189



CHAPTER 6

Lefauconnier, J.M., and Trouvé, R. (1983). Developmental changes in the pattern of amino acid

transport at the blood-brain barrier in rats. Brain Res. 282, 175-182.

Leslie, E.M., Deeley, R.G., and Cole, S.P.C. (2005). Multidrug resistance proteins: role of P-
glycoprotein, MRP1, MRP2, and BCRP (ABCG?2) in tissue defense. Toxicol. Appl. Pharmacol.
204, 216-237.

Lewis, D.A. (2012). Cortical circuit dysfunction and cognitive deficits in schizophrenia -

implications for preemptive interventions. Eur. J. Neurosci. 35, 1871-1878.

Li, X., Chauhan, A., Sheikh, A.M., Patil, S., Chauhan, V., Li, X.-M., Ji, L., Brown, T., and Malik,
M. (2009). Elevated immune response in the brain of autistic patients. J. Neuroimmunol. 207,

111-116.

Liddelow, S.A. (2015). Development of the choroid plexus and blood-CSF barrier. Front.
Neurosci. 9, 1-13.

Lin, A., Kenis, G., Bignotti, S., Tura, G.-J.-B., De Jong, R., Bosmans, E., Pioli, R., Altamura, C.,
Scharpé, S., and Maes, M. (1998). The inflammatory response system in treatment-resistant

schizophrenia: increased serum interleukin-6. Schizophr. Res. 32, 9—15.

Lobo-Silva, D., Carriche, G.M., Castro, A.G., Roque, S., and Saraiva, M. (2016). Balancing the

immune response in the brain: IL-10 and its regulation. J. Neuroinflammation /3, 297.

Lord, B., Molineux, G., Pojda, Z., Souza, L., Mermod, J., and Dexter, T. (1991). Myeloid cell
kinetics in mice treated with recombinant interleukin-3, granulocyte colony-stimulating factor

(CSF), or granulocyte-macrophage CSF in vivo. Blood 77, 2154-2159.

Losey, P., Ladds, E., Laprais, M., Geuvel, B., Burns, L., Bordet, R., and Anthony, D.C. (2015).
The role of PPAR activation during the systemic response to brain injury. J. Neuroinflammation

12,99.

Louis, H., Van Laethem, J.L., Wu, W., Quertinmont, E., Degraef, C., Van den Berg, K., Demols,
A., Goldman, M., Le Moine, O., Geerts, A., et al. (1998). Interleukin-10 controls neutrophilic
infiltration, hepatocyte proliferation, and liver fibrosis induced by carbon tetrachloride in mice.

Hepatology 28, 1607-1615.

Louveau, A., Smirnov, 1., Keyes, T.J., Eccles, J.D., Rouhani, S.J., Peske, J.D., Derecki, N.C.,
Castle, D., Mandell, J.W., Lee, K.S., et al. (2015). Structural and functional features of central

nervous system lymphatic vessels. Nature 523, 337-341.

Ma, Q., Jones, D., Borghesani, P.R., Segal, R.A., Nagasawa, T., Kishimoto, T., Bronson, R.T.,
and Springer, T.A. (1998). Impaired B-lymphopoiesis, myelopoiesis, and derailed cerebellar
neuron migration in CXCR4- and SDF-1-deficient mice. Proc. Natl. Acad. Sci. U. S. A. 95, 9448—

190



CHAPTER 6

9453.

MacDonald, K.P.A., Palmer, J.S., Cronau, S., Seppanen, E., Olver, S., Raffelt, N.C., Kuns, R.,
Pettit, A.R., Clouston, A., Wainwright, B., et al. (2010). An antibody against the colony-
stimulating factor 1 receptor depletes the resident subset of monocytes and tissue- and tumor-

associated macrophages but does not inhibit inflammation. Blood 716, 3955-3963.

Malkova, N. V., Yu, C.Z., Hsiao, E.Y., Moore, M.J., and Patterson, P.H. (2012). Maternal
immune activation yields offspring displaying mouse versions of the three core symptoms of

autism. Brain. Behav. Immun. 26, 607-616.

Marin-Padilla, M. (1997). Developmental neuropathology and impact of perinatal brain damage.

II: white matter lesions of the neocortex. J. Neuropathol. Exp. Neurol. 56, 219-235.

Marlow, N., Wolke, D., Bracewell, M.A., Samara, M., and EPICure Study Group (2005).
Neurologic and Developmental Disability at Six Years of Age after Extremely Preterm Birth. N.
Engl. J. Med. 352, 9-19.

Marques, F., Sousa, J.C., Coppola, G., Falcao, A.M., Rodrigues, A.J., Geschwind, D.H., Sousa,
N., Correia-Neves, M., and Palha, J.A. (2009). Kinetic profile of the transcriptome changes
induced in the choroid plexus by peripheral inflammation. J Cereb Blood Flow Metab 29, 921—
932.

Marret, S., Vanhulle, C., and Laquerriere, A. (2013). Pathophysiology of cerebral palsy. Handb.
Clin. Neurol. 711, 169-176.

Martin-Padura, 1., Lostaglio, S., Schneemann, M., Williams, L., Romano, M., Fruscella, P.,
Panzeri, C., Stoppacciaro, A., Ruco, L., Villa, A., et al. (1998). Junctional adhesion molecule, a
novel member of the immunoglobulin superfamily that distributes at intercellular junctions and

modulates monocyte transmigration. J. Cell Biol. /42, 117-127.

Massena, S., Christoffersson, G., Evelina, V., Hidalgo, C.H., Giraud, A., Lomei, J., Westr, S.,
Shibuya, M., Claesson-welsh, L., Welsh, M., et al. (2016). Regular Article Identi fi cation and
characterization of VEGF-A —responsive neutrophils expressing CD49d , VEGFR1 , and CXCR4
in mice and humans. 726, 2016-2027.

May, M.J. (1999). Signal Transduction:IkB Kinases: Kinsmen with Different Crafts. Science 284,
271-273.

McGrath, J., Saha, S., Chant, D., and Welham, J. (2008). Schizophrenia: A Concise Overview of
Incidence, Prevalence, and Mortality. Epidemiol. Rev. 30, 67-76.

Meager, A. (1999). Cytokine regulation of cellular adhesion molecule expression in

inflammation. Cytokine Growth Factor Rev. /0, 27-39.
191



CHAPTER 6

Medawar, P.B. (1948). Immunity to homologous grafted skin; the fate of skin homografts
transplanted to the brain, to subcutaneous tissue, and to the anterior chamber of the eye. Br J Exp

Pathol 29, 58—-69.

Mednick, S.A., Machon, R.A., Huttunen, M.O., and Bonett, D. (1988). Adult schizophrenia
following prenatal exposure to an influenza epidemic. Arch. Gen. Psychiatry 45, 189-192.

Menkes, J.H., and Curran, J. (1994). Clinical and MR correlates in children with extrapyramidal
cerebral palsy. AJNR. Am. J. Neuroradiol. /5, 451-457.

Meucci, O., Fatatis, A., Simen, A.A., Bushell, T.J., Gray, P.W., and Miller, R.J. (1998).
Chemokines regulate hippocampal neuronal signaling and gp120 neurotoxicity. Proc. Natl. Acad.

Sci. U. S. A. 95, 14500-14505.

Meyer, U., Nyfteler, M., Engler, A., Urwyler, A., Schedlowski, M., Knuesel, I., Yee, B.K., and
Feldon, J. (2006). The Time of Prenatal Immune Challenge Determines the Specificity of
Inflammation-Mediated Brain and Behavioral Pathology. J. Neurosci. 26, 4752-4762.

Meyer, U., Nyffeler, M., Yee, B.K., Knuesel, I., and Feldon, J. (2008). Adult brain and behavioral
pathological markers of prenatal immune challenge during early/middle and late fetal

development in mice. Brain. Behav. Immun. 22, 469—486.

Meyer, U., Feldon, J., and Dammann, O. (2011). Schizophrenia and autism: Both shared and

disorder-specific pathogenesis via perinatal inflammation? Pediatr. Res. 69, 26-33.

Mildner, A., Schlevogt, B., Kierdorf, K., Béttcher, C., Erny, D., Kummer, M.P., Quinn, M.,
Briick, W., Bechmann, 1., Heneka, M.T., et al. (2011). Distinct and non-redundant roles of
microglia and myeloid subsets in mouse models of Alzheimer’s disease. J. Neurosci. 37, 11159—

11171.

Mollgeard, K., and Saunders, N.R. (1975). Complex tight junctions of epithelial and of
endothelial cells in early foetal brain. J. Neurocytol. 4, 453—468.

Moore, K.W., de Waal Malefyt, R., Coffman, R.L., and O’Garra, A. (2001). Interleukin -10 and
the Interleukin -10 R Eceptor. Annu. Rev. Immunol. 79, 683—765.

Morgan, S.C., Taylor, D.L., and Pocock, J.M. (2004). Microglia release activators of neuronal
proliferation mediated by activation of mitogen-activated protein kinase, phosphatidylinositol-3-

kinase/Akt and delta-Notch signalling cascades. J. Neurochem. 90, 89—101.

Morgan, V.A., Leonard, H., Bourke, J., and Jablensky, A. (2008). Intellectual disability co-
occurring with schizophrenia and other psychiatric illness: Population-based study. Br. J.

Psychiatry 793, 364-372.

Moxon-Emre, 1., and Schlichter, L.C. (2011). Neutrophil depletion reduces blood-brain barrier
192



CHAPTER 6

breakdown, axon injury, and inflammation after intracerebral hemorrhage. J. Neuropathol. Exp.

Neurol. 70, 218-235.

Moynagh, P.N., Williams, D.C., and O’Neill, L.A. (1994). Activation of NF-kappa B and
induction of vascular cell adhesion molecule-1 and intracellular adhesion molecule-1 expression

in human glial cells by IL-1. Modulation by antioxidants. J. Immunol. /53, 2681-2690.

Murray, P.J. (2006). Understanding and exploiting the endogenous interleukin-10/STAT3-

mediated anti-inflammatory response. Curr. Opin. Pharmacol. 6, 379-386.

Nagata, K., Nakajima, K., Takemoto, N., Saito, H., and Kohsaka, S. (1993). Microglia-derived
plasminogen enhances neurite outgrowth from explant cultures of rat brain. Int. J. Dev. Neurosci.

11,227-237.

Di Napoli, M., Schwaninger, M., Cappelli, R., Ceccarelli, E., Di Gianfilippo, G., Donati, C.,
Emsley, H.C.A., Forconi, S., Hopkins, S.J., Masotti, L., et al. (2005). Evaluation of C-reactive
protein measurement for assessing the risk and prognosis in ischemic stroke: a statement for

health care professionals from the CRP Pooling Project members. Stroke. 36, 1316—1329.

Nawashiro, H., Tasaki, K., Ruetzler, C.A., and Hallenbeck, J.M. (1997). TNF-alpha pretreatment
induces protective effects against focal cerebral ischemia in mice. J. Cereb. Blood Flow Metab.

17,483-490.
Nelson, K.B. (2008). Causative factors in cerebral palsy. Clin. Obstet. Gynecol. 51, 749-762.

Nelson, K.B., and Willoughby, R.E. (2000). Infection, inflammation and the risk of cerebral
palsy. Curr. Opin. Neurol. /3, 133—139.

Nielsen, H.H., Ladeby, R., Fenger, C., Toft-Hansen, H., Babcock, A.A., Owens, T., and Finsen,
B. (2009). Enhanced microglial clearance of myelin debris in T cell-infiltrated central nervous

system. J. Neuropathol. Exp. Neurol. 68, 845-856.

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells are highly

dynamic surveillants of brain parenchyma in vivo. Science 308, 1314—-1318.

Nishiyori, A., Minami, M., Ohtani, Y., Takami, S., Yamamoto, J., Kawaguchi, N., Kume, T.,
Akaike, A., and Satoh, M. (1998). Localization of fractalkine and CX ; CR1 mRNAs in rat brain:
does fractalkine play a role in signaling from neuron to microglia? FEBS Lett. 429, 167-172.

Nourshargh, S., and Alon, R. (2014). Leukocyte Migration into Inflamed Tissues. Immunity 4/,
694-707.

O’Neill, L.A.J. (2008). The interleukin-1 receptor/Toll-like receptor superfamily: 10 Years of
progress. Immunol. Rev. 226, 10-18.

193



CHAPTER 6

O’Reilly, E.L., and Eckersall, P.D. (2014). Acute phase proteins: a review of their function,

behaviour and measurement in chickens. Worlds. Poult. Sci. J. 70, 27-44.

Obermeier, B., Daneman, R., and Ransohoff, R.M. (2013). Development, maintenance and

disruption of the blood-brain barrier. Nat. Med. /9, 1584—-1596.

Ohira, H., Ueno, T., Shakado, S., Sakamoto, M., Torimura, T., Inuzuka, S., Sata, M., and
Tanikawa, K. (1994). Cultured rat hepatic sinusoidal endothelial cells express intercellular
adhesion molecule-1 (ICAM-1) by tumor necrosis factor-alpha or interleukin-1 alpha stimulation.

J. Hepatol. 20, 729-734.

Ohira, H., Abe, K., Yokokawa, J., Takiguchi, J., Rai, T., Shishido, S., and Sato, Y. (2003).
Adhesion molecules and CXC chemokines in endotoxin-induced liver injury. Fukushima J Med

Sci 49, 1-13.

Ohtsuki, T., Ruetzler, C.A., Tasaki, K., and Hallenbeck, J.M. (1996). Interleukin-1 mediates
induction of tolerance to global ischemia in gerbil hippocampal CA1 neurons. J. Cereb. Blood

Flow Metab. /6, 1137-1142.

Oldendorf, W.H., Cornford, M.E., and Brown, W.J. (1977). The large apparent work capability
of the blood-brain barrier: a study of the mitochondrial content of capillary endothelial cells in

brain and other tissues of the rat. Ann. Neurol. /, 409-417.

de Oliveira, S., Rosowski, E.E., and Huttenlocher, A. (2016). Neutrophil migration in infection

and wound repair: going forward in reverse. Nat. Rev. Immunol. 76, 378-391.

Orkin, S.H., and Zon, L.I. (2008). Hematopoiesis: An Evolving Paradigm for Stem Cell Biology.
Cell 132, 631-644.

Ortega, A., Jadeja, V., and Zhou, H. (2011). Postnatal development of lipopolysaccharide-

induced inflammatory response in the brain. Inflamm. Res. 60, 175-185.

Oskoui, M., Coutinho, F., Dykeman, J., Jett??, N., and Pringsheim, T. (2013). An update on the
prevalence of cerebral palsy: A systematic review and meta-analysis. Dev. Med. Child Neurol.

55,509-519.

Ousman, S.S., and Kubes, P. (2012). Immune surveillance in the central nervous system. Nat

Neurosci /5, 1096-1101.
Owen, M.J., Sawa, A., and Mortensen, P.B. (2016). Schizophrenia. Lancet 388, 86-97.

Ozawa, K., Hashimoto, K., Kishimoto, T., Shimizu, E., Ishikura, H., and Iyo, M. (2006). Immune
Activation During Pregnancy in Mice Leads to Dopaminergic Hyperfunction and Cognitive
Impairment in the Offspring: A Neurodevelopmental Animal Model of Schizophrenia. Biol.

Psychiatry 59, 546-554.
194



CHAPTER 6

Paintlia, M.K., Paintlia, A.S., Barbosa, E., Singh, 1., and Singh, A.K. (2004). N-acetylcysteine
prevents endotoxin-induced degeneration of oligodendrocyte progenitors and hypomyelination

in developing rat brain. J. Neurosci. Res. 78, 347-361.

Pakula, A.T., Van Naarden Braun, K., and Yeargin-Allsopp, M. (2009). Cerebral Palsy:
Classification and Epidemiology. Phys. Med. Rehabil. Clin. N. Am. 20, 425-452.

Palmer, C., Roberts, R.L., and Young, P.I. (2004). Timing of Neutrophil Depletion Influences
Long-Term Neuroprotection in Neonatal Rat Hypoxic-Ischemic Brain Injury. Pediatr. Res. 55,

549-556.

Pang, Y., Cai, Z., and Rhodes, P.G. (2003). Disturbance of oligodendrocyte development,
hypomyelination and white matter injury in the neonatal rat brain after intracerebral injection of

lipopolysaccharide. Dev. Brain Res. /40, 205-214.

Paolicelli, R.C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., Giustetto, M.,
Ferreira, T.A., Guiducci, E., Dumas, L., et al. (2011). Synaptic pruning by microglia is necessary

for normal brain development. Science 333, 1456—1458.

Pardridge, W.M., and Mietus, L.J. (1982). Kinetics of neutral amino acid transport through the
blood-brain barrier of the newborn rabbit. J. Neurochem. 38, 955-962.

Parkin, J., and Cohen, B. (2001). An overview of the immune system. Lancet 357, 1777-1789.

Parsons, S.A., Sharma, R., Roccamatisi, D.L., Zhang, H., Petri, B., Kubes, P., Colarusso, P., and
Patel, K.D. (2012). Endothelial paxillin and focal adhesion kinase (FAK) play a critical role in

neutrophil transmigration. Eur. J. Immunol. 42, 436—446.

Parton, R.G., Joggerst, B., and Simons, K. (1994). Regulated internalization of caveolae. J. Cell
Biol. 127, 1199-1215.

Patterson, P.H. (2009). Immune involvement in schizophrenia and autism: Etiology, pathology

and animal models. Behav. Brain Res. 204, 313-321.

Pearson, V.L., Rothwell, N.J., and Toulmond, S. (1999). Excitotoxic brain damage in the rat
induces interleukin-1beta protein in microglia and astrocytes: correlation with the progression of

cell death. Glia 25, 311-323.

Pérez-de Puig, 1., Mir6, F., Salas-Perdomo, A., Bonfill-Teixidor, E., Ferrer-Ferrer, M., Marquez-
Kisinousky, L., and Planas, A.M. (2013). IL-10 deficiency exacerbates the brain inflammatory
response to permanent ischemia without preventing resolution of the lesion. J. Cereb. Blood Flow

Metab. 33, 1955-1966.

Perry, V.H., and Teeling, J. (2013). Microglia and macrophages of the central nervous system:

The contribution of microglia priming and systemic inflammation to chronic neurodegeneration.

195



CHAPTER 6

Semin. Immunopathol. 35, 601-612.

Perry, V.H., Hume, D.A., and Gordon, S. (1985). Immunohistochemical localization of

macrophages and microglia in the adult and developing mouse brain. Neuroscience /5, 313-326.

Perry, W., Minassian, A., Lopez, B., Maron, L., Lincoln, A., Asanuma, C., Thach, W.T., Jones,
E.G., Braff, D., Stone, C., et al. (2007). Sensorimotor Gating Deficits in Adults with Autism.
Biol. Psychiatry 67, 482—486.

Peters, V.A., Joesting, J.J., and Freund, G.G. (2013). IL-1 receptor 2 (IL-1R2) and its role in

immune regulation. Brain. Behav. Immun. 32, 1-8.

Petri, B., Phillipson, M., and Kubes, P. (2008). The physiology of leukocyte recruitment: an in
vivo perspective. J. Immunol. /80, 6439-6446.

Petri, B., Kaur, J., Long, EMM., Li, H., Parsons, S.A., Butz, S., Phillipson, M., Vestweber, D.,
Patel, K.D., Robbins, S.M., et al. (2011). Endothelial LSP1 is involved in endothelial dome
formation, minimizing vascular permeability changes during neutrophil transmigration in vivo.

Blood 777, 942-952.

Phillipson, M., and Kubes, P. (2011). The neutrophil in vascular inflammation. Nat. Med. /7,
1381-1390.

Phillipson, M., Heit, B., Colarusso, P., Liu, L., Ballantyne, C.M., and Kubes, P. (2006).
Intraluminal crawling of neutrophils to emigration sites: a molecularly distinct process from

adhesion in the recruitment cascade. J. Exp. Med. 203.

Pillay, J., den Braber, 1., Vrisekoop, N., Kwast, L.M., de Boer, R.J., Borghans, J.A.M., Tesselaar,
K., and Koenderman, L. (2010). In vivo labeling with 2H20 reveals a human neutrophil lifespan
of 5.4 days. Blood 116, 625-627.

Pinteaux, E., Parker, L.C., Rothwell, N.J., and Luheshi, G.N. (2002). Expression of interleukin-
1 receptors and their role in interleukin-1 actions in murine microglial cells. J. Neurochem. 83,

754-763.

Polfliet, M.M.., van de Veerdonk, F., Dopp, E.A., van Kesteren-Hendrikx, E.M.., van Rooijen,
N., Dijkstra, C.D., and van den Berg, T.K. (2002). The role of perivascular and meningeal

macrophages in experimental allergic encephalomyelitis. J. Neuroimmunol. /22, 1-8.

Polfliet, M.M.J., Goede, P.H., Van Kesteren-Hendrikx, E.M.L., Van Rooijen, N., Dijkstra, C.D.,
and Van den Berg, T.K. (2001). A method for the selective depletion of perivascular and

meningeal macrophages in the central nervous system. J. Neuroimmunol. /76, 188-195.

Pousset, F. (1994). Developmental expression of cytokine genes in the cortex and hippocampus

of the rat central nervous system. Brain Res. Dev. Brain Res. 8§/, 143—-146.

196



CHAPTER 6

Preiss, S., Thompson, A., Chen, X., Rodgers, S., Markovska, V., Desmond, P., Visvanathan, K.,
Li, K., Locarnini, S., and Revill, P. (2008). Characterization of the innate immune signalling

pathways in hepatocyte cell lines. J. Viral Hepat. /5, 888—900.

Preston, S., Wright, G.J., Starr, K., Barclay, A.N., and Brown, M.H. (1997). The
leukocyte/neuron cell surface antigen OX2 binds to a ligand on macrophages. Eur. J. Immunol.

27,1911-1918.

Prinz, M., and Priller, J. (2014). Microglia and brain macrophages in the molecular age: from

origin to neuropsychiatric disease. Nat. Rev. Neurosci. /5, 300-312.

Prinz, M., Priller, J., Sisodia, S.S., and Ransohoff, R.M. (2011). Heterogeneity of CNS myeloid

cells and their roles in neurodegeneration. Nat. Neurosci. /3, 1227-1235.

Proescholdt, M.G., Chakravarty, S., Foster, J.A., Foti, S.B., Briley, E.M., and Herkenham, M.
(2002). Intracerebroventricular but not intravenous interleukin-1?? induces widespread vascular-
mediated leukocyte infiltration and immune signal mRNA expression followed by brain-wide

glial activation. Neuroscience /72, 731-749.

Pun, P.B.L., Lu, J., and Moochhala, S. (2009). Involvement of ROS in BBB dysfunction. Free
Radic. Res. 43, 348-364.

Radewicz, K., Garey, L.J., Gentleman, S.M., and Reynolds, R. (2000). Increase in HLA-DR
immunoreactive microglia in frontal and temporal cortex of chronic schizophrenics. J.

Neuropathol. Exp. Neurol. 59, 137-150.

Rai, R.M., Loffreda, S., Karp, C.L., Yang, S.Q., Lin, H.Z., and Diehl, A.M. (1997). Kupffer cell
depletion abolishes induction of interleukin-10 and permits sustained overexpression of tumor

necrosis factor alpha messenger RNA in the regenerating rat liver. Hepatology 25, 889—-895.

Ransohoff, R.M., and Cardona, A.E. (2010). The myeloid cells of the central nervous system
parenchyma. Nature 468, 253-262.

Reddihough, D.S., and Collins, K.J. (2003). The epidemiology and causes of cerebral palsy. Aust.
J. Physiother. 49, 7-12.

Reyes, T.M., Fabry, Z., and Coe, C.L. (1999). Brain endothelial cell production of a

neuroprotective cytokine, interleukin-6, in response to noxious stimuli. Brain Res. 8§57, 215-220.

Reymond, N., Imbert, A.-M., Devilard, E., Fabre, S., Chabannon, C., Xerri, L., Farnarier, C.,
Cantoni, C., Bottino, C., Moretta, A., et al. (2004). DNAM-1 and PVR regulate monocyte
migration through endothelial junctions. J. Exp. Med. /99, 1331-1341.

Ribeiro, B.M.M., do Carmo, M.R.S., Freire, R.S., Rocha, N.F.M., Borella, V.C.M., de Menezes,

A.T., Monte, A.S., Gomes, P.X.L., de Sousa, F.C.F., Vale, M.L., et al. (2013). Evidences for a
197



CHAPTER 6

progressive microglial activation and increase in iNOS expression in rats submitted to a
neurodevelopmental model of schizophrenia: Reversal by clozapine. Schizophr. Res. /57, 12—

19.

Ribeiro, M.M.B., Pinto, A.R.T., Domingues, M.M., Serrano, 1., Heras, M., Bardaji, E.R., Tavares,
I., and Castanho, M.A. (2011). Chemical conjugation of the neuropeptide kyotorphin and
ibuprofen enhances brain targeting and analgesia. Mol. Pharm. 8, 1929-1940.

Rieger, M.A., and Schroeder, T. (2012). Hematopoiesis. Cold Spring Harb. Perspect. Biol. 4.

Riera Romo, M., Pérez-Martinez, D., and Castillo Ferrer, C. (2016). Innate immunity in

vertebrates: An overview. Immunology 748, 125-139.

Robinson, M.W., Harmon, C., and Farrelly, C.O. (2016). Liver immunology and its role in in fl

ammation and homeostasis. Cell Mol Immunol. /3, 267-276.

Rochfort, K.D., and Cummins, P.M. (2015). The blood-brain barrier endothelium: a target for
pro-inflammatory cytokines. Biochem Soc Trans 43, 702-706.

Romero, E., Guaza, C., Castellano, B., and Borrell, J. (2010). Ontogeny of sensorimotor gating
and immune impairment induced by prenatal immune challenge in rats: implications for the

etiopathology of schizophrenia. Mol. Psychiatry /5, 372-383.

Rooijen, N. Van, and Hendrikx, E. (2010). Liposomes for specific depletion of macrophages from
organs and tissues. Methods Mol Biol. 605, 189-203.

Rooijen, N. Van, and Sanders, A. (1994). Liposome mediated depletion of macrophages:
mechanism of action, preparation of liposomes and applications. J. Immunol. Methods /74, 83—

93.

van Rooijen, N., and van Kesteren-Hendrikx, E. (2002). Clodronate Liposomes: Perspectives in

Research and Therapeutics. J. Liposome Res. /2, 81-94.

Van Rooijen, N., and Sanders, A. (1996). Kupffer cell depletion by liposome-delivered drugs:
Comparative activity of intracellular clodronate, propamidine, and ethylenediaminetetraacetic

acid. Hepatology 23, 1239-1243.

Van Rooijen, N., and Sanders, A. (1998). Manipulation of Kupffer cells by liposome
encapsulated clodronate and propamidine—synergistic and antagonistic effects of liposomal

phospholipids and drugs. Int. J. Pharm. /62, 51-58.

Van Rooijen, N., Kors, N., Ende, M. v d, and Dijkstra, C.D. (1990). Depletion and repopulation
of macrophages in spleen and liver of rat after intravenous treatment with liposome-encapsulated

dichloromethylene diphosphonate. Cell Tissue Res. 260, 215-222.

198



CHAPTER 6

Van Rooijen, N., Sanders, A., and Van Den Berg, T.K. (1996). Apoptosis of macrophages
induced by liposome-mediated intracellular delivery of clodronate and propamidine. J. Immunol.

Methods 793, 93-99.

Van Rooijen, N., Bakker, J., and Sanders, A. (1997). Transient suppression of macrophage
functions by liposome-encapsulated drugs. Trends Biotechnol. /5, 178-185.

Rosell, A., Cuadrado, E., Ortega-Aznar, A., Herndndez-Guillamon, M., Lo, E.H., and Montaner,
J. (2008). MMP-9-positive neutrophil infiltration is associated to blood-brain barrier breakdown
and basal lamina type IV collagen degradation during hemorrhagic transformation after human

ischemic stroke. Stroke. 39, 1121-1126.

Rosenbaum, P., Paneth, N., Leviton, A., Goldstein, M., Bax, M., Damiano, D., Dan, B., and
Jacobsson, B. (2007). A report: the definition and classification of cerebral palsy April 2006.
Dev. Med. Child Neurol. Suppl. 109, 8—14.

Rosténe, W., Guyon, A., Kular, L., Godefroy, D., Barbieri, F., Bajetto, A., Banisadr, G.,
Callewaere, C., Conductier, G., Rovere, C., et al. (2011). Chemokines and chemokine receptors:

New actors in neuroendocrine regulations. Front. Neuroendocrinol. 32, 10-24.

Rousset, C.I., Chalon, S., Cantagrel, S., Bodard, S., Andres, C., Gressens, P., and Saliba, E.
(2006). Maternal exposure to LPS induces hypomyelination in the internal capsule and

programmed cell death in the deep gray matter in newborn rats. Pediatr. Res. 59, 428-433.

Rubens, C.E., Sadovsky, Y., Muglia, L., Gravett, M.G., Lackritz, E., and Gravett, C. (2014).
Prevention of preterm birth: harnessing science to address the global epidemic. Sci Transl Med

6, 262sr5.

S??-Pereira, 1., Brites, D., and Brito, M.A. (2012). Neurovascular unit: A focus on pericytes. Mol.
Neurobiol. 45, 327-347.

Sakamoto, S., Okanoue, T., Itoh, Y., Sakamoto, K., Nishioji, K., Nakagawa, Y., Yoshida, N.,
Yoshikawa, T., and Kashima, K. (1997). Intercellular adhesion molecule-1 and CD18 are
involved in neutrophil adhesion and its cytotoxicity to cultured sinusoidal endothelial cells in

rats. Hepatology 26, 658—663.

Sakisaka, T., and Takai, Y. (2005). Cell adhesion molecules in the CNS. J. Cell Sci. /18, 5407—
5410.

Samuelsson, A.-M., Jennische, E., Hansson, H.-A., and Holméng, A. (2006). Prenatal exposure
to interleukin-6 results in inflammatory neurodegeneration in hippocampus with
NMDA/GABA(A) dysregulation and impaired spatial learning. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 290, R1345-56.

199



CHAPTER 6

Saunders, N.R., Liddelow, S.A., and Dziegielewska, K.M. (2012). Barrier mechanisms in the

developing brain. Front. Pharmacol. 3, 46.

Saunders, N.R., Daneman, R., Dziegielewska, K.M., and Liddelow, S.A. (2013). Transporters of
the blood-brain and blood-CSF interfaces in development and in the adult. Mol. Aspects Med.
34, 742-752.

Saunders, N.R., Dreifuss, J.-J., Dziegielewska, K.M., Johansson, P.A., Habgood, M.D.,
Mollgard, K., and Bauer, H.-C. (2014). The rights and wrongs of blood-brain barrier permeability
studies: a walk through 100 years of history. Front. Neurosci. &, 404.

Saunders, N.R., Dziegielewska, K.M., Mgllgérd, K., and Habgood, M.D. (2015). Markers for
blood-brain barrier integrity: how appropriate is Evans blue in the twenty-first century and what

are the alternatives? Front. Neurosci. 9, 385.

Saunders, N.R., Habgood, M.D., Mollgérd, K., and Dziegielewska, K.M. (2016). The biological
significance of brain barrier mechanisms: help or hindrance in drug delivery to the central nervous

system? F1000Research 5, 1-15.

Schafer, D.P., Lehrman, E.K., Kautzman, A.G., Koyama, R., Mardinly, A.R., Yamasaki, R.,
Ransohoff, R.M., Greenberg, M.E., Barres, B.A., and Stevens, B. (2012). Microglia sculpt

postnatal neural circuits in an activity and complement-dependent manner. Neuron 74, 691-705.

Schinkel, A.H., and Jonker, J.W. (2003). Mammalian drug efflux transporters of the ATP binding
cassette (ABC) family: an overview. Adv. Drug Deliv. Rev. 55, 3-29.

Schinkel, A.H., Wagenaar, E., Mol, C.A., and van Deemter, L. (1996). P-glycoprotein in the
blood-brain barrier of mice influences the brain penetration and pharmacological activity of many

drugs. J. Clin. Invest. 97, 2517-2524.

Schmahmann, J.D., and Sherman, J.C. (1998). The cerebellar cognitive affective syndrome. Brain

561-579.

Schulz, C., Gomez Perdiguero, E., Chorro, L., Szabo-Rogers, H., Cagnard, N., Kierdorf, K.,
Prinz, M., Wu, B., Jacobsen, S.E.W., Pollard, J.W., et al. (2012). A lineage of myeloid cells
independent of Myb and hematopoietic stem cells. Science 336, 86—90.

Schwarz, J.M., Sholar, P.W., and Bilbo, S.D. (2012). Sex differences in microglial colonization
of the developing rat brain. J. Neurochem. /20, 948-963.

Sedlakova, R., Shivers, R.R., and Del Maestro, R.F. (1999). Ultrastructure of the blood-brain
barrier in the rabbit. J. Submicrosc. Cytol. Pathol. 37, 149-161.

Selzner, N., Selzner, M., Odermatt, B., Tian, Y., Van Rooijen, N., and Clavien, P.A. (2003).

ICAM-1 triggers liver regeneration through leukocyte recruitment and Kupffer cell-dependent

200



CHAPTER 6

release of TNF-??/IL-6 in mice. Gastroenterology /24, 692—700.

Semple, B.D., Bye, N., Ziebell, J.M., and Morganti-Kossmann, M.C. (2010). Deficiency of the
chemokine receptor CXCR2 attenuates neutrophil infiltration and cortical damage following

closed head injury. Neurobiol. Dis. 40, 394-403.

Semple, B.D., Blomgren, K., Gimlin, K., Ferriero, D.M., and Noble-Haeusslein, L.J. (2013).
Brain development in rodents and humans: Identifying benchmarks of maturation and

vulnerability to injury across species. Prog. Neurobiol. /06—107, 1-16.

Septer, S., Edwards, G., Gunewardena, S., Wolfe, A., Li, H., Daniel, J., and Apte, U. (2012). Yes-
associated protein is involved in proliferation and differentiation during postnatal liver

development. Am. J. Physiol. Gastrointest. Liver Physiol. 302, G493-503.

Shaftel, S.S., Carlson, T.J., Olschowka, J.A., Kyrkanides, S., Matousek, S.B., and O’Banion,
M.K. (2007). Chronic interleukin-1beta expression in mouse brain leads to leukocyte infiltration
and neutrophil-independent blood brain barrier permeability without overt neurodegeneration. J.

Neurosci. 27, 9301-9309.

Sharpe, M.J., and Schoenbaum, G. (2016). Back to basics: Making predictions in the
orbitofrontal-amygdala circuit. Neurobiol. Learn. Mem. /31, 201-206.

Shi, L., Fatemi, S.H., Sidwell, R.W., and Patterson, P.H. (2003). Maternal influenza infection
causes marked behavioral and pharmacological changes in the offspring. J. Neurosci. 23, 297—

302.

Shi, L., Smith, S.E.P., Malkova, N., Tse, D., Su, Y., and Patterson, P.H. (2009). Activation of the
maternal immune system alters cerebellar development in the offspring. Brain. Behav. Immun.

23,116-123.

Shrikant, P., Chung, 1.Y., Ballestas, M.E., and Benveniste, E.N. (1994). Regulation of
intercellular adhesion molecule-1 gene expression by tumor necrosis factor-alpha, interleukin-1

beta, and interferon-gamma in astrocytes. J. Neuroimmunol. 5/, 209-220.

Si-tayeb, K., Lemaigre, F., and Duncan, S. (2010). Review Organogenesis and Development of
the Liver. Dev. Cell 18, 175-189.

Sibson, N.R., Blamire, A.M., Perry, V.H., Gauldie, J., Styles, P., and Anthony, D.C. (2002). TNF-
alpha reduces cerebral blood volume and disrupts tissue homeostasis via an endothelin- and

TNFR2-dependent pathway. Brain /25, 2446-2459.

Sierra, A., Encinas, J.M., Deudero, J.J.P., Chancey, J.H., Enikolopov, G., Overstreet-Wadiche,
L.S., Tsirka, S.E., and Maletic-Savatic, M. (2010). Microglia shape adult hippocampal
neurogenesis through apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483—495.

201



CHAPTER 6

Siever, L.J., and Davis, K.L. (2004). The Pathophysiology of Schizophrenia Disorders:
Perspectives from the Spectrum. Am. J. Psychiatry /61, 398—413.

Sieweke, M.H., and Allen, J.E. (2013). Beyond stem cells: self-renewal of differentiated
macrophages. Science 342, 1242974.

Silvestre-Roig, C., Hidalgo, A., and Soehnlein, O. (2016). Neutrophil heterogeneity: Implications
for homeostasis and pathogenesis. Blood 727, 2173-2181.

Simionescu, M., Gafencu, A., and Antohe, F. (2002). Transcytosis of plasma macromolecules in

endothelial cells: a cell biological survey. Microsc. Res. Tech. 57, 269-288.

Sims, J.E., and Smith, D.E. (2010). The IL-1 family: regulators of immunity. Nat. Rev. Immunol.
10, 89-102.

Smith, C.J., Emsley, H.C., Gavin, C.M., Georgiou, R.F., Vail, A., Barberan, E.M., del Zoppo,
G.J., Hallenbeck, J.M., Rothwell, N.J., Hopkins, S.J., et al. (2004). Peak plasma interleukin-6 and
other peripheral markers of inflammation in the first week of ischaemic stroke correlate with

brain infarct volume, stroke severity and long-term outcome. BMC Neurol. 4, 2.

Smith, C.J., Emsley, H.C.A., Vail, A., Georgiou, R.F., Rothwell, N.J., Tyrrell, P.J., Hopkins, S.J.,
Napoli, M. Di, Schwaninger, M., Cappelli, R., et al. (2006). Variability of the systemic acute

phase response after ischemic stroke. J. Neurol. Sci. 251, 77-81.

Smith, C.J., Denes, A., Tyrrell, P.J., and Di Napoli, M. (2015). Phase II anti-inflammatory and

immune-modulating drugs for acute ischaemic stroke. Expert Opin. Investig. Drugs 24, 623—643.

Smith, S.E.P., Li, J., Garbett, K., Mirnics, K., and Patterson, P.H. (2007). Maternal Immune
Activation Alters Fetal Brain Development through Interleukin-6. J. Neurosci. 27, 10695-10702.

Sokol, C.L., and Luster, A.D. (2015). The Chemokine System in Innate Immunity. Cold Spring
Harb. Perspect. Biol. 7, 10.1101/cshperspect.a016303.

Stan, R.-V. (2002). Structure and function of endothelial caveolae. Microsc. Res. Tech. 57, 350—
364.

Staykova, M., Maxwell, L., and Willenborg, D. (2000). Kinetics and polarization of the
membrane expression of cytokine-induced ICAM-1 on rat brain endothelial cells. J Neuropathol

Exp Neurol 59, 120-128.

Stevenson, B.R., Siliciano, J.D., Mooseker, M.S., and Goodenough, D.A. (1986). Identification
of ZO-1: a high molecular weight polypeptide associated with the tight junction (zonula
occludens) in a variety of epithelia. J. Cell Biol. /103, 755-766.

Stevenson, P.G., Hawke, S., Sloan, D.J., and Bangham, C.R. (1997). The immunogenicity of

202



CHAPTER 6

intracerebral virus infection depends on anatomical site. J Virol 7/, 145-151.

Stoeckli, E.T. (2004). Ig superfamily cell adhesion molecules in the brain. Handb. Exp.
Pharmacol. 165, 373—401.

Stolp, H.B. (2013). Neuropoietic cytokines in normal brain development and

neurodevelopmental disorders. Mol. Cell. Neurosci. 53, 63—68.

Stolp, H.B., Dziegielewska, K.M., Ek, C.J., Habgood, M.D., Lane, M. a, Potter, a M., and
Saunders, N.R. (2005). Breakdown of the blood-brain barrier to proteins in white matter of the

developing brain following systemic inflammation. Cell Tissue Res. 320, 369-378.

Stolp, H.B., Liddelow, S.A., Sa-Pereira, 1., Dziegielewska, K.M., and Saunders, N.R. (2013).
Immune responses at brain barriers and implications for brain development and neurological

function in later life. Front Integr Neurosci 7, 61.

Stoodley, C.J., and Schmahmann, J.D. (2010). Evidence for topographic organization in the

cerebellum of motor control versus cognitive and affective processing. Cortex 46, 831-844.

Strazielle, N., and Ghersi-Egea, J.-F. (2005). Factors affecting delivery of antiviral drugs to the
brain. Rev. Med. Virol. 15, 105-133.

Strazielle, N., and Ghersi-Egea, J.-F. (2015). Efflux transporters in blood-brain interfaces of the

developing brain. Front. Neurosci. 9, 21.

Strunk, T., Inder, T., Wang, X., Burgner, D., Mallard, C., and Levy, O. (2014). Infection-induced

inflammation and cerebral injury in preterm infants. Lancet Infect. Dis. /4, 751-762.

Stumm, R.K., Zhou, C., Ara, T., Lazarini, F., Dubois-Dalcq, M., Nagasawa, T., Hollt, V., and
Schulz, S. (2003). CXCR4 Regulates Interneuron Migration in the Developing Neocortex. J.
Neurosci. 23, 5123-5130.

Summers, C., Rankin, S.M., Condliffe, A.M., Singh, N., Peters, A.M., and Chilvers, E.R. (2010).
Neutrophil kinetics in health and disease. Trends Immunol. 37, 318-324.

Sunderkotter, C., Nikolic, T., Dillon, M.J., van Rooijen, N., Stehling, M., Drevets, D.A., and
Leenen, P.J.M. (2004). Subpopulations of Mouse Blood Monocytes Differ in Maturation Stage
and Inflammatory Response. J. Immunol. 772, 4410-4417.

Suratt, B.T., Petty, .M., Young, S.K., Malcolm, K.C., Lieber, J.G., Nick, J.A., Gonzalo, J.-A.,
Henson, P.M., and Worthen, G.S. (2004). Role of the CXCR4/SDF-1 chemokine axis in
circulating neutrophil homeostasis. Blood /04, 565-571.

Suzuki, K., Sugihara, G., Ouchi, Y., Nakamura, K., Futatsubashi, M., Takebayashi, K.,
Yoshihara, Y., Omata, K., Matsumoto, K., Tsuchiya, K.J., et al. (2013). Microglial activation in

203



CHAPTER 6

young adults with autism spectrum disorder. JAMA Psychiatry 70, 49-58.

Szmydynger-Chodobska, J., Strazielle, N., Zink, B.J., Ghersi-Egea, J.-F., and Chodobski, A.
(2009). The role of the choroid plexus in neutrophil invasion after traumatic brain injury. J. Cereb.

Blood Flow Metab. 29, 1503-1516.

Tasaki, K., Ruetzler, C.A., Ohtsuki, T., Martin, D., Nawashiro, H., and Hallenbeck, J.M. (1997).
Lipopolysaccharide pre-treatment induces resistance against subsequent focal cerebral ischemic

damage in spontaneously hypertensive rats. Brain Res. 748, 267-270.

Taub, R. (2004). Liver regeneration: from myth to mechanism. Nat. Rev. Mol. Cell Biol. 5, 836—
847.

Tetreault, N.A., Hakeem, A.Y., Jiang, S., Williams, B.A., Allman, E., Wold, B.J., and Allman,
J.M. (2012). Microglia in the Cerebral Cortex in Autism. J. Autism Dev. Disord. 42, 2569-2584.

Tietz, S., and Engelhardt, B. (2015). Brain barriers: Crosstalk between complex tight junctions
and adherens junctions. J. Cell Biol. 209, 493-506.

Togashi, H., Sakisaka, T., and Takai, Y. (2009). Cell adhesion molecules in the central nervous
system. Cell Adh. Migr. 3, 29-35.

Tsuda, Y., Takahashi, H., Kobayashi, M., Hanafusa, T., Herndon, D.N., and Suzuki, F. (2004).
Three different neutrophil subsets exhibited in mice with different susceptibilities to infection by

methicillin-resistant Staphylococcus aureus. Immunity 27, 215-226.

Turbic, A., Leong, S.Y., and Turnley, A.M. (2011). Chemokines and inflammatory mediators
interact to regulate adult murine neural precursor cell proliferation, survival and differentiation.

PLoS One 6, €25406.

Turner, R.J., and Sharp, F.R. (2016). Implications of MMP9 for Blood Brain Barrier Disruption

and Hemorrhagic Transformation Following Ischemic Stroke. Front. Cell. Neurosci. /0, 56.

Ueno, M., Fujita, Y., Tanaka, T., Nakamura, Y., Kikuta, J., Ishii, M., and Yamashita, T. (2013).
Layer V cortical neurons require microglial support for survival during postnatal development.

Nat. Neurosci. /6, 543-551.

Urakubo, A., Jarskog, L.F., Lieberman, J.A., and Gilmore, J.H. (2001). Prenatal exposure to
maternal infection alters cytokine expression in the placenta, amniotic fluid, and fetal brain.

Schizophr. Res. 47, 27-36.

Vannucci, S.J., Seaman, L.B., Brucklacher, R.M., and Vannucci, R.C. (1994). Glucose transport
in developing rat brain: glucose transporter proteins, rate constants and cerebral glucose

utilization. Mol. Cell. Biochem. 740, 177-184.

204



CHAPTER 6

Vargas, D.L., Nascimbene, C., Krishnan, C., Zimmerman, A.W., and Pardo, C.A. (2005).
Neuroglial activation and neuroinflammation in the brain of patients with autism. Ann. Neurol.

57,67-81.

Varol, C., Mildner, A., and Jung, S. (2015). Macrophages: development and tissue specialization.
Annu. Rev. Immunol. 33, 643-675.

Veenstra, M., and Ransohoff, R.M. (2012). Chemokine receptor CXCR2: Physiology regulator

and neuroinflammation controller? J. Neuroimmunol. 246, 1-9.

Vela, J. (2002). Interleukin-1 Regulates Proliferation and Differentiation of Oligodendrocyte
Progenitor Cells. Mol. Cell. Neurosci. 20, 489-502.

Verma, S., Nakaoke, R., Dohgu, S., and Banks, W.A. (2006). Release of cytokines by brain
endothelial cells: A polarized response to lipopolysaccharide. Brain. Behav. Immun. 20, 449—

455.

Vila, N., Castillo, J., Davalos, A., and Chamorro, A. (2000). Proinflammatory cytokines and early

neurological worsening in ischemic stroke. Stroke. 3/, 2325-2329.

Villapol, S. (2016). Consequences of hepatic damage after traumatic brain injury: current outlook

and potential therapeutic targets. Neural Regen. Res. 717, 226-227.

Villapol, S., Kryndushkin, D., Balarezo, M.G., Campbell, A.M., Saavedra, J.M., Shewmaker,
F.P., and Symes, A.J. (2015). Hepatic expression of serum amyloid A1 is induced by traumatic
brain injury and modulated by telmisartan. Am. J. Pathol. /85, 2641-2652.

de Vries, H.E., Kooij, G., Frenkel, D., Georgopoulos, S., Monsonego, A., and Janigro, D. (2012).
Inflammatory events at blood-brain barrier in neuroinflammatory and neurodegenerative

disorders: implications for clinical disease. Epilepsia 53 Supp! 6, 45-52.

Walthall, K., Cappon, G.D., Hurtt, M.E., and Zoetis, T. (2005). Postnatal Development of the
Gastrointestinal System : A Species Comparison. /56, 132—156.

Waterhouse, L., and Gillberg, C. (2014). Why autism must be taken apart. J. Autism Dev. Disord.
44, 1788-1792.

Watson, T.C., Becker, N., Apps, R., and Jones, M.W. (2014). Back to front: cerebellar

connections and interactions with the prefrontal cortex. Front. Syst. Neurosci. 8, 4.
Watts, T.J. (2008). The pathogenesis of autism. Clin. Med. Pathol. 7, 99-103.

Wilcockson, D.C., Campbell, S.J., Anthony, D.C., and Perry, V.H. (2002). The systemic and
local acute phase response following acute brain injury. J. Cereb. Blood Flow Metab. 22, 318—

326.

205



CHAPTER 6

Williams, K., Alvarez, X., and Lackner, A.A. (2001). Central nervous system perivascular cells
are immunoregulatory cells that connect the CNS with the peripheral immune system. Glia 36,

156-164.

Wischhof, L., Irrsack, E., Osorio, C., and Koch, M. (2014). Prenatal LPS-exposure — a
neurodevelopmental rat model of schizophrenia — differentially affects cognitive functions,
myelination and parvalbumin expression in male and female offspring. Prog. Neuro-

Psychopharmacology Biol. Psychiatry 57, 17-30.

Wolburg, H., and Lippoldt, A. (2002). Tight junctions of the blood-brain barrier: Development,

composition and regulation. Vascul. Pharmacol. 38, 323-337.

Wolff, A.R., and Bilkey, D.K. (2008). Immune activation during mid-gestation disrupts
sensorimotor gating in rat offspring. Behav. Brain Res. /90, 156-159.

Workman, A.D., Charvet, C.J., Clancy, B., Darlington, R.B., and Finlay, B.L. (2013). Modeling
transformations of neurodevelopmental sequences across mammalian species. J. Neurosci. 33,

7368-7383.

Wright, G.J., Puklavec, M.J., Willis, a C., Hoek, R.M., Sedgwick, J.D., Brown, M.H., and
Barclay, a N. (2000). Lymphoid/neuronal cell surface OX2 glycoprotein recognizes a novel

receptor on macrophages implicated in the control of their function. Immunity /3, 233-242.

Wu, J., Lu, M., Meng, Z., Trippler, M., Broering, R., Szczeponek, A., Krux, F., Dittmer, U.,
Roggendorf, M., Gerken, G., et al. (2007). Toll-like receptor-mediated control of HBV replication
by nonparenchymal liver cells in mice. Hepatology 46, 1769-1778.

Wu, J., Meng, Z., Jiang, M., Zhang, E., Trippler, M., Broering, R., Bucchi, A., Krux, F., Dittmer,
U., Yang, D., et al. (2010). Toll-like receptor-induced innate immune responses in non-

parenchymal liver cells are cell type-specific. Immunology /29, 363-374.

Xia, C., Lu, M., Zhang, Z., Meng, Z., Zhang, Z., and Shi, C. (2008). TLRs antiviral effect on
hepatitis B virus in HepG2 cells. J. Appl. Microbiol. /105, 1720-1727.

Xue, S., Sun, N., Van Rooijen, N., and Perlman, S. (1999). Depletion of blood-borne
macrophages does not reduce demyelination in mice infected with a neurotropic coronavirus. J.

Virol. 73, 6327-6334.

Yamamoto, T., Naito, M., Moriyama, H., Umezu, H., Matsuo, H., Kiwada, H., and Arakawa, M.
(1996). Repopulation of murine Kupffer cells after intravenous administration of liposome-

encapsulated dichloromethylene diphosphonate. Am. J. Pathol. /49, 1271-1286.

Yao, J., Keri, J.LE., Taffs, R.E., and Colton, C.A. (1992). Characterization of interleukin-1

production by microglia in culture. Brain Res. 5917, 88-93.

206



CHAPTER 6

Yin, S., Wang, H., Park, O., Wei, W., Shen, J., and Gao, B. (2011). Enhanced liver regeneration
in IL-10-deficient mice after partial hepatectomy via stimulating inflammatory response and

activating hepatocyte STAT3. Am. J. Pathol. /78, 1614-1621.

Yoon, B.H., Jun, J.K., Romero, R., Park, K.H., Gomez, R., Choi, J.H., and Kim, 1.O. (1997).
Amniotic fluid inflammatory cytokines (interleukin-6, interleukin-1beta, and tumor necrosis
factor-alpha), neonatal brain white matter lesions, and cerebral palsy. Am. J. Obstet. Gynecol.

177, 19-26.

Yoon, B.H., Romero, R., Park, J.S., Kim, C.J., Kim, S.H., Choi, J.H., and Han, T.R. (2000). Fetal
exposure to an intra-amniotic inflammation and the development of cerebral palsy at the age of

three years. Am. J. Obstet. Gynecol. /82, 675-681.

Zarbock, A., Ley, K., McEver, R.P., and Hidalgo, A. (2011). Leukocyte ligands for endothelial
selectins: Specialized glycoconjugates that mediate rolling and signaling under flow. Blood /78,

6743-6751.

Zenaro, E., Pietronigro, E., Bianca, V. Della, Piacentino, G., Marongiu, L., Budui, S., Turano, E.,
Rossi, B., Angiari, S., Dusi, S., et al. (2015). Neutrophils promote Alzheimer’s disease—like
pathology and cognitive decline via LFA-1 integrin. Nat. Med. 21/, 880—886.

Zetterstrom, M., Lundkvist, J., Malinowsky, D., Eriksson, G., and Bartfai, T. (1998). Interleukin-
1-mediated febrile responses in mice and interleukin-1 beta activation of NFxB in mouse primary

astrocytes, involves the interleukin-1 receptor accessory protein. Eur. Cytokine Netw. 9, 131—

138.

Zhan, Y., Paolicelli, R.C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F., Vyssotski, A.L.,
Bifone, A., Gozzi, A., Ragozzino, D., et al. (2014). Deficient neuron-microglia signaling results

in impaired functional brain connectivity and social behavior. Nat. Neurosci. /7, 400-406.

Zhang, X.,Meng, Z., Qiu, S., Xu, Y., Yang, D., Schlaak, J.F., Roggendorf, M., and Lu, M. (2009).
Lipopolysaccharide-induced innate immune responses in primary hepatocytes downregulates
woodchuck hepatitis virus replication via interferon-independent pathways. Cell. Microbiol. 71/,

1624-1637.

Zhang, X.Y., Zhou, D.F., Cao, L.Y., Zhang, P.Y., Wu, G.Y., and Shen, Y.C. (2004). Changes in
serum interleukin-2, -6, and -8 levels before and during treatment with risperidone and

haloperidol: relationship to outcome in schizophrenia. J. Clin. Psychiatry 65, 940-947.

Zhang, 7., Zhang, Z.-Y ., Schittenhelm, J., Wu, Y., Meyermann, R., and Schluesener, H.J. (2011).
Parenchymal accumulation of CD163+ macrophages/microglia in multiple sclerosis brains. J.

Neuroimmunol. 237, 73-79.

207



CHAPTER 6

Zhang-Hoover, J., Sutton, A., Van Rooijen, N., and Stein-Streilein, J. (2000). A critical role for

alveolar macrophages in elicitation of pulmonary immune fibrosis. Immunology /07, 501-511.

Zhong, Y., Enomoto, K., Isomura, H., Sawada, N., Minase, T., Oyamada, M., Konishi, Y., and
Mori, M. (1994). Localization of the 7H6 antigen at tight junctions correlates with the paracellular
barrier function of MDCK cells. Exp. Cell Res. 274, 614—620.

208



