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1. Introduction

Recent findings on the brain response to peripheral inflammation have broadened our
knowledge on the acute phase response. Notably, such advances may lead to the
characterization of acute phase proteins in body fluids other than the blood. Among these,
and of particular interest, is the cerebrospinal fluid (CSF) that fills the brain ventricles, the
subarachnoid space and the spinal cord.

Acute phase response is a term used to describe, mostly, the liver response to an
inflammatory insult, a process that, among other effects, ultimately results in changes in the
plasma concentrations of various proteins. The triggers of liver response include the
inflammatory insult and the molecules produced by multiple cell types, from inflammatory
cells (e.g. neutrophils and macrophages), to endothelial and liver cells. As a consequence,
the liver synthesizes a number of so-termed acute phase proteins that are classified,
depending on whether their expression is increased or decreased, as positive or negative
acute phase response proteins, respectively. Among the positive acute phase proteins are
binding proteins, opsonins (e.g. C-reactive protein) and iron-related proteins [e.g. hepcidin
(HAMP), ceruloplasmin, lipocalin 2 (LCN2) and ferritin]. The negative acute phase proteins
also include binding proteins (e.g. albumin, transthyretin, retinol-binding protein), as well
as iron-related proteins (e.g. transferrin). Nonetheless, acute phase response is not a process
restricted to the liver. Throughout the years, acute phase proteins expression has also been
found altered at the barriers of the brain. Most of these findings originated from work on the
brain parenchyma response to inflammation (Quan et al., 1998; Nadeau & Rivest, 1999);
however, surprisingly, only recently were the barriers of the brain specifically considered in
the overall response to peripheral inflammation. In this chapter we will address the
contribution of the barriers of the brain in the acute-phase response to peripheral
inflammatory stimuli.

2. The barriers of the brain

For a long time the brain was considered isolated from the immune system and unable to
mount an immune response when challenged by invading pathogens. This immune-
privileged view of the brain was based on multiple observations: allografts survive longer in
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138 Acute Phase Proteins — Regulation and Functions of Acute Phase Proteins

the central nervous system (CNS) than in other organs (Fuchs & Bullard, 1988); the CNS
lacks both lymphatic vessels and constitutive expression of major histocompatibility
complex class I and II molecules on parenchymal cells (Perry, 1998) and, lastly, the CNS was
thought to be devoid of classical antigen-presenting cells, such as dendritic cells (Matyszak
& Perry, 1996). The assumption of an immune-privileged system was further supported by
the discovery of two barriers that confer invaluable protection to the brain: the blood-brain
barrier (BBB) and the blood-CSF barrier (BCSFB) (reviewed by Abbott, 2005). While these
barriers protect the brain from the fluctuations of blood components that are direct triggers
of neuronal function (e.g. amino acids that function as neurotransmitters), it is now clear
that they are much more than obstacles to the passage of molecules and cells into and out of
the brain. Throughout this chapter we will highlight how both barriers actively participate
in brain homeostasis. We will also explore the interplay between the immune and the
central nervous systems in physiological and immune-challenged conditions.

2.1 The blood-brain barrier

The BBB is formed by the tight junctions between the endothelial cells of the capillaries that
irrigate the brain parenchyma. Additionally, on a larger organizational level, the basal
lamina, astrocytic end-feets, pericytes and neurons that surround the central BBB core,
altogether make the neurovascular unit (Fig. 1A).
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Fig. 1. Neurovascular unit composition, function and role in the response to peripheral
inflammation. A. The blood-brain barrier (BBB) is formed by the tight junctions that connect
the endothelial cells of the capillaries that irrigate the brain parenchyma. Together with the
basal lamina, pericytes, and astrocytic end-feet it forms the neurovascular unit. B. The
endothelial cells of the BBB have a crucial role in the transport of ions and solutes into and
out of the brain. Some substances diffuse freely into and out of the brain parenchyma (O
and CQO,), others such as nutrients need specific transporters, while molecules such as
insulin, leptin and transferrin are transported by receptor-mediated endocytosis. Similarly,
there are also transporters in the abluminal side of the endothelial cells described to
participate in the removal of brain derived metabolites. Panel C depicts some of the
pathways activated in the BBB in response to peripheral inflammation.
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Brain Barriers and the Acute-Phase Response 139

With the exception of small lipophilic molecules, such as O, and CO; that freely diffuse
across endothelial cells depending on their concentration gradient, the passage of blood-
born molecules through the BBB requires the presence of specific transporter or receptor
systems. Nutrients, like glucose and amino acids enter the brain through specific
transporters, while molecules such as insulin, leptin and transferrin are transported by
receptor-mediated endocytosis (Pardridge et al., 1985; Zhang & Pardridge, 2001).
Conversely, similar mechanisms constitute a way out of the brain for molecules produced
by the brain metabolism, via transporters and receptors located in the “brain side” of the
endothelial cell (Fig. 1B). However, unlike the longer established mechanisms for the
transfer of nutrients and molecules, the physiological passage of immune cells into the brain
has not been shown until very recently. Specifically, it has been demonstrated that T cells
are able to breach both the BBB and the BCSFB to perform immune surveillance of the CNS
(Engelhardt & Coisne, 2011). More so, in pathological situations, including auto-immune
brain disorders such as multiple sclerosis, the brain barriers become “leaky” leading to a
drastic increase in the infiltration of immune cells into the brain (Engelhardt, 2006).

The brain barriers are needed; the neural milieu must be protected from the drastic
concentration changes in blood molecules such as nutrients and ions. Nonetheless, the brain
must also be able to rapidly respond to changes, since many of the humoral regulation
centers are located within the brain. For these reasons, two brain regions lack the BBB: the
circumventricular organs and the choroid plexus (CP). The CP will be addressed below, but
we will first briefly describe the circumventricular organs. These brain regions, composed of
the area postrema, median eminence, pineal gland, subfornical organ and lamina terminalis,
are specialized neuroendocrine sites characterized by their small size and capillary irrigation
(fenestration). They can either secrete or constitute sites of action for a variety of different
hormones, neurotransmitters and cytokines, for which circumventricular organs are
classified as either secretory or sensory, respectively. Compared to other brain regions,
except the CP, the circumventricular organs are unique in that they allow exchanges with
the periphery. These exchanges are due to the permeability of the endothelium; nonetheless,
circumventricular organs do not form an open door into the brain parenchyma given the
presence of tight junctions between the tanycytes, the specialized ependymal cells that
surround them (Brightman & Kadota, 1992).

2.2 The blood-cerebrospinal fluid barrier

The CP is rapidly and actively exposed to any alteration in the blood milieu. It is formed by
a monolayer of epithelial cells that originate from the ependymal cells that line the brain
ventricles (two lateral ventricles, and the third and fourth ventricles). The CP’s stroma is
highly vascularised and populated by multiple cell types, from fibroblast to macrophages
and lymphocytes or neutrophils, in proportions that reflect peripheral conditions (Emerich
et al., 2005). The presence of tight junctions in the apical side of the CP’s epithelial cells
forms a barrier between the stroma and the CSF that is aptly termed the blood-CSF barrier
(BCSFB) (Fig. 2A). Similarly to the BBB, the BCSFB prevents the paracellular passage of
molecules and cells from the blood; however, in this case, into to the CSF. Of note, blood
flow in the CP’s stroma is up to 10 times higher that of the other brain regions (Johanson et
al., 2011). Again, resembling the BBB, the BCSFB also contains transporters and receptors;
specifically, their presence in the basolateral and apical sides of the cell membrane allows
the controlled passage of molecules in and out of the brain. In particular, the apical side of
the epithelial cells faces the CSF and contains numerous villosities, which increase the
surface contact area between the blood and the CSF.
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Fig. 2. Blood-cerebrospinal fluid barrier composition, function and role in the response to
peripheral inflammation. A. The choroid plexus (CP) is formed by a monolayer of epithelial
cells originating in the ependymal cells that line the brain ventricles, forming a closed
structure - the stroma. The stroma is a connective tissue rich in fenestrated blood vessels
and contains various cells types, such as macrophages, dendritic cells and fibroblasts. The
CP epithelial cells are juxtaposed due to the apical localization of the tight junctions. While
the apical side contacts with the cerebrospinal fluid (CSF), the basolateral side faces the
fenestrated blood vessels. B. Choroid plexus has the required enzymes, transporters and
channels to allow the passage of ions and water needed for the production of the CSF. Panel
C. depicts aspects of the CP response to peripheral inflammation. In such conditions,
lypopolysacharide (LPS) and immune modulators present in the blood (e.g. IL1-p and IL-6),
activate the basolateral side of the CP epithelial cells. In response, the CP transcriptome is
altered resulting in the production of several proteins, some of which are then secreted into
the CSF.

The CP’s main function is the production of CSF, which fills the ventricles, the subarachnoid
space and the spinal cord (Speake et al., 2001), ensuring an optimal environment for the
CNS cells. In the adult human’s CNS there are about 150 mL of circulating CSF that are
renewed approximately four times daily (Wright, 1978). The CSF is a clear, slightly viscous
fluid that surrounds the CNS and exchanges with the brain interstitial fluid. Given its
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Brain Barriers and the Acute-Phase Response 141

circulation and exposure it participates in the delivery of nutrients into the brain and also in
the removal of waste products generated within the brain. On the other hand, the CSF itself
contains few cells and has a protein concentration about 10 times lower than that of the
blood (Segal, 2001). The CP generates most of the CSF; the remainder 10-30% is of
extrachoroidal origin, mostly from metabolism of the brain parenchyma and from the BBB
(Johanson, 2008). Of notice, the CP in itself contributes to the composition of the CSF by
secreting several carrier proteins and growth factors (reviewed by Chodobski &
Szmydynger-Chodobska, 2001). The high number of mitochondria present in the CP
indicates its secretory activity. Additionally, the choroidal CSF secretion relies on the active
production of an osmotic gradient that is mainly driven by carbonic anhydrase and Na*/K+*
ATPase, and supported by the abundant expression of water channels (aquaporins) on the
apical and basaloteral sides (Fig. 2B).

While the CSF system is expected to reflect brain homeostasis, recent evidence has revealed
that it also reflects challenges induced in the periphery, including during response to
peripheral inflammation which will next be discussed in detail.

3. Acute phase response

The term “acute phase” is associated with alterations in the liver transcription profile that, in
response to an acute inflammatory stimulus, is reflected in the concentration of several
plasma proteins. Several cells of the immune system also similarly contribute to changes in
the concentration of plasma proteins, notably by secreting several cytokines and other
immune-modulators that then act on many organ systems, including the CNS. The brain
barriers are critical sites for cytokine signal transduction and for the initiation of the brain
responses to peripheral inflammation. Circulating cytokines can act on the brain via various
mechanisms that include: (i) fast transmission pathways, involving primary afferent
neurons of the vagus nerve, innervating the site of inflammation; (ii) direct entry into the
brain through the BBB or BCSFB via a saturable transport mechanism (cytokines are
hydrophilic small proteins and are not expected to cross the BBB in the absence of a
transport system); (iii) interactions within the circumventricular organs (reviewed by Hosoi
et al., 2002); (iv) binding to receptors at the BBB (Gaillard, 1998) or BCSFB that activate
intracellular mechanisms leading to the formation of short-lived substances, such as
prostaglandins (PGs) and nitric oxide. These substances may diffuse across the brain
barriers and play a role in the modulation of behavior and other brain disturbances
observed during inflammatory states (for reviews, see Saper & Breder 1992, 1994; Dantzer,
2001; Dantzer et al., 2008). Binding to the brain barriers receptors may also activate
the production of new cytokines through the activation of transcription factors. This
mechanism triggers the synthesis and secretion of cytokines and/or chemokines or other
immune mediators by the barriers themselves (Marques et al., 2009b; Verma et al., 2006)
(Fig. 1C and 2C).

The subject on whether peripheral inflammation triggers inflammation within the brain has
raised the interest of investigators. Of notice, while studying particular events and
molecules within the brain parenchyma, several groups have observed staining for various
immune-mediators in the brain barriers; among these are tumor necrosis factor-alpha (TINF-
a) and interleukin 1-beta (IL1-B) in both CP and BBB endothelial cells (Marques et al., 2007;
Nadeau & Rivest 1999; Quan et al., 1999). In addition, “acute phase proteins” can be
differently expressed in a tissue-specific manner in response to acute peripheral
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inflammation. For instance, while peripheral inflammation with the Gram negative bacterial
cell wall component lypopolysacharide (LPS) (Dickson et al., 1986, Marques et al., 2007)
results in decreased expression of the gene encoding for transthyretin in the liver (Birch &
Schreiber, 1986), it does not influence its expression in the CP. This differential response
possibly reflects tissue-specific transcription factors regulation (Costa et al., 1990; Yan et al.,
1990), while other signal transduction pathways may also be involved.

Despite all evidence on the barriers themselves as a site of homeostasis in response to
peripheral stimulus, only recently have they been considered as a whole in mediating or
participating in the response to peripheral inflammation. This will be next discussed in
detail for the BCSFB, with particular emphasis on the de novo synthesizes of cytokines and of
short-lived substances such as PGs. A special attention will be given to the CP, and
particularly to its epithelial cells, because alterations in the CP response will ultimately be
reflected in the composition of the CSF, which will impact on the brain parenchyma. A final
note will be given to the CP as a neuroendocrine organ, given the strong evidence
suggesting its participation in regional brain iron homeostasis, which is a novel concept.

3.1 The choroid plexus response to acute peripheral inflammation: triggers,

mediators and effectors

The CP is ideally equipped to respond to peripheral stimulus and to communicate with the
CNS since it is extremely well vascularised and because it produces most of the CSF. In
addition, it possesses molecules important for leukocyte adhesion such as, lymphocyte
selectin (L-selectin), intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1) that are found expressed at low levels in CP epithelial cells and can
be up-regulated during inflammation (Endo et al., 1998; Wolburg et al., 1999). As such, the
CP is suggested to be one of the first places for cell entry into the brain during inflammatory
disease (Reboldi et al., 2009), which will also condition the CSF cell content.

A recent study characterized the complete CP transcriptome in the context of peripheral
inflammation induced by a single intraperitoneal injection of LPS (Marques et al., 2009b).
These results can be accessed in the GEOdatabase (GSE23714). In this work the kinetic CP
transcriptome alterations were evaluated at 1, 3, 6, 12, 24 and 72 h after LPS injection.
Interestingly, similarly to the liver, the CP showed a rapid and transient response.
Specifically, the CP displayed a response to LPS that peaked between 3 to 6 h after LPS
administration and rapidly returned to baseline after 72 h. During this response, the
expression of a large number of genes encodes for chemokines (such as chemokine C-C
motif ligands 2, 3, 4, 7, 9, 11 and 19 and chemokine C-X-C motif ligands 1, 2, 9, 10, 13 and
16), cytokines (such as IL-1pB, IL6 and TNF-ca), adhesion molecules (Icam-1, selectin platelet
and selection endothelial cell), acute phase proteins (serum amyloid A3, serum amyloid Al
and LCN2), and transporters (amino acid transporters) was altered (Marques et al., 2009b).
Interestingly, several well-described pathways recognized to have diverse roles in the
regulation of the immune system were also found altered in these conditions. Among these
roles, we found the activation of the toll-like receptors (TLRs) and interleukin receptors
leading to the subsequent activation of: (i) the transcription factor nuclear factor kappa B
(NF-kp), which regulates the transcription of pro-inflammatory cytokines including TNF-a,
IL-1p and IL6; (ii) members of the mitogen-activated proteins kinase family (MAPK),
notably p38 and JUN N-terminal kinase (JNK); (iii) the JAK/STAT signalling pathway, and
(iv) the transcription factors known as interferon regulatory factors (IRFs) (Miyamoto et al.,
1988). Termination of the CP response may be, at least in part, a consequence of the negative
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feedback inhibition of STAT signalling by SOCS/CIS (Naka et al., 2005), as some of the
genes encoding for proteins in this pathway are up-regulated after LPS administration. A
similar mechanism has been described in the BBB (Laflamme et al., 1999; Laflamme & Rivest
1999; Lebel et al., 2000). Finally, of notice, the glucocorticoid receptor signalling pathway
was also found altered, which is of interest given the role of the
hypothalamus/ pituitary/adrenal axis in the interplay between the immune and the central
nervous systems in sickness behaviour.

Two interesting aspects should be taken into account: the blood-born molecules that trigger
the CP response and the impact of the response itself. In this regard, particularly relevant
are the molecules secreted into the CSF that ultimately reach and modulate responses within
the brain parenchyma. With respect to triggers of the CP response, possible candidate
molecules of interest are those that in response to an acute inflammatory stimulus have an
increase in their blood concentration. Agents such as LPS, but also intrinsic immune
modulators such as cytokines and chemokines, are potential triggers given that, for several
of these (e.g. IL-1B, IL-6 and TNF-a), the CP has receptors in the basolateral side of the
epithelial cells (Marques et al., 2011). Accordingly, in vitro studies of primary cultures of rat
CP epithelial cells exposed on the basolateral side (blood side in vivo) to LPS, or to serum
collected from rats 3 and 6 h after LPS injection (Marques et al., 2009b), clearly showed that
the CP response can be triggered by LPS directly and/or by blood-borne molecules. For
example, while both LPS and serum from LPS-injected rats induced the expression of II15,
116, and Cxcl1 in in vitro CP cultures, only the serum from LPS-injected rats had an effect on
the expression of the transcription factor interferon regulatory factor 1 (Irf1). Of note, in vitro
studies are a complement of the in vivo work since they permit a dissection of what is the
real contribution of the CP epithelial cells; in in vivo studies the complete CP is usually
studied, including not only the contribution of epithelial cells but also of all other cells
present in the CP stroma. Among these are macrophages, dendritic cells (Hanly & Petito,
1998; Ling et al.,, 1998, McMenamin, 1999) and fibroblasts. Epiplexus cells may also
contribute, this time by interacting on the apical surface of the epithelial cells where they are
found (Emerich et al., 2005; Ling et al., 1998). All of these cells, particularly macrophages, are
able to produce immune modulators that can activate receptors in the basolateral membrane
of the CP epithelial cells, ultimately contributing to the overall CP and brain response to
inflammation.

Our initial work on the mouse CP response to peripheral inflammation, focused on proteins
highly expressed and secreted by the CP. Of notice, we observed an increase in the
prostaglandin D2 synthase (PTGDS) at 6, 12 and 24 h after peripheral acute injection of LPS,
which returned to basal levels at 72 h (Marques et al.,, 2007) This was accompanied by
increased CSF PTGDS concentration (Marques et al., 2007); in agreement with the kinetic
profile of increased CSF concentration previously reported in rats after intraperitoneal
injection of LPS (Ishizaka et al., 2001). PTGDS catalyzes the isomeration of prostaglandin H2
(PGH2) to produce prostaglandin D2 (PGD2), the major prostanoid in the CNS.
Prostaglandin D2 can be transformed into multiple different prostaglandins, which
themselves, can display anti- or pro-inflammatory properties. Among this is the conversion
of PGD2 into the bioactive cyclopentenone-type prostaglandins of the J2-series such as 15-
deoxy-Al214-prostaglandin J2 (15d-PGJ2). By repressing the expression of genes encoding for
inflammatory mediators (e.g. TNF-o) 15-dPGJ2 can be considered anti-inflammatory;
however it has also been described to have pro-inflammatory through induction of
cyclooxygenase 2 (COX-2) (Harris et al., 2002). In the context of the present discussion, the
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observation that endothelial cells with increased endogenous PGD2 levels downregulate the
expression of VCAM-1 (Negoro et al., 2005) is of interest since it may contribute to the
resolution of inflammation.

The first step of prostaglandin synthesis occurs through the action of COX-1 or COX-2 on
arachidonic acid (AA), originating PGH2, which depending on the enzyme can be next
transformed into multiple different prostaglandins. The COX-1 enzyme is ubiquitously
expressed, while the COX-2 is mainly involved in inflammatory processes and therefore of
particular relevance in the brain response to inflammation. Several studies have shown an
increase in COX-2 expression in the BBB endothelial cells after central or systemic injection
of endotoxin or cytokines (Cao et al., 1996; Laflamme et al.,, 1999). Additionally, the
development of selective COX-2 inhibitors further suggests an important role for this
cyclooxygenase in the BBB in response to acute inflammation; specifically, its inhibition lead
to a decrease in the expression of tight junctions proteins in the endothelial cells of the
barrier (Germann et al., 2008). In accordance, it has also been shown that COX-2 null-mice
exhibit an increase in LPS-induced BBB disruption, mediated by an increase in matrix
metalloproteinases 9 and 3 activities (Choi et al., 2010). These results further support the
hypothesis that COX-2 may mediate the neuroinflammatory response, especially in
maintaining the integrity of the neurovascular unit (Choi et al., 2010). Finally,
cyclooxygenases can differentially modulate leukocyte recruitment into the inflamed brain
(Choi et al., 2010). Interestingly, neither COX-1 nor COX-2 expression is altered in the CP
transcriptome (that includes the epithelial cells of the BCSFB) in response to peripheral
inflammation (Marques et al., 2009b). Altogether, these observations indicate that the BBB
and BCSFB responses to inflammation may be different regarding the activation of
pathways needed to maintain barrier integrity. Still, any alteration in the permeability
properties may render the brain parenchyma more susceptible to noxious molecules and to
the infiltration of immune cells. Reflecting the aspect of barrier integrity, it has been shown
that a single LPS injection induces down-regulation in the transcripts of tight junction
proteins and an increase in those encoding for extracellular matrix remodelling proteins
such as metalloproteinases (Marques et al., 2009b).

In summary, the CP displays the adequate anatomical (at the interface between the blood
and the CSF) and functional (membrane receptors, signal transduction pathways and
secretory) setting to participate in the immune system-brain interplay. The relevance of such
occurrence will depend on whether it is reflected in the CSF composition, as is the case for
IL-6, CCL-2, PTGDS and LCN2 (Fig. 2C).

3.2 Iron modulation at the brain barriers is part of the acute phase response

While signalling in and out of the brain is currently accepted to occur at the brain barriers,
evidence is accumulating on their participation in specific homeostatic circuitries.
Particularly interesting is the possibility that the brain barriers participate on regulating
brain iron homeostasis, which is relevant in neurodegenerative disorders where
accumulation of iron has been reported.

As referred before, the kinetic response of the CP to peripheral inflammation resembles the
liver acute phase response, in terms of duration and gene/pathways activation (Marques et
al., 2009b). Remarkably, results from our studies show that, in response to inflammation, the
CP seems to be a specific site for iron homeostasis. Specifically, it induces the de novo
synthesis of major iron modulators that are not normally expressed and/or are expressed in
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very low levels, such as HAMP (hepcidin) and LCN2. Notably, these genes follow
expression kinetics greatly similar to those of the liver (Ceciliani et al.,, 2002; Gabay &
Kushner 1999). A striking observation was that of the altered expression of LCN2. This
protein is not present at the brain barriers in basal conditions, however its expression and
secretion increase dramatically in response to a single injection of LPS in the periphery
(Marques et al., 2008). LCN2 is an iron-related protein that was first described as an effective
defence strategy for the body to control the growth of pathogens; by binding to iron-loaded
siderophores, the iron chelators secreted by pathogens (Flo et al., 2004). Additionally, LCN2
was traditionally viewed as a liver acute phase protein (Liu & Nilsen-Hamilton, 1995; Sunil
et al., 2007), which was also produced by neutrophils, lung, spleen and uterus (Kjeldsen et
al., 2000). However, from our work, LCN2 is now also known to be an acute phase protein
in the endothelial cells of the BBB and in epithelial cells of the BCSFB (Marques et al., 2008)
Namely, Lcn2 mRNA levels are up regulated as early as 1 h after peripheral inflammation,
returning to basal levels after 72 h; in accordance, it is present in the CSF during the first 24
h post-stimuli, while undetectable in basal conditions (Marques et al., 2008). These
observations suggested that LCN2 could be part of the host-innate immune response to
infection at the barriers of the brain and in the CSF. These findings prompted us to further
investigate the CP as a site of brain regional iron homeostasis, as will be next discussed.
During an immune response iron metabolism is tightly regulated. This regulation is crucial
since iron is an essential element for the body homeostasis. Iron deficiency or excess can
lead, respectively, to pathological conditions such as anemia or hemochromatosis.
Furthermore, since no mechanism other than bleeding and cell renovation is known for iron
excretion, the body maintains a tight iron regulation, although the mechanisms involved in
this regulation have only recently been partially characterized. In particular, the liver was
identified as the regulatory site for iron homeostasis through the synthesis and secretion of
HAMP (Krause et al., 2000). Regulation of iron availability is made by the enterocytes,
which determine the quantity of dietary iron that is absorbed. When iron stores are high,
iron absorption is blocked; when low, iron absorption increases. This is controlled by the
availability of ferroportin (the only iron exporter described), at the basolateral side of the
enterocyte, which is regulated by HAMP (Krause et al., 2000). Circulating HAMP binds
ferroportin on the surface of enterocytes, leading to its internalization and degradation, and
blocking iron absorption into the bloodstream (Nemeth et al., 2004a). Under physiological
conditions the level of HAMP is regulated by body iron requirements; however, HAMP
expression can be modulated by pro-inflammatory cytokines such as IL-6 and IL-1{3 during
inflammatory response. This represents a host defence mechanism: by decreasing serum
iron levels the host decreases iron availability for invading bacteria (Ganz, 2007). It follows
that other cells of the body, specifically cells of the immune system, are equipped with the
machinery capable of regulating iron homeostasis through the regulation of several iron-
related genes and proteins (Porto & De Sousa, 2007). This is significant given the immune
cells protective function and role in combating microorganisms. Still, the complete
mechanism beyond HAMP regulation is far from fully understood.

The novel concept of regional iron homeostasis regulation, in the context of inflammation,
adds another level of complexity to iron homeostasis. If confirmed, local brain iron
homeostasis at the barriers might explain why diseases of iron accumulation in the
periphery seem to spare the brain (Pientrangel, 2010). In the CP, ferroportin is localized in
the apical side of the epithelial cells (Wu et al., 2004) and, in response to peripheral
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administration of LPS, the CP triggers a transient transcription of the HAMP encoding gene,
which may result in inhibition of iron release into the CSF and the brain parenchyma.

In addition, the expression of several other iron-related genes, such as ferritins and
ceruloplasmin, are also induced by the inflammatory stimulus. Finally, it should be noted
that the stimulation of the Hamp gene is triggered not only directly by LPS but also by
molecules whose expression increases in the blood in response to inflammation. An example
of these is IL-6 (Marques et al., 2009a), a cytokine previously shown to regulate Hamp
expression in the liver, upon interaction with the cognate cellular receptor, and through the
STATS3 signalling transduction pathway (Kemna et al., 2005; Nemeth et al., 2003; Nemeth et
al., 2004b). The same mechanism seems to be operational in the CP; primary cultures of rat
CP epithelial cells when stimulated, in the basolateral side, with LPS or with IL-6, respond
by inducing the expression of Hamp. The activation of the IL-6-mediated signalling
transduction pathway was also observed in vivo when mice were acutely injected with LPS.
In this case, increased phosphorylation of STAT3 was observed in the CP (Marques et al.,
2009a). Of interest, Hamp expression was not induced when LPS or IL-6 were applied to the
apical membrane of the CP epithelial cells, indicating that the receptors for LPS and IL-6
may be located in the basolateral (facing the blood) membrane.

Another well described pathway mediating Hamp expression is that of the SMAD4 complex.
Members of this complex were initially discovered from observations that patients with
mutations in hemochromatosis (Hfe), transferrin receptor type 2 (1fr2), or hemochromatosis
type 2 (juvenile) (Hjv) genes display iron deposition similar and consistent with elevated
iron absorption, suggesting that these molecules may contribute to the regulation of Hamp
expression. Interestingly, all of these molecules belong to the bone morphogenetic protein
(BMP) signalling complex, which constitutes the most powerful mechanism known to
activate Hamp transcription through SMAD4 activation (Verga Falzacappa et al., 2008). In
support of these observations, TFR2 and the IL-6-mediated pathways seem to cross talk, at
least in peripheral organs. Resembling its effect on HAMP regulation via the STAT3
signalling transduction pathway, IL-6 also functions as a stimuli in the SMAD4-mediated
response. Wang et al. (2005) reported that the liver-specific disruption of Smad4 results in a
markedly decreased Hamp expression when stimulated with IL-6. Similarly, a recent study
using human hepatocyte cell cultures showed that mutations in the BMP-response element
strongly hamper Hamp activation in response to IL-6 (Verga Falzacappa et al., 2008). In our
CP transcriptome characterization study, no alterations were found in the expression levels
of Hfe or Hju; however, the expression of Tfr2 and of Smad4 was strongly increased after LPS
stimulation (Marques et al., 2009a).

Although in-depth studies are necessary to fully characterize the CP’s regulation of iron
homeostasis, altogether a mechanism is coming into view. In response to peripheral
inflammation, the CP, by secreting HAMP, may trigger the internalization of ferroportin,
therefore preventing iron release into the CSF. Concomitantly, it secretes into the CSF other
iron-related proteins, such as LCN2 and ceruloplasmin that, by themselves further restrict
iron availability for potentially invading microorganisms.

The novel role here proposed for the CP-CSF barrier in regulating iron metabolism may also
be present in diseases of the CNS in which iron accumulates or has been described to
mediate neuronal toxicity. Among these are Alzheimer’s disease and multiple sclerosis. Of
interest, even though in different severity scales, both have underlying inflammatory
processes.
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4. Conclusion and future perspectives

In the present chapter our goal was to highlight evidence that brain barriers participate in
the communication of inflammatory stimuli into the brain. A few aspects, which were not
specifically addressed, deserve a final mention, particularly that of neurogenesis and of
multiple (or chronical) exposures to acute inflammatory stimuli/events. By modulating the
composition of the CSF, or of the interstitial fluid of the brain, inflammatory stimuli induced
in the periphery will influence neuronal function and processes such as neurogenesis. In this
respect, in adults, LPS has been shown to alter the proliferative and migration profile of
brain progenitor cells in the hippocampus (Fujioka & Akema, 2010). Notably, several of the
proteins whose concentration is altered in the CSF in response to acute inflammation are
recognized as modulators of adult neurogenesis. Future studies will certainly bring us novel
clues on the role of neurogenesis as well as its alteration under inflammatory conditions.
Also, while the focus of this book is the acute response, it should be mentioned that
throughout lifespan, individuals are exposed to several independent acute inflammatory
events. It is still unknown how repeated exposure to inflammation may predispose to
diseases of the CNS, and how are the barriers of the brain compromised or participants in
such response. Nonetheless, it is now known that the response of the CP to repeated
prolonged inflammatory stimuli is less drastic and broad than that of a single acute
exposure (Marques et al, 2009c). Future studies should further elucidate on how the brain
barriers” attenuate and/or mediate any deleterious effects to normal brain functioning.
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