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Abstract

Many neurodegenerative diseases such as Alzheimer’s disease (AD), multiple sclerosis, and
traumatic brain injury (TBI) are associated with systemic inflammation. Inflammation itself results
in increased blood content of fibrinogen (Fg), called hyperfibrinogenemia (HFg). Fg is not only
considered an acute phase protein and a marker of inflammation, but has been shown that it can
cause inflammatory responses. Fibrin deposits have been associated with memory reduction in
neuroinflammatory diseases such as AD and TBI. Reduction in short-term memory has been seen
during the most common form of TBI, mild-to-moderate TBI. Fibrin deposits have been found in
brains of patients with mild-to-moderate TBI. The vast majority of the literature emphasizes the
role of fibrin-activated microglia as the mediator in the neuroinflammation pathway. However, the
recent discovery that astrocytes, which constitute approximately 30% of the cells in the
mammalian central nervous system (CNS), warrants further investigations in the causative role of
HFg in astrocyte-mediated neuroinflammation. Our previous study showed that Fg deposited in
the vasculo-astrocyte interface activated astrocytes. However, little is known of how Fg directly
affects astrocytes and neurons. In this review, we summarize studies that show the effect of Fg on
different types of cells in the vasculo-neuronal unit. We will also discuss the possible mechanism
of HFg-induced neuroinflammation during TBI.
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Introduction

Fg is a soluble glycoprotein that is comprised of two sets of disulfide-bridged Aa-, Bf-, and
y-chains. It is widely known for its central role of providing scaffolding in the coagulation
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cascade in hemostasis [1]. Fg is known to interact with a variety of cell receptor molecules
on an array of cell types with different cellular membrane protein composition and gene
expression profiles. This could be due to the nature of its molecular structure with multiple
binding sites for cell receptors with different biological functions [2]. On the platelet, Fg
interactions with its integrin receptors lead to platelet aggregation during coagulation events.
One of its integrin receptors, GP lIb/Illa (apP3), on the activated platelet will undergo a
modification that renders it receptive to binding with ligands such as Fg or von Willebrand
factor [3]. This is followed by Fg’s conversion to insoluble fibrin via the action of thrombin
and subsequently the generation of platelet thrombus, colloquially called a clot formation
[4]. The cryptic binding epitope C-terminal -y377-395 sequence of the Fg molecule that
enables it to recognize and bind to the CD11b (ap,) integrin receptor is exposed via the
polymerization of Fg to fibrin or Fg’s immobilization on a substrate [5]. In addition to its
effects on platelets, fibrin’s interaction with a,B3 receptor on mast cells is involved in
systemic blood pressure regulation [6,7]. Fg’s ability to interact with different cell types is
mostly accomplished by binding to integrins, like the a;,B3 receptor mentioned above.
Integrins are a family of heterodimeric receptors that integrate the extracellular matrix with
the intracellular cytoskeleton to mediate cell migration and adhesion. Other integrins that
serve as Fg receptors are aspq, apmp2 (CD11b/CD18, Mac-1, CR3, Mo-1), af3, and axfB»
(CD11c¢/CD18) [8]. Fg’s ability to bind to a variety of integrin receptors may elicit activation
of different pathways, which in turn, regulate downstream signaling that mediate cell
migration, proliferation, cytokine production, and cell survival or apoptosis. While the
activation of vascular smooth muscle a3 integrin with arginylglycylaspartic acid (RGD)
peptide causes vasodilation, activation of endothelial asp integrin results in
vasoconstriction [9]. Since Fg has two RDG sequences on its Aa chain [10], we tested its
intraluminal effect on microvascular reactivity that resulted in vasoconstriction [11]. This
Fg-induced vasoconstriction can be explained by the fact that, among its integrin receptors,
only asp; but not B3 and therefore not the a3 integrin, was found on the apical side of the
endothelial cell (EC) and at the EC-to-cell contact border [12]. In addition, localization of
asPq integrin at cell-cell borders makes it one of the important determinants of EC
monolayer integrity and thus, one of the major players in the vascular permeability changes
[12].

In addition to binding to integrins mentioned above, Fg binds to intracellular adhesion
molecule-1 (ICAM-1) [13,14]. Fg binds to ICAM-1 via a sequence in the -y chain (y
residues 117-133) [15]. We found that at high level Fg caused vasoconstriction [11],
exocytosis of Weibel-Palade bodies releasing endothelin-1 [16], and an increase in EC layer
permeability [17]. All these effects could have been a result of Fg binding to ICAM-1 and
asf1 on the apical side of ECs. Fg bound to CD11b/CD18, CD11¢/CD18, and the non-
integrin toll-like receptor-4 (TLR-4) on macrophages and microglia leads to macrophage
activation and the activation of the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-KB) pathway that mediate cytokine release [6,2].

Normal concentration of Fg in blood is close to 2 g/L with a half-life of approximately 4
days [18]. In various pathological conditions where there is injury and inflammation present,
Fg concentration is elevated. Therefore, it has been used a reliable inflammatory biomarker
[19]. As a large (340-kD) macromolecular blood protein, Fg usually stays in the circulation
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Fg effects

and is kept from the brain parenchyma by the blood-brain barrier (BBB) [20]. However, in a
pathological condition where the BBB is compromised, Fg gains access to the CNS [8,17]
and accelerates vasculo-neuronal damage-causing neuroinflammation [21].

Fg and fibrin depositions have been found in the brains of patients with inflammatory
diseases as TBI [22,23], AD [24], and multiple sclerosis (MS) [25]. In the animal models of
these diseases, it has been shown that the depletion of Fg ameliorates the development and
severity of the diseases [20,26,27]. Therefore, it became evident that Fg is not only a
biomarker but may play a more active role in the development and/or exacerbation of
neurodegenerative complications of the neuroinflammatory diseases mentioned above
[27,6,23].

Plaque formations that contain Fg/fibrin are typical for inflammatory neurodegenerative
diseases associated with memory reduction such as AD [28], MS [29], and TBI [30]. Like
the amyloid-B (Ap) plaques found in AD patients, plagues are found in TBI patients [30].
However, the plaques are formed more rapidly during TBI relative to slower developing ones
during AD [30]. A strong contribution of Fg in the development of AD has been shown
[28,31]. Deposits of fibrin were found postmortem in humans after some years of head
injury [32,23]. Deposition of Fg exacerbates neurovascular damage and accelerates
neuroinflammation [32,20]. Reduction in short-term memory persists longer in patients with
mild to moderate TBI that is characterized with non-ruptured vessels [33]. We found that
TBI-induced inflammation resulted in increased BBB permeability of non-ruptured vessels,
causing extravasation of Fg and its deposition in extravascular space [34,35]. These effects
were associated with neurodegeneration and short-term memory reduction in mice with head
trauma [34,35]. Enhanced extravasation and accumulation of Fg in the interstitium could
potentially lead to the formation of protein complexes containing Fg, such as Fg and A
(Fg-Ap) complex [36,30] or Fg and a cellular prion protein (PrP€) complex (Fg-PrPC) [34],
and maybe others. This causes subsequent pathology in the brain. Formation of both Fg-Ap
and Fg-PrPC complexes are associated with reduced cognitive function and memory [30,34].

Thus, it is evident that there is a strong connection between the inflammation-induced HFg-
mediated memory impairment during neurodegenerative diseases (e.g. TBI, AD, and MS).
Therefore, the primary focus of this review will be on the effects of HFg on neurons and
other cell types of the nervous system during TBI, following the movement of Fg from
blood, through the vascular endothelium, toward the brain parenchyma, and ultimately
affecting the neurons.

on vascular and EC layer permeability

Integrins asPq and aB3 [9,37] and ICAM-1 [14] act as Fg receptors on EC surface. At
elevated levels, Fg has been shown to increase cardiac microvascular EC permeability,
which seems to be mediated by Fg binding to its EC apical surface receptors ICAM-1 and
asPBy [17]. This was manifested as the translocation of large proteins such as albumin and Fg
through the EC monolayer, which could occur by paracellular [17] or transcellular transport
involving caveolae formation [38,39]. Acute HFg was shown to compromise microvascular
integrity through activation of matrix metalloproteinases 9, downregulate an adherence
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junction protein, vascular endothelial cadherin, and upregulate a plasmalemmal vesicle-
associated protein-1, an integral membrane-associated protein found in caveolae [40]. These
results suggested that acute elevation of blood level of Fg may alter cerebrovascular and EC
layer permeability via both paracellular and transcellular transport pathways. Regardless of
its possible dual effect, chronic increase in blood level of Fg that occurs during mild-to-
moderate TBI, induces enhanced cerebrovascular permeability resulting in extravasation of
large molecular weight proteins, particularly Fg, mainly via caveolar transcytosis [36]. We
found that Fg crossed the vascular wall and deposited in the vasculo-astrocyte endfeet
interface where it was immobilized [35] and most likely converted to fibrin.

Effects of Fg and fibrin

Fg in its soluble form has been shown to disrupt cultured brain EC layer integrity [41] and
astrocyte activation [42]. Infusion of nondegraded Fg into the systemic circulation of mice
increased pial venular permeability [40]. Chronic elevation of blood Fg level resulted in
increased cerebrovascular permeability to proteins, increased deposition of Fg in
extravascular space, and the formation of Fg-AB and/or Fg-PrPC complexes that were
associated with cognitive impairment manifested by reduction in short-term memory [36].

It was shown that while soluble Fg at a concentration of 50 pg/ml (lower than physiological
concentration) did not have an effect, immobilized Fg altered microglia morphology /n vitro
[43]. A later study, by the same group, has shown that intravenous administration of Fg
resulted in activation of microglia, neuronal dendritic loss, and dendritic spine elimination;
all being associated with cognitive decline [44]. All these results confirm our findings that to
have an effect on microglia and/or neurons, first, Fg has to cross vascular wall and deposit in
extravascular space. It is noteworthy that lyophilized Fg was used in the studies mentioned
above. An administration of Fg to animals could have increased blood content of Fg by no
more than 0.5 mg/ml [44], while the blood content of Fg during inflammatory conditions is
equal to or more than double its normal level [45,46]. While immobilized, both Fg and fibrin
can bind to their receptor, app, with high-affinity/avidity, while soluble Fg is a relatively
poor ligand [47,48]. However, our study suggest that soluble Fg specifically binds an
unidentified, integrin-type receptor on the surface of rat erythrocytes [49]. Therefore, in all
our /n vitro studies we used hirudin (inhibits thrombin from converting Fg to fibrin) to test
the effects of Fg before it has been converted to fibrin [16,17,50,51,39,42]. Others have
shown that the use of hirudin, and thus, inhibiting fibrin formation after the onset of
intracerebral hemorrhage reduces neuroinflammation and improves long-term outcome [26].
In many reports Fg and fibrin are mentioned interchangeably. For example, it has been
reported that Fg deposits in brains of patients with TBI [22,23]. However, we would like to
emphasize that if extravascular Fg deposits are found, they are most likely fibrin deposits
that formed after conversion of extravasated Fg.

Fg and astrocytes

Astrocytes, specialized glial cells named after its star-like shaped, are 5 times more abundant
in brain than neurons [52,53]. They act as the connection between neurons and the CNS
vasculature. In response to neurologic insult, astrocytes become reactive, resulting in
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astrocytosis that is marked by astrocyte overexpression of the glial fibrillary acidic protein
(GFAP), an intermediate filament cytoskeletal protein expressed primarily by astroglia [54].

Previously, our group showed that HFg-induced activation of astrocytes /n vitro caused
increased expression of ICAM-1 and tyrosine receptor kinase B (TrkB) [42]. TrkB receptors
are expressed in the central and peripheral nervous system. Their signaling is indispensable
for the survival and maintenance of neurons and their synaptic plasticity [55]. TrkB
stimulation in astrocytes induces nitric oxide (NO) production and nitrotyrosine deposition,
which potentially promote neurodegeneration [56]. It has been shown that NO modulates
and could increase the level of reactive oxygen species (ROS) in cells [57], which is known
to cause neurodegeneration [58].

ICAM-1 is a transmembrane glycoprotein that is expressed on many types of cells, including
leukocytes and ECs, and has been aberrantly expressed in diseased glial cells [59]. Our study
showed that blocking of ICAM-1 function resulted in reduction of Fg and astrocyte
interactions and the resultant overexpression of TrkB in vitro, suggesting that ICAM-1 can
be a receptor for Fg on the surface of astrocytes [42]. ICAM-1 ligation was shown to induce
the expression of pro-inflammatory cytokines on rat astrocytes, including interleukin-la
(IL-1a), IL-1B, interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a) [60]. Another
study has shown that Fg causes astrogliosis, where it increases GFAP and neurocan
immunoreactivity [61]. Neurocan is a member of the chondroitin sulfate proteoglycans that
is often found upregulated in CNS injuries and it inhibits axonal and neurite growth [62].
Therefore, Fg-induced increase in expressions of TrkB, ICAM-1, and neurocan support the
notion that Fg contributes to neuroinflammation development.

As astrocytes are a glial cell type, they may possess phagocytic properties. It has been shown
that astrocytes remove Fg that has been coated on the surface of a Petri dish [63]. However,
although it was not specifically discussed in the paper, the uptake of Fg by astrocytes
resulted in their activation and death [63], suggesting toxic effect of Fg/fibrin.

There is a growing body of evidence which indicates that inflammation is linked to both
post-traumatic neurodegeneration and functional deficits in animal [64-66] and clinical
studies [67,68]. It has been shown that reactive, toxic Al astrocytes, formed after
inflammation, deposit an inhibitory extracellular matrix consisting primarily of chondroitin
sulphate proteoglycan, which is involved in the formation of glial scarring [69]. Our data
showed that astrocytes were activated during mild-to-moderate TBI [35]. These data were
correlated with neurodegeneration and reduction in short-term memory in mice after CCI
[35]. Others have confirmed these findings by showing expression of complement
component 3, the marker of toxic astrocytes [70], which is a highly upregulated gene in
neurotoxic, Al astrocytes that exacerbate disease pathogenesis and not in A2 astrocytes that
promote neuronal survival [71].

Fg and microglia

Microglia serve as the macrophage of the CNS parenchyma [72]. Effect of Fg on microglia
has been tested /n7 vivo, in the experimental autoimmune encephalomyelitis (EAE) model for
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Astrocyte

MS [73]. A local injection of Fg in the healthy mouse cortex induced significantly higher
microglial responses than those caused by an injection of albumin or artificial cerebrospinal
fluid [73]. Fg-activated microglia formed perivascular clusters in areas of fibrin deposition,
which mediated axonal damage and release of ROS [73]. The use of transgenic mice
Fiby3940-396A with a mutation on Fg lacking binding site for CD11b/CD18 receptor
confirmed that the axonal damage and microglial activation requires fibrin signaling via the
receptor.

Fg binding to CD11b/CD18 integrin receptor on leukocytes causes activation of innate
immune responses [74,47] including activation of NF-KB and mitogen-activated protein
kinase (MAPK)/phosphatidylinositol 3-kinase (PI3K), v-Akt Murine Thymoma Viral
Oncogene (Akt), and Rho signaling. These, in turn, leads to adhesion, migration,
chemotaxis, and phagocytosis of leukocytes, macrophages, and monocytes [2]. It has also
been shown that fibrin interaction with the CD11b/CD18 receptor activates CNS immune
cells responsible for innate immunity, namely microglia and perivascular macrophages,
inducing M-1 type activation with increased expression of major histocompatibility complex
class Il, CD86, and 1L-12, which suggest activation of antigen presenting cells in response to
infection or inflammation [75]. This might lead to activation of TLRs and the overexpression
of chemokines, such as C-X-C motif chemokine 10 (CXCL10) and C-C motif chemokine 2
(CCL2), suggesting that extravascular deposition of fibrin mediates the recruitment of
peripheral macrophages into the CNS. This exacerbates neuroinflammation and associated
damage, such as demyelination [21].

The role of fibrin deposition has been studied in the transgenic TJCRND8 mice, a mouse
model for AD that mimics human pathological brain aging, showing AB-associated
pathology as a result of the neuroinflammation [20]. Depletion of Fg by genetic or
therapeutic treatment reduces vascular pathology as well as the activation of microglia,
whereas increasing fibrin deposition exacerbates these effects [20].

and microglia activation

Neuroinflammation causes microglia and astrocytes to become “reactive”. Similar to the
well-characterized M1 and M2 polarization in macrophages, their CNS counterparts,
microglia, could exhibit an “M1-like” pro-inflammatory phenotype with upregulation of
TNF and interleukin-1 beta (IL-1B) or an “M2-like” immunosuppressive phenotype with
upregulation of chitinase-like-3 (Chil3), frizzled class receptor-1 (Fzd1), and arginase-1
(Argl) [76,77]. Since colony stimulating factor 1 receptor knockout mice that lack microglia
were unable to generate astrocyte activation after lipopolysaccharide (LPS) injection, it has
been suggested that microglia activation is necessary to induce astrocyte reactivity [71].
However, our in vitro study suggested that astrocytes alone still can be activated [42]
suggesting a more complex functionality of astrocytes.

Activated microglia produce molecular agonists including IL-18, TNF and complement
component 1q, that consequently activate astrocytes [71]. Activated astrocytes, characterized
by increased expression of the GFAP, loose their function and ability to support neurons.
Such astrocytes, identified as “Al”, act as a potent neurotoxin [77]. Whereas ischemia-
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induced reactive astrocytes, defined as “A2”, are thought to have a reparative function via
upregulation of neurotrophic factors [77].

How the phenotypic polarization of the activated astrocytes occurs remains unknown. In the
classical inflammatory activation of astrocytes, there has been a suggestion that lipocalin-2
plays a critical role as an autocrine modulator of the functional polarization [78].
Interestingly, astrocytes that are classically activated using LPS and interferon-gamma have
shown opposite reactions to astrocytes that are activated with interleukin-4 or interleukin-10.
The former two are neurotoxic as opposed to the latter ones, which protect neurons against
excitotoxic and oxidative injuries [78].

Fg and neuron

Neurons are the fundamental units of the brain and nervous system [79]. Although there are
some reports that neurons may innervate brain blood vessels [80], in general, it is accepted
that neurons do not directly innervate brain microvessels. Their action upon microvessels
occurs mainly via astrocytes. It has been shown that conditioned medium from astrocytes
treated with 2.5 mg/ml of Fg inhibit neurite outgrowth in the cultured cortical neurons [61].
However, when conditioned media from astrocytes that has been pre-treated with
transforming growth factor beta inhibitor was used on the neurons, the neurite outgrowth
inhibitory effect was reversed, which suggest the receptor participation in the activation of
astrocytes and subsequent neurite inhibitory effect of the neurons [61].

Fg is shown to be neurotoxic [81]. Fg treatment showed dose-dependent cell death measured
by the 3-(4,5-dimethylthiazol-2-yl) 2-5,-diphenyltetrazolium bromide reduction method
with about 10% cell death after incubation with 5 pg/ul Fg for 24 hour compared to almost
50% cell death with double the concentration at 10 pg/ul of Fg [81]. Although the study was
not performed on cultured primary neurons, the SH-SY5Y neuroblastoma cells that were
used were originally derived from human metastatic bone tumor biopsy and had neuron-like
phenotype [82]. In the same study, Fg treatment caused increased expression of caspase-3
after just 45 min of treatment, suggesting that Fg induces neuronal apoptosis [83]. As to our
knowledge, there are no studies that test the direct effect of Fg on neurons. However, this
interaction may still need to be investigated since, in nature, besides conditions when Fg
deposited in extravascular space may result in astrocyte activation and death causing
neuroinflammatory pathologies, a massive accumulation of Fg/fibrin may create a condition
when Fg/fibrin would come into a direct contact with neurons.

Fg causing oxidative damage

It is known that fibrin(ogen) induces microglial activation and ROS generation /n vitro[7]
and /n vivo mouse models of AD [44] and MS [7]. Fibrin causes activation of microglia by
interaction with CD11b, which subsequently generates ROS and causes oxidative damage
[7,44]. Increased production of ROS results in neuronal injury and axonal damage believed
to be caused by impairment of mitochondria and the resulting energy impairment in neurons
[84]. Reactive astrocyte are known to enhance the expression of inducible nitric oxide
synthase and production of NO [85]. During inflammatory disease, such as TBI, an increase
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in ROS production usually comes concomitant with an increase in NO and, when combined,
they produce a potent reactive nitrogen species [86]. It has been shown that axon exposure to
NO causes neuronal degeneration [87]. Thus, Fg/fibrin-activated astrocytes may result
neurodegeneration.

Increased expression of TrkB on astrocytes is associated with NO production and
neurodegeneration [56]. The increased expression of the truncated isoform of the
neurotropin receptor TrkB-T1 was observed in MS lesions from human patients, which is
confirmed by immunohistochemistry, mRNA expression, and flow cytometry methods [56].
Brain-derived neurotrophic factor (BDNF) is a neurotrophin and a well-known agonist for
TrkB [88]. BDNF functions as a major regulator of activity-dependent plasticity at
excitatory synapses in the CNS and plays an important role in neuronal synaptic regulation
[89]. However, it has been shown that BDNF dose-dependently stimulates activation of
astrocytes, and when the conditioned media was used on neurons, it caused neuronal
degeneration [56]. The neurodegeneration was initiated by NO produced by the activated
astrocytes, that were treated with 25 ng/ml of BDNF, showing significantly higher NO than
5 ng/ml, the control group [56].

Another source of ROS formation can be astrocyte PrPC. It is well accepted that PrPC
exhibits a dual effect in brain: when it is unaltered, it provides neuroprotective effects, while
when ligated, it results in neurotoxicity [90]. It has been identified that PrPC is involved in
cell-redox homeostasis through ROS production via Nicotinamide adenine dinucleotide
phosphate oxidase and extracellular regulated kinases 1/2 signaling stress [91]. This PrPC-
induced ROS formation results in neuronal and other brain cell toxicity and oxidative stress
[91]. It has been shown that Fg-containing protein complexes, like Fg-AB, that are highly
resistant to degradation [92,93], contribute to increased inflammation and are associated
with reduction in short-term memory [92,36]. We have recently found that Fg associates
with PrPC (unpublished data) on astrocyte surface, which resulted in Fg-PrPC complex
formation in brain extravascular space during HFg [36] and TBI [35]. This formation of Fg-
PrPC complex that may result in PrP€ property changes, may be a mechanism for
neurodegeneration and the resultant short-term memory reduction found in our studies
[36,35]. Combined, these results suggest that increased expression of astrocyte PrP and its
association with extravasated Fg can result in formation of Fg-PrPC complex, which can
have a role in memory reduction during inflammatory cerebrovascular diseases, e.g. TBI
(Figure 1).

Generation of ROS was also associated with increased brain endothelial layer permeability
by activation of the protein kinase B signaling pathway via the Ras homolog family member
A [94]. Generation of ROS in ECs by itself can promote Fg extravasation, as mentioned
above.

Fg in traumatic brain injury

During TBI, immediate and delayed dysfunction of the BBB is observed. Disruption of the
tight junction complexes and the integrity of the basement membrane results in increased
paracellular permeability of the BBB [95,96,34]. The resultant inflammation induces HFg
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[97] that leads to translocation of Fg to the extravascular space [34]. The level of Fg
increases in human patients during TBI to a level above 4 g/L two days after injury and
remains high for as long as 14 days [98,97]. This agrees to our finding that after cortical
contusion injury (CCI) in mice, an animal model of TBI, there is higher Fg deposition that
could be found in the vasculo-astrocyte endfeet interface even after 14 days [96,35].
Furthermore, there was increased neuronal degeneration in the brain of mice from the CCl
group when compared to sham, which was shown by reduced expression of neuronal marker
NeuN, while there was an increase Fluoro-Jade C staining in the CClI injury group. Although
it is tempting to connect these two findings and point out that they are due to the increase of
Fg disposition in extravascular space, the effects of other contributing factors could not be
ruled out.

TBI and inflammation

TBI causes the induction of a series of the inflammatory cascade, which could exacerbate
the already altered homeostasis of the injured brain with the detrimental, potentially
progressive effects [99-101]. Studies have shown that the effect of inflammation and
microglial activation could persist for as long as 17-18 years after the insult [102]. Although
the traumatic event that causes the brain injury itself is a factor that is hard to control, this
finding suggests that the window of opportunity for therapeutic intervention following brain
injury might be longer than was expected. Therefore, by investigating further mechanisms
contributing to the progression of neuroinflammation and associated neurodegeneration,
there could be room for intervention to prevent further damages.

To our knowledge there are no other studies than ours that specifically addressed TBI-
associated inflammation cascade that involves Fg-mediated inflammation mechanism.
Increased blood level of Fg is considered as a marker of inflammation [19]. Previously we
have showed that HFg results in vasoconstrictions of brain vessels, which is also is a marker
of inflammation. In our studies, we have shown that in mouse model of mild-to-moderate
TBI, animals with CCI exhibited an increase in blood content of Fg and increase in
cerebrovascular permeability. These effects are by themselves are indications of
inflammation. As a result, we found an increased deposition of Fg in the vasculo-astrocyte
interface, which was associated with increased neuronal degeneration [35].

It is known that within a few minutes after trauma to the brain, immune mediators are
released which orchestrate a further sequence of inflammatory events. It was shown that 6
hours after CCl, the levels of IL-1p, IL-6, and TNF-a were significantly increased [103].
IL-6 was found to be increased by 40 to 100-fold in the CSF compared to that in serum, with
detectable concentration as early as 2 hours post-injury [97,104]. The peak concentration
was found between 4-6 hours and decreased by 16—24 hours in the animal model [104].
Whereas in human patients, it reached the maximal concentration within 1 to 2 days after
trauma, before decreasing to a still detectable level for the whole length of the 14-day study
[104]. At all times in the study, the CSF concentration of IL-6 was higher than that in the
plasma, suggesting that IL-6 is produced in the CNS and that it plays a role in moderating
the acute-phase response [97]. The maximal increase of IL-6 was found to be correlated with
the increase levels of acute-phase proteins including a1-antitrypsin and Fg [104]. On the
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other hand, it is possible that Fg, as an inflammatory agent, is involved in the elevation of
IL-6 levels and, since IL-6 is needed for Fg enhanced synthesis [105], that it triggers a
positive feedback loop exacerbating the inflammatory responses.

TNF-a is released very rapidly immediately (1-6 hours) after injury and later decreases to
an almost undetectable level within a few hours [100,103]. TNF-a is involved in the acute
phase reaction during TBI, apoptosis, cell death, an increase in BBB permeability, and
vasogenic brain edema. However, it’s effect are pleiotropic, as shown by a transgenic mouse
model lacking the gene for TNF, which suggests that TNF-a action in the acute phase might
be more neurotoxic, but that later it becomes neuroprotective [106].

Insignificant IL-1 was detected in both CSF and serum in a clinical study from human
patients with TBI [104]. On the contrary, in a CCI animal model of TBI, IL-1p was
significantly increased with the peak concentration at 6 hours after head injury, but this
quickly reduced in 12 hours [103].

Primary rat astrocytes express a low basal level of surface ICAM-1 protein. However, in the
presence of the cytokines TNF-a or IL-1p, astrocyte expression of ICAM-1 increases and
reaches maximal level in 12-16 hours after treatment for both cytokines [107]. In another
study, ICAM-1 ligation by monoclonal antibody to rat ICAM-1 induced mRNA expression
of IL-1a and IL-1p through activation of extracellular signal-regulated kinases 1/2 (ERK
1/2), and expression of IL-6 through activation of both ERK 1/2 and p38 MAPK. TNF-a
was also induced but to a lower level. These findings suggest that ICAM-1 activation could
be a result of or a contributor to the ongoing inflammatory processes [60]. We have
previously shown that HFg induced an increased expression of ICAM-1 in the cultured
astrocytes [42] and in the mouse brain microvessels /n vivo [40].

Signaling molecules and pathways during neuroinflammation

In general, little is known of signal transduction pathways activated by HFg in extravascular
cells of the neurovascular unit. Activated astrocytes produce cytokines, chemokines and
bioactive complexes that trigger signaling pathways and transcription factors. Activation of
astrocytes leads to translocation of the proinflammatory transcription factor NF-KB [108]
and this could result in a heterogeneous response towards protective or detrimental pathways
[109,77,110].

When the CNS is injured, the expression of NF-KB-dependent genes is activated [110]. The
detrimental role of NF-KB in neuroinflammatory pathology has been shown [111]. Blocking
astroglial NF-KB significantly reduces disease severity and improves functional recovery
during experimental autoimmune encephalomyelitis in a mouse model for MS [110]. On the
other hand, another study that used a mouse model with neuronal deletion of NF-KB
inhibition showed a worse outcome after induced TBI with increased mortality, neurological
deficit, and neuronal cell death. The differential activation of NF-KB dimers [111] and
difference in target cell type (astrocyte vs. neuron) might play a part in the opposing
responses described above. It has been shown that physiologic NF-kB activation in neurons
results in neuroprotection after closed head injury and neuronal NF-kB inhibition is
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detrimental for TBI outcome [112]. However, activation of NF-kB in astrocytes and
oligodendrocytes leads to worsening of brain damage after CCI [113]. Thus, these results
suggest a complex role of NF-kB signaling depending on its brain cell type origin and
experimental injury model.

Inhibition of astroglial NF-KB also resulted in significantly reduced expression of adhesion
molecules such as ICAM-1, vascular adhesion molecule 1 (VCAM-1), and integrins ps and
7 when compared to the control group [110]. We have previously shown that Fg could
upregulate expression of and binding to ICAM-1 protein on astrocytes, causing their
activation [42,35]. It is possible that Fg binding to astrocyte ICAM-1 can trigger NF-KB
activation and associated signaling mechanisms in the cell resulting in further effects on
neurons leading to their degeneration found in our study [35].

There is more evidence of astrocyte proinflammatory activation that involves NF-KB
signaling. Both, the chemokine CCL2 and CXCL10 mentioned above have been shown to be
regulated by NF-KB [110,108]. It has been shown that activated astrocytes upregulate
CXCL10 [78] and CCL2 [114]. NF-KB is a central mediator of inflammation that induces
and controls the expression of various inflammatory genes, including cytokines and
chemokine. It is known that CCL2 is a proinflammatory chemokine [115]. In response to
injury, cells in the CNS, like astrocytes and microglia, produce CCL2, a proinflammatory
chemokine, that orchestrates recruitment of leukocytes to the injury site. A study in
transgenic mice with astrocyte-specific inhibition of NF-KB activation has been shown to
reduce CCL2 expression and leukocyte infiltration suggesting the critical role of NF-KB for
injury-induced CCL2 transcription in astrocytes [108].

CXCL10 (also called interferon gamma-inducible protein 10) is also a chemoattractant for
T-lymphocytes, which is upregulated in the cerebrospinal fluid and brain lesion area during
MS [116]. In a transgenic mouse model of MS with the deletion of CXCL10, the disease
deficits were milder and acute spinal cord demyelination was reduced [117]. Based on
information presented above, we hypothesize NF-KB-mediated signaling can play a central
role in Fg-induced astrocyte activation that can affect neurons.

Besides effects of NF-kB described here, Fg/fibrin are known to be involved in activation of
other inflammatory pathway such as Rho guanosine triphosphatase seen on Chinese hamster
ovary cells transfected to investigate Fg effect on ICAM-1 [118]. Fg is seen to directly
stimulate profibrogenic and proinflammatory function on pancreatic stellate cells through
MAPKSs and Akt pathways during pancreatic cancer [119]. In astrocytes, treatment with Fg
resulted in an increased expression of TrkKB that was accompanied by changes in
morphology of astrocytes suggesting their activation [42].

Fg depletion as a potential therapeutic approach

In some studies related to inflammatory pathologies, blood levels of Fg was decreased with
ancrod, a defibrinogenating agent derived from the venom of the Malayan pit viper
[20,120,61]. However, it is known that ancrod decreases levels of other high molecular
weight proteins including fibronectin, von Willebrand factor, and globulins. Therefore,
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ancrod cannot be considered as an agent specifically targeting level of Fg in blood.
Fenofibrate (brand name Tricor) used in rodents suppressed Fg gene expression in liver and
decreased the Fg content in blood [121]. However, fenofibrate is mainly used to reduce low
density lipoproteins and triglycerides [122]. Therefore, it cannot be considered as a specific
inhibitor of Fg synthesis. In most of studies related to Fg effects, Fg gene knock out (Fg—/-)
mice were used [123,124]. The results show that other proteins, e.g. fibronectin, can
“assume” role of Fg in coagulation and/or thrombogenesis [123]. Thus, all the approaches
mentioned above mask Fg effects in circulation. On the other hand, Fg antisense
oligonucleotide (Fg-ASO) specifically and effectively decreases synthesis of Fg, and thus,
blood level of Fg in mice [125]. In fact, we found that mice treated with Fg-ASO post-head
injury exhibited lesser cerebrovascular permeability and lesser reduction in short-term
memory (unpublished data). Therefore, as of today, use of Fg-ASO would be the best
potential therapeutic approach for Fg depletion in animal models and possibly in patients
with TBI, AD, and MS.

Conclusion

The studies reviewed here support our overall hypothesis (Figure 2) that during
inflammatory diseases, such as TBI, increased blood content of Fg, which promotes
extravasation of Fg and its deposition in the vasculo-astrocyte endfeet interface in the brain,
results in neurodegeneration. This occurs through the binding of Fg to ICAM-1 and PrPC on
astrocytes causing astrocyte activation. Fg-induced astrocyte activation causes inflammatory
signaling, in part, through NF-KB pathway. The activated astrocytes increase production of
inflammatory agents such as IL-6 and CCL10. Overexpression of 1L-6 by itself can
contribute to further increase synthesis of Fg and worsen deleterious effects of HFg. Fg-
activated astrocytes also generate ROS that could itself contribute to neuroinflammation.
The formation of a Fg-PrPC complex that can be highly resistant to degradation could lead to
plaque formation associated with loss of short-term memory. Further studies are necessary to
clarify the inflammatory effect of Fg in the crosstalk between coagulation and inflammation
and between different types of cells and functional units ultimately causing
neurodegeneration and cognitive decline, particularly reduction in short-term memory.
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Figure 1. Mechanism of traumatic brain injury (TBI)-induced hyperfibrinogenemia (HFg)-

mediated production of reactive oxygen species (ROS).

TBI results in inflammation causing astrocyte activation and HFg. The latter leads to Fg
extravasation and its deposition in extravascular space. Fg deposited in vasculo-astrocyte
interface also activates astrocytes. Reactive, toxic astrocytes overexpress cellular prion
protein (PrPC) and tropomyosin receptor kinase B (TrkB). Close proximity of Fg and PrP¢
predisposes formation of Fg-PrPC complex. Overexpressed PrPC and Fg-PrPC complex
result in production of ROS, while TrkB, via formation of nitric oxide (NO), also results in
ROS generation. Increased ROS in neurovascular unit contributes to neurodegeneration.
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Figure 2. Mechanism of fibrinogen (Fg)-induced neurodegeneration during traumatic brain
injury (TBI).

TBI-induced hyperfibrinogenemia (HFg) promotes extravasation of Fg and its deposition in
the vasculo-astrocyte endfeet interface. Deposited Fg activates astrocytes in part, through
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-KB) pathway. Activated
astrocytes overexpress cellular prion protein (PrPC) and intracellular adhesion molecule-1
(ICAM-1), release interleukin-6 (IL-6) and C-X-C motif chemokine 10 (CXCL10)
promoting inflammatory cascade and generate reactive oxygen species (ROS). Fg binds to
astrocyte ICAM-1 and cellular prion protein (PrPC) further activating astrocytes and forming
Fg-PrPC complex. All these effects lead to neurodegeneration. In parallel, Fg-PrPC complex
that can be forming undegradable protein clamp could lead to plaque formation and further
contribute to neurodegeneration and thus, short-term memory reduction.
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