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Abstract

The neuro-glial interface extends far beyond mechanical support alone and includes interactions throu-
gh coagulation cascade proteins. Here, we systematically review the evidence indicating that synaptic and
node of Ranvier glia cell components modulate synaptic transmission and axonal conduction by a coag-
ulation cascade protein system, leading us to propose the concept of the neuro-glial coagulonome. In the
peripheral nervous system, the main thrombin receptor protease activated receptor 1 (PAR1) is located on
the Schwann microvilli at the node of Ranvier and at the neuromuscular junction. PAR1 activation effects
can be both neuroprotective or harmful, depending on thrombin activity levels. Low physiological levels of
thrombin induce neuroprotective effects in the Schwann cells which are mediated by the endothelial pro-
tein C receptor. High levels of thrombin induce conduction deficits, as found in experimental autoimmune
neuritis, the animal model for Guillaine-Barre syndrome. In the central nervous system, PAR1 is located on
the peri-synaptic astrocyte end-feet. Its activation by high thrombin levels is involved in the pathology of
primary inflammatory brain diseases such as multiple sclerosis, as well as in other central nervous system
insults, including trauma, neoplasms, epilepsy and vascular injury. Following activation of PAR1 by high
thrombin levels the seizure threshold is lowered. On the other hand, PAR1 activation by lower levels of
thrombin in the central nervous system protects against a future ischemic insult. This review presents the
known structure and function of the neuro-glial coagulonome, focusing on coagulation, thrombin and
PARI in a pathway which may be either physiological (neuroprotective) or detrimental in peripheral ner-
vous system and central nervous system diseases. Understanding the neuro-glial coagulonome may open
opportunities for novel pharmacological interventions in neurological diseases.
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Introduction

It has long been known that glial cells have many functional
roles beyond supporting neuronal structure. Many studies
indicate that glial cells play an active role in regulation of
neural activity, while undergoing changes in intracellular
calcium-dependent signaling and self-active secretion of
various factors including neurotransmitters and cytokines
(Haydon, 2001; Fields, 2010). Thrombin, a serine protease,
is a central factor in the coagulation pathway, and mediates
its cellular effects through activation of G-protein coupled
protease activating receptors (PARs) (Schmidlin and Bun-
nett, 2001). The known interaction between coagulation
and inflammation in a variety of pathologies suggests the
importance of the thrombin pathway (Esmon, 2001; Chap-
man, 2013; Ebrahimi et al., 2017). The thrombin receptor
PARI is strategically located in both the peripheral and cen-
tral nervous systems (PNS and CNS, respectively), further
supporting its possible role in various neurological disease
processes. In the PNS, PARI is located at the node of Ranvi-
er (NOR) on a specific glial structure known as the Schwann
cell microvilli and its activation causes conduction block
(Shavit et al., 2008). The endogenous glial derived throm-
bin inhibitor protease nexin (PN) 1 plays a central role in
synaptic regeneration that follows peripheral nerve injury
(Lino et al., 2007). Together this evidence suggests that a fine

balance between the coagulation proteases, their inhibitors
and the target receptors exists and is necessary for the neural
function. Here we will review the current data that indicates
the involvement of coagulation system proteins in neuro-glia
interaction and define this system as “neuro-glial coagulo-
nome” (NG-coagulonome). Since the NG-coagulonome ap-
pears to play a central role in maintaining the physiological
function of the peripheral nerve, it is reasonable to speculate
that its disruption may be important in several peripheral
neurological diseases that involve nerve conduction deficits
such as Guillian-Barre syndrome (GBS), diabetic neuropathy
and nerve injuries.

In the CNS, PARI and thrombin are involved in synaptic
transmission and plasticity (Gingrich et al., 2000; Maggio
et al., 2008; Ben Shimon et al., 2015). PAR1 is located at the
peri-synaptic astrocytic end-feet (Shavit et al., 2011) and
its activation causes hyperexcitability and epileptic thresh-
old modification (Maggio et al., 2008). The peri-synaptic
astrocyte is a known component of the tripartite synapse
and modulates its function (Haydon, 2001). The unique
localization of PARI on the synaptic adjunct glia, the brain
endogenous expression of prothrombin (Riek-Burchardt et
al., 2002) and the role of PN1 at the NOR (Dutta et al., 2018)
strongly suggest NG-coagulonome involvement in physi-
ological neuronal function. As in the PNS, a disruption of
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the NG-coagulonome may play a central role in the devel-
opment of pathologies involving impaired nerve conduction
and synaptic transmission, such as multiple sclerosis (MS),
brain trauma, ischemia and epilepsy.

In addition to the importance of the NG-coagulonome in
neurophysiology and pathophysiology, its role in glial cell
proliferation and extension formation links it to brain and
nerve neoplastic processes (Stein et al., 2015; Smith and
Winkelstein, 2017; Shavit-Stein et al., 2018).

This review systematically presents NG-coagulonome in-
volvement in the physiology of the nervous system and its
role in the pathophysiology of a number of neural diseases,
modulation of this pathway as a therapeutic target, and po-
tential future research directions.

This review includes the experience of our own laborato-
ry, as well as articles retrieved using electronic search of the
PubMed and google scholar databases. Searching criteria
included articles describing the following subjects: Throm-
bin and PAR1 pathways, tripartite synapse, astrocytes, pe-
ripheral nerve injury, Guillaine-Barre syndrome, dorsal root
ganglion and neuromuscular junction, multiple sclerosis,
ischemic and traumatic CNS insults, epilepsy, glioblastoma
multiforme. Articles that were published up to April 2019
were included.

The Physiological Role of the Neuro-Glial

Coagulonome

The NG-coagulonome is involved in a number of regulatory
mechanisms and processes that are necessary for the physi-
ological function of the CNS and PNS. As earlier described,
it is localized to two structures which are highly important
for nerve function, the NOR and synapse. During neuronal
development, coagulation cascade proteases and inhibitors
participate in neuronal survival and growth and physiologic
elimination of synapses, including the neuromuscular junc-
tion (NM]J) (Festoff et al., 2001; Lanuza et al., 2003). The spe-
cific effects of neuronal activity were measured on Schwann
cell culture using high levels of KCI which is an accepted
model for neuronal depolarization in vitro. The Schwann de-
rived PN1 is transiently up regulated in an electrical activity
dependent manner in parallel to a corresponding drop in
thrombin activity (Gera et al., 2019). This important finding
links neuronal activity with glia coagulation factor secretion.
It suggests the glial coagulation system acts physiologically
as a sensor for axonal activity and a mediator for neuro-
nal-glial crosstalk.

In the mature CNS, thrombin and its receptors are differ-
entially localized to several brain regions including the hip-
pocampus, cerebellum and cortex and are expressed by both
neurons and glia. PAR3 and PAR4 are co-localized to differ-
ent parts of the brain, including the cortex and the hippo-
campus (Wang and Reiser, 2003). PAR4 is activated by high-
er levels of thrombin compared to the other PARs, and PAR3
acts as a cofactor for PAR4 activation (Nakanishi-Matsui et
al., 2000). PAR1 is the most studied among the CNS PARs,
and is the central mediator of thrombin effects on neurons
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and glia cells. Therefore, this review mainly discusses PAR1
pathway in the CNS.

In the CNS synapse, activation of PAR1 on peri-synaptic
astrocytes affects electrophysiological function. Its activation
in the solitary tract leads to an astrocytic calcium increase
coupled with glutamate secretion, further activating neuro-
nal N-methyl-D-aspartic acid (NMDA) receptors (Vance et
al., 2015). In the hippocampus, PAR1 activation potentiates
pyramidal neuron NMDA receptors (Gingrich et al., 2000)
and at a low concentration its activation shifts the threshold
of long term potentiation (LTP) (Maggio et al., 2008), sug-
gesting the important role of the PAR1 pathway in the physi-
ology of synaptic plasticity and memory formation.

The glia cells at the NOR can modulate nerve conduction
by several suggested mechanisms, among them, by con-
trolling myelin thickness. Astrocytes exocytosis is necessary
for normal myelin thickness and gaps at the NOR. Trans-
genic mice with reduced astrocytes exocytosis suffer thinner
myelin and larger gaps at the NOR in the optic nerve, with
reduced visual acuity (Dutta et al., 2018). One of the sug-
gested mechanism by which thrombin is thought to interfere
with axonal conduction is by causing proteolysis of neurofas-
cin 155 which acts as a cell adhesion molecule between ax-
ons and myelin. The putative mechanism by which perinodal
astrocytes regulate this proteolysis is secretion of thrombin
inhibitors such as PN1 (Dutta et al., 2018). This allows glia
to modulate nerve conduction and serves as a novel pathway
for NG-coagulonome involvement in neural physiology.

Neuro-Glial Coagulonome in Diseases of the

Peripheral Nervous System

In the PNS, Schwann cells secrete a large number of pro-
teins, which are generally referred to as the Secretome.
Among these proteins are several extracellular matrix pro-
teins and neurotrophic factors secreted in response to vari-
ous neuronal signals (Brown et al., 2013). This new field of
Schwann-secretome is highly important for neuronal regen-
eration, axonal growth, neuronal function and survival.

Peripheral nerve injury

Mechanical injuries to the PNS are extremely common, and
are a significant cause of disability. They can be caused by
traction of the nerve, laceration, direct compression, or any
combination of the three. The nerve injuries can be divided
based on severity and involved structure. The Schwann and
myelin known to support the axon structure and function
and have a role in the regeneration process of damaged
nerves. The degree of damage to the glia determines the
prognosis.

Numerous studies support the involvement of coagulation
factors, and specifically the thrombin pathway, in Schwann
cell mediated regeneration and axonal function. In the ear-
ly 1990’s the presence of the thrombin inhibitor PN1 was
demonstrated in the secreted surrounding medium of the
Schwann cells (Mulligan et al., 1991). Prothrombin and
thrombin elevation is found in the peripheral nerve crush
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model. This increase is accompanied by PN1 elevation after
the injury. The source of this PN1 was traced to the Schwann
cells (Smirnova et al., 1996).

Proteomic differential expression analysis of the Schwann
cells following injury indicates the involvement of coag-
ulation by a significant upregulation of Factor V levels
(Shi et al., 2018). Although thrombin is clearly involved
in Schwann-supported neuronal regeneration, the specific
pathway by which it mediates this effect remains unclear.

PARI activation may have either protective or detrimental
effects on nerve conduction and regeneration. As mentioned
earlier, raising thrombin levels in the NOR causes a conduc-
tion block (Shavit et al., 2008). Levels of thrombin rise in re-
sponse to crush injury of the sciatic nerve (Gera et al., 2016;
Friedmann et al., 2018). These high levels have been linked
to a deleterious effect on nerve function. On the other hand,
low levels of thrombin generate activated protein C (aPC)
which, when coupled with its receptor, endothelial protein
C receptor (EPCR), can activate PAR1 (Thiyagarajan et al.,
2007). This activation has a neuro-regenerative effect (Thi-
yagarajan et al., 2008; Festoff and Citron, 2019). PAR1 activa-
tion increases neurotrophic and neuroprotective properties
of cultured Schwann cells (Pompili et al., 2017). Interestingly,
activation of PARI by the EPCR pathway inhibits thrombin
induced vascular permeability and increase the protective
properties of the blood-brain barrier endothelial cells. These
effects are mediated by upregulation of sphingosine-phos-
phate, and thus tie the sphingosine-phosphate pathway to
the coagulation system (Mahajan-Thakur et al., 2015). Posi-
tive activation of the PAR1 pathway is further supported by
the effect of the sphingosine-phosphate receptor modulator
fingolimod on Schwann cells. Fingolimod, which is in clini-
cal use for MS treatment, causes a “regenerative phenotype”
in Schwann cells, including Schwann cell secretion of pro-
teins known to support neurite growth (Schira et al., 2019).
Gera et al. (2016) studied this interplay in response to injury
in the sciatic nerve crush model. Thrombin level rise was de-
tected in the first hour after injury, with normalization after
a week. EPCR levels were elevated 4 days after injury espe-
cially distal to the injury. Furthermore, EPCR was located to
the Schwann microvilli in the NOR. The presence of elevated
EPCR levels distal to injury site, in which Schwann cells rap-
idly proliferate, further supports the beneficial effect of PAR1
activation via aPC (Gera et al., 2016).

The mechanism by which active thrombin is generated
at injured nerve sites has also been studied. In the blood
coagulation system, tissue factor (TF) and factor Xa are two
important players in the thrombin generation process, where
factor X is cleaved by the TF/factor VIIa complex to create
factor Xa that cleaves prothrombin to active thrombin. In
addition, FVIIa potentially binds EPCR. Interestingly, all
these three important factors are found in the Schwann
support system (Gera et al., 2018) where both TF and factor
VIla were clearly located to the NOR. Factor Xa protein ac-
tivity as well as its coding mRNA are significantly increased
after nerve crush. The clinical relevance is further supported
by data which indicates that treatment with Apixaban (a se-

lective factor Xa inhibitor) improves motor function follow-
ing the injury (Gera et al., 2018).

An additional important player is tissue plasminogen
activator (tPA), which is secreted from Schwann cells, and
clears debris after nerve injury. tPA converts plasminogen
to active plasmin, which is another endogenous activator of
PARI1. Expression of tPA was found to be regulated by the
mircoRNA miR340. This regulation system is found in vivo
in the sciatic nerve following nerve crush induction, with
direct influence on debris clearance and axonal growth. The
microRNA system was suggested as a regulation mediator
of the interaction between neurons and glia (Li et al., 2017).
Together, this data suggests a highly important role for the
NG-coagulonome in processes that occur following pe-
ripheral nerve injury. Deficits in nerve conduction are also
observed in various inflammatory diseases. The tight link
between inflammation and coagulation raises the question
regarding NG-coagulonome involvement in such diseases.
The GBS and its animal model will be discussed here as a
representative of the thrombin pathway in peripheral auto-
immune neuropathy.

Guillaine-Barre syndrome

Inflammatory neuropathies are a group of conditions involv-
ing damage to myelin, axons, or both. Since the NG-coagu-
lonome is affected by inflammatory processes on one hand
and has the potential to modify the Schwann-axon function
on the other hand, it is important to evaluate its role in such
diseases. The name GBS refers to the acute inflammatory
neuropathies, with acute inflammatory demyelinating poly-
neuropathy being the most common variant (Wijdicks and
Klein, 2017). 25% of GBS patients require artificial ventila-
tion, 20% are unable to walk after 6 months and 3-7% dies
(van den Berg et al., 2014), raising the need for novel therapy
for GBS of which NG-coagulonome modification may be
one. The experimental autoimmune neuritis animal model
is the accepted murine model for GBS, and shows slowing
of nerve conduction velocity, together with destruction of
the NOR architecture. These functional and structural ab-
normalities are accompanied by elevation of thrombin levels
in the sciatic nerve itself together with a reduction of nodal
PARI levels. Treating the animals with thrombin inhibitors
normalizes both the conduction velocity and the NOR ar-
chitecture (Shavit-Stein et al., 2019). Improvement of both
function and anatomy of the NOR in this inflammatory neu-
ropathy suggests thrombin pathway inhibition as a possible
future treatment in GBS in particular and in inflammatory
neuropathies in general.

The neuro-glial coagulonome in the dorsal root ganglion

The rat dorsal root ganglion cells express all four PARs (Zhu
et al., 2005). PAR2, which is activated by the proinflamma-
tory agent trypsin rather than thrombin, is related to inflam-
matory pain (Kawabata et al., 2003; Wang et al., 2012b). Ac-
tivation of PAR4 leads to dorsal root ganglia (DRG) reduced
excitability (Karanjia et al., 2009), similar to the excitability
reduction induced by gastrointestinal bacteria taken from
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healthy human donors. This effect is blocked by PAR4 inhi-
bition (Sessenwein et al., 2017). PARI is upregulated in the
DRG of individuals infected with viruses from the lentivirus
genus such as human immunodeficiency virus. This elevated
activation results in neurite retraction and soma atrophy in
human DRG (Acharjee et al,, 2011), linking the painful neu-
ropathy often seen in these patients with PAR1 activation.
PARI, PAR2, and PAR4 are expressed in human thoracic
DRG (in 20%, 40%, and 40% of the sensory neurons, respec-
tively). PARI activation (but not the activation of PAR2 and
PAR4) by agonist peptide increases intracellular calcium
concentration in a dose-dependent manner. Interestingly,
PAR4 activation prevents the increased intracellular calcium
following PARI activation whereas PAR4 blocking further
increases it (Desormeaux et al., 2018). The exact localization
of PARs to specific cells in the DRG is challenging because of
the close approximation of neurons and glia. Further studies
are needed in order to define the distribution of these recep-
tors in DRG neural and glial structures.

The closely related thrombolytic protein tPA is involved
in the pathogenesis of neuropathic pain in the DRG as well,
with inhibition of the anexin 2-tPA complex suppressing
neuropathic pain (Yamanaka et al., 2016). Together this sug-
gests that a fine balance between PARs activation and coag-
ulation proteins levels are important to DRG sensory nerve
conduction and pain signal transduction.

The neuro-glial coagulonome at the neuro-muscular
junction

Thrombin activity and electrical activation are known to par-
ticipate in synapse reduction in the NMJ since the 1990’s (Jia
et al., 1999). Thrombin and electrical activation lead to syn-
aptic reduction in a Schwann cell mediated pathway. This was
demonstrated by Gould et al. using the erbB3 mice, which
lack Schwann cells, and suffer degeneration of the NM]J.
Blocking activation of the NM]J leads to the preservation of
the synapse, alongside with reduced production of prothrom-
bin in the muscle. Expression of serpin C1 (anti-thrombin)
and serpin D1, both inhibitors of thrombin activity, was
significantly lower in the erbB3 mice. These results, together
with former studies (Festoff et al., 1991), suggest that the
Schwann cells regulate the NM]J synapses by secretion of
thrombin inhibitors, which counteract the thrombin secreted
from the active muscle fiber (Gould et al., 2019). The involve-
ment of PAR1 in NM]J regulation was studied in the wobbler
mice, the animal model for amyotrophic lateral sclerosis.
PARI1 expression was higher in motor neurons in the cervical
spine of the wobbler mice, which undergoes degeneration
(Festoft et al., 2000). The morphology of the NM] was further
studied using plastic-embedded semithin cross-sections.
PARI1 was located both to the post synaptic membrane of
the muscle fiber and to the membrane of the peri-synaptic
Schwann cell (Lanuza et al., 2007). Coagulation cascade pro-
teases and inhibitors participate in pathologic degenerative
processes at the NM]J, that lead to unwanted loss of synapses
and eventually neuronal apoptosis (Festoff et al., 2001). The
strategic localization of PARI, active thrombin and thrombin
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inhibitors to the NM]J indicate the involvement of the NG-co-
agulonome in NM]J pathologies.

The Neuro-Glial Coagulonome in Diseases of

the Central Nervous System

A growing body of evidence supports the complex role of
thrombin and its linked pathway in CNS physiology and
pathology. In the CNS, as in the PNS, many of thrombin’s
functions are mediated by glia cells. The thrombin pathway
affects many cellular processes that can be protective or
detrimental depending on several factors including dose,
receptor mode of activation and down-stream signaling. The
source of thrombin may be extrinsic, related to inflammato-
ry processes and blood-brain barrier breakdown, or intrin-
sic, mainly secreted by glial cells. Regardless its source, the
effect of thrombin on brain function is highly significant.

As mentioned above, the PAR1 pathway participates in
myelin regulation, and is essential for nerve conduction
(Yoon et al., 2015; Dutta et al., 2018). The myelin protein
expression pattern in the spinal cord was found to be dysreg-
ulated in PAR1 knockout (KO) mice. This effect on myelin
proteins expression was further supported by an in-vitro
study which demonstrated higher levels of proteolipid pro-
tein and myelin basic protein in an oligodendrogila culture
that lacks PAR1 (Yoon et al., 2015). In cultured microglia,
thrombin activation of PAR1 leads to cytosol calcium in-
crease and activation of mitogen activated protein kinases
(Suo et al., 2002), as well as tumor necrosis factor-a and ni-
tric oxide production (Ryu et al., 2000). Thrombin via PAR1
activation causes morphological and functional changes in
astrocytes leading to extension retraction (Grabham and
Cunningham, 1995) and astrogliosis. As described earlier,
the NG-coagulonome modulates neuronal electrophysio-
logical functions and nerve conduction in physiology thus
strongly implies its potential involvement in pathologies of
the CNS.

In the last decade, low thrombin levels were indicated to
have protective properties in the CNS, creating the term
thrombin preconditioning (TPC). Low concentration of
thrombin delivered directly to the rat caudate nucleus prior
to ischemic insult reduced ischemic damage and brain ede-
ma (Masada et al., 2000).

The dual effect of thrombin raises the question regarding
the concentration cut-oftf between the beneficial and harm-
ful effects (Ben Shimon et al., 2015). In order to trace the
concentration at which thrombin ceases to have a protective
effect, Garcia et al. (Garcia et al., 2015) studied the effect of
different thrombin concentrations on cultured cortical neu-
rons. Indeed, dose-dependent responses were demonstrated
where low levels of thrombin (1 nM) encourage neurons vi-
ability and mediate neuroprotective effects, while high levels
of thrombin (100 nM) are neurotoxic.

The mechanism by which TPC creates its protective effect
was further studied both in vitro and in vivo. PAR1 and PN1
were both found to participate in its mechanism. TPC can be
achieved by PAR1 agonists and be blocked by PAR1 antago-
nists. Additional support for the role of PARI in mediating
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TPC beneficial effects is that TPC protects astrocytes from
death following oxygen glucose deprivation and this protec-
tion was prevented in PAR1 KO mice (Bao et al., 2018). Fur-
thermore, PN1 elevation as well serves as an important me-
diator for the TPC beneficial effects since TPC is ineffective
in PN1 KO hippocampal culture (Mirante et al., 2013). The
accumulation of data clearly supports the importance and
involvement of the NG-coagulonome in the brain function
in health and disease.

Multiple sclerosis

MS is the most common demyelinated immune mediated
CNS disease, with a prevalence varying from 2/100,000 to
more than 100/100,000 according to geographical location
(Leray et al., 2016). The clinical symptoms depend on the
involved area, usually presenting as optic neuritis, diplopia,
brain stem and cerebellum syndromes, or myelitis (Thomp-
son et al., 2018). Transient inflammation and focal lympho-
cytic infiltrates causes reversible loss of myelin at first stage,
but chronic inflammation leads to microglia activation and
neurodegeneration (Dendrou et al., 2015). The brain inflam-
mation and the neural pathology progression raise the ques-
tion regarding the NG-coagulonome involvement. Current
MS treatments include drugs against acute exacerbations
and chronic, disease-modifying drugs. Current MS treat-
ments include drugs against acute exacerbations and chron-
ic, disease-modifying drugs (Goldenberg, 2012). Chronic
treatments include a number of injectable, infusion, and oral
therapies (Rae-Grant et al., 2018). Treatment for acute exac-
erbation, although effective, include numerous side effects.
Chronic treatments have abundant side effects as well, with
variable efficiency. This residual significant disease burden
calls for further research into new targets.

Experimental autoimmune encephalomyelitis (EAE) is an
accepted animal model for MS, induced by immunization
with spinal cord homogenates. EAE animals demonstrate
high levels of endogenous thrombin inhibition as can be
measured in brain homogenate, including anti-thrombin
and PN1 (Beilin et al., 2005). Starting at preclinical stages
EAE rats also express an elevated level of another endoge-
nous thrombin inhibitor named PN2 which is the secreted
form of the amyloid precursor protein that contains a KPI"
domain (Beilin et al., 2007). Rising levels of the thrombin
inhibitors can be used as markers for EAE, and may be part
of the protective inhibitory counter-reaction of the CNS to
elevated thrombin activity. This strongly supports the hy-
pothesis that the brain-NG coagulonome is a major player in
MS pathology.

Involvement of coagulation factors in human MS patho-
physiology is supported by proteomic analysis of plaques
taken from MS patients (Han et al., 2008). The chronic
plaques highly express TF and protein C inhibitor. This find-
ing led to further research on the effect of thrombin inhibi-
tion in EAE using hirudin and recombinant aPC which both
decreased EAE severity (Han et al., 2008).

Brain inflammation may be the primary cause of certain
pathologies in diseases such as MS and it can also occur sec-

ondary to systemic inflammation as seen in sepsis. The link
between systemic inflammation and cognitive deficits (such
as confusion and memory impairments) is known (Holmes
et al., 2009; Marsland et al., 2015). Systemic injection of li-
popolysaccharides serves as an accepted model for systemic
inflammation in animals and humans (Andreasen et al.,
2008). Interestingly, this systemic injection modifies brain
cytokines profiles and inflammatory markers (Cunningham
et al,, 2009). Inflammation and coagulation in the CNS
are hypothesized to share a common pathway (Chapman,
2013). A recent study demonstrates a significant change in
hippocampal expression of coagulation proteins and their
coding mRNA as well as increased thrombin activity follow-
ing induction of systemic inflammation by lipopolysaccha-
rides injection. Systemic thrombin inhibition prevents the
intrinsic hippocampal increase of the central inflammatory
cytokine tumor necrosis factor-a following induction of in-
flammation (Shavit Stein et al., 2018). These results further
support the link between NG-coagulonome and systemic
and brain inflammation.

Traumatic neuronal damage

Traumatic brain injury (TBI) is a term used to describe a
wide range of conditions involving the application of ex-
ternal force on the brain. Mild TBI (mTBI), as defined by
Glasgow Coma Scale of 13—15 after head injury, is relatively
benign, but has short and long term implications including
headache and cognitive impairment. Since TBI involves a
breakage in the blood-brain barrier on either microscopic
or macroscopic levels, it may create an opportunity for plas-
ma proteins such as thrombin to contact brain tissue, along
with the creation and release of proteases endogenous to the
brain.

There are various TBI animal models, mimicking different
mechanisms of injury. These include free weight drop de-
vices, fluid percussion injuries and penetrating mechanisms
(Xiong et al., 2013).

In spinal cord injuries, PAR1 KO mice show improved
motor outcomes, reduced astrogliosis, and reduced produc-
tion of pro-inflammatory cytokines including interleukin-1p
and interleukin-6. In vitro, thrombin causes increased se-
cretion of inflammatory cytokines from astroglia, and as-
trocytes that are exposed to interleukin-6 create a feedback
loop by up-regulation of PARI and thrombin (Radulovic et
al., 2016). Thrombin was hypothesized to take part in the
creation of hyperalgesia following spinal cord injury in rats.
Indeed, one day following nerve root compression, fibrin
levels are elevated as an indirect measure of thrombin ac-
tivity. Injection of either the thrombin inhibitor hirudin or
PARI antagonists protected the animals from hyperalgesia.
Furthermore, intra-thecal injection of thrombin caused hy-
peralgesia without an antecedent trauma. This effect was pre-
vented by blocking spinal PAR1 prior to thrombin injection
(Smith and Winkelstein, 2017). These two spinal cord studies
highlight the role of thrombin-PAR1 pathway in some of the
inflammatory processes and their clinical outcome following
CNS trauma, but they do not necessarily explain thrombin’s
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origin. This will be discussed later on.

Amnesia following mTBI is a well-known phenomenon,
studied in an animal model using free weight drop, creating
minimal TBI, which parallels the definition of mild TBI.
Brain thrombin levels following mTBI are elevated and
the animals become amnestic, as assessed by behavior and
memory tests. A similar amnesia is also reproduced by in-
tra-ventricular injection of either thrombin or PAR1 agonist.
All three interventions impair LTP in hippocampal slices
taken from the animals. This amnestic effect is completely
blocked by PARI1 antagonists, supporting the PAR1 pathway
involvement in the pathogenesis of amnesia following mTBI
(Itzekson et al., 2014). Further research conducted on the
same animal model reveals that the recovery from trauma
induced amnesia correlates with normalization of thrombin
activity level in the hippocampus. This strongly suggests a
link between cognitive deficits in the context of brain trauma
and thrombin level in the brain. (Ben Shimon et al., 2017).

It is tempting to assume that thrombin presence in the
CNS following injury is due to plasma leakage following
damage to the blood-brain barrier. The origin of this throm-
bin activity was addressed by following its dynamics post-in-
jury. Two peaks of thrombin levels were measured in the
mTBI model. The first elevation was measured immediately
after the insult, with normalization after one hour. This ele-
vation probably represents the breakage of the blood-brain
barrier. The second elevation peaked 72 hours later, and
was accompanied by elevation of PAR1 and interestingly,
elevation of the thrombin inhibitor PN1 as well. This late
elevation most likely represents an inflammatory process,
mediated by astrocytes (Itsekson-Hayosh et al., 2016). The
same study found that injection of thrombin to the brain
ventricle causes increased sensitivity to seizures 72 hours af-
ter the insult, compared to animals which were injected with
thrombin but did not experience mTBI. The elevated sensi-
tivity was hypothesized to be due to the elevation of PAR1
following mTBIL

Epilepsy
Brain trauma and seizures commonly present together, lead-
ing researchers to question the mechanism relating the two.
An important study found that injection of thrombin direct-
ly into rat brains caused motor seizures (Lee et al., 1997).
This pioneering work was one of many to come, studying the
tight link between thrombin, trauma and epileptic activity.
The detrimental effect of thrombin in the CNS was studied
in the context of brain injuries, when its level is abnormally
high. Mice expressing either excess or lack of PN1 are prone
to epileptic activity, supporting the involvement of PAR1
pathway (Liithi et al., 1997). Thrombin regulates neuronal
plasticity in a dose depended matter, resembling its effects
in the PNS. High levels evoke a slow, NMDA dependent
LTP, whereas low levels induce LTP via the activation of aPC
(Maggio et al., 2013c). Both of the effects are PAR1 mediated.
In the presence of a short tetanic stimulus, PAR1 and aPC
facilitate LTP in hippocampal slices (Maggio et al., 2014) in a
mechanism which involves sphingosine-phosphate receptor 1.
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Thrombin, via PARI activation, affects the electrophysiol-
ogy of mouse hippocampal brain slices. It creates both en-
hancement of the CA1 neurons reaction to afferent stimulus
(attenuated by NMDA receptor antagonist), and lowered
epileptic threshold in CA3 neurons (Maggio et al., 2008).
These two well established effects directly link thrombin to
memory and learning deficits on the one hand and to hyper-
excitability and increase susceptibility to seizures production
on the other hand. This last described effect was further
studied using whole-cell patch recording of the pyramidal
neurons in the hippocampus and found that thrombin caus-
es increased spontaneous action potentials in CA3 neurons
which correlates with the high expression of PAR1 in CA3
(Maggio et al., 2013b). The suggested mechanism of seizures
according to this finding is the positive feedback loop of
depolarization in a PAR1 depended matter, blood-brain bar-
rier damage, and entrance of more thrombin (Maggio et al.,
2013a).

Epileptic seizure and status epilepticus with subsequent
brain damage can be provoked using organophosphates such
as paraoxon. High levels of thrombin, PARI and pERK are
found in the brain of paraoxon treated mice, coupled with
increased electrical activity in the CA1 and CA3 neurons
of the hippocampus. Elevated electrical activity is reduced
using a PAR1 antagonist (Golderman et al., 2019). These re-
sults show the involvement of thrombin in epileptic activity
which is not induced by trauma, raising further questions
regarding the source of thrombin in the CNS.

Ischemic injury

Ischemic stroke is caused by thrombosis, embolism, or sys-
temic hypoperfusion. Elevation in levels of prothrombin
mRNA were noted after induction of global ischemia in rats
(Riek-Burchardt et al., 2002), with preserved levels of PN1
and PARI. This raises questions regarding the role of throm-
bin in the setting of ischemic insult. In vivo ischemic injury
conducted by transient occlusion of the carotid arteries
causes increased thrombin activity throughout the ischemic
hemisphere, including the peri-infract areas together with
increased mRNA levels of prothrombin and factor X in the
ischemic core (Bushi et al., 2015). Interestingly, hippocampal
slices treated with thrombin concentrations as found in the
ischemic hemisphere show altered synaptic responses (Bushi
et al, 2015). In a permanent ischemic animal model, a linear
significant increase of brain thrombin level is seen over time
(up to 24 hours post ischemia) accompanied by a decrease
of PARI1 level in the ischemic core (Bushi et al., 2017). Treat-
ment with a specific factor Xa inhibitor (apixaban) given
systemically immediately after ischemia induction decreases
brain thrombin and reduces infract size (Bushi et al., 2018).
PAR1 KO mice show reduced brain edema and neuronal
damage, and less prominent behavioral change compare to
wild-type mice (Wang et al., 2012a). In vitro ischemia by
acute oxygen and glucose deprivation in mice brain slic-
es causes increased hippocampal thrombin presence and
activity together with prothrombin mRNA decrease. The
functional impairment following thrombin elevation is
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expressed by the creation of ischemic LTP as measured by
in vitro recordings from CA1 neurons of the hippocampus
following oxygen and glucose deprivation. The ischemic LTP
generation is mediated by thrombin via PAR1 and is blocked
following inhibition of thrombin or PAR1 (Stein et al., 2015).
These results suggest the NG-coagulonome as a therapeutic
target in ischemic stroke treatment.

Neoplasms

The incidence of primary brain neoplasms in the united
states is 29.9 per 100,000 persons (Ostrom et al., 2018). Glio-
blastoma (GBM) is a tumor of glial origin, and is responsible
for 15% of the primary CNS neoplasms. It is a highly aggres-
sive tumor with 10-12 months of median overall survival
(Ostrom et al.,, 2016). Current treatments include extensive
resection for tumors in accessible locations (Brown et al.,,
2016). The infiltrative nature of this tumor necessitate adju-
vant treatment with radiotherapy (Corso et al., 2017), and
the alkylating agent temozolomide (Hart et al., 2013). De-
spite this combined approach, these therapies rarely achieve
extension of more than a few months in the median survival
time and are highly aggressive to the patients. More specific
interventions in GBM mechanisms are needed.

Thrombin is known to participate in the pathogenesis
of GBM (de Almeida and Monteiro, 2016; Xie et al., 2016;
Krenzlin et al., 2017), and PAR1 was found to be expressed
in glioma cells (Kuhn et al., 2014). Glioma cells produce
and secret active thrombin in culture (Itsekson-Hayosh et
al., 2015) which in turn causes increased proliferation that
is prevented by the thrombin specific inhibitor Dabigatran
(Vianello et al., 2016). GBM edema volume as well as glioma
progression markers (vascular endothelial growth factor and
hypoxia inducible factor-1a) are decreased in PAR1 KO mice
(Xie et al., 2016). Furthermore, a differential analysis for the
PARI gene (F2R) expression in human GBM indicates that
it is in the top 2% of genes which are overexpressed in GBM
patients (Shavit-Stein et al., 2018). The increased PAR1 levels
positively correlate with the expression of TF and negatively
correlate with tumor suppressor factors in human GBM pa-
tients (Carneiro-Lobo et al., 2014) which further supports
this pathway involvement in GBM pathology. Thrombin
activity is elevated in-vivo in brains of a rat GBM model
and is correlated with brain edema volume. PARI elevation
is restricted to the tumor itself, without the involvement
of adjacent areas (Itsekson-Hayosh et al., 2015). A specific
irreversible inhibitor of the proteolytic activation of PAR1
named SIXAC decreases proliferation, invasion and colony
formation in glioma cells in vitro. Furthermore, SIXAC was
found to reduce brain edema and prolong survival when ap-
plied directly into the tumor bed of rat GBM model. (Shavit-
Stein et al., 2018). We propose the NG-coagulonome as a
possible therapeutic target for this incurable disease.

Conclusions and Future Research Directions

In this review we summarized the current knowledge re-
garding thrombin pathway in the NG-coagulonome in vari-
ous physiological and pathological processes. A summary of

the involved players can be seen in Figure 1.

In the PNS, the PARI receptor is located on the Schwann
microvilli at the NOR. The Schwann cells endogenously ex-
press a significant part of the coagulation cascade proteins
(TE factor X, factor VII, and tPA), enabling them to local-
ly produce active thrombin which serves as a neuro-glial
modulator. Thrombin activity is further regulated by the
Schwann secretion of PN1, which serves as a protective feed-
back mechanism. PAR1 located on the glia can have differ-
ent effect on nerve conduction and regeneration depending
on its specific mode of activation. High levels of thrombin
activate PAR1 to create conduction deficits. Low levels of
thrombin lead to the activation of EPCR, which encourages
Schwann cells neuroregeneration phenotype. Although most
of these components are localized to the glial cells, their ac-
tivity is both affected by and influences neuronal activity and
thus merits designation as the NG-coagulonome.

PARI1 is located to the NMJ as well, on both the Schwann
cells and the muscle fibers. Active muscle fibers secrete
thrombin, which in turns lead to the elimination of the
NM]J. The Schwann cells participating in the NMJ secrete
thrombin inhibitors, protecting the NMJ. The NM] is rich in
interactions between neuronal and glial components of the
NG-coagulonome.

PARI is expressed on both neurons and glia in the CNS.
In astrocytes, it is located to the peri-synaptic astrocyte end-
feet indicating its role in synaptic transmission. PAR1 acti-
vation by thrombin induces secretion of inflammatory cyto-
kines thus play a central role in brain inflammatory diseases.
Astrocytes may regulate nerve conduction in the NOR by
secretion of PN1, effecting myelin thickness by inhibition of
thrombin induced proteolysis of myelin adhesion molecules.

The NG-coagulonome participates in primary inflamma-
tory disease of the brain and in the brain reaction to general
inflammation as showed by the lipopolysaccharides model.
In CNS trauma, thrombin increases secretion of inflamma-
tory cytokines from glia, causing amnesia by impairing LTP.
High levels of thrombin promote epileptic seizures mediated
by the PAR1 pathway. Low levels of thrombin are protective
against ischemic insults, an effect which is mediated via the
PAR1 pathway as well. PAR1 expression is upregulated in
the highly malignant GBM, and its selective inhibition has a
positive effect on tumor size and survival in animals.

The details of thrombin generation, mainly on glial cells,
and the influence of these changes on neuronal function in
these various CNS pathologies are yet to be fully determined.
The complete pathways by which it creates its deleterious or
protective effect need to be better defined. Future research
will characterize these details with the aim of utilizing them
for therapeutic purposes.
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