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Thrombin, Protease-Activated Receptors
(PARs), and Distribution of PARs in the Brain

Four subtypes of PARs are known. They are called PAR-
1 to PAR-4. The main agonist of PAR-1, PAR-3, and
PAR-4 is thrombin, whereas PAR-2 is activated by
trypsin, an intestinal digestive enzyme. During the blood
coagulation cascade, thrombin, a 39 kDa active and
functional protein, is generated through cleavage of pro-
thrombin, a 71.6 kDa precursor molecule by factor Xa.
Prothrombin mRNA is known to be expressed in several
regions of the CNS, such as the olfactory bulb, cortex,
cerebellum, hippocampus, and thalamus. The biochemi-

cal mechanism of PAR activation involves that besides
the protease also short synthetic peptides known as
“activating peptides” can activate PARs.

Several studies from our laboratory have shown the
presence of all four PAR subtypes in the brain (Striggow
and others 2001; Wang, Ubl, and Reiser 2002).
Immunohistochemical analysis of PAR-1 to -4 presence
in the brain showed that PAR-1 protein occurs abundant-
ly in the hippocampus (pyramidal cell layer) compared
with low expression levels found in the cortex, thalamus,
hypothalamus, striatum, and amygdala neurons
(Striggow and others 2001). Both mRNA and PAR-1
protein have been reported in the embryonic and postna-
tal brain (Niclou and others 1998; Weinstein and others
1995).

PAR-2 and PAR-3 proteins are widely detected in the
hippocampus, cortex, amygdala, thalamus, hypothala-
mus, and striatum (Striggow and others 2001). PAR-2
protein is also present in the CNS during embryogenesis
(Jenkins and others 2000). PAR-4 protein is found in the
neuronal soma, axons, and dendrites of the hippocam-
pus, all cortical layers, thalamus, hypothalamus, and
amygdala (Striggow and others 2001). Furthermore, we
have seen functional coexpression of PAR-1 to -4 in cul-
tured rat astrocytes (Ubl and others 1998; Wang, Ubl,
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and Reiser 2002). Presence of all 4 PARs in cultured rat
astrocytes was verified at transcription (mRNA), transla-
tion (protein), and functional levels. The functional state
of the receptors was confirmed by calcium mobilization
assay. Using reverse transcription-polymerase chain
reaction (RT-PCR) and immunostaining, we have recent-
ly detected expression of PAR-1 and PAR-3 both in cul-
tured rat oligodendrocytes and in an oligodendrocyte
cell line (Wang and others 2004). Although the oligo-
dendrocyte cell line functionally shows PAR-1 as
observed by transient calcium increase due to release of
calcium from intracellular stores upon agonist stimula-
tion, PAR-3 exhibits no apparent functional activity.

PARs are highly expressed in other regions of the
nervous system as well. In the spinal cord, PAR-1
mRNA is abundant in motor neurons, in the dorsal root
ganglia, and in preganglionic neurons of the autonomic
nervous system (Niclou and others 1998). PAR-2 protein
is also detected in the peripheral nervous system (PNS)
during embryogenesis (Jenkins and others 2000). PAR-2
is expressed by primary spinal afferent neurons
(Steinhoff and others 2000). Using immunocytochem-
istry, recently PAR-4 expression has been found in
peripheral nerves (D’Andrea and others 2003). Apart
from the nervous system, PARs are highly enriched in a
variety of cells and tissues (Böhm, Kong, and others
1996; D’Andrea and others 1998; Ishihara and others
1997; Rohatgi and others 2003; Xu and others 1998).

Thrombin and PARs in the Brain under
Physiological and Pathophysiological Conditions

A glance over the vast expanse of work done on PARs
indicates the importance of these receptors in a variety
of cellular functions in different tissues, especially in the
brain. Recent studies involving thrombin and PARs in
the nervous system have also shown that this family of
receptors is actually involved in varied functions in the
nervous system and plays a very critical part in main-
taining a delicate balance between neuroprotection and
neurodegeneration during inflammation, injury, and dis-
ease states.

Thrombin is truly multifunctional. Even in the nerv-
ous system it can support growth, maintenance, and
morphological changes. For instance, it elicits cell shape
change in neurons. Thrombin activity results in the
retraction of neurite processes, which is very specific
and is known to be reversed upon thrombin removal
from the tissue culture medium (Festoff and others
1996). Moreover, this protease activity was found to be
mediated via PAR-1 (Jalink and Moolenaar 1992; Pai
and Cunningham 2002). A recent study using a trans-
genic mouse for prothrombin showed that formation of
thrombin from prothrombin in the nervous system seems
to require blood-derived factors (Sinnreich and others
2004).

Astrocytes respond to thrombin in several ways.
Thrombin leads to reversal of astrocyte stellate mor-
phology in culture and makes them flat and epithelial in
shape, while also inducing a mitogenic effect by increas-

ing astrocyte cell number, as seen in culture (Cavanaugh
and others 1990). However, both these effects of throm-
bin observed in astrocytes are mutually exclusive from
each other in terms of the threshold concentration of
thrombin required. No mitogenic effect has been
observed at the lowest thrombin concentration, which
causes astrocyte stellation reversal. Studies done in our
laboratory have shown that application of thrombin and
PAR-1– to PAR-3–activating peptides results in astro-
cyte proliferation (mediated via PARs), whereas PAR-
4–activating peptide has either no effect on cell number
in case of short incubation or causes reduction in cell
number with prolonged incubation (Wang, Ubl, and
Reiser 2002). Furthermore, thrombin stimulates release
of a potent vasoconstrictor peptide, endothelin-1, from
astrocytes (Ehrenreich and others 1993) and induces
expression of the proto-oncogenes c-fos and c-jun
mRNA in astrocytic cell line (Trejo and others 1992).
Thrombin also stimulates release of arachidonic acid
(AA) by astrocytes, which in its turn suppresses throm-
bin-evoked-Ca2+ response in astrocytes (Sergeeva and
others 2002).

Apart from astrocytes, thrombin via PAR-1 activation
induces proliferation also of microglia (Suo and others
2002). Microglia cells are resident macrophages in the
CNS and play a significant role in inflammation and
neuronal cell death in CNS disorders. PAR-1 activation
in microglia up-regulates CD40 expression, which is a
transmembrane glycoprotein with limited homology to
tumor necrosis factor receptor (TNF-R) and is expressed
on immune cells. This also potentiates CD40 ligand-
induced TNF-α production in microglia and thus leads
to microglia activation (Suo and others 2002). TNF-α 
is a pro-inflammatory cytokine involved in CNS 
inflammation.

Thrombin not only activates PARs, a G protein-
coupled receptor (GPCR), but this activation can also
affect the expression of another type of GPCR, the
metabotropic glutamate receptor, which works in differ-
ent ways in synaptic plasticity. PAR-1 activation by
thrombin and PAR-1–activating peptide reduces the
expression of metabotropic glutamate receptor mGluR5
on astrocytes, which is seen both at mRNA and protein
levels (Miller and others 1996). Astroglia are major
components of glutamatergic pathways and have impor-
tant roles in maintaining glutamatergic transmission.
Knowledge about the regulation of astrocyte functions
during pathological states connected with increased
thrombin levels can be important in understanding neu-
ronal transmission and interaction involved in CNS
response to injury (Miller and others 1996). Proteolytic
action of thrombin via PAR-1 in hippocampal neurons
inhibits N-methyl-D-aspartate (NMDA) receptor-
mediated pain processing by a pathway involving the
endothelin-A receptor, which is also a GPCR (Fang and
others 2003). Physiological functions of PAR-2 have
been studied in detail in the gastrointestinal tract, in air-
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way relaxation, and in skin development, whereas those
of PAR-3 and PAR-4 are known in the case of platelet
activation.

One area where thrombin and PARs have moved to the
forefront of research is their potential role in the regula-
tion of inflammation and the response to injury
(Vergnolle and others 2001; Xi and others 2003). PAR-1
was found to be down-regulated after facial nerve injury
(Niclou and others 1998). A recent study from our labo-
ratory has shown that mild optic nerve crush in rat,
which represents a mild trauma model of CNS, leads to
transient up-regulation of all PARs (Rohatgi and others
2003). Using optic nerve crush in the rat, it has been
observed that thrombin is produced at the site of tissue
injury by injury-induced activation of prothrombin,
which then triggers secondary damage (Friedmann and
others 2001).

Surprisingly, thrombin via its receptor-mediated pro-
teolytic action can induce contrasting effects, either
apoptotic cell death in neural cells (Donovan and others
1997; Turgeon and others 1998) or neuroprotection
(Donovan and Cunningham 1998), which has been seen
both in astrocytes and neurons in culture. Opposite
effects of thrombin observed in isolated cells prompted
several studies to verify and establish whether there is a
concentration-dependent action of thrombin. This was
investigated particularly with regard to tissue repair and
wound healing, as reported in the case of several brain
injury models, like oxygen-glucose deprivation in hip-
pocampal organotypic slices (Striggow and others
2000), optic nerve crush in the rat (Friedmann and oth-
ers 1999; Friedmann and others 2001), and hypo-
glycemia or oxidative stress condition (Cunningham and
Donovan 1997; Vaughan and others 1995). A study from
our laboratory was able to prove that thrombin at a con-
centration of 50 nM or less can be neuroprotective,
whereas at higher concentrations a neurodegenerative
effect is elicited in an in vitro organotypic hippocampal
slice culture model (Striggow and others 2000). The con-
comitant in vivo work in gerbils showed that injection of
a specific thrombin inhibitor, the leech anticoagulant
hirudin, before occlusion of both common carotid arter-
ies to induce transient global cerebral ischemia leads to
an increased neuronal survival. This signifies partial
protection against a degenerative effect of endogenous
thrombin (Striggow and others 2000).

A further study, which highlighted the opposite effects
of thrombin, revealed that thrombin-mediated PAR-1
activation protects neurons and astrocytes against insults
like oxidative stress or hypoglycemia, whereas high con-
centrations of thrombin are toxic to both neurons and
astrocytes cultured under normal conditions (Vaughan
and others 1995). The study further made clear that all
these effects can be blocked by protease nexin-1 (PN-1,
a cell surface as well as extracellular serine protease
inhibitor), thus indicating the involvement of thrombin’s
proteolytic activity via PARs. Most of the effects of
thrombin by proteolytic activity are brought about by its
main receptor, PAR-1 (Chambers and others 1998;
Weinstein and others 1998), but another study

(Vergnolle and others 2002) has highlighted the role of
PAR-4 receptor activation in proinflammatory properties
of thrombin. Recent evidence indicates that proinflam-
matory effects of thrombin on brain microglia are
induced not only by PAR-1 but also via PAR-4 (Suo, Wu,
Citron, Gao, and others 2003). PAR-4 activation causes
the detrimental effects of thrombin on microglia (Suo,
Wu, Citron, Gao, and others 2003). PAR-2 is the most
studied receptor subtype in terms of its role in inflam-
mation in other tissues (Damiano and others 1999;
Knight and others 2001). Agonists of PAR-2 are
involved in protease-induced neurogenic inflammation
(Steinhoff and others 2000). PAR-2 agonist is toxic to
hippocampal neurons in a concentration-dependent
manner, indicating that PAR-2 activation may contribute
to neurodegeneration (Smith-Swintosky and others
1997).

A major neurodegenerative disorder where thrombin
seems to play an important role is Parkinson’s disease. In
Parkinson’s disease, a decrease in the number of neurons
that release the neurotransmitter dopamine results in loss
of coordinated movement and stiffness of limbs. On sev-
eral occasions, it has been reported that thrombin-
mediated activation of microglia is involved in neu-
ropathological processes of dopaminergic neuronal cell
death in rat substantia nigra (SN), which is associated
with mechanisms of Parkinson’s disease (Carreno-
Muller and others 2003; Choi, Joe, and others 2003).
Thrombin injection in vivo in SN induces microglia acti-
vation and results in selective damage of dopaminergic
neurons. However, the degenerative effect of thrombin
on dopaminergic neurons cannot be mimicked by throm-
bin receptor-activating peptide, which suggests that
thrombin-induced nigral dopaminergic neurodegenera-
tion is not mediated via PAR-1 (Choi, Lee, and others
2003).

PARs have been seen in connection also with several
other neurodegenerative diseases, like Alzheimer’s dis-
ease. To make major progress in the field of Alzheimer’s
disease, it is a prerequisite to understand the biology of
β-amyloid protein, a causative agent of Alzheimer’s dis-
ease. Some reports indicate a role for thrombin in regu-
lating the neuropathology of Alzheimer’s disease, as
thrombin attenuates induction by β-amyloid of both neu-
ronal degeneration and inhibition of astrocyte stellation
(Pike and others 1996). Thrombin-mediated effects can
in fact be mimicked by PAR-1–activating peptide, and
can also be blocked by two specific thrombin inhibitors,
hirudin and PN-1 (Pike and others 1996). This indicates
the involvement of PAR-1 activation in Alzheimer’s dis-
ease.

A recent study has revealed that even nanomolar con-
centrations of thrombin are capable of inducing rapid tau
hyperphosphorylation in mouse hippocampal neurons
via PAR-1 and PAR-4, leading to apoptotic neuronal cell
death (Suo, Wu, Citron, Palazzo, and others 2003).
Disruption of the cytoskeleton is a key feature in the
development of Alzheimer’s disease pathology. Tau,
which is one of the microtubule-associated proteins,
occurs as an axonal phosphoprotein in the normal adult
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brain. However, in Alzheimer’s disease, tau is hyper-
phosphorylated, and apart from axons, this protein is
also found in cell bodies and dendrites of the affected
neurons. Hyperphosphorylated tau is the major con-
stituent of paired helical filaments, which form the neu-
rofibrillary tangles, which is one of the histopathological
hallmarks of Alzheimer’s disease. The number of neu-
rofibrillary tangles is directly related to the degree of
dementia seen in Alzheimer’s patients and consequently
seems to control neuronal dysfunction. Therefore, prote-
olytic activity of thrombin, via both PAR-1 and PAR-4,
in the induction of tau hyperphosphorylation and the
subsequent formation of neurofibrillary tangles high-
lights the importance of thrombin and PARs in the
pathogenesis of Alzheimer’s disease.

Lately, thrombin and PAR-1 have even been shown to
be involved in human immunodeficiency virus–related
neurodegeneration (Boven and others 2003). HIV
encephalitis is the major cause of brain infection in HIV
patients. Encephalitis is a type of brain inflammation of
viral or other microbial origin. Both mRNA and protein
levels of thrombin and PAR-1 were found to be signifi-
cantly increased in astrocytes in HIV encephalitis brains
(Boven and others 2003). Activation and up-regulation
of PAR-1 seem to contribute to brain inflammation and
neuronal damage during HIV-1 infection (Boven and
others 2003).

Stroke is a sudden neurological deficit caused either
by occlusion of cerebral blood vessels, leading to
ischemic necrosis of the brain (cerebral infarction), or by
rupture of blood vessels, resulting in hemorrhage in the
brain or in the subarachnoid space (intracranial hemor-
rhage). Studies on PAR expression in different animal
models of cerebral ischemia from our laboratory have
shown that PARs might be involved in the pathophysiol-

ogy of cerebral ischemia, in that PAR mRNA expression
was shown to be transiently affected by transient focal
cerebral ischemia (Rohatgi and others 2004; Striggow
and others 2001). A threefold reduction in infarct vol-
ume has been found in PAR-1 knockout mice after tran-
sient focal cerebral ischemia, indicating a neurodegener-
ative role of PAR-1 during stroke and ischemia and an
induction of neuroprotection due to lack of PAR-1
(Junge and others 2003). In contrast, neuroprotective
actions of activated protein C, another serine protease,
were found to be mediated via both PAR-1 and endothe-
lial protein C receptor in a mouse model of focal cere-
bral ischemia (Griffin and others 2004).

Another aspect studied to underpin the importance of
thrombin as a potential neuroprotective agent is its func-
tion in ischemic preconditioning. Preconditioning is a
phenomenon whereby the brain develops tolerance to a
lethal insult by pretreatment with a physiologically
stressful but less severe insult. In that way, precondition-
ing provides a useful therapeutic window, especially to
stroke patients. We have shown that endogenous throm-
bin is involved in ischemic preconditioning. Injection of
hirudin before the induction of mild ischemic insults
increased the damage after a subsequent severe ischemic
insult (Striggow and others 2000). This demonstrates
neuroprotection by thrombin. Preconditioning by appli-
cation of thrombin in vivo also attenuates brain edema
formation, which is caused by cerebral hemorrhage (Xi
and others 1999). Table 1 provides an overview across
some of the major functional consequences, that is, mor-
phological, physiological, and biochemical, of PAR acti-
vation in all three main types of brain cells. Moreover,
participation of PARs in several of the neurodegenera-
tive disorders, which have been described in detail in the
text, is summarized.

Table 1. Protease-Activated Receptor (PAR) Functions in the Brain: Functional Consequences of Thrombin-Mediated
PAR Activation in Different Cell Types of the Brain and Their Role in Neurodegenerative Disorders

Brain Cell Type Consequences of PAR Activation

Neurons Apoptosis; cytoprotection; cell process retraction; glutamate (N-methyl-D-aspartate) 
receptor potentiation

Astrocytes Apoptosis; cell proliferation; cytoprotection; endothelin-1 release; increase in cytokine-
induced nitric oxide (NO) release and iNOS (nitric oxide synthase) expression; 
loss of stellate morphology; reduced mRNA and protein levels of mGluR5

Microglia NO production; potentiation of tumor necrosis factor-α production and release of other 
cytokines; cell proliferation

Possible involvement of PARs in neurodegenerative disorders

• Tau hyperphosphorylation and apoptotic neuronal cell death in Alzheimer’s disease.
• Increased PAR-1 expression in astrocytes in HIV encephalitis brains.
• Role in neurogenic inflammation.
• Decreased infarct volume after transient focal cerebral ischemia in PAR 1 –/– mouse.
• Participation of endogenous thrombin in ischemic preconditioning.



Volume 10, Number 6, 2004 THE NEUROSCIENTIST 505

Proteases as Signaling 
Molecules Acting via PARs

Genome analysis revealed that among the enzymes, pro-
teases form the largest group. In recent years, research
on proteases has dramatically changed the concept of
how we view this family of enzymes. Owing to their
highly specific mode of action, that is, hydrolysis of pep-
tide bonds in proteins, proteases regulate a wide variety
of biological processes including several pathological
processes. Proteases are even referred to as “signaling
scissors.” On the basis of their catalytic mechanism, pro-
teases are divided into four classes. In the course of evo-
lution, each of them has specialized to perform certain
specific functions. These classes are named by the
amino acid essentially involved in the catalytic mecha-
nism: 1) serine proteases (examples: thrombin, trypsin,
and chymotrypsin; this class is the focus of the overview
presented here); 2) aspartic (example: pepsin family of
digestive enzymes); 3) cysteine (examples: lysosomal
cathepsin and cytosolic calpains); and 4) metallopro-
teinases, with metal ions essential for their proteolytic
activity (example: thermolysin, a thermostable extracel-
lular metalloendopeptidase containing four calcium
ions).

Some proteases are secreted by cells into the sur-
rounding tissue to cause destruction of proteins in the
extracellular material. Alternatively, proteases act local-
ly in the breakdown of a particular protein. The hydrolyt-
ic action of proteases is irreversible, and once a peptide
bond is broken, the protein cannot be reverted to its orig-
inal state. Hence, most of the proteases are expressed as
proenzymes until their action is required. When prote-
olytic processing involves highly specific and limited
substrate cleavage, it can control the intracellular and
extracellular distribution of several proteins and their
activity.

Cell signaling, which is important for the existence,
maintenance, and continuation of homeostasis, provides
a network between different cells with cascades of
sequential signals. Serine proteases like thrombin and
trypsin can also act as signaling molecules to bind and
activate specific cell surface receptors, PARs, and in this
way regulate multiple cellular functions. PARs are a
family of transmembrane GPCRs that are associated
inside the cell with proteins that bind guanine
nucleotides and are therefore referred to as G proteins.
PARs display the typical seven transmembrane domain
helices, which are connected by extracellular and intra-
cellular loops together with an extracellular N-terminal
and intracellular C-terminal domain, as shown schemat-
ically in Figure 1(A).

PARs utilize a unique mechanism to convert an extra-
cellular proteolytic cleavage event into an intracellular
signal (Coughlin 2000). Figure 1(A) illustrates the mech-
anism of PAR activation in the presence of agonist pro-
teases. The mechanism of receptor activation involves
cleavage of the receptor at a specific site within the
extracellular N-terminus owing to binding and prote-
olytic action of the agonist protease. The cleavage
reveals a new N-terminal ligand tethered to the receptor
polypeptide chain. PARs are in fact peptide receptors
carrying their own innate ligand, which, when
unmasked, binds intramolecularly to the receptor and
thus activates transmembrane signaling. Only about six
amino acid residues within the newly exposed tethered
ligand interact with the binding site on extracellular loop
2 of the cleaved receptor (Coughlin 2000), as explained
in Figure 1(A).

Trypsin is another serine protease that acts as an ago-
nist of PARs. Trypsin is basically known as a digestive
enzyme and occurs in the gastrointestinal tract as an
inactive zymogen, trypsinogen. Apart from PAR-2, 
PAR-1 (Ubl and others 1998) and PAR-4 (Xu and others
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1998) can also be activated by trypsin. Because trypsin
is not present in the brain, studies were conducted to find
PAR-2 agonists in the brain or other areas where trypsin
has no access. Tryptase was found to activate PAR-2
with similar efficiency as PAR-2–activating peptide in
cultured human endothelial cells (Molino and others
1997). Tryptase is a tetrameric serine protease released
by mast cells after an allergic reaction.

Not only thrombin and trypsin but also some other
serine proteases are also capable of activating PARs.
Granzyme A, a serine protease released upon cytotoxic T
lymphocyte stimulation, can activate PAR-1 in neurons
and astrocytes (Suidan and others 1994). It is produced
by cytotoxic T lymphocytes and under resting conditions
resides in the secretory vesicles in cytoplasm. Granzyme
A proteolytic activity results in both neurite retraction
and reversal of astrocyte stellation. Serine proteases not
only activate PARs, but some of them also inactivate
them. Prominent among them are cathepsin G, elastase,
proteinase 3, and plasmin. Metalloproteinase, such as
thermolysin, can likewise inactivate PARs. The inhibito-
ry proteases are released by neutrophils during inflam-
matory conditions. Their inactivation mechanism
involves proteolytic destruction of the tethered ligand
domain and thereby renders the receptor unresponsive to
agonist proteases.

Apart from serine proteases, PARs can also be acti-
vated by short synthetic peptides known as “activating
peptides,” as shown in Figure 1(B). The amino acid
sequence of the activating peptide corresponds to the
tethered ligand sequence of the receptor and, as a result,
can activate the receptor without the need for proteolyt-
ic cleavage. Figure 1(B) schematically represents the
mechanism of PAR activation by synthetic activating
peptides in the absence of agonist proteases. Hence, the
receptor inactivated by an inhibitory serine protease can
still be activated by the activating peptide. PAR-1–
activating peptide derived from human PAR-1 sequence
can be used to activate both PAR-1 and PAR-2
(Hollenberg and others 1997). Now a more specific
PAR-1–activating peptide (TRag) is also known
(Kawabata and others 1999; Wang, Ubl, and Reiser
2002). PAR-2–activating peptides, based on both human
and mouse receptor sequences, are capable of activating
PAR-2 and eliciting responses similar to trypsin, but
they cannot activate PAR-1 (Hollenberg and others
1993). Recent studies from our laboratory have shown
that PAR-3–activating peptide induces Ca2+ signaling in
astrocytes, albeit to a very modest degree (Wang, Ubl,
and Reiser 2002). PAR-4–activating peptide is capable
of stimulating the receptor only at a high peptide con-
centration, and an increased incubation period leads to
toxic effects in astrocytes (Wang, Ubl, and Reiser 2002).

Classification of PAR Subtypes and
Mechanisms of PAR Signal Transduction

The PAR-1, PAR-2, and PAR-3 genes co-localize to the
same region of the human genome on band number 13
of the long arm (q) of chromosome 5 (5q13), unlike

PAR-4, which is located on band number 12 of the short
arm (p) of chromosome 19 (19p12) (Kahn and others
1998). The cDNA, which reveals the amino acid
sequence of the protein, has been cloned from the
human, mouse, and rat for all four receptor subtypes,
PAR-1 (Vu and others 1991), PAR-2 (Nystedt and others
1994), PAR-3 (Ishihara and others 1997), and PAR-4
(Xu and others 1998). PAR-1, which was the 1st recep-
tor of this family to be cloned, is often referred to as the
thrombin receptor and represents the prototype of this
receptor family.

All four PAR subtypes share high homology between
them and are conserved across species. Figure 2
describes the genomic organization of the human PAR
genes with the protease cleavage site on exon 2 and the
proteases known to activate PARs. The four subtypes
show an identical gene structure, comprising two exons
(coding regions), which are separated by a very long
single intron (noncoding intervening region) of 4 to 22
kb in case of PAR-1 to -3. Again, PAR-4 is distinct
because the intron is very short, only 0.274 kb (Kahn
and others 1998). In all four cases, a short first exon
encodes the 5′-untranslated sequence, the start codon
and a signal peptide, whereas the second, large exon
encodes the receptor protein and the 3′-untranslated
sequence (Kahn and others 1998).

PAR activation by agonist binding results in a confor-
mational change of the receptor, which leads to interac-
tion of the receptor with G proteins, a heterotrimeric
complex made up of three different subunits, designated
α, β, and γ. The receptor activation causes a catalytic
exchange of GTP for GDP on the α-subunit of the G
protein. The α-subunit and βγ heterodimer can each acti-
vate different effector enzymes or ion channels. This is
terminated when GTP is hydrolyzed. Then the G pro-
teins return to their inactive state. Among all PARs, for
PAR-1 the signaling mechanism has been mostly studied

Activating
Proteases

Thrombin
Trypsin
Factor Xa
Granzyme A

Trypsin
Tryptase
Factor Xa
TF/ VIIa

Thrombin

Thrombin
Trypsin
Cathepsin G

PAR-4 (h)

1                37 aa       0.274 kb      38                                385 aa

intron

R    G
47  48

exon1 exon2

PAR-1 (h)
intron

1                29 aa        22 kb       30                                   425 aa

R    S
41  42

exon1 exon2

PAR-3 (h)

1                22 aa      4 kb          23                                   374 aa

intron
exon2

K   T
38  39

exon1

PAR-2 (h) exon1

1                27 aa        14 kb       28                                   397 aa

intron

R    S
34  35

exon2

Activating
Proteases

Thrombin
Trypsin
Factor Xa
Granzyme A

Trypsin
Tryptase
Factor Xa
TF/ VIIa

Thrombin

Thrombin
Trypsin
Cathepsin G

PAR-4 (h)

1                37 aa       0.274 kb      38                                385 aa

intron

R    G
47  48

exon1 exon2PAR-4 (h)

1                37 aa       0.274 kb      38                                385 aa

intron

R    G
47  48
R    G

47  48

exon1 exon2

PAR-1 (h)
intron

1                29 aa        22 kb       30                                   425 aa

R    S
41  42

exon1 exon2PAR-1 (h)
intron

1                29 aa        22 kb       30                                   425 aa

R    S
41  42
R    S

41  42

exon1 exon2

PAR-3 (h)

1                22 aa      4 kb          23                                   374 aa

intron
exon2

K   T
38  39

exon1PAR-3 (h)

1                22 aa      4 kb          23                                   374 aa

intron
exon2

K   T
38  39
K   T

38  39

exon1

PAR-2 (h) exon1

1                27 aa        14 kb       28                                   397 aa

intron

R    S
34  35

exon2PAR-2 (h) exon1

1                27 aa        14 kb       28                                   397 aa

intron

R    S
34  35
R    S

34  35

exon2

Fig. 2. Genomic organization of PAR (protease-activated recep-
tor) genes: Exon-intron pattern of human (h) PAR-1 to -4 genes
show presence of two exons for which the respective number
of coded amino acids (aa) are given, separated by a single long
intervening intron sequence in case of PAR-1 to -3, whereas
PAR-4 has a very short intron. The length of intron is given in
kilobases (kb). Protease cleavage site (↓) located on exon 2
shown with the respective amino acids (R = arginine; S = ser-
ine; K = lysine; T = threonine; G = glycine). Activating serine
proteases known for PAR-1 to -4 are listed.
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and is therefore best understood. Figure 3 highlights
some of the intracellular signaling pathways initiated by
PAR-1 activation. Agonist activation of PAR-1 in some
cases results in inhibition of adenylyl cyclase, the
enzyme that synthesizes the second messenger cAMP
through interaction with inhibitory G proteins. Most fre-
quently, there is stimulation of phospholipase C (PLC)
via Gq protein. Activated PLC, which is a calcium-
dependent enzyme, uses plasma membrane phospho-
inositide, phosphatidyl inositol 4,5-bisphosphate (PIP2)
as a substrate and hydrolyzes it into inositol (1,4,5)
trisphosphate (IP3) and diacylglycerol (DAG).
Furthermore, generation of IP3 leads to mobilization of
intracellular Ca2+, whereas DAG participates in the acti-
vation of protein kinase C (PKC), an enzyme involved in

phosphorylation of several kinds of amino acids.
Another family of enzymes involved in PAR-1 signaling
are mitogen-activated protein kinases (MAPK). MAPK
play a central role in growth, proliferation, development,
and survival of all eukaryotic organisms and are
involved in phosphorylation of transcription factors,
cytoskeletal proteins, and other protein kinases. In mam-
malian cells, three major MAPK pathways have been
characterized; one of them is called p42/44 or extracel-
lular signal-regulated kinase.

The PAR signaling mechanism in astrocytes is an
example of an extensively studied pathway (Wang, Ubl,
Stricker, and others 2002). We have furnished proof that
stimulation by thrombin or PAR-1–activating peptide in
cultured rat astrocytes leads to proliferation, which is

Fig. 3. Signaling pathways regulated through activation of protease-activated receptor (PAR)-1: Signaling pathways downstream of
PAR-1 activation utilize heterotrimeric G proteins coupled to intracellular loop 3. Signal from G proteins (PTX-insensitive) results in acti-
vation of PLC, followed by generation of IP3 and DAG and finally leading to phosphorylation of the MAPK p42/44. On the other hand,
PTX-sensitive G proteins activate PI-3K pathway, which also results in phosphorylation of MAPK. PI-3K is also involved in the forma-
tion of PIP3 from PIP2 in the plasma membrane to activate then Akt/PKB. Activation of calcium-dependent cytosolic PLA2 leads to
release of AA, which is involved in the synthesis of PGs. PTX-sensitive G proteins control inhibition of cAMP pathway by inhibiting
adenylyl cyclase. The signal produced from all these pathways ultimately results in effector functions, such as proliferation, transcrip-
tion, cytoskeleton rearrangement, inflammation, apoptosis, and cell death or protection. The carboxy tail (C-tail) of PAR-1 can inter-
act directly with proteins like creatine kinase and Hsp90, leading to activation and translocation of RhoA to plasma membrane, fol-
lowed by activation of Rho kinase and subsequent rearrangement of cytoskeleton. Abbreviations: PTX = pertussis toxin; Hsp90 = heat
shock protein 90; PI-3K = phosphatidylinositol 3-kinase; PIP2 = phosphatidylinositol 4,5-bisphosphate; PIP3 = phosphatidylinositol
3,4,5-triphosphate; PKB = protein kinase B/Akt; Src = Src tyrosine kinase; Shc = adaptor protein in the small GTPase pathway; 
Grb2 = growth factor receptor-bound protein; Ras and Raf = small GTPases; MAPK = mitogen-activated protein kinase; PLC = phos-
pholipase C; IP3 = inositol 1,4,5-trisphosphate; DAG = diacylglycerol; Pyk2 = proline-rich tyrosine kinase-2; PKC = protein kinase C;
PLA2 = phospholipase A2; AA = arachidonic acid; PGs = prostaglandins; AC = adenylyl cyclase; cAMP = cyclic adenosine monophos-
phate; PKA = protein kinase A.
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mediated via the MAPK pathway, as also included in
Figure 3 (Wang, Ubl, Stricker, and others 2002).
Astrocytes are a major type of glial cells in the brain and
play an active role in brain function by influencing, and
possibly even directing, the activity of neurons.
Astrocytes undergo proliferation as a result of tissue
injury. Generation of the other types of mature brain
cells including neurons (neurogenesis) in the adult brain,
is an integral feature of astrocytes. It is therefore impor-
tant to understand the mechanism underlying the prolif-
eration of astrocytes in the CNS. The stimulus by throm-
bin or PAR-1–activating peptide is induced through acti-
vation of PAR-1 and proceeds via two parallel intracel-
lular pathways. One pathway involves activation of per-
tussis toxin (PTX)-sensitive Gi protein/(βγ-subunits).
PTX is not only responsible for causing whooping cough
disease, but it also elicits a variety of physiological and
cellular effects including regulation of adenylyl cyclase.
From Gi protein, the signal travels to phosphatidylinosi-
tol 3-kinase and ultimately results in MAPK phosphory-
lation (Fig. 3). The second pathway after PAR-1 activa-
tion connects Gq protein-PLC activation resulting in IP3

and DAG generation with subsequent rise in intracellu-
lar calcium level and activation of the PKC pathway
(Wang, Ubl, Stricker, and others 2002). Furthermore, we
could also show that phosphorylation of proline-rich
tyrosine kinase-2 (Pyk2) occurs via thrombin-mediated
PAR-1 activation in cultured rat astrocytes (Wang and
Reiser 2003). Pyk2, which is also known as calcium-
dependent tyrosine kinase, is a nonreceptor tyrosine
kinase. Pyk2 has been proved to link GPCRs to MAPK
activation by recruiting several mediator proteins, such
as Src, Shc, and Grb2, which are depicted in Figure 3
(Lev and others 1995). Pyk2 is highly sensitive to increased
intracellular calcium levels and can be readily activated
by signals that raise the Ca2+ concentration in the cell
(Lev and others 1995). Another recent study from our
laboratory, using an oligodendrocyte cell line, has
revealed that intracellular calcium increase induced by
agonist-stimulated PAR-1 activation mainly results from
Ca2+ release from intracellular stores. Studies performed
to elucidate the calcium signaling mechanism verify that
a PAR-1–mediated rise in calcium occurs via PTX-
insensitive G protein. Activation of PLC and liberation
of IP3 are events preceding Ca2+ release from the stores
(Wang and others 2004). We have also shown that throm-
bin-stimulated release of the polyunsaturated fatty acid
AA by astrocytes is mediated via the calcium-dependent
phospholipase A2 (PLA2) (Strokin and others 2003).

Compared with the large number of reports exploring
the PAR-1 signaling pathway, little is known about the
mechanism of PAR-2 intracellular signaling. Trypsin
and PAR-2–activating peptide can stimulate IP3 forma-
tion and Ca2+ rise in numerous cell types via het-
erotrimeric G proteins (Schultheiss and others 1997).
PAR-2 signaling via a PTX-sensitive pathway has been
found to be associated with a tyrosine phosphatase,
called SHP-2 (Yu and others 1997), which enhances the
agonist-stimulated PAR-2 mitogenic pathway.

Another important aspect of PAR signaling is receptor
desensitization and resensitization. Desensitization
involves loss of functional response after seconds or
minutes of agonist stimulation, due to the uncoupling of
the activated receptor from the G proteins as a result of
receptor phosphorylation. On the other hand, resensiti-
zation means recovery of cellular response to proteases,
which requires intact receptors at the cell surface. A
study undertaken to investigate the mechanisms of PAR-
2 desensitization in transfected kidney epithelial cells
has made clear that PAR-2–mediated calcium mobiliza-
tion can be desensitized by irreversible receptor cleav-
age, followed by PKC-mediated termination of signal-
ing, and ultimately by targeting the internalized cleaved
receptor on lysosomes for degradation. Resensitization
of PAR-2 occurs via mobilization of intracellular pools
of receptor from Golgi stores and synthesis of new
receptors (Böhm, Khitin, and others 1996).
Furthermore, the same group has shown that β-arrestin,
an adaptor protein, mediates agonist-induced endocyto-
sis of PAR-2 (Dery and others 1999). Use of several
mutants truncated at the cytoplasmic tail of PAR-2 in a
recent study has highlighted the fact that different
regions within the C-terminus of PAR-2 are involved in
different downstream signaling pathways, and different
PARs utilize distinct domains for the same downstream
effector function (Seatter and others 2004). Work done
in our laboratory was able to demonstrate that thrombin
induces a dose-dependent desensitization of PAR-1 in rat
primary astrocytes and resensitization occurs via synthe-
sis of new receptors (Ubl and others 2000).
Phosphorylation of the activated PAR-1 cytoplasmic tail
results in receptor desensitization and internalization.
However, the desensitization and internalization path-
ways are mediated by different adaptor proteins.
Although PAR-1 desensitization is regulated by β-
arrestin, internalization of PAR-1 is through a dynamin-
and clathrin-dependent pathway (Paing and others
2002). Using chimeras, it was found that the cytoplasmic
tail of PAR-1 determines the trafficking of internalized
receptor to lysosomes (Trejo and Coughlin 1999).

To gain further insight into the PAR physiology and its
involvement in signaling, it is important to functionally
characterize the parts played by different regions of the
receptor. Not much is known yet with regard to the func-
tion of the C-tail of the receptor and its role in the intra-
cellular signaling pathway. Therefore, to identify the
proteins directly interacting with the C-tail of PAR-1,
two studies have been done (Mahajan and others 2000;
Pai and others 2001). It was discovered that a cytosolic
brain isoform of creatine kinase interacts with the C-tail
of the rat PAR-1 and this interaction was found to be
involved in cell shape change of neurons (Mahajan and
others 2000), which is included in Figure 3. Creatine
kinase is an ATP-generating enzyme that regulates ATP
homeostasis within subcellular compartments. Cytosolic
creatine kinase provides energy in the form of ATP,
required for PAR-1 signal transduction leading to actin
reorganization (Mahajan and others 2000). Actin, a com-



Volume 10, Number 6, 2004 THE NEUROSCIENTIST 509

ponent of the cytoskeleton, can undergo rearrangement
to produce cell movement. The PAR-1 signaling pathway
involves activation and translocation of RhoA, a
monomeric GTP-binding protein to the plasma mem-
brane where it subsequently activates Rho kinase that
relays signals to the cytoskeleton, finally leading to actin
rearrangement. The study showed that PAR-1 signaling
and PAR-1-mediated cellular shape changes are 
inhibited when either creatine kinase levels or its ATP-
generating capacity are reduced. However, the PAR-
1–creatine kinase complex has no role to play in 
thrombin-stimulated intracellular calcium release by
astrocytes.

Another study by the same group revealed that the
heat shock protein Hsp90 is an interaction protein of the
C-tail of human PAR-1 (Pai and others 2001). Hsp90 is
a molecular chaperone with functions under both stress
and nonstress conditions. Molecular chaperones are pro-
teins aiding in the correct folding of proteins and there-
by preventing formation of an inactive conformation.
The change in astrocyte morphology and hence
cytoskeletal rearrangement was revealed to be mediated
via the PAR-1-Hsp90 complex (Pai and others 2001).
Similar to creatine kinase, Hsp90 is not involved in
thrombin-mediated calcium release either (Pai and 
others 2001). Recently we have identified a PAR-2–
interacting protein with resemblance to a family of small
heat shock proteins in the retina, which is part of the

CNS (Rohatgi and others, unpublished data). This pro-
tein, α crystallin A, which is a 20 kDa protein, co-
localizes both with neurons and astrocytes and shows a
cytosolic distribution as seen in our analysis. It was ini-
tially described as a lens-specific protein required to
maintain lens transparency, but in the last few years it
has been demonstrated that α crystallin A occurs in sev-
eral other tissues including brain, heart, spleen, and reti-
na. Now α crystallin A is known to co-localize with actin
cytoskeleton and to possess antiapoptotic activity. These
functions suggest a possible role of α crystallin A either
in PAR-2–mediated cell shape change or cell survival in
brain cells.

Concluding Remarks

The varied functions of thrombin and PARs both in nor-
mal and pathological states of the brain summarized in
this review emphasize the need to further investigate the
functioning of proteases and their receptors in the nerv-
ous system. These studies will help to analyze the areas
where modulating PAR activity can prove useful. They
provide two promising potential therapeutic approaches
for treating neurodegenerative diseases: first, down-
stream effector molecules involved in thrombin and
PAR-mediated signaling pathways in the brain and, sec-
ond, agents that inhibit PAR activation during diseased
states.
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Appendix

Abbreviations

AA = Arachidonic acid
CNS = Central nervous system
DAG = Diacylglycerol
GPCR = G protein-coupled receptor
HIV = Human immunodeficiency virus
IP3 = Inositol 1,4,5-trisphosphate
MAPK = Mitogen-activated protein kinase
NMDA = N-methyl D-aspartate
OGD = Oxygen glucose deprivation
PARs = Protease-activated receptors
PI-3K = Phosphatidylinositol 3-kinase 
PIP2 = Phosphatidyl inositol 4,5-bisphosphate
PKC = Protein kinase C
PLA2 = Phospholipase A2

PLC = Phospholipase C
PN-1 = Protease nexin-1
PNS = Peripheral nervous system
PTX = Pertussis toxin
Pyk2 = Proline-rich tyrosine kinase-2
RT-PCR = Reverse transcription-polymerase chain

reaction
SN = Substantia nigra
TNF-R = Tumor necrosis factor-receptor

Glossary

CD40: A receptor molecule on the cell surface of all
mature B lymphocytes, most B-cell malignancies,
and monocytes, dendritic cells (in the nervous sys-
tem), endothelial cells (within blood vessels), and
epithelial cells. CD40 is a member of the tumor
necrosis factor receptor superfamily. Together with
CD40 ligand, it is an important contributor to inflam-
matory processes.

Endothelin: Endothelins are a family of potent vaso-
constrictor peptides elevating blood pressure, com-
prising three isoforms. Endothelin is found in a host
of mammalian species and has a potent effect in
both cardiovascular and central nervous systems.
The endothelin receptor is a seven-transmembrane
domain receptor coupled to G proteins. Two struc-
turally and functionally distinct receptors for
endothelin, ETA and ETB, are known. Both ETA and
the ETB receptors play varying roles in mediation of
vasopressor actions.

GPCR: G protein-coupled receptors that mediate their
actions by stimulating guanine nucleotide binding
regulatory proteins (G proteins). They share structural
as well as functional similarities. The structural motif
characteristic of receptors of this class includes
seven hydrophobic transmembrane domains linked
by hydrophilic loops. The G proteins bind the GDP
and GTP. They are heterotrimers, that is, made of

three different subunits, associated with the inner
surface of the plasma membrane and transmem-
brane receptors.

Ischemia: Ischemia is a condition in which the oxygen-
rich blood flow to a part of the body is restricted. An
example of experimental in vitro ischemia is oxygen-
glucose deprivation (OGD). In this model, organotyp-
ic cultures (hippocampal or corticostriatal slice cul-
tures) are subjected to OGD to investigate mecha-
nisms concerning ischemic cell death and neuropro-
tection.

Molecular chaperone: Proteins associated with a sec-
ond protein during part of its folding process.
However, once folding is complete (or even before)
the chaperone leaves its current protein molecule
and goes on to support the folding of another one.

NMDA receptor: The N-methyl-D-aspartate receptor is
a receptor for the neurotransmitter glutamate, which
is the most important excitatory neurotransmitter in
the brain. NMDA receptor is both a receptor and an
ion channel, thus a ligand-gated ionic channel. N-
methyl-D-aspartate is the specific agonist of the
NMDA receptor. The receptor is involved in the toxic
effects of excessive glutamate and in many other
processes such as synaptic plasticity and target
recognition.

Pyk2: Proline-rich tyrosine kinase 2 is a 116 kDa non-
receptor tyrosine kinase that belongs to the focal
adhesion kinase family of tyrosine kinases. Pyk2 is a
ubiquitously expressed protein, but most abundant
in the brain. Pyk2 is localized at cell-cell contacts
and is very sensitive to stimuli that increase either
intracellular calcium levels or activate protein kinase
C. Pyk2 links G proteins and MAPK signaling path-
ways.

RhoA: RhoA is a member of the Ras homology family
of small GTPases. These proteins cycle from their
active GTP-bound to their inactive GDP-bound state
by hydrolyzing GTP to GDP. Several regulatory pro-
teins can influence RhoA by increasing or decreasing
its GTPase activity. RhoA is involved in regulation of
cytoskeleton and cellular response to stress.

TNF-R: Tumor Necrosis Factor Receptor is a family of
related proteins, involved in cytokine-mediated
apoptosis. These are surface-expressed transmem-
brane proteins that require clustering of the recep-
tors by trimeric ligands. Several members of the
TNF-R family are characterized by a homologous
cytoplasmic domain referred to as a Death Domain.
The tumor necrosis factor-α is a proinflammatory
cytokine. The main sources of TNF-α are stimulated
fibroblasts, macrophages, T cells, B lymphocytes,
mast cells, and glial cells. TNF-α can also be detect-
ed in the cerebrospinal fluid.



Volume 10, Number 6, 2004 THE NEUROSCIENTIST 511

References

Böhm SK, Khitin LM, Grady EF, Aponte G, Payan DG, Bunnett NW.
1996. Mechanisms of desensitization and resensitization of 
proteinase-activated receptor-2. J Biol Chem 271:22003–16.

Böhm SK, Kong W, Bromme D, Smeekens SP, Anderson DC, Connolly
A, and others. 1996. Molecular cloning, expression and potential
functions of the human proteinase-activated receptor-2. Biochem J
314:1009–16.

Boven LA, Vergnolle N, Henry SD, Silva C, Imai Y, Holden J, and oth-
ers. 2003. Up-regulation of proteinase-activated receptor 1 expres-
sion in astrocytes during HIV encephalitis. J Immunol
170:2638–46.

Carreno-Muller E, Herrera AJ, de Pablos RM, Tomas-Camardiel M,
Venero JL, Cano J, and others. 2003. Thrombin induces in vivo
degeneration of nigral dopaminergic neurones along with the acti-
vation of microglia. J Neurochem 84:1201–14.

Cavanaugh KP, Gurwitz D, Cunningham DD, Bradshaw RA. 1990.
Reciprocal modulation of astrocyte stellation by thrombin and pro-
tease nexin-1. J Neurochem 54:1735–43.

Chambers RC, Dabbagh K, McAnulty RJ, Gray AJ, Blanc-Brude OP,
Laurent GJ. 1998. Thrombin stimulates fibroblast procollagen pro-
duction via proteolytic activation of protease-activated receptor 1.
Biochem J 333:121–7.

Choi SH, Joe EH, Kim SU, Jin BK. 2003. Thrombin-induced
microglial activation produces degeneration of nigral dopaminer-
gic neurons in vivo. J Neurosci 23:5877–86.

Choi SH, Lee da Y, Ryu JK, Kim J, Joe EH, Jin BK 2003. Thrombin
induces nigral dopaminergic neurodegeneration in vivo by altering
expression of death-related proteins. Neurobiol Dis 14:181–93.

Coughlin S. 2000. Thrombin signalling and protease-activated recep-
tors. Nature 407:258–64.

Cunningham DD, Donovan FM. 1997. Regulation of neurons and
astrocytes by thrombin and protease nexin-1. Relationship to brain
injury. Adv Exp Med Biol 425:67–75.

Damiano BP, D’Andrea MR, de Garavilla L, Cheung WM, Andrade-
Gordon P. 1999. Increased expression of protease activated 
receptor-2 (PAR-2) in balloon-injured rat carotid artery. Thromb
Haemost 81:808–14.

D’Andrea MR, Derian CK, Leturcq D, Baker SM, Brunmark A, Ling
P, and others. 1998. Characterization of protease-activated 
receptor-2 immunoreactivity in normal human tissues. J Histochem
Cytochem 46:157–64.

D’Andrea MR, Saban MR, Nguyen NB, Andrade-Gordon P, Saban R.
2003. Expression of protease-activated receptor-1, -2, -3, and -4 in
control and experimentally inflamed mouse bladder. Am J Pathol
162:907–23.

Dery O, Thoma MS, Wong H, Grady EF, Bunnett NW. 1999.
Trafficking of proteinase-activated receptor-2 and beta-arrestin-1
tagged with green fluorescent protein. beta-Arrestin-dependent
endocytosis of a proteinase receptor. J Biol Chem 274:18524–35.

Donovan FM, Cunningham DD. 1998. Signaling pathways involved in
thrombin-induced cell protection. J Biol Chem 273:12746–52.

Donovan FM, Pike CJ, Cotman CW, Cunningham DD. 1997. Thrombin
induces apoptosis in cultured neurons and astrocytes via a pathway
requiring tyrosine kinase and RhoA activities. J Neurosci
17:5316–26.

Ehrenreich H, Costa T, Clouse KA, Pluta RM, Ogino Y, Coligan JE,
and others. 1993. Thrombin is a regulator of astrocytic endothelin-
1. Brain Res 600:201–7.

Fang M, Kovacs KJ, Fisher LL, Larson AA. 2003. Thrombin inhibits
NMDA-mediated nociceptive activity in the mouse: possible medi-
ation by endothelin. J Physiol 549:903–17.

Festoff BW, Smirnova IV, Ma J, Citron BA. 1996. Thrombin, its recep-
tor and protease nexin I, its potent serpin, in the nervous system.
Semin Thromb Hemost 22:267–71.

Friedmann I, Faber-Elman A, Yoles E, Schwartz M. 1999. Injury-
induced gelatinase and thrombin-like activities in regenerating and
nonregenerating nervous systems. FASEB J 13:533–43.

Friedmann I, Yoles E, Schwartz M. 2001. Thrombin attenuation is neu-
roprotective in the injured rat optic nerve. J Neurochem 76:641–9.

Griffin JH, Fernandez JA, Liu D, Cheng T, Guo H, Zlokovic BV. 2004.
Activated protein C and ischemic stroke. Crit Care Med
32:S247–53.

Hollenberg MD, Laniyonu AA, Saifeddine M, Moore GJ. 1993. Role
of the amino- and carboxyl-terminal domains of thrombin 
receptor-derived polypeptides in biological activity in vascular
endothelium and gastric smooth muscle: evidence for receptor sub-
types. Mol Pharmacol 43:921–30.

Hollenberg MD, Saifeddine M, al-Ani B, Kawabata A. 1997.
Proteinase-activated receptors: structural requirements for activity,
receptor cross-reactivity, and receptor selectivity of receptor-
activating peptides. Can J Physiol Pharmacol 75:832–41.

Ishihara H, Connolly AJ, Zeng D, Kahn ML, Zheng YW, Timmons C,
and others. 1997. Protease-activated receptor 3 is a second throm-
bin receptor in humans. Nature 386:502–6.

Jalink K, Moolenaar WH. 1992. Thrombin receptor activation causes
rapid neural cell rounding and neurite retraction independent of
classic second messengers. J Cell Biol 118:411–9.

Jenkins AL, Chinni C, De Niese MR, Blackhart B, Mackie EJ. 2000.
Expression of protease-activated receptor-2 during embryonic
development. Dev Dyn 218:465–71.

Junge CE, Sugawara T, Mannaioni G, Alagarsamy S, Conn PJ, Brat DJ,
and others. 2003. The contribution of protease-activated receptor 1
to neuronal damage caused by transient focal cerebral ischemia.
Proc Natl Acad Sci U S A 100:13019–24.

Kahn ML, Hammes SR, Botka C, Coughlin SR. 1998. Gene and locus
structure and chromosomal localization of the protease-activated
receptor gene family. J Biol Chem 273:23290–6.

Kawabata A, Saifeddine M, Al-Ani B, Leblond L, Hollenberg MD.
1999. Evaluation of proteinase-activated receptor-1 (PAR1) ago-
nists and antagonists using a cultured cell receptor desensitization
assay: activation of PAR2 by PAR1-targeted ligands. J Pharmacol
Exp Ther 288:358–70.

Knight DA, Lim S, Scaffidi AK, Roche N, Chung KF, Stewart GA, and
others. 2001. Protease-activated receptors in human airways:
upregulation of PAR-2 in respiratory epithelium from patients with
asthma. J Allergy Clin Immunol 108:797–803.

Lev S, Moreno H, Martinez R, Canoll P, Peles E, Musacchio JM, and
others. 1995. Protein tyrosine kinase PYK2 involved in Ca2+-
induced regulation of ion channel and MAP kinase functions.
Nature 376:737–45.

Mahajan VB, Pai KS, Lau A, Cunningham DD. 2000. Creatine kinase,
an ATP-generating enzyme, is required for thrombin receptor sig-
naling to the cytoskeleton. Proc Natl Acad Sci U S A 97:12062–7.

Miller S, Sehati N, Romano C, Cotman CW. 1996. Exposure of astro-
cytes to thrombin reduces levels of the metabotropic glutamate
receptor mGluR5. J Neurochem 67:1435–47.

Molino M, Barnathan ES, Numerof R, Clark J, Dreyer M, Cumashi A,
and others. 1997. Interactions of mast cell tryptase with thrombin
receptors and PAR-2. J Biol Chem 272:4043–9.

Niclou SP, Suidan HS, Pavlik A, Vejsada R, Monard D. 1998. Changes
in the expression of protease-activated receptor 1 and protease
nexin-1 mRNA during rat nervous system development and after
nerve lesion. Eur J Neurosci 10:1590–607.

Nystedt S, Emilsson K, Wahlestedt C, Sundelin J. 1994. Molecular
cloning of a potential proteinase activated receptor. Proc Natl Acad
Sci U S A 91:9208–12.

Pai KS, Cunningham DD. 2002. Geldanamycin specifically modulates
thrombin-mediated morphological changes in mouse neuroblasts. J
Neurochem 80:715–8.

Pai KS, Mahajan VB, Lau A, Cunningham DD. 2001. Thrombin recep-
tor signaling to cytoskeleton requires Hsp90. J Biol Chem
276:32642–7.

Paing MM, Stutts AB, Kohout TA, Lefkowitz RJ, Trejo J. 2002. beta-
Arrestins regulate protease-activated receptor-1 desensitization but
not internalization or Down-regulation. J Biol Chem
277:1292–300. Epub 2001 Nov 2.

Pike CJ, Vaughan PJ, Cunningham DD, Cotman CW. 1996. Thrombin
attenuates neuronal cell death and modulates astrocyte reactivity
induced by beta-amyloid in vitro. J Neurochem 66:1374–82.

Rohatgi T, Henrich-Noack P, Sedehizade F, Goertler M, Wallesch CW,
Reymann KG, and others. 2004. Transient focal ischemia in rat



512 THE NEUROSCIENTIST Role of PARs and Thrombin in the Brain

brain differentially regulates mRNA expression of protease-
activated receptors 1 to 4. J Neurosci Res 75:273–9.

Rohatgi T, Sedehizade F, Sabel BA, Reiser G. 2003. Protease-activated
receptor subtype expression in developing eye and adult retina of
the rat after optic nerve crush. J Neurosci Res 73:246–54.

Schultheiss M, Neumcke B, Richter HP. 1997. Endogenous trypsin
receptors in Xenopus oocytes: linkage to internal calcium stores.
Cell Mol Life Sci 53:842–9.

Seatter MJ, Drummond R, Kanke T, Macfarlane SR, Hollenberg MD,
Plevin R. 2004. The role of the C-terminal tail in protease-
activated receptor-2-mediated Ca2+ signalling, proline-rich tyro-
sine kinase-2 activation, and mitogen-activated protein kinase
activity. Cell Signal 16:21–9.

Sergeeva M, Strokin M, Wang H, Ubl JJ, Reiser G. 2002. Arachidonic
acid and docosahexaenoic acid suppress thrombin-evoked Ca2+

response in rat astrocytes by endogenous arachidonic acid libera-
tion. J Neurochem 82:1252–61.

Sinnreich M, Meins M, Niclou SP, Suidan HS, Monard D. 2004.
Prothrombin overexpressed in post-natal neurones requires blood
factors for activation in the mouse brain. J Neurochem 88:1380–8.

Smith-Swintosky VL, Cheo-Isaacs CT, D’Andrea MR, Santulli RJ,
Darrow AL, Andrade-Gordon P. 1997. Protease-activated receptor-
2 (PAR-2) is present in the rat hippocampus and is associated with
neurodegeneration. J Neurochem 69:1890–6.

Steinhoff M, Vergnolle N, Young SH, Tognetto M, Amadesi S, Ennes
HS, and others. 2000. Agonists of proteinase-activated receptor 2
induce inflammation by a neurogenic mechanism. Nature Med
6:151–8.

Striggow F, Riek M, Breder J, Henrich-Noack P, Reymann KG, Reiser
G. 2000. The protease thrombin is an endogenous mediator of hip-
pocampal neuroprotection against ischemia at low concentrations
but causes degeneration at high concentrations. Proc Natl Acad Sci
U S A 97:2264–9.

Striggow F, Riek-Burchardt M, Kiesel A, Schmidt W, Henrich-Noack
P, Breder J, and others. 2001. Four different types of protease-
activated receptors are widely expressed in the brain and are up-
regulated in hippocampus by severe ischemia. Eur J Neurosci
14:595–608.

Strokin M, Sergeeva M, Reiser G. 2003. Docosahexaenoic acid and
arachidonic acid release in rat brain astrocytes is mediated by two
separate isoforms of phospholipase A2 and is differently regulated
by cyclic AMP and Ca2+. Br J Pharmacol 139:1014–22.

Suidan HS, Bouvier J, Schaerer E, Stone SR, Monard D, Tschopp J.
1994. Granzyme A released upon stimulation of cytotoxic T lym-
phocytes activates the thrombin receptor on neuronal cells and
astrocytes. Proc Natl Acad Sci U S A 91:8112–6.

Suo Z, Wu M, Ameenuddin S, Anderson HE, Zoloty JE, Citron BA,
and others. 2002. Participation of protease-activated receptor-1 in
thrombin-induced microglial activation. J Neurochem 80:655–66.

Suo Z, Wu M, Citron BA, Gao C, Festoff BW. 2003. Persistent 
protease-activated receptor 4 signaling mediates thrombin-induced
microglial activation. J Biol Chem 278:31177–83.

Suo Z, Wu M, Citron BA, Palazzo RE, Festoff BW. 2003. Rapid tau
aggregation and delayed hippocampal neuronal death induced by
persistent thrombin signaling. J Biol Chem 278:37681–9.

Trejo J, Chambard JC, Karin M, Brown JH. 1992. Biphasic increase in
c-jun mRNA is required for induction of AP-1-mediated gene tran-
scription: differential effects of muscarinic and thrombin receptor
activation. Mol Cell Biol 12:4742–50.

Trejo J, Coughlin SR. 1999. The cytoplasmic tails of protease-
activated receptor-1 and substance P receptor specify sorting to
lysosomes versus recycling. J Biol Chem 274:2216–24.

Turgeon VL, Lloyd ED, Wang S, Festoff BW, Houenou LJ. 1998.
Thrombin perturbs neurite outgrowth and induces apoptotic cell
death in enriched chick spinal motoneuron cultures through cas-
pase activation. J Neurosci 18:6882–91.

Ubl JJ, Sergeeva M, Reiser G. 2000. Desensitisation of protease-
activated receptor-1 (PAR-1) in rat astrocytes: evidence for a novel
mechanism for terminating Ca2+ signalling evoked by the tethered
ligand. J Physiol 525:319–30.

Ubl JJ, Vöhringer C, Reiser G. 1998. Co-existence of two types of
[Ca2+]i-inducing protease-activated receptors (PAR-1 and PAR-2) in
rat astrocytes and C6 glioma cells. Neuroscience 86:597–609.

Vaughan PJ, Pike CJ, Cotman CW, Cunningham DD. 1995. Thrombin
receptor activation protects neurons and astrocytes from cell death
produced by environmental insults. J Neurosci 15:5389–401.

Vergnolle N, Derian CK, D’Andrea MR, Steinhoff M, Andrade-
Gordon P. 2002. Characterization of thrombin-induced leukocyte
rolling and adherence: a potential proinflammatory role for 
proteinase-activated receptor-4. J Immunol 169:1467–73.

Vergnolle N, Wallace JL, Bunnett NW, Hollenberg MD. 2001.
Protease-activated receptors in inflammation, neuronal signaling
and pain. Trends Pharmacol Sci 22:146–52.

Vu TK, Hung DT, Wheaton VI, Coughlin SR. 1991. Molecular cloning
of a functional thrombin receptor reveals a novel proteolytic mech-
anism of receptor activation. Cell 64:1057–68.

Wang H, Reiser G. 2003. The role of the Ca2+-sensitive tyrosine
kinase Pyk2 and Src in thrombin signalling in rat astrocytes. J
Neurochem 84:1349–57.

Wang H, Ubl JJ, Reiser G. 2002. Four subtypes of protease-activated
receptors, co-expressed in rat astrocytes, evoke different physio-
logical signaling. Glia 37:53–63.

Wang H, Ubl JJ, Stricker R, Reiser G. 2002. Thrombin (PAR-1)-
induced proliferation in astrocytes via MAPK involves multiple
signaling pathways. Am J Physiol Cell Physiol 283:C1351–64.

Wang Y, Richter-Landsberg C, Reiser G. 2004. Expression of protease-
activated receptors (PARs) in OLN-93 oligodendroglial cells and
mechanism of PAR-1-induced calcium signaling. Neuroscience
126:69–82.

Weinstein JR, Gold SJ, Cunningham DD, Gall CM. 1995. Cellular
localization of thrombin receptor mRNA in rat brain: expression by
mesencephalic dopaminergic neurons and codistribution with pro-
thrombin mRNA. J Neurosci 15:2906–19.

Weinstein JR, Lau AL, Brass LF, Cunningham DD. 1998. Injury-
related factors and conditions down-regulate the thrombin receptor
(PAR-1) in a human neuronal cell line. J Neurochem 71:1034–50.

Xi G, Keep RF, Hua Y, Xiang J, Hoff JT. 1999. Attenuation of 
thrombin-induced brain edema by cerebral thrombin precondition-
ing. Stroke 30:1247–55.

Xi G, Reiser G, Keep RF. 2003. The role of thrombin and thrombin
receptors in ischemic, hemorrhagic and traumatic brain injury:
deleterious or protective? J Neurochem 84:3–9.

Xu WF, Andersen H, Whitmore TE, Presnell SR, Yee DP, Ching A, and
others. 1998. Cloning and characterization of human protease-
activated receptor 4. Proc Natl Acad Sci U S A 95:6642–6.

Yu Z, Ahmad S, Schwartz JL, Banville D, Shen SH. 1997. Protein-
tyrosine phosphatase SHP2 is positively linked to proteinase-
activated receptor 2-mediated mitogenic pathway. J Biol Chem
272:7519–24.


