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XPRESSION OF PROTEASE-ACTIVATED RECEPTORS (PARs) IN
LN-93 OLIGODENDROGLIAL CELLS AND MECHANISM OF PAR-1-
NDUCED CALCIUM SIGNALING
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bstract—Protease-activated receptors (PARs) are a group
f four members of the superfamily of G protein-coupled
eceptors that transduce cell signaling by proteolytic activity
f extracellular serine proteases, such as thrombin. Possible
xpression and functions of PARs in oligodendrocytes, the
yelin forming cells of the CNS, are still unclear. Here, the
ligodendrocyte cell line OLN-93 was used to investigate the
ignaling of PARs. By reverse transcription-polymerase
hain reaction (RT-PCR), immunostaining and Ca2� imaging
tudies, we demonstrate that OLN-93 cells functionally ex-
ress PAR-1. PAR-3 seems to be expressed without apparent
ctivity, and PAR-2 and PAR-4 cannot be detected. Short-
erm stimulation of the OLN-93 cells with PAR-1 agonists,
uch as thrombin, trypsin and PAR-1 activating peptide,
ose-dependently induced a transient rise of [Ca2�]i.
oncentration-effect curves display a sigmoidal concentra-

ion dependence. Elevation of [Ca2�]i induced by PAR-1
ainly resulted from Ca2� release from intracellular stores.
tudies on the effects of pertussis toxin (PTX), phospho-

ipase C antagonist and 2-APB, showed that in OLN-93 cells
i) the calcium signaling cascade from PAR-1 was mediated
hrough PTX-insensitive G proteins, (ii) activation of phos-
holipase C and liberation of InsP3 were events upstream of
he Ca2� release from the stores. In addition, the present
tudy analyzed PAR-1 desensitization caused by exposure to
hrombin, trypsin, and PAR-1 activating peptide, elucidated
he influence of the protease cathepsin G on PAR-1 activa-
ion, and also characterized PAR-1 desensitization. This is
he first study, which shows that OLN-93 oligodendrocytes
unctionally express PAR-1, and identifies the receptor cou-

Corresponding author. Tel: �49-391-671-3088; fax: �49-391-671-3097.
-mail address: georg.reiser@medizin.uni-magdeburg.de (G. Reiser).
bbreviations: AP, activating peptide; bp, base pair; CNP, 2�,3�-cyclic
ucleotide 3�-phosphodiesterase; DMEM, Dulbecco’s Modified Eagle
edium; GAPDH, glyceraldehyde phosphate dehydrogenase;
YPGKF, H-Gly-Tyr-Pro-Gly-Lys-Phe-OH, (mouse protease-acti-
ated receptor-4 activating peptide); HBS, HEPES-buffered saline; IL,
nterleukin; InsP3, inositol 1,4,5-trisphosphate; PARs, protease-
ctivated receptors; PLC, phospholipase C; PTX, pertussis toxin;
T-PCR, reverse transcription-polymerase chain reaction; SLIGRL,
-Ser-Leu-Ile-Gly-Arg-Leu-OH (rat PAR-2 activating peptide);
FRGAP, H-Thr-Phe-Arg-Gly-Ala-Pro-OH (human PAR-3 activating
eptide); TRag, Ala-pFluoro-Phe-Arg-Cha-HomoArg-Tyr-NH2 (syn-

hetic thrombin receptor agonist peptide); U73122, phospholipase C
ntagonist; U73343, inactive analog of U73122; YFLLRNP, �-throm-
in (protease-activated receptor-1) antagonist peptide; 2-APB, 2-
minoethoxydiphenylborate (non-competitive InsP3 receptor antago-
eist).

306-4522/04$30.00�0.00 © 2004 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2004.03.024
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ling to mobilization of intracellular calcium. Moreover, the
xpression of PAR-1 was demonstrated by RT-PCR in pri-
ary oligodendrocytes from rat brain. © 2004 IBRO. Pub-

ished by Elsevier Ltd. All rights reserved.

ey words: thrombin, trypsin, protease-activated receptors,
alcium signaling, cathepsin G.

hrombin, a glycosylated trypsin-like serine protease, is
ormed from prothrombin, which is mainly synthesized by
he liver and secreted into the bloodstream. Previous data
howed that thrombin might be produced locally in the
rain (Dihanich et al., 1991). Thrombin level are upregu-

ated in the CNS after brain injury, such as a primary
ntracerebral hemorrhage and brain trauma (Xi et al.,
003). After global cerebral ischemia prothrombin mRNA
as been found to increase (Riek-Burchardt et al., 2002).
ill now the normal physiological role for thrombin in the
NS is unknown, but some studies have shown that

hrombin, at low concentration acting on thrombin recep-
ors (protease-activated receptors, PARs), induces neuro-
rotection in ischemic and hemorrhagic injury and at high
oncentration causes brain damage (Striggow et al., 2000;
i et al., 2003). Some recent data showed that thrombin by
ctivating PAR-1 induced neurodegeneration of dopami-
ergic neurons in the substantia nigra (Carreno-Muller et
l., 2003) and of neurons affected by focal ischemic situ-
tion (Junge et al., 2003). Moreover, a considerable num-
er of studies have demonstrated that thrombin is an im-
ortant pathophysiological modulator of the inflammatory
esponse in the brain (refs. in Boven et al., 2003; Wang
nd Reiser, 2003). Meanwhile, accumulating evidence has
lso indicated that thrombin and its receptors trigger pro-
ective or apoptotic effects on neurons and glial cells. All
hese results underline the importance of thrombin in reg-
lating pathophysiological processes in the CNS.

PARs belong to the superfamily of G protein-coupled
eceptors. To date, four members of the PAR family have
een identified. PAR-1, PAR-3 and PAR-4 are thrombin re-
eptors; trypsin, as agonist of PAR-2, can activate PAR-1 and
AR-4 (Ishihara et al., 1997; Wang et al., 2002a; Xu et al.,
998). Activation of PARs is initiated through proteolytic
leavage of the extracellular N-terminus of the receptor. This
esults in the generation of a new N-terminal peptide which as

tethered ligand interacts with extracellular loop-2 of the
eceptor to induce intracellular signal transduction (Macfar-
ane et al., 2001; Wang and Reiser, 2003). PARs are ex-
ressed in many tissues by a wide variety of cells, such as

ndothelial cells, platelets, fibroblasts, smooth muscle cells,

ved.
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onocytes, osteoblasts, neurons, glia, and mast cells (Di-
anich et al., 1991; Nishikawa et al., 2000; Strukova, 2001),
here they are involved in several physiological and patho-

ogical processes, including growth and development, mito-
enesis and inflammation. Our previous studies have shown
hat rat astrocytes in primary cultures functionally express all
our types of PARs (Ubl et al., 1998; Wang et al., 2002a).
hus, the roles of PARs in astrocytes are well established

Wang and Reiser, 2003).
Oligodendrocytes, as major glial cells in brain, are

ainly responsible for the formation of myelin in the CNS.
s recently suggested, oligodendrocytes can also provide

rophic support for neuronal survival and function and may
omplement astrocytes in this ability (Du and Dreyfus,
002). In addition, oligodendrocytes are vulnerable to var-

ous insults and their damage strongly affects brain func-
ions (Levine et al., 2001). Thus, oligodendrocytes might
lay an important role in inflammatory diseases such as
ultiple sclerosis (Lassmann, 1998) and other demyelinat-

ng/hypomyelinating disorders (Vela et al., 1998).
Several studies indicate that PARs are instrumental in

nflammation (Cirino et al., 1996; Fiorucci and Distrutti,
002; Seeliger et al., 2003; Vergnolle et al., 1999a;
ergnolle et al., 1999b). The activation of PARs can induce

nflammatory mediators, such as interleukin (IL)-6, IL-8
nd prostaglandin E2, and their release from human respi-
atory epithelial cells (Asokananthan et al., 2002). The
ctivation of PARs can also result in a rise in the intracel-

ular Ca2� concentration in different types of cells, such as
at astrocytes, C6 glioma cells, human respiratory epithe-
ial cells, human platelets and endothelial cells, human
ronchial epithelial cells, and human airway smooth mus-
le cells (Asokananthan et al., 2002; Berger et al., 2001;
olino et al., 1995; Ubl et al., 1998, 2002). The [Ca2�]i

esponse is characterized by two distinct phases, firstly a
ast, transient rise corresponding to the release of Ca2�

rom intracellular stores and secondly, a sustained in-
rease due to entry of Ca2� across the plasmalemma.
ach phase, Ca2� release and entry, can regulate discrete
ellular functions (Moore et al., 1998).

Calcium, an important second messenger, has been
hown to play a role in the regulation of proliferation,
nvasion and metastatic potential in tumor cells (Cole and
ohn, 1994). Moreover, calcium-mediated signaling is one
f the mechanisms by which CNS cells communicate with
ach other and modulate the activity of adjacent cells
Pasti et al., 1997). Presence and possible functions of
ARs in oligodendrocytes are still unclear. The present
tudy is the first report about the expression of PARs in
ligodendrocytes. OLN-93, a permanent oligodendroglia
ell line derived at later stage of differentiation from spon-
aneously transformed cells in primary rat brain glial cul-
ures, resembles primary cultured oligodendrocytes in its
ntigenic and morphological properties (Richter-
andsberg and Heinrich, 1996). These cells show charac-
eristics of immature oligodendrocytes and provide a useful
odel system to study oligodendrocyte functions. The
AR-1-induced calcium signaling pathways were studied

ere in OLN-93 cells. Moreover, the expression of PAR-1 a
as found by reverse transcription-polymerase chain re-
ction (RT-PCR) in primary oligodendrocytes from rat
rain.

EXPERIMENTAL PROCEDURES

aterials

uman thrombin (1 U/ml�15 nM) and human cathepsin G were
urchased from Sigma (Deisenhofen, Germany), trypsin from
oehringer (Mannheim, Germany). The synthetic thrombin recep-

or agonist peptide (TRag, Ala-pFluoro-Phe-Arg-Cha-HomoArg-
yr-NH2), rat PAR-2 activating peptide (AP; SLIGRL, Ser-Leu-Ile-
ly-Arg-Leu), mouse PAR-4 AP (GYPGKF, Gly-Tyr-Pro-Gly-Lys-
he) and the PAR-1 antagonist peptide (YFLLRNP) were
urchased from Neosystem Laboratoire (Strasbourg, France). Hu-
an PAR-3 AP (TFRGAP, H-Thr-Phe-Arg-Gly-Ala-Pro-OH) was

rom Bachem (Heidelberg, Germany). Pertussis toxin (PTX),
73122, U73343 and 2-aminoethoxydiphenylborate (2-APB) were
btained from Calbiochem (La Jolla, CA, USA). Goat polyclonal
ntibodies against PAR-1 (C-18), PAR-2 (C-17), PAR-3 (M-20)

ig. 1. Detection of PAR-1, PAR-2, PAR-3 and PAR-4 in OLN-93 cells
y RT-PCR. One microgram of RNA was reverse-transcribed, and the
esulting cDNA was amplified by PCR for 35 reaction cycles as de-
cribed in Experimental Procedures. OLN-93 cells mainly express
AR-1 and PAR-3, but not PAR-2 and PAR-4. Lane 1 represents a
NA size standard, as indicated. Lanes 2–6 are PCR products using
rimers for PAR-1, PAR-2, PAR-3, PAR-4 and GAPDH, respectively.
he PCR product obtained with the PAR-4 primers (lane 5) is due to
enomic DNA, because the 854 bp fragment contains a 295 bp intron
for detail see text). The PCR experiments were repeated at least three
imes with three different preparations giving identical results.
nd PAR-4 (S-20) were purchased from Santa Cruz (Heidelberg,
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ermany). mAb-46-1 (mouse monoclonal antibody against myelin
rotein CNP (2�,3�-cyclic nucleotide 3�-phosphodiesterase)) was
repared by our laboratory (Reiser et al., 1994). Alexa 488 rabbit
nti-mouse IgG antibody, Alexa 555 donkey anti-goat IgG anti-
ody and Fura-2/AM were from Molecular Probes (Eugene, OR,
SA). The cell culture medium was from GIBCO/BRL (Eggen-
tein, Germany) except for fetal calf serum, penicillin and strep-
omycin which were from Biochrom (Berlin, Germany).

ell culture

ligodendroglial cultures were prepared from the flasks after 6–8
ays as previously described (Richter-Landsberg and Vollgraf,
998). Briefly, O-2A progenitors, growing on the astrocytic cell

ayer, were separated by vigorous shaking (for 16 h at 240 r.p.m.)
nd taken off. Precursor cells were replated on poly-L-lysine-
oated culture dishes (3�106 cells/10-cm dish) and kept for 7 up
o 12 days in serum-free Dulbecco’s Modified Eagle medium
DMEM) to which insulin (5 �g/ml), transferrin (5 �g/ml), and
odium selenite (5 ng/ml; Boehringer) was added. Cells were
ultured at 37 °C in a CO2 atmosphere. Growth medium was
hanged twice a week.

The OLN-93 cell line was derived from rat brain glial cultures
Richter-Landsberg and Heinrich, 1996). OLN-93 cells were
rown in DMEM containing 10% heat-inactivated fetal calf serum,
0 U/ml penicillin and 50 �g/ml streptomycin at 37 °C and 10%
O2.

NA isolation and RT-PCR

otal RNA was isolated from cultured OLN-93 cells or cultured
rimary oligodendrocytes with RNeasy mini kit from Qiagen
Hilden, Germany). One microgram of RNA was reverse-
ranscribed using Omniscript RT kit, and the resulting cDNA was
mplified by PCR for 35 reaction cycles using HotStarTaq Master

ig. 2. Expression of PARs in primary rat oligodendrocytes cultured
or different periods of time by RT-PCR. RNA isolated from primary
ligodendrocytes at various times of differentiation (6 h, 1 day, 5 days,
days and 12 days) was reverse-transcribed and the resulting cDNA
as used as templates to check PAR-1, PAR-2, PAR-3 and PAR-4
xpression. Primary oligodendrocytes express PAR-1. The PCR ex-
eriments were repeated at least three times with two different prep-
rations giving identical results.
ix kit. The primers used were as follows: PAR-1, forward 5� r
CTATGAGACAGCCAGAATC 3�, reverse 5� GCTTCTTGACCT-
CATCC 3�; PAR-2, forward 5� GCGTGGCTGCTGGGAGGTATC
�, reverse 5� GGAACAGAAAGACTCCAATG 3�; PAR-3, forward
� GTGTCTCTGCACACTTAGTG 3�, reverse 5� ATAGCA-
AATACATGTTGCC 3�; PAR-4, forward 5� GGAATGCCA-
ACGCCCAGCATC 3�, reverse 5� GGTGAGGCGTTGACC-
CGCA 3�; glyceraldehyde phosphate dehydrogenase (GAPDH),
s a control, forward 5� GTGAAGGTCGGTGTCAAC 3�, reverse
� CAACCTGGTCCTCAGTGTAGC 3�. PCR cycles were per-

ormed as follows: denaturation at 95 °C for 15 min; then dena-
uration at 94 °C for 60 s, annealing at 51 °C (GAPDH), 55 °C
PAR-1 and PAR-3), 59 °C (PAR-2) or 64 °C (PAR-4) for 90 s, and
xtension at 72 °C for 30 s for 35 cycles; finally additional exten-
ion at 72 °C for 10 min.

etection of PARs by immunofluorescence

LN-93 cells were cultured on poly-L-lysine-coated glass cover-
lips. After washing with PBS, cells were fixed with 4% parafor-
aldehyde for 20 min at room temperature. For intracellular stain-

ng paraformaldehyde-fixed cells were pretreated with 0.2% Triton
-100 in PBS containing 3% BSA for 60 min. Thereafter, cells
ere incubated with first antibody against PARs (30 �g/ml) and
NPase (18 �g/ml) for 120 min. After washing, cells were incu-
ated with the second antibody (Alexa 488 rabbit anti-mouse IgG
ntibody and Alexa 555 donkey anti-goat IgG antibody, 20 �g/ml)
or 120 min. After further washing, coverslips were fixed and
ounted with Aquatex. To check the specificity, the antibodies
gainst PAR-1, PAR-2, PAR-3 and PAR-4 were preincubated with
ntigen blocking peptides specific for each antibody at room tem-
erature for 2 h in a five-fold (by weight) excess of antigen to
ntibody. Whole mounts were examined with a LSM510 confocal

aser scanning microscope (Carl Zeiss, Jena, Germany).

ytosolic calcium measurement

he free intracellular Ca2� concentration ([Ca2�]i) was deter-
ined using the Ca2� sensitive fluorescent dye Fura-2/AM. For
ye loading the cells grown on a coverslip were removed from the
ulture dish and placed in 1 ml HEPES-buffered saline (HBS) for
0 min at 37 °C, supplemented with 2 �M Fura-2/AM. The com-
onents of HBS are as follows (in mM): NaCl 145, KCl 5.4, MgCl2
.8, glucose 25, HEPES 20, pH 7.4 adjusted with Tris (hydroxy-
ethyl) aminomethane. Loaded cells were transferred into a per-

usion chamber with a bath volume of about 0.2 ml and mounted
n an inverted microscope (Zeiss; Axiovert 135). During the ex-
eriments the cells were continuously superfused with medium
eated to 37 °C.

Single-cell fluorescence measurements of [Ca2�]i were per-
ormed using an imaging system from TILL Photonics GmbH
Munich, Germany). Cells were excited alternately at 340 nm and
80 nm for 30–100 ms at each wavelength with a rate of 0.33 Hz
nd the resultant emission was collected at �510 nm. Images
ere stored on a personal computer; the changes in fluorescence

atio (F340 nm/F380 nm) were subsequently determined from se-
ected regions of interest covering single OLN-93 cell.

tatistical analysis

tatistical evaluation was carried out using Student’s t-test and
unnett’s multiple comparison test, and P�0.05 was considered
ignificant. Data are given as means	S.E.M.

RESULTS

T-PCR detection of PARs in oligodendrocytes

o identify mRNA encoding PARs, mRNA was extracted,

everse transcribed and the resulting cDNA was subjected
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o RT-PCR. We used specific primers to amplify PAR-1,

ig. 3. Characterizations of indirect immunofluorescence staining for
rotein marker CNPase in OLN-93 cells. OLN-93 cells were double sta
ntibody and CNPase antibody, as indicated by the respective labe
embrane, while PAR-2 and PAR-4 were not expressed. The bottom t
reincubation with the respective blocking peptide (BP); further control
re given. The experiments were repeated at least three times with th
AR-2, PAR-3 and PAR-4 cDNA from OLN-93 cells. Glyc- p

raldehyde phosphate dehydrogenase (GAPDH, 835 base

of PAR-1, PAR-2, PAR-3 and PAR-4 together with oligodendrocyte
respective PAR-1 (C-18), PAR-2 (C-17), PAR-3 (M-20), PAR-4 (S-20)
1 and PAR-3 were clearly colocalized with CNPase on the plasma
represent control experiments: the immunostaining can be blocked by

primary antibody (without Ab I) or secondary antibody (without Ab II)
rent preparations.
presence
ined with
ls. PAR-
wo rows
s omitting
ree diffe
airs [bp]) was taken as control for the RT-PCR conditions.
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he data in Fig. 1 show that OLN-93 cells mainly express
AR-1 (355 bp) and PAR-3 (581 bp), while PAR-2 (742 bp)
nd PAR-4 (559 bp) are not expressed. The identity of all
CR products was confirmed by sequencing analysis. The

ig. 4. Ca2� responses induced by thrombin, trypsin and APs of PAR
f the free cytosolic Ca2� concentration indicated by the fluorescence
00 nM trypsin (B), 5 �M TRag (C) and 500 �M SLIGRL, TFRGAP and
esponses from at least 10 single cells measured in a single experime
equences of PAR-1 and PAR-3 PCR products are iden- P
ical to the sequences published in the Genbank (Genbank
ccession number: NM_012950 for rat PAR-1; AF310076
or rat PAR-3).

Previous analysis of the genes encoding PAR-1,

-93 cells. Cells were loaded with Fura-2/AM to measure the changes

0 nm/F380 nm). The time periods of application of 0.5 U/ml thrombin (A),
F (D–F) are indicated by the respective bars. The traces are the mean
elay in the onset of the response is caused by the perfusion system.
s in OLN
ratio (F34

GYPGK
nt. The d
AR-2, PAR-3 and PAR-4 revealed that all these genes in
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ouse and human have two exons, which are separated
y one intron. The introns of PAR-1 and PAR-2 are about
0–15 kb long, while the size of the PAR-3 intron is about
.5 kb. However, the PAR-4 intron is much shorter. The
uman PAR-4 intron is 274 bp; the mouse PAR-4 intron is
nly 247 bp. The human PAR-4 intron is inserted at D37

esidue, which is identical to the position E38 of the mouse
ntron (Kahn et al., 1998). Thus, the PAR-4 intron is more
asily amplified from genomic DNA compared with the

ntrons of the other PARs. In our experiments (Fig. 1), the
equence of the PCR product obtained with PAR-4 primers
ontains 854 bp. Within this sequence, 559 bp are identical
o the rat PAR-4 mRNA sequence (Genbank accession
umber: AF310216). In addition, there is an insert of 295
p at residue E37, which is in the identical position as the
uman and mouse intron in the respective gene. Thus, this

nsert sequence corresponds to the hitherto unknown se-
uence of rat PAR-4 intron which we determined for the
rst time here (the novel sequence is in Genbank, acces-
ion number AY517481). The intron sequence is shown
ere, as follows from 56 to 350 (exon sequence in bold,

talic characters).
51 CCAAG GTGAG TGACTGTGTC TCTTGAAGGG

TGGATCAGA AATGGAGCTA
101 CTGCTGAGCA GGCTTACAGT CTTGGATCCC

AAGCCCCCA TGCCTTTGGG
151 GCTGGGCTGT ATCCTTCCAT TCACCAGCCC

GGGTTCCTG AGTGCTGGAG
201 TGGGGAGGCT TAGGCACCCA CAATACCTAA

ACGCTCAAG GTCATTCTCC
251 CTTCATCTTG TATCCCTAAA GGCAGGGCAG

GCAGGGCAG GGCAGGGCAG
301 GGCAGGGCAG GGCAGGGAAG GGATT-

ACTG ATGTCCCCTC TCTCCCACAG

ig. 5. Concentration-effect curves for [Ca2�]i response induced by
hrombin, TRag and trypsin in OLN-93. The concentration-effect
urves display Ca2� response amplitudes given by the respective
aximum change in the fluorescence ratio (
 F340 nm/F380 nm) which is

een after a brief stimulation (60 s) of OLN-93 cells with agonists at
ifferent concentrations. The data points represent the mean	S.E.M.
f 50–130 cells from three different experiments and two different
reparations.
351 AAGCCTCTCT a
Thus, the 854 bp band was amplified from genomic
NA template, but not from cDNA. To make this clear, we
dditionally used mRNA from OLN-93 cells, which was not
everse transcribed, as template to carry out PCR. Again
he PCR product of 854 bp was obtained (data not shown).
hese results indicate that the PAR-4 gene in the OLN-93
ells is silent.

To compare the expression of PARs in the OLN-93 cell
ine with that of cultured oligodendrocytes derived from rat
rain, we checked the expression of PARs mRNA in pri-
ary oligodendrocytes at various times of differentiation (6
, 1 day, 5 days, 7 days and 12 days). The expression of
ARs was investigated in cell homogenates of oligoden-
rocytes. Oligodendrocyte precursor cells were separated
rom astrocytes, replated and incubated for the indicated
imes (6 h to 12 days). During the first week in culture
recursor cells (6 h), characterized by their bipolar mor-
hology, differentiate into oligodendrocytes with numerous
ellular processes, expressing all major myelin specific
roteins (Gorath et al., 2001). We found that oligodendro-
ytes at all those developmental stages analyzed express
AR-1, while the other three types of PAR could not be
etected when we used the same PCR program (35 cy-
les) which we also used for OLN-93 cells (data in Fig. 2).
owever, when the number of PCR cycles in the program
as increased to 40, PAR-2 and PAR-3 could also be
etected (data not shown). These results suggest that
rimary cultured oligodendrocytes mainly express PAR-1,
nd to a lesser extent PAR-2 and PAR-3.

etection of PARs by immunofluorescence

ndirect immunofluorescence was carried out to study pro-
ein expression of PARs in OLN-93 cells, using specific
ntibodies against PAR-1, PAR-2, PAR-3 and PAR-4 and
monoclonal CNPase antibody (Reiser et al., 1994). The

atter is a marker for oligodendrocytes. Controls were
ade by omission of the primary antibodies or secondary
ntibodies. As negative controls PAR antibodies preincu-
ated with specific antigen-blocking peptides were used.
ig. 3 demonstrates that PAR-1 and PAR-3 are present on

he cell surface of OLN-93 cells and colocalize with
NPase. PAR-2 and PAR-4 are not expressed. No stain-

ng was observed in the control experiments.

AR-mediated Ca2� mobilization in OLN-93 cells

n order to study the functional implications of PARs for
ligodendroglial cells, we stimulated OLN-93 cells with 0.5
/ml thrombin (approximately 7.5 nM), 100 nM trypsin,
�M thrombin receptor agonist (TRag; PAR-1 agonist;

eng et al., 1995), 500 �M mouse and rat PAR-2 AP
peptide sequence: SLIGRL), 500 �M human PAR-3 AP
peptide sequence: TFRGAP) and 500 �M mouse PAR-4
P (peptide sequence: GYPGKF) for 60 s. Thrombin, tryp-
in and TRag induced a significant [Ca2�]i rise (Fig. 4A–
). PAR-2 AP and PAR-4 AP, however, had no effect on

Ca2�]i mobilization in OLN-93 cells (Fig. 4D, F). These
esults suggest that OLN-93 cells do not express detect-

ble PAR-2 and PAR-4, which is consistent with the RT-
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CR results. Human PAR-3 AP (TFRGAP), a peptide spe-
ific for human PAR-3, not for rat PAR-3, caused only very
ow amplitude calcium transients (Fig. 4E). However, until
ow the possible tethered ligand domain of rat PAR-3 is
ot yet clear. Other possibilities are that OLN-93 cells do
ot express functional PAR-3, or alternatively that PAR-3,
hich has been hypothesized to function as a chaperone

or PAR-4 rather than a signaling receptor (Nakanishi-
atsui et al., 2000), may play a different role.

Fig. 5 represents the concentration-effect curves for
hrombin, trypsin and TRag in OLN-93 cells. The points
ould be fitted by single sigmoidal curves, with EC50 val-
es of 1.2 nM for thrombin, 17 nM for trypsin and 1.6 �M
or TRag.

esensitization of PAR-1 and ligand cross-reactivity
n OLN-93 cells

n order to study the desensitization of PARs in OLN-93
ells, we stimulated cells for a second time with proteases
test pulse of 60 s), at 5 min interval after the first stimulus
pre-pulse of 60 s). Fig. 6 A–F demonstrates six alternative
ays to stimulate cells consecutively with thrombin, trypsin
nd TRag. We analyze the mutual influence of stimulation
y proteolysis or by peptide application.

The results of the experiments exemplified in Fig. 6 are
ummarized in Fig. 7. They indicate that a first proteolytic
timulation with either thrombin or non-proteolytic stimula-
ion with TRag reduced the amplitude caused by thrombin
s second agonist only by 41% and 49%, respectively.
owever, a second addition of thrombin after a pre-pulse
hallenge with trypsin reduced the calcium transient to a
uch larger degree (by 80%). When the second pulse (test
ulse) contained trypsin, after firstly stimulating non-
roteolytically with TRag, the calcium response was re-
uced weakly (by 28%), while the application of trypsin by
he test pulse after first proteolytic stimulation with throm-
in or trypsin caused a largely reduced intracellular cal-
ium response (by 73% and 80%, respectively).

Cathepsin G is a neutrophil-derived protease that has
een shown to inhibit the effects of thrombin on some cells
xpressing thrombin receptors, while acting as an agonist
n some other cells, and hence has cell type specific
ffects (Molino et al., 1995). To further clarify desensitiza-

ion and cross-reactivity of PAR-1 in OLN-93 cells, we
sed cathepsin G (0.01 U/ml) as first agonist (pre-pre-
ulse) to stimulate cells, and then after a second agonist
pre-pulse) of trypsin (100 nM), thrombin (0.5 U/ml) was
mployed as third agonist (test pulse; Fig. 8A). In addition,
e also studied desensitization of PARs in other ways. The
ummary of the results is presented in Fig. 8B. Our exper-
ments show that cathepsin G caused only very limited or
egligible intracellular calcium mobilization, but it signifi-
antly reduced the amplitude induced by secondly adding
hrombin, trypsin or TRag, by 41%, 20% and 33%, respec-
ively (Fig. 8B). This indicates that cathepsin G cannot
ctivate PARs in OLN-93 cells by itself, but it cleaves
ARs at some site which affects the responsiveness that

an be elicited by the agonists thrombin, trypsin and TRag. b
To evaluate the differences in desensitization caused
y either three or two successive pulses of different ago-
ists, the most important results are presented as a nu-
erical comparative overview in Table 1. Data in Table 1

how that cathepsin G reduced the calcium responses
nduced by test pulses of thrombin, trypsin and TRag after
espective pre-pulses to a different degree. The pre-pulse
f trypsin reduced the calcium response induced by a test
ulse of thrombin by 80%. The reduction was similar after
re-pre-pulse of cathepsin G and pre-pulse of trypsin
76%). Thrombin as pre-pulse abolished the trypsin-
nduced calcium response by 73%, which is similar to the
ffects of cathepsin G and thrombin as two consecutive
re-pulses abolishing the trypsin-induced calcium re-
ponses (by 68%). In addition, the non-proteolytic stimu-

ation with TRag reduced thrombin-induced calcium re-
ponses only by 49%. Similarly, consecutive challenges
ith cathepsin G and TRag also suppressed the thrombin-

nduced calcium response only by 44%.
However, the amplitude induced by trypsin as third

timulus (test pulse) after consecutive cathepsin G and
Rag stimuli was reduced by 62%. This was significantly
ore than the degree of desensitization of the response to

rypsin by a preceding application of TRag (by 28%). Thus,
athepsin G has no effect on the calcium responses in-
uced by the addition of thrombin as a third pulse, given
fter a pre-pulse of TRag or trypsin. However, cathepsin G
ad a remarkable reducing effect on a test pulse of trypsin
fter TRag stimulation. This potentiation was not seen after
hrombin pre-pulse stimulation.

lucidation of the signaling mechanism of PAR-1-
nduced Ca2� rise

o study the calcium source for the transient intracellular
alcium rise, we compared the amplitude induced by
hrombin, trypsin and TRag in the presence of extracellular
a2� (1.8 mM CaCl2) and in its absence (no CaCl2 added).
mission of extracellular Ca2� reduced the amplitude in-
uced by thrombin, trypsin and TRag by 31%, 25% and
5%, respectively (Fig. 9). These results indicate that ele-
ation of intracellular calcium induced by PARs mainly
esults from Ca2� release from intracellular stores, and
nly to a small extent (15%–30%) from Ca2� influx.

One major aim of this study is to investigate whether
he intracellular calcium response in OLN-93 cells is gen-
rated through PAR-1 activation or through both PAR-1
nd PAR-3 activation. In this experiment, we preincubated
ells with the thrombin receptor (PAR-1) antagonist (YFLL-
NP, 200 �M) during the 30 min Fura-2/AM loading pe-

iod, and then studied the [Ca2�]i responses induced by
hrombin, trypsin and TRag. Fig. 10 shows that YFLLRNP
educed the [Ca2�]i responses induced by thrombin, tryp-
in and TRag by 94%, 88% and 96%, respectively. These
esults suggest that the [Ca2�]i responses induced by
hrombin, trypsin and TRag are almost exclusively due to
ctivation of PAR-1, but not of PAR-3. Whether rat PAR-3
an be activated by thrombin needs further investigations.

It is well known that PTX can inactivate the Gi/Go family

ut does not affect Gs, Gq and G12/13. To study whether in
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ligodendrocytes the signaling cascade from PAR-1 is
ediated through the Gi/Go family or other G proteins,

ig. 6. [Ca2�]i responses in OLN-93 cells induced by two successive s
ndicated by the fluorescence ratio (F340 nm/F380 nm). The traces in A,

min after a first addition (pre-pulse) of 0.5 U/ml thrombin, 100 nM
esponses to 100 nM trypsin (test pulse), obtained at 5 min after the fi
espectively. The traces are the mean responses from at least 10 singl
s caused by the perfusion system.
ells were preincubated with PTX (200 ng/ml) for 24 h a
efore the stimulation. As shown in Fig. 10, the increase of
ntracellular calcium evoked by thrombin and trypsin was

s with different agonists of PARs. The traces give the Ca2� responses
how [Ca2�]i responses to 0.5 U/ml thrombin (test pulse), obtained at
r 5 �M TRag, respectively. The traces in C, D and F show [Ca2�]i
ation (pre-pulse) of 100 nM trypsin, 0.5 U/ml thrombin or 5 �M TRag,
asured in a single experiment. The delay in the onset of the response
timulation
B and E s
trypsin o

rst applic
e cells me
ttenuated by only 33% and 16%, respectively. But PTX
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ad virtually no effect on the [Ca2�]i response induced by
Rag. These results indicate that the calcium signaling
ascade from PAR-1 was mediated mainly through PTX-
nsensitive G proteins.

Previous data already showed that PARs activate
hospholipase C (PLC), which converts membrane bound
hosphatidyl inositol (4,5)-bisphosphate into inositol

risphosphate (InsP3) and diacylglycerol. InsP3 diffuses
nto the cytoplasm and triggers release of Ca2� from the
ndoplasmic reticulum by binding to InsP3 receptors
Wang et al., 2002b). To determine whether PLC and
nsP3 are upstream factors of the Ca2� release from the
tores, cells were superfused with 5 �M U73122 (PLC
ntagonist), U73343 (an inactive analog of U73122), and
00 �M 2-APB (InsP3 receptor antagonist) for 5 min before

he stimulation. The thrombin-induced [Ca2�]i responses
nd trypsin-induced [Ca2�]i responses were both blocked
y U73122 by 60% and 46%, respectively. Surprisingly,
Rag-induced [Ca2�]i response was blocked very weakly
only by 14%), as shown in Fig. 10. The inactive analog
73343 had no effect on [Ca2�]i mobilization in OLN-93
ells. These results implicate that thrombin, trypsin and
Rag induced the [Ca2�]i responses at least in part via the
LC activation. 2-APB, a non-competitive antagonist of the

ntracellular InsP3 receptor, almost completely inhibited the
Ca2�]i responses induced by thrombin, trypsin and TRag.
hese results are consistent with the data determining the
ource of calcium (Fig. 9).

DISCUSSION

ARs have already been demonstrated on neurons, astro-
ytes and microglia cells. In peripheral and central neurons,
ARs possibly are involved not only in neurogenic inflamma-

ig. 7. [Ca2�]i responses in OLN-93 cells induced by two successive
re-pulse and test pulse successively, as shown in Fig. 6. The bars rep
fter the test pulse (60 s). The composite results present the mean	S
xperiments and two different cell preparations. The statistical signific
ontrol response; ## P�0.01 for the trypsin control response, by Dunn
ion and neurodegenerative processes, but also in nocicep- e
ion (Vergnolle et al., 2001). Also, PAR-1 determines the
ffects of thrombin on cell morphology, calcium mobilization,
nd caspase-mediated apoptosis (Smirnova et al., 2001). In
icroglia cells, PAR-1 directly contributes to thrombin-in-
uced microglial proliferation and participates in thrombin-
ediated microglia activation, where it induces a rapid in-

rease in [Ca2�]i (Moller et al., 2000; Suo et al., 2002). In
strocytes, PARs can modulate cell proliferation via acti-
ation of the extracellular signal-regulated kinase (ERK)
athway (Wang et al., 2002b; Wang and Reiser, 2003).

In contrast to astrocytes, which functionally express all
our types of PARs (Wang et al., 2002a), OLN-93 oligo-
endroglial cells functionally express PAR-1, whereas
AR-3 seems to be expressed without apparent functional
ctivity. These results were further supported by indirect

mmunofluorescence data, which demonstrate the distinct
resence of PAR-1 and PAR-3 protein on the cell surface
f OLN-93 cells in colocalization with CNPase. CNPase is
n oligodendroglial marker which in the CNS is predomi-
antly found in the CNS myelin in the oligodendroglia
embrane, in paranodal segments and in periaxonal re-
ions (Muraro et al., 2002). Furthermore, primary oligoden-
rocytes only express PAR-1.

In the present study, results from cytosolic Ca2� mea-
urements proved that thrombin, trypsin and TRag mobi-

ized intracellular free Ca2�, but APs of PAR-2 and PAR-4
ould not cause intracellular free Ca2� mobilization. Hu-
an PAR-3 AP (TFRGAP) induced a very small calcium

esponse, with an amplitude (
 F340 nm/F380 nm) of only
bout 0.02. In contrast, our previous data had shown that
FRGAP was considerably more effective in inducing
a2� signaling in astrocytes (Wang et al., 2002a).

Results from the desensitization assay (Fig. 7) and

ions with different agonists of PARs. OLN-93 cells were treated with
e maximum change in the fluorescence ratio (
 F340 nm/F380 nm) seen
n single cells (number of cells) measured from at least three different
el for difference from control is given as: ** P�0.01 for the thrombin
tiple comparison test.
stimulat
resent th
.E.M. of
ance lev
xperiments with the PAR-1 antagonist peptide YFLLRNP
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Fig. 10) prove that thrombin activates PAR-1, but not
AR-3 in OLN-93 cells. Trypsin, the agonist of PAR-2, can
imilarly activate PAR-1. It still remains unknown whether
hrombin can activate rat PAR-3 or not. Rat PAR-3 has a
lutamyl residue at position P1 of the cleavage site (Owen,
003), which makes hydrolysis by thrombin very unlikely at
ll. This suggests that rat PAR-3 cannot be activated by
hrombin. In addition, the concept was put forward that
AR-3 is a non-signaling cofactor, aiding the activation of
AR-4 by thrombin in mouse platelets (Nakanishi-Matsui
t al., 2000).

A major aim of the present study was to investigate
esensitization of PARs in OLN-93 cells by thrombin, tryp-
in and cathepsin G. It is established that trypsin cleaves

ig. 8. [Ca2�]i responses in OLN-93 cells induced by three successiv
n A shows the Ca2� response indicated by the fluorescence ratio (
uorescence ratio (
 F340 nm/F380 nm) seen with the test pulse. (A) OL
ollowed by second addition of 100 nM trypsin (pre-pulse), then cells w
ere first exposed to 0.01 U/ml cathepsin G (Cat G; pre-pre-pulse), f
ells were stimulated by third agonist (test pulse) 0.5 U/ml thrombin, o
fter first addition of 0.01 U/ml cathepsin G (pre-pre-pulse), 3–5 min
ean	S.E.M. of n single cells (numbers of cells given above the res
ifferent cell preparations. The statistical significance level for differ
#P�0.01 for the trypsin control response; �� P�0.01 for the TRag c
eptides C-terminally to Arg or Lys residues, and that it c
refers Gly or Pro residues in P2 position (Zhao et al.,
003). Sequence analysis of rat PAR-1 revealed two po-
ential cleavage sites for trypsin: Pro44-Arg45 and Gly76-
rg77. The data in Fig. 7, Fig. 8 and Table 1 show that the
roteases thrombin and trypsin both induce a similar de-
ree of calcium mobilization in OLN-93 cells. However,
rom the thrombin-induced Ca2� responses, it seems that
pre-pulse of trypsin induces a larger desensitization than
pre-pulse of thrombin does. This difference was similarly

een in our previous results obtained with rat astrocytes
Ubl et al., 1998). Surprisingly, trypsin stimulation after the
re-pulse addition of thrombin shows a comparably large
esensitization as trypsin stimulation after the pre-pulse
hallenge with trypsin. The reason might be that trypsin

tions with cathepsin G, thrombin, trypsin or TRag. The example trace

380 nm), the bars in chart B represent the maximum changes in the
s were first exposed to 0.01 U/ml cathepsin G (cat G; pre-pre-pulse),
lated by third agonist 0.5 U/ml thrombin (test pulse). (B) OLN-93 cells
y second addition (pre-pulse) of 100 nM trypsin or 5 �M TRag, then
ere exposed to 0.5 U/ml thrombin or 5 �M TRag (pre-pulse) 3–5 min
r 100 nM trypsin (test pulse) were added. The data shown are the
olumn) measured from at least three different experiments and two
control is given as: ** P�0.01 for the thrombin control response;

ponse, by Dunnett’s multiple comparison test.
e stimula
F340 nm/F
N-93 cell
ere stimu
ollowed b
r cells w
thereafte
pective c

ence from
an cleave rat PAR-1 at the two positions indicated above.
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f trypsin cleaves at position Pro44-Arg45, it unmasks the
-terminal tethered ligand domain, and thus activates
AR-1 and causes calcium mobilization. However, cleav-
ge at Gly76-Arg77 will result in inactive PAR-1, which
annot cause the calcium mobilization.

Cathepsin G has been shown to have two apparently
ontradictory effects. In some cells that express thrombin
eceptors, including platelets (LaRosa et al., 1994; Molino
t al., 1992) and porcine aortic endothelial cells (Totani et
l., 1994), cathepsin G acts as an agonist causing [Ca2�]i
obilization. In contrast, in human umbilical vein endothe-

ial cells (Weksler et al., 1989) and fibroblasts (Selak,
994), cathepsin G has no agonist effect. Binding studies
howed that cathepsin G cleaves the human thrombin

able 1. Desensitization of [Ca2�]i responses to thrombin, trypsin, TR

irst agonist
pre-pre-pulse)

Second agonist
(pre-pulse)

Third ago
(test puls

b – Thrombin
trypsin thrombin

athepsin G trypsin thrombin
TRag thrombin

athepsin G TRag thrombin
– trypsin
thrombin trypsin

athepsin G thrombin trypsin
TRag trypsin

athepsin G TRag trypsin

The responses induced by thrombin (0.5 U/ml) or trypsin (100 nM) onl
timulated successively by two or three different agonists. As shown i
est pulse), or as shown in Fig. 8B, cells were treated by three succ
re-pre-pulse), with a following stimulation of thrombin (0.5 U/ml), tryps
gonist (thrombin or trypsin) as test pulse. Each stimulation lasted for
re the mean	S.E.M. measured from at least three different experim
ifference from control is given as: ** P�0.01 for the thrombin con
0.7791	0.0415), by Dunnett’s multiple comparison test.
–, indicates application of buffer without agonist.

ig. 9. [Ca2�]i responses induced by thrombin, trypsin and TRag in
he presence or absence of extracellular calcium. The bars represent
he maximum changes in the fluorescence ratio (
 F340 nm/F380 nm)
een after respective agonist stimulation. The values are the
ean	S.E.M. of n single cells measured from at least three different
xperiments and two different cell preparations. ** P�0.01 for the
pespective control response, by t-test.
eceptor at three sites: Arg41-Ser42, Phe43-Leu44, and
he55-Trp56 (Molino et al., 1995). Previously it has already
een shown that cathepsin G might cleave C-terminally to
ys, Phe, Arg and Leu, and that cathepsin G prefers a Pro
esidue in P2 position (Polanowska et al., 1998). Several
ossible potential cathepsin G cleavage sites are present

n the rat PAR-1 sequence: Arg45-Ser46, Leu62-Gly63 and
eu74-Glu75. Cleavage at Leu62-Gly63 and Leu74-Glu75

ould account for the inhibition of receptor activation by
hrombin, while cleavage at Arg45-Ser46 would result in
eceptor activation. It has already been demonstrated that
athepsin G can activate different types of PARs (Sam-
rano et al., 2000).

Our results show that cathepsin G has no effect of its
wn on Ca2� release. Moreover, cathepsin G reduced the
alcium responses induced by a second stimulation (test
ulse) with thrombin, trypsin or TRag to a different degree
Fig. 8). Thus, we conclude that cathepsin G probably
artially cleaved PAR-1 of OLN-93 cells at sites, which
ight result in inhibition of the effects of thrombin, trypsin
nd Trag. However, cathepsin G did not affect the reduc-
ion of the calcium responses induced by the addition of
hrombin and trypsin as third agonist (test pulse), given
fter a pre-pulse of the other proteases (Fig. 8 and Table
). The only striking effect was seen when trypsin was
iven as the test pulse after cathepsin G (pre-pre-pulse)
nd TRag (pre-pulse) challenges. The desensitization of
2% achieved in that case was much more than that

nduced by a TRag pre-pulse before a trypsin test-pulse
28%). This potentiation seems to be due to a still not yet
learly identified cleavage site of cathepsin G in rat PAR-1.

It has been well established in our previous analysis
hat in astrocytes the signaling cascade from PAR-1 to the
RK pathway is mediated through PTX-sensitive as well
s PTX-insensitive G proteins (Wang et al., 2002b). In the

athepsin G in OLN-93 cellsa

Amplitude (
 F340 nm/F380 nm) Desensitization
(%)

0.8523	0.0372 (63) –
0.1669	0.0114 (64)** 80
0.2033	0.0145 (67)** 76
0.4324	0.0252 (90)** 49
0.4793	0.0431 (29)** 44
0.7791	0.0415 (85) –
0.2102	0.0247 (44)## 73
0.2667	0.0299 (64)## 68
0.5630	0.0230 (71)## 28
0.2933	0.0230 (54)## 62

garded as control. For desensitization experiments OLN-93 cells were
OLN-93 cells were exposed to two successive pulses (pre-pulse and
timuli. Cells were firstly exposed to human cathepsin G (0.01 U/ml;
M) or TRag (5 �M; pre-pulse), then cells were stimulated with the third
e number of cells tested is indicated in parentheses. The data shown

two different cell preparations. The statistical significance level for
onse (0.8523	0.0372); ## P�0.01 for the trypsin control response
ag and c

nist
e)

y were re
n Fig. 6,
essive s
in (100 n
1 min. Th
ents and
trol resp
resent study, we found that in OLN-93 oligodendrocytes
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he calcium signaling cascade from PAR-1 was mediated
ainly through PTX-insensitive G proteins.

Our previous data showed that prolonged (30 min)
ncubation with 10 �M U73122 but not with 10 �M of the
nactive analog U73343 completely abolished the trypsin-
voked Ca2� response in the epithelial cell lines (Ubl et al.,
002). In the present study, 10 �M U73122 treatement of
LN-93 cells reduced Ca2� responses induced by throm-
in, trypsin and TRag by 60–70% (data not shown). How-
ver, such high concentration of U73122 will affect basal
a2� mobilization by itself. To avoid this problem, the

ower concentration (5 �M) of U73122 was used in our
tudy. Fig. 10 shows that the PLC antagonist U73122
ignificantly reduced the calcium responses induced by
hrombin, trypsin and TRag. However, the reduction by
73122 was very limited. In addition, the calcium response
aused by TRag was much less reduced than those of
hrombin and trypsin. The narrow inhibitory range of
73122 might be due to the fact that U73122 is not a
elective inhibitor of PLC (see for example Walker et al.,
998). Otherwise PLC activation might depend on the
ode of PAR activation. 2-APB almost completely abol-

shed the calcium responses induced by thrombin, trypsin
nd TRag. These results suggest that liberation of InsP3

as the event upstream of the Ca2� release from the
tores.

To summarize, the present data demonstrate that short-
erm stimulation of OLN-93 oligodendroglial cells with throm-
in, trypsin and PAR-1 AP (TRag) dose-dependently induced
transient rise of [Ca2�]i, which mainly resulted from Ca2�

ig. 10. Effects of thrombin receptor PAR-1 antagonist (YFLLRNP), P
nd TRag. Serum-free OLN-93 cells were preincubated with 200 �M Y

or 5 min before 1 min stimulation by 0.5 U/ml thrombin, 100 nM trypsin
or 24 h prior to 5 min stimulation with agonists; or pre-superfused with
ells were stimulated by the agonists indicated together with U73122

 F340 nm/F380 nm) was measured in single cells. The data shown a
xperiments and two different cell preparations. The statistical signific
ontrol response; ## P�0.01 for the trypsin control response; �� P�0
elease from intracellular stores. Desensitization experi-
ents indicated the influence of cathepsin G on PAR-1
ctivation, and also elucidated the mechanism of rat
AR-1 desensitization. Experiments investigating the ef-

ects of PTX, U73122 and 2-APB, showed that in OLN-93
ells the calcium signaling cascade from PAR-1 was me-
iated through PTX-insensitive G proteins, the activation of
LC and the liberation of InsP3. This is the first study to
how that OLN-93 oligodendrocytes functionally express
AR-1, and that PAR-1 is coupled to the mobilization of

ntracellular calcium. It will be an interesting task for the
uture to clarify the functions of oligodendroglial PAR-1 in
ivo.
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ation of a monoclonal antibody against the myelin protein CNP
(2�,3�-cyclic nucleotide 3�-phosphodiesterase) suitable for bio-
chemical and for immunohistochemical investigations of CNP.
Neurochem Res 19:1479–1485.

ichter-Landsberg C, Heinrich M (1996) OLN-93: a new permanent
oligodendroglia cell line derived from primary rat brain glial cultures.
J Neurosci Res 45:161–173.

ichter-Landsberg C, Vollgraf U (1998) Mode of cell injury and death
after hydrogen peroxide exposure in cultured oligodendroglia cells.
Exp Cell Res 244:218–229.

iek-Burchardt M, Striggow F, Henrich-Noack P, Reiser G, Reymann
KG (2002) Increase of prothrombin-mRNA after global cerebral
ischemia in rats, with constant expression of protease nexin-1 and
protease-activated receptors. Neurosci Lett 329:181–184.

ambrano GR, Huang W, Faruqi T, Mahrus S, Craik C, Coughlin SR
(2000) Cathepsin G activates protease-activated receptor-4 in hu-
man platelets. J Biol Chem 275:6819–6823.

eeliger S, Derian CK, Vergnolle N, Bunnett NW, Nawroth R, Schmelz
M, Von Der Weid PY, Buddenkotte J, Sunderkotter C, Metze D,
Andrade-Gordon P, Harms E, Vestweber D, Luger TA, Steinhoff M
(2003) Proinflammatory role of proteinase-activated receptor-2 in
humans and mice during cutaneous inflammation in vivo. FASEB J
17:1871–1885.

elak MA (1994) Cathepsin G and thrombin: evidence for two different
platelet receptors. Biochem J 297:269–275.

mirnova IV, Citron BA, Arnold PM, Festoff BW (2001) Neuroprotec-
tive signal transduction in model motor neurons exposed to
thrombin: G-protein modulation effects on neurite outgrowth, Ca2�

mobilization, and apoptosis. J Neurobiol 48:87–100.
triggow F, Riek M, Breder J, Henrich-Noack P, Reymann KG, Reiser

G (2000) The protease thrombin is an endogenous mediator of
hippocampal neuroprotection against ischemia at low concentra-
tions but causes degeneration at high concentrations. Proc Natl
Acad Sci USA 97:2264–2269.

trukova SM (2001) Thrombin as a regulator of inflammation and
reparative processes in tissues. Biochemistry (Mosc) 66:8–18.

uo Z, Wu M, Ameenuddin S, Anderson HE, Zoloty JE, Citron BA,
Andrade-Gordon P, Festoff BW (2002) Participation of protease-
activated receptor-1 in thrombin-induced microglial activation.
J Neurochem 80:655–666.

otani L, Piccoli A, Pellegrini G, Di Santo A, Lorenzet R (1994)
Polymorphonuclear leukocytes enhance release of growth factors
by cultured endothelial cells. Arterioscler Thromb 14:125–132.
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