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Abstract

Since oxyhemoglobin (OxyHb) is implicated in the pathogenesis of cerebral vasospasm, we have investigated the role of protein
tyrosine phosphorylation in OxyHb-mediated signalling in canine cerebral arteries and cultured canine cerebrovascular smooth muscle
cells. OxyHb produced a contraction of basilar artery preparations, which was reversed by genistein, an inhibitor of tyrosine kinases, and
PD098059, an inhibitor of mitogen-activated protein kinase. In cerebrovascular smooth muscle cells, OxyHb induced tyrosine
phosphorylation of 42, 46, 54—60 and 80-100 kDa proteins with a time-course which paraleled the contractile action of OxyHb,
suggesting that these events might be functionally linked. The 42 and 60 kDa proteins were immunologically related to the
mitogen-activated protein kinase, extracellular signal regulated protein kinase (ERK2), and to p60% S (c-Src), respectively. The increase
in protein tyrosine phosphorylation was attenuated by genistein, and the phosphorylation of the 42 kDa protein (ERK2) was inhibited by
PD098059. These results suggest that OxyHb-mediated signalling utilizes a protein tyrosine kinase-based mechanism. © 1998 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Oxyhemoglobin (OxyHb) produces a sustained constric-
tion of cerebral arteries, and there is substantial evidence
that the release of this spasmogen from lysed erythrocytes
in the subarachnoid clot triggers the cerebral vasospasm
that occurs after subarachnoid hemorrhage (Macdonald et
al., 1991; Cook and Vallrath, 1995). The delayed ischemia
which arises from the spasm of cerebral arteries can cause
significant neurological deficit and sometimes death. Al-
though OxyHb is likely to be the causative agent in
cerebral vasospasm, the molecular mechanisms responsible
for the prolonged vasoconstriction and the proliferative,
hyperplastic changes observed in cerebral vessels after
vasospasm, are not well understood. It is thought that free
radicals generated by OxyHb may play arole (Stecle et al.,
1991); the autoxidation of OxyHb generates superoxide
ion and hydroxyl radical which is formed by the reaction
between iron present in this hemoprotein, and hydrogen
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peroxide (Macdonald and Weir, 1994). Superoxide can
also react with nitric oxide to form the peroxynitrite
radical, a powerful oxidant which decomposes rapidly to
the hydroxyl radical (Kooy et a., 1994). These active
oxygen species have been shown to initiate lipid peroxida-
tion, a reaction which stimulates a variety of cellular
processes including activation of phospholipases, protein
kinases, protooncogene expression and cell growth (Wise-
man and Halliwell, 1996; Lander, 1997). Free radicals
have also been shown to promote a direct activation of
critical components of signalling pathways mediated by
receptor and non-receptor tyrosine kinases, such as p21'®
and mitogen-activated protein kinases (Baas and Berk,
1995; Lander et al., 1995, 1996). Furthermore, superoxide
ion has been shown to activate mitogen-activated protein
kinase in rat aortic smooth muscle cells (Baas and Berk,
1995), an observation which suggests that the activation of
this enzyme by free radicals may be an important process
in the action of OxyHb on smooth muscle cells.

The significance of these actions became appreciated
only recently, because of the intense interest in the p21'#-
regulated mitogenic cascade, involving the protein kinases
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Fig. 1. Effects of genistein on the contraction produced by OxyHb in
rings of control arteries (open bars) and in rings of spastic arteries from
the canine double hemorrhage model of cerebral vasospasm (hatched
bars). Ordinate: contraction expressed as the percentage of the maximum
tension induced by 10 .M OxyHb. Bars represent the means+ standard
error, for experiments conducted with tissue preparations (n=8) from
five separate animals. Asterisks indicate a significant difference (+ p <
0.05, == p<0.001) between contraction in the absence and in the
presence of genistein.

Raf, MEK and mitogen-activated protein kinase, that ulti-
mately alters gene expression. Critical enzymes in this
cascade are the 44- and 42-kDa mitogen activated kinases,
also called extracellular signal regulated protein kinases
(ERK1 and ERKZ2, respectively) (Robinson and Cobb,
1997). A dual-specificity protein kinase called mitogen-
activated protein kinase kinase or MEK (Crews et al.,
1992), catalyzes the phosphorylation of mitogen-activated
protein kinases on Thr and Tyr residues, and is itself
regul ated by serine phosphorylation by MEK kinase (Raf-1)
(Seger et al., 1991). Activation of Raf-1, a downstream
target of p21'®, is mediated by p21™ in its active, GTP-
bound state (Seger and Krebs, 1995). Among target pro-
teins phosphorylated by mitogen-activated protein kinase,
there is an actin binding protein, caldesmon, implicated in
smooth muscle contraction (Adam et al., 1992; Childs et
al., 1992). It has been suggested that phosphorylation of
this protein by mitogen-activated protein kinase removes
the inhibitory constraint imposed by caldesmon on the
interaction of actin with myosin in smooth muscle cells,
thus leading to a sustained smooth muscle contraction
(Childs et al., 1992). Thus mitogen-activated protein ki-
nase may be as important for the control of smooth muscle
contraction as it is for the control of cell proliferation and
differentiation. Since cerebrovascular spasm involves both
processes, it is reasonable to suggest that vasospasm and
the actions of OxyHb may be mediated via activation of
this cascade.

In this study, we have explored whether protein tyrosine
phosphorylation plays a role in the responses to OxyHb by

measuring both the contractility of canine cerebral arteries
in vasospasm and protein tyrosine phosphorylation in cere-
brovascular smooth muscle cells.

2. Materials and methods

2.1. Materials

OxyHb was obtained from Sigma and purified by the
technique of Martin et a. (1985) before use. Agents used
in this study were the protein tyrosine kinase inhibitor
genistein, and its inactive analog daidzein (Calbiochem),
PD098059, a MEK inhibitor (Parke-Davis), monoclonal
anti-phospho-tyrosine (4G10), and p60%¢ antibodies (Up-
state Biotechnology UPI), and polyclonal anti-mitogen-
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Fig. 2. Representative traces of the responses of rings of control arteries
(panel A) and spastic arteries (panel B) contracted with OxyHb. Ring
preparations were suspended under a resting tension of 1 g in tissue bath
containing Krebs—Henseleit solution at 37°C, gassed with O, (95%) and
CO, (5%) and equilibrated for 1 h. The experiments were performed as
described in Section 2. Arrows indicate time of administration of OxyHb
and genistein. Each tracing illustrating the response of an individua
tissue preparation, is representative of five independently conducted
experiments.
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Fig. 3. Effects of PD098059 on the contraction produced by OxyHb in
rings of control arteries (open bars) and in spastic preparations from the
canine double hemorrhage model of cerebral vasospasm (hatched bars).
Ordinate: contraction expressed as the percentage of the maximum ten-
sion induced by 10 wM OxyHb. Bars represent the mean + standard error,
for experiments conducted with tissue preparations (n= 3-5) from five
separate animals. Asterisks indicate a significant difference (+ p < 0.05,
# % P < 0.01) between contraction in the absence and in the presence of
PD098059.

activated protein kinase ERK1 and ERK2 antibodies,
horseradish peroxidase-coupled goat anti-mouse and goat
anti-rabbit antibodies and the Enhanced Chemilumines-
cence Detection System (ECL) detection kit (al from
Pierce). Dulbecco’'s modified Eagle’s medium was ob-
tained from GIBCO Canada. Chemicals for electrophoresis
were purchased from Bio-Rad and a monoclonal antibody
against «-actin was purchased from Sigma. All other
reagents were of the highest available quality and were
obtained from Sigma, Fischer Scientific or BDH.

2.2. Experimental subarachnoid hemorrhage

Ten mongrel dogs of either sex, weighing about 20 kg,
were used in these studies. The protocol was evaluated and
approved by the University of Alberta Animal and Ethics
Review Committee, and experiments were conducted with
strict adherence to the standards of the Canadian Council
on Anima Care. Five animals underwent intracisternal
administration of blood to mimic subarachnoid hemor-
rhage and to induce vasospasm. The control group con-
sisted of five dogs without intracisternal administration of
blood, but otherwise treated as the subarachnoid hemor-
rhage group. The animals were anesthetized with sodium
pentobarbital (25 mg/kg, i.v.) and intubated for all proce-
dures on the day of first administration of blood, as well as
on the 3rd and 7th day after the first administration of
blood. Intermittent boluses of pentobarbital were adminis-
tered to maintain adequate anesthesia. Experimental sub-

arachnoid hemorrhage was induced according to the method
of Varsos et al. (1983). Briefly, 7 ml of autologous blood
was injected into the cisterna magna, and the animal was
placed in a special animal facilities for post-operative
recovery and administration of analgesics. On day 3, a
second injection of arterial blood was given. On day 7
vertebral angiograms, indicative of severe spasm, were
obtained and the animals were killed with an overdose of
sodium pentobarbital. The brain with the cerebra arteries
attached was rapidly removed and placed in oxygenated
Krebs—Henseleit solution of the following composition
(mM): Na* 130, K* 5, Ca* 2.5 Mg?* 1.2, Cl- 122,
HCO®* 25, SO;~ 1.2, H,PO2” 1.2 and dextrose 11.
Each artery was cut into sections about 3 mm in length and
these preparations were suspended under a resting tension
of 1 g in tissue baths containing Krebs—Henseleit buffer at
37°C, gassed with 95% O, and 5% CO,. After an equili-
bration period of 1 h, during which time the Krebs—
Henseleit buffer was changed every 15 min, the response
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Fig. 4. Representative traces of the responses of rings of control arteries
(panel A) and spastic arteries (panel B) contracted with OxyHb. The
experiments were performed as described in Fig. 2 and in Section 2.
Arrows indicate time of administration of OxyHb and PD098059. Each
tracing illustrating the response of an individual tissue is representative of
three to five independently conducted experiments.
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Fig. 5. Time-course of protein tyrosine phosphorylation stimulated by
OxyHb in cerebrovascular smooth muscle cells. Serum starved cere-
brovascular smooth muscle cells (lane 1) were stimulated with OxyHb
(10 wM) for the indicated times (lanes 2-5). The cell lysates were
resolved by SDS-PAGE and immunoblotted with monoclonal anti-Tyr
(4G10) antibody as described in Section 2. Proteins were visualized using
a goat anti-mouse antibody conjugated to horse radish peroxidaze and a
chemiluminescence detection system. MAPK standard (42 kDa) elec-
trophoresed on the same gel was used as a positive control for immuno-
blotting with anti-MAPK antibody. Results presented are representative
of three independent experiments. The position of MAPK is indicated on
the right and that of molecular weight (MW, kDa) markers on the left of
the figure (upper panel). The density of each band was measured by
densitometry and the analysis of the MAPK phosphorylation was per-
formed using Sigma Gel software. The bars represent the time-course of
MAPK tyrosine phosphorylation expressed in arbitrary units (lower panel).

to KCI (60 mM) was recorded and preparations were
washed until resting tension was again obtained. Contrac-
tions to 10 wM OxyHb, which is an approximate minimal
concentration of OxyHb in the subarachnoid blood clot
(Pluta et al., 1998), were recorded isometrically using
force-displacement transducers and a Grass 7D polygraph.
Cumulative concentrations of genistein or PD098059 were
added to the organ baths after sustained, tonic response to
OxyHb had developed. In the end of the experiment 60
mM KCI was added to assure that the viability of the
preparations was maintained.

2.3. Canine cerebrovascular smooth muscle cell culture

Smooth muscle cells were isolated from cerebral vessels
from untreated dogs (Takanashi et al., 1992). Basilar or
middle cerebral arteries were isolated under sterile condi-
tions and placed in a Petri dish containing Dulbecco’'s
modified Eagle medium (DMEM). The adventitia was
removed mechanically, the vessels were cut into segments
approximately 5 mm in length along the longitudinal axis,
and the endothelium was removed by gently scraping the
inner surface of the segments. The tissue was then chopped
into 1 to 2 mm pieces and the explants were transferred to
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Fig. 6. Time-course of protein tyrosine phosphorylation stimulated by
OxyHb in cerebrovascular smooth muscle cells in the presence of sodium
orthovanadate (NagVO,). Serum starved cerebrovascular smooth muscle
cells were treated with NagVO, (100 M, 30 min) alone (lane 1) or were
stimulated with OxyHb (10 wM), in the presence of NayVO, for the
indicated times (lanes 2-5). The cell lysates were resolved by SDS-PAGE
and immunoblotted with anti-Tyr antibody as described in Fig. 5 and in
Section 2. Results presented are representative of three independent
experiments. The position of MAPK is indicated on the right and that of
molecular weight (MW, kDa) markers on the left of the figure (upper
panel). The density of each band was measured by densitometry and the
analysis of the MAPK tyrosine phosphorylation was performed as de-
scribed in Fig. 5. Bars represent the time-course of MAPK tyrosine
phosphorylation, stimulated by OxyHb in the presence of NagVO,,
expressed in arbitrary units (lower panel).
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25 cm? culture flasks containing 1 ml of DMEM supple-
mented with 10% fetal calf serum, penicillin (100 U /ml),
and streptomycin (100 wg/ml). After the explants had
adhered, the volume was made up gradually over the next
4 days to 4 ml per flask, and thereafter the culture medium
was changed weekly. When the primary cultures were
almost confluent the cerebrovascular smooth muscle cells
were transferred to 75 cm? flasks and then routinely
subcultured at a split ratio of 1:3. The cells were test
positive for smooth muscle a-actin and at confluence, the
cells demonstrated the typical ‘hill and valley’ pattern. The
studies were carried out on cells in passages 6—10.

2.4. Western blot analysis

Cerebrovascular smooth muscle cells were serum-
starved for 48 h, treated where indicated with NagVO,,
genistein and PD098059 for 30 min, and stimulated with
OxyHb. After stimulation, the cells were harvested, washed
twice with saline and lysed at 4°C with 100 wl of lysis
buffer containing 25 mM Tris/HCl (pH 7.4), 25 mM
sodium chloride, 10 mM sodium fluoride, 10 mM sodium
pyrophosphate, 0.5 mM EDTA, 5 mM EGTA, 1% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride and 20 pM
leupeptin. The lysates were incubated on ice for 20 min
and centrifuged for 20 min at 4°C. Protein concentration
was determined by the method of Bradford (1976) using
BSA as a standard. In some blots, Ponceau S (Sigma)
staining was performed to confirm that an equal amount of
protein was loaded in each lane. Laemmli’s sodium dode-
cyl sulphate-polyacylamide gel electrophoresis (SDS-
PAGE) sample buffer (5 ) was added, and the lysates
were boiled for 5 min, matched for protein content and
subjected to SDS-PAGE in 10% gels. After gel elec-
trophoresis (100 V applied for approximately 90 min), the
proteins were transferred to nitrocellulose. The membranes
were blocked in PBS (20 mM Tris, 120 mM sodium
chloride) containing 3-5% non-fat milk, for 20 min at
20°C with constant agitation.

For phosphotyrosine detection, the nitrocellulose was
incubated at 4°C overnight with 1 wg/ml of monoclonal
phosphotyrosine antibody (4G10). The blots were washed

MW 1 2 3 4

twice with water and incubated with a goat anti-mouse
secondary antibody linked to horseradish peroxidase
(1:3000), in PBS containing non-fat milk for 1.5 h at 20°C.
Proteins were visualized using an enhanced chemilumines-
cence detection system. For mitogen-activated protein ki-
nase detection, the membranes were incubated with the
anti-mitogen-activated protein kinase polyclonal antibody
using a 1:1000 dilution to identify the mitogen-activated
protein kinase in the cell lysate. Purified mitogen-activated
protein kinase (40 ng/10 wl) was used as a positive
control. Proteins were visualized using a secondary anti-
body conjugated to horseradish peroxidase, and a chemilu-
minescence detection system. To quantify and compare
levels of mitogen-activated protein kinase, phosphorylation
films were subjected to densitometric analysis using a
Scan Jet 6100C imaging densitometer. The density of
bands corresponding to mitogen-activated protein kinase
was measured using Sigma Gel software (Jandel, San
Rafael, CA). For p60°®S detection, the membranes were
probed with monoclonal anti-Src antibody (3 pg/ml);
proteins were visualized using a horseradish peroxidase-
coupled goat anti-mouse antibody and a chemilumines-
cence detection system. Molecular weights of the proteins
were estimated by using pre-stained markers (Bio-Rad).

2.5. Satistical methods

Data are expressed as the mean + the standard error of
the mean, with the number of preparations used in paren-
theses. Statistical significance was assessed using one way
analysis of variance (ANOVA) followed by Tukey—Kramer
multiple comparison test when significant probability was
reached. Values of p < 0.05 were considered to be signifi-
cant.

3. Resaults

To examine the involvement of protein tyrosine phos-
phorylation in cerebral vasoconstriction, we have measured
both contraction of normal and spastic cerebral arteries and
protein tyrosine phosphorylation in cerebrovascular smooth
muscle cells stimulated with OxyHb.
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Fig. 7. Expression of pe0®S'® and MAPK in canine cerebrovascular smooth muscle cells. Cell lysates were resolved by SDS-PAGE, transferred onto
nitrocellulose and probed with anti-MAPK (lane 1-4) and anti-Src (lanes 6—9) antibodies. The position of p60® S is indicated on the right and that of

MAPK and molecular weight markers on the left of the figure.
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The minimal concentration of OxyHb in the blood clot
after subarachnoid hemorrhage is in the micromolar range
(Pluta et al., 1998) thus a concentration of 10 uM OxyHb
was used in the present contractility experiments. This
treatment induced a slowly developing sustained arterial
congtriction of isolated canine basilar arteries, which
reached a plateau at about 10—20 min and was maintained
for at least 60 min (Figs. 1-4). The protocol was designed
to approximate to the effects of OxyHb released slowly
from lysed erythrocytes, and permits the anaysis of the
action of inhibitors administered after the sustained re-
sponse had developed. The tension developed in spastic
arterial ring preparations in response to 10 wM OxyHb
(0.78 + 0.08 g was less than that observed in control
preparations (0.99 + 0.17), in agreement with other reports
(Onoue et a., 1995). To mimic the situation in vasospasm
in which therapeutic agents must be administered after
vasospasm has developed, genistein, an inhibitor of tyro-
sine kinases, and PD098059 which selectively blocks the
activity of MEK (Akiyama et a., 1987; Aless et d.,
1995), were administered to preparations in which a tonic
contraction to OxyHb had developed (Figs. 2 and 4).
Genistein and PD098059 elicited concentration-dependent
relaxation of both control, and spastic cerebral arteries
from an experimental model of subarachnoid hemorrhage,
thus demonstrating that vasoconstriction could be reversed
by inhibition of a tyrosine kinase and MEK (Figs. 1 and
3). The IC4, values against OxyHb for genistein and
PD098059 were 3.8 and 3.2 wM, respectively. Daidzein,
which is an inactive analog of genistein, had no effect on
the vascular contraction produced by OxyHb.

In the experiments in which the time course of protein
tyrosine phosphorylation was examined, cultured canine
cerebrovascular smooth muscle cells were exposed to
OxyHb (10 wM) for 5, 15, 30 or 60 min, in the absence
(Fig. 5) or in the presence (Fig. 6) of 100 uM of sodium
orthovanadate (Na,vVO,), and then washed, scraped, lysed
and subjected to SDS-PAGE followed by Western blotting
using the 4G10, anti-phosphotyrosine monoclona anti-
body. After application of OxyHb, an increase in tyrosine
phosphorylation of several proteins with molecular masses
of 42, 46, 54—60 and 80-100 kDa was observed (Figs. 5
and 6). The increase in protein tyrosine phosphorylation
occurred within first 5 min, peaked between 15 and 30 min
and declined after 60 min. The time course of the changes
in intensity of the tyrosine phosphorylation therefore
closely corresponds to the development of contraction
induced by OxyHb in cerebral arteries. Among severa
tyrosine-phosphorylated proteins, a band corresponding to
42 kDa protein may represent ERK2, a mitogen-activated
protein kinase involved in contraction and in mitogenic
processes. Comparison of phosphotyrosine and mitogen-
activated protein kinase blots of the same cell lysates
electrophoresed on the same SDS-PAGE gel showed that
the protein recognized by anti-mitogen-activated protein
kinase antibody co-migrates with tyrosine phosphorylated

p42 (ERK2) (Figs. 5 and 6). The presence of a 60 kDa
tyrosine phosphorylated protein after OxyHb treatment
suggests identity with p60°S®. The application of anti-Src-
PTK monoclonal antibody revealed that this enzyme is
expressed in dog cerebrovascular smooth muscle cells
(Fig. 7).

The presence of a 54 kDa tyrosine-phosphorylated pro-
tein after treatment with OxyHb suggests identity with the
recently-described p54 stress activated protein kinase
(SAPKs) known to be activated by oxidative stress
(Kyriakis and Avruch, 1996). However, the identity and
functional role of this protein remains to be established.
The band at 80—100 kDa is broad and may consist of
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Fig. 8. Concentration-responses of OxyHb-mediated stimulation of pro-
tein tyrosine phosphorylation. Serum starved cerebrovascular smooth
muscle cells were treated with NagV O, (100 M, 30 min) alone (lane 1),
or were stimulated for 30 min with the indicated concentrations of
OxyHb (lanes 2—4) in the presence of Na;VO, (100 wM, 30 min). The
cell lysates (70 wg/lane) were resolved by SDS-PAGE and immuno-
blotted with anti-Tyr (4G10) antibody as described in Section 2. The
position of molecular weight markers is shown on the left and that of
MAPK on the right of the figure (upper panel). The density of each band
was measured by densitometry and the analysis of the MAPK tyrosine
phosphorylation was performed as described in Fig. 5Fig. 6. Bars repre-
sent the concentration dependence of MAPK tyrosine phosphorylation
stimulated by OxyHb in the presence of NagVO,, expressed in arbitrary
units (lower panel).
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multiple proteins phosphorylated on tyrosine after stimula
tion with OxyHb.

As shown in Fig. 8, there was a concentration-depen-
dent enhancement in protein tyrosine phosphorylation in-
duced in cerebrovascular smooth muscle cells after stimu-
lation with OxyHb for 30 min. The several bands changed
in intensity including p42 and a broad band at approxi-
mately 54 to 100 kDa which may consist of multiple
proteins (Fig. 8).

To examine the effects of tyrosine kinase inhibitors,
cerebrovascular smooth muscle cells were pretreated with
PD098059 (1 wM), genistein (10 wM) and daidzein (50
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Fig. 9. Effects of PD098059 and genistein on protein tyrosine phosphory-
lation induced by OxyHb. Quiescent cerebrovascular smooth muscle cells
were pretreated with indicated agents for 30 min in the presence of 100
M of NagvVO, and then stimulated with OxyHb (10 wM) for another 30
min. Total cell lysates were resolved by SDS-PAGE, transferred to
nitrocellulose and probed with anti-Tyr antibody as detailed in Section 2.
Results presented are representative of three experiments. The position of
MAPK is indicated on the right and that of molecular weight markers on
the left of the figure (upper panel). The density of each band was
measured by densitometry and the analysis of the MAPK tyrosine phos-
phorylation was performed as described in Fig. 5Fig. 6Fig. 8. Bars
represent the effects of OxyHb, administered in the presence of NagVO,,
PD098059 and genistein on MAPK tyrosine phosphorylation expressed in
arbitrary units (lower panel).

M) for 30 min in the presence of 100 uM of NayVO,
and then stimulated with OxyHb (10 wM) for another 30
min (Fig. 9). Inclusion of NajvVO,, an inhibitor of tyrosine
phosphatase enhanced tyrosine phosphorylation induced by
OxyHb (Fig. 9), suggesting that the increase in phosphory-
lation was caused by the activation of a tyrosine kinase
and not by the inhibition of tyrosine phosphatase.
PD098059 (1 ..M), a MEK inhibitor administered to cere-
brovascular smooth muscle cells 30 min before application
of OxyHb markedly inhibited phosphorylation of the pro-
teins which co-migrated with the mitogen activated protein
kinase standard detected by the anti-mitogen-activated pro-
tein kinase antibody (Fig. 9). A 30 min pretreatment of
cerebrovascular smooth muscle cells with genistein sup-
pressed the OxyHb-induced increase in tyrosine phospho-
rylation of multiple proteins including proteins correspond-
ing to mitogen-activated protein kinase (Fig. 9). Daidzein,
an inactive analog of genistein, did not have any effect on
tyrosine phosphorylation induced by OxyHb (Fig. 9).

4. Discussion

In these studies we show that vasoconstriction induced
by OxyHb can be reversed by genistein, a tyrosine kinase
inhibitor, and by PD098059, an inhibitor of MEK, which
operates upstream of mitogen-activated protein kinase
(Alessi et al., 1995; Seger and Krebs, 1995). The time-
course of contraction to OxyHb corresponds to an increase
in the tyrosine phosphorylation of multiple proteins, in-
cluding a 42 kDa protein which may represent the mito-
gen-activated protein kinase implicated in cell proliferation
and differentiation, as well as in smooth muscle contrac-
tion (Adam et a., 1992; Childs et a., 1992; Adam and
Hathaway, 1993). These results suggest a novel mecha
nism for OxyHb-dependent signalling and provide evi-
dence that links OxyHb to cell proliferation and differenti-
ation, phenomena which occur in cerebral arteries after
subarachnoid hemorrhage (Mayberg et al., 1990a,b).

Theinitial stepsinvolved in the contraction and tyrosine
phosphorylation which result from the action of OxyHb
may involve generation of free radicals such as superoxide
and hydroxyl radical implicated in the pathogenesis of
cerebral vasospasm (Macdonad and Weir, 1994; Shishido
et al., 1994). Reactive oxygen species have been shown to
act as potent vasoconstrictors in blood vessel preparations
(Auch-Schwelk et al., 1989) and to increase mitogen-
activated protein kinase activity with the time-course cor-
responding to smooth muscle contraction (Baas and Berk,
1995). The molecular mechanism by which free radicals
produce vasospasm is still far from clear but, in addition to
direct activation of p21® (Lander et al., 1995, 1996;
Lander, 1997), an increase in intracellular calcium
(Takanashi et a., 1992; Vollrath et a., 1994) and a
prolonged activation of protein kinase C (Sako et al., 1993;
Takuwa et al., 1993) may play a role. We have recently
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shown that OxyHb and free radicals induce a sustained
increase in intracellular calcium and that this action can be
inhibited by agents which scavenge oxygen radicals, thus
indicating that there is a link between free radical forma
tion in the process of autoxidation of OxyHb and enhance-
ment of the levels of intracellular calcium (Vollrath et al.,
1995). How an increase in calcium is linked to the OxyHb
-mediated tyrosine phosphorylation is unknown, but it is
conceivable that the activation of a calcium-dependent
proline rich tyrosine kinase 2 such as proline-rich tyrosine
kinase 2 (PYK2) (Lev et al., 1995; Dikic et a., 1996) or
cell-adhesion kinase-p (Sasaki et al., 1995) and a member
of Src family protein tyrosine kinases may play a role in
OxyHb-mediated signalling. It has been shown in neuronal
tissue that an increase in intracellular calcium induces
tyrosine phosphorylation of PYK2 and complex formation
between this kinase and c-Src that leads to c-Src activation
(Dikic et al., 1996). This interaction leads to complex
formation with the adapter protein called growth-factor
receptor binding protein (Grb2), and a guanidine exchange
factor ‘ Son-of-sevenless' (Sos) and hence to activation of
the mitogen-activated protein kinase signalling
pathway.Whether these signalling events are activated in a
similar manner by OxyHb in vascular smooth muscle is
unknown. The c-Src tyrosine kinase is likely to be in-
volved on the basis of the recent finding that c-Src activity
is stimulated in smooth muscle and it is inhibited by the
tyrosine kinase inhibitors geldanomycin, genistein and tyr-
phostin (Di Salvo et al., 1993). Furthermore, recent studies
indicate that the exposure to oxidative stress enhances the
catalytic activity of Src followed by the activation of Ras
in HeLa cells (Devary et a., 1992). Although Src activity
is known to be activated by dephosphorylation, there is
evidence in favour of a positive regulatory role for tyrosine
phosphorylation in control of Src activity; phosphorylation
of a second conserved tyrosine residue, Tyr*® of c-Src
enhances c-Src tyrosine kinase activity (Cooper and How-
ell, 1993). In the present studies we have found that c-Src
is expressed in cerebrovascular smooth muscle cells and
that tyrosine phosphorylation of a 60 kDa protein immuno-
logically related to c-Src, is enhanced by OxyHb. How-
ever, the functiona role of the Src kinases in OxyHb-re-
lated signalling remains to be established.

The ahbility of OxyHb to activate protein kinase C
(Cook et a., 1993) may aso play arole in stimulation of
tyrosine phosphorylation. By activating protein kinase C,
active oxygen species would be expected aso to activate
mitogen-activated protein kinase; in vascular smooth mus-
cle cells, mitogen-activated protein kinase is activated by
phorbol esters which owe their effects to activation of
protein kinase C, and it is also known that mitogen-
activated protein kinase translocation in the same cell type
is dependent on protein kinase C activity (Khalil and
Morgan, 1993). In fact, early activation of mitogen-
activated protein kinase by superoxide ion is protein kinase
C dependent, because when this enzyme is downregul ated,

the superoxide-mediated activation of mitogen-activated
protein kinase is blocked. Activation of mitogen-activated
protein kinase has been found to coincide with smooth
muscle contraction, both of which are attenuated by pro-
tein kinase C inhibitors (Khalil and Morgan, 1993). Thus
activation of protein kinase C may lead to the phosphoryla-
tion and activation of Raf-1 which in turn triggers a
cascade of phosphorylation events with the sequential
phosphorylation of MEK and mitogen-activated protein
kinase. The involvement of MEK is suggested in our
studies by the observation that PD098059, an inhibitor of
MEK (Alessi et al., 1995), attenuated both contraction of
cerebral arteries induced by OxyHb and the phosphoryla
tion of mitogen-activated protein kinase. The mechanism
by which activation of mitogen-activated protein kinase
stimulates smooth muscle contraction may involve phos-
phorylation of caldesmon, an actin binding inhibitory pro-
tein. The expression of mitogen-activated protein kinase
and the ability of this enzyme to phosphorylate caldesmon
(Childs et a., 1992) has been demonstrated in vascular
smooth muscle, and it is also known that the immuno-
reactivity of caldesmon in cerebral arteries after subarach-
noid hemorrhage is significantly decreased (Takenaka et
a., 1993). This suggests that the inhibitory effect of
caldesmon on actin—myosin interaction is attenuated, an
effect which may well be responsible for the vasoconstric-
tion.

In conclusion, the data presented here suggest that
protein tyrosine phosphorylation plays a role in sustained
vasoconsgtriction initiated by OxyHb and free radicals de-
rived from this agent. The observation that ERK2 is one of
the tyrosine phosphorylated proteins would suggest that
ERK2 and its upstream target, MEK, may play a role in
the pathogenesis of cerebral vasospasm and the subsequent
cerebral ischemia. An understanding of this signalling
system and characterization of functional roles of the
component involved will provide insight into the mecha
nism by which OxyHb induces cerebral vasospasm.
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