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a b s t r a c t

The present study aims to investigate the mechanism of Src kinase activation during hypoxia and tests
the hypothesis that the hypoxia-induced activation of Src kinase, as determined by Src kinase phos-
phorylation, in the cerebral cortical membranes of newborn piglets is mediated by NO derived from
neuronal nitric oxide synthase (nNOS). Fifteen piglets were divided into normoxic (Nx, n = 5), hypoxic (Hx,
n = 5) and hypoxic-treated with nNOS inhibitor I (Hx-nNOSi) groups. Hypoxia was induced by decreasing
FiO2 to 0.06 for 1 h. nNOS inhibitor I (selectivity >2500 vs eNOS and >500 vs iNOS) was administered
(0.4 mg/kg, i.v.) 30 min prior to hypoxia. Cortical membranes were isolated and phosphorylation of Src
kinase was determined by Western blot analysis. Src kinase activity was determined by radioactive assay
using immunopurified enzyme. Membrane proteins were separated by 12% SDS–PAGE and probed with
anti-phospho (pTyr418)-Src kinase antibody. Protein bands were detected, analyzed by densitometry and
expressed as absorbance (OD × mm2). Density (OD × mm2) of phosphorylated Src kinase was 111.7 ± 21.1
in Nx, 234.5 ± 23.8 in Hx (p < 0.05 vs Nx) and 104.7 ± 18.1 in Hx-nNOSi (p < 0.05 vs Hx, p = NS vs Nx). Src

kinase activity (pmol/mg protein/ h) was 2472 ± 75 in Nx, 4556 ± 358 in Hx (p < 0.05 vs Nx) and 2259 ± 207
in Hx-nNOSi (p < 0.05 vs Hx, p = NS vs Nx). The data show that pretreatment with nNOS inhibitor prevents
the hypoxia-induced increase in tyrosine phosphorylation and the activity of Src kinase. We conclude
that the mechanism of hypoxia-induced increased activation of Src kinase is mediated by nNOS derived
NO. We propose that NO mediated inhibition of protein tyrosine phosphatases SH-PTP-1 and SH-PTP-2
leads to increased tyrosine phosphorylation and activation of Src kinase in the cerebral cortex of newborn

piglets.

ased on the human genome, potentially 90 genes encode pro-
ein tyrosine kinases whose functions are controlled by 107 genes
hat encode protein tyrosine phosphatases [2,19]. Protein tyrosine
inases mediate signal transduction and control many critical pro-
esses, such as transcription, cell death progression, differentiation,
mmune response, intercellular communication and programmed
ell death [14,25]. Protein tyrosine kinases (PTK) are primarily
ivided into two classes: the receptor PTK and the non-receptor
TK. The receptor PTK such as EGFR kinase contains an extracellular
igand binding domain, a transmembrane domain and an intracel-
ular protein tyrosine kinase domain. The non-receptor PTK such as

rc kinase lacks the transmembrane domain and functions down
tream of receptor tyrosine kinases. Src kinase associates with the
lasma membrane [8]. Protein tyrosine phosphatases regulate the
ctivation of PTK by dephosphorylating tyrosine residues.
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ege Building, Room 7410, Mail Stop 1029, Drexel University College of Medicine,
hiladelphia, PA 19102, United States. Tel.: +1 215 762 7515; fax: +1 215 762 7960.

E-mail address: omprakash.mishra@drexelmed.edu (O.P. Mishra).
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Src protein tyrosine kinase is the first member of the Src fam-
ily of non-receptor tyrosine kinase. The prototype member of the
Src family was identified as the transforming protein (v-Src) of
the oncogenic retrovirus. The Src protein possesses tyrosine kinase
activity. At least 10 proteins contain structural features similar to
Src and have amino acid sequence homology: Fyn, Yes, Yrk, Blk,
Fgr, Hck, Lck, Lyn and Frk/Rak and Lyk/Bsk. We focused on the
first member: the Src kinase which is expressed ubiquitously and
present in neurons at 500-fold higher than other cell types. Src
kinase has six distinct functional regions (a) the Src (SH)4 domain,
(b) the unique region, (c) the SH3 domain, (d) the SH2 domain,
(e) the catalytic domain, and (f) a short negative regulatory tail.
The SH3 and SH2 domains repress the kinase activity by inter-
acting with amino acids within the catalytic domain. SH2 domain
interacts with pTyr527 and adjacent residue in the negative regu-
latory tail. Tyr527 is the primary site of tyrosine phosphorylation.

Dephosphorylation of Tyr527 leads to the activation of Src activ-
ity. However, the phosphorylation at Tyr416 within the catalytic
domain of Src is critical for kinase activity. Thus phosphorylation
at Tyr416 and dephosphorylation at Tyr527 are proposed mecha-
nisms of Src activation. Cytoplasmic protein tyrosine phosphatases

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
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H-PTP-1 and SH-PTP-2 contain two SH2 (Src homology) domains
r phosphotyrosine binding domains that help recognizing spe-
ific phosphorylated tyrosine on EGFR kinase or Src kinase. Both
H-PTP-1 and SH-PTP-2 are known to dephosphorylate Src kinase.
herefore, nitric oxide generated during hypoxia may result in inac-
ivation of cytoplasmic SH-PTP-1 and SH-PTP-2 leading to increased
ctivation of Src kinase.

Oxygen free radical generation, lipid peroxidation and cell mem-
rane dysfunction in the hypoxic brain can be reduced or prevented
y using inhibitors of NOS such as N-nitro-l-arginine (NNLA)
26]. Administration of a NOS inhibitor or a selective inhibitor
f nNOS prior to hypoxia prevented the hypoxia-increase in
a++/calmodulin-dependent protein kinase (CaM kinase IV) activity

n neuronal nuclei, increase in cyclic AMP response element binding
CREB) protein phosphorylation, increased expression of cell death
romoter protein Bax, activation of poly(ADP-ribose) polymerase,
aspase-3 activation and damage to nuclear DNA [33,34,21–23,28].
NOS mRNA up-regulation represents a response to stress condi-
ions including hypoxia [10,11] and ischemia [30]. These studies
rovide compelling evidence for the role of NO generation and
NOS activation in hypoxic neuronal death.

The present study specifically focuses on investigating the effect
f hypoxia on activation of Src kinase and phosphorylation of Src
inase active site (Tyr416) and the mechanism of hypoxia-induced
ctivation of Src kinase in the cerebral cortex of newborn piglets.
n the present study we have tested the hypothesis that hypoxia
esults in increased activation and phosphorylation of Src kinase
n the cerebral cortex of newborn piglets and that the activation
s mediated by nitric oxide (NO) derived from nNOS. Therefore,
dministration of a highly selective nNOS inhibitor, prior to hypoxia,
ill prevent the increased activation and phosphorylation of Src

inase active site in the cerebral cortex of newborn piglets.
Studies were performed on 3–5 days old Yorkshire piglets

btained from the Willow Glenn Farm, Strausburg, PA. The
xperimental animal protocol was approved by the Insti-
utional Animal Care and Use Committee of Drexel Uni-
ersity. Newborn piglets were randomly divided into three
roups: normoxic (n = 5), hypoxic (n = 5), and hypoxic with
NOS inhibitor [(4s)-N(4-amino-5(aminoethyl)aminopentyl-N′-
itroguanidine, hypoxic-nNOSi, n = 5]. nNOSi (0.4 mg/kg) was
dministered i.v. 30 min prior to hypoxia. This nNOS inhibitor is
ighly selective for nNOS (selectivity > 2500-fold vs eNOS and >500-

old vs iNOS). The animals were ventilated for 1 h under either
ormoxic condition (FiO2 = 0.21) or hypoxic condition; hypoxia was

nduced by lowering the FiO2 to 0.06 for 60 min. At the end of the
xperimental period, the animal was sacrificed; the cortical tissue
as removed and placed either in homogenization buffer for iso-

ation of cortical cell membranes or in liquid nitrogen, and then
tored at −80 ◦C for biochemical studies.

Cerebral cortical tissue was homogenized in 10 vol of buffer
1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, 158 mM NaCl,
0 mM Tris–HCl buffer, pH 7.0, 1 mM EGTA, 1 �g/ml each of apro-
inin, leupeptin and pepstatin, 1 mM sodium orthovanadate (SOV),
.1 mM phenylmethylsulfonyfluoride (PMSF) and 0.1% IGEPAL. The
omogenate was centrifuged at 1000 × g for 10 min followed by
t 40,000 × g for 60 min and the pellet homogenized in a medium
ontaining (1:1) homogenization buffer and assay buffer (25 mM
ris, pH 7.0, 1 mM EDTA-Na, 0.1%Tween-20, 125 mM MgCl2, 25 mM
nCl2, 2 mM DTT, 0.2 mM SOV and 2 mM EGTA) and used as mem-

rane fraction. Protein was determined by the method of Lowry
t al. [18]. 100 �l protein A agarose beads were washed and incu-

ated with 4 �g of anti-Src kinase (rabbit purified polyclonal IgG)
or 1 h at 4 ◦C. Samples were centrifuged at 14,000 × g followed by
wo washes. 400 �g protein was incubated with the antibody–bead
omplex for 2 h at 4 ◦C and washed five times with the reaction
uffer.
Letters 460 (2009) 61–65

The Src kinase activity was performed according to Alessi et al.
[3], by 33P incorporation into a specific peptide substrate for 15 min
at 30 ◦C in a 80 �l medium containing immunocomplex, 25 mM
Tris, pH 7.0, 1 mM EDTA, 125 mM MgCl2, 25 mM MnCl2, 2 mM DTT,
0.2 mM SOV, 2 mM EGTA, 150 �M tyrosine kinase peptide substrate
[Lys 19] cdc2(6-20)-NH2, and 50 �M 33P-ATP (0.5 �Ci). The reac-
tion mixture was pelleted and 30 �l supernatant spotted on P 81
filters, washed 3 times with 0.75% phosphoric acid, dried and the
radioactivity counted. The data (tubes with substrate—without the
substrate) provided the Src kinase activity which was expressed as
pmol/mg protein/h.

The membrane protein was solubilized and brought to a final
concentration of 1 �g/�l in a modified RIPA buffer (50 mM Tris–HCl,
pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxy-
cholate, 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF, and 1 �g/ml each
of aprotinine, leupeptin and pepstatin). Then 5 �l of Laemmli
buffer (100 mM Tris–HCl pH 6.8, 200 mM dithiothreitol, 4% SDS,
0.2% bromophenol blue, 20% glycerol) was added to each 20 �g of
membrane protein. Equal protein amounts of each sample were
separated by using 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE). The proteins were electrically
transferred to nitrocellulose membranes and probed with pri-
mary antibodies directed against Src kinase and anti-phospho
(pTyr 418)-Src kinase antibody. Immunoreactivity was detected with
horseradish peroxidase conjugated secondary antibody. Specific
complexes were detected by enhanced chemiluminescence using
the ECL detection system and analyzed by imaging densitometry
using Quantity One Software. The data are expressed as optical den-
sity (OD) × mm2. ATP and phosphocreatine concentrations were
determined according to the method of Lamprecht et al. [16].

Statistical analysis of the data was performed using one-way
analysis of variance ANOVA to compare normoxic, hypoxic, and
hypoxic-nNOSi groups. A p value of less than 0.05 was considered
statistically significant. All values are presented as mean ± standard
deviation (SD).

Cerebral cortical tissue hypoxia in newborn piglets was docu-
mented by determining the levels of ATP and PCr in the cerebral
cortical tissue. The level of ATP (�mol/g brain) decreased from
4.35 ± 0.21 in Nx to 1.43 ± 0.28 in Hx (p < 0.05 vs Nx), and 1.73 ± 0.33
in Hx-nNOSi (p < 0.05, vs Nx, p = NS vs Hx). PCr level (�mol/g brain)
decreased from 3.80 ± 0.26 in Nx to 0.96 ± 0.20 in Hx (p < 0.05 vs
Nx), and 1.09 ± 0.39 in Hx + nNOSi (p < 0.05 vs Nx, p = NS vs Hx).
The level of high energy phosphates decreased significantly in the
hypoxic group as compared to normoxic and the data demonstrate
that cerebral tissue hypoxia was achieved in the hypoxic group. In
addition, these results demonstrate that the level of cerebral tis-
sue high energy phosphates, ATP and PCr, were comparable in the
hypoxic and hypoxic-treated with nNOSi groups.

Src kinase activity in the cerebral cortical membranes of the nor-
moxic, hypoxic and hypoxic-treated with nNOSi groups is shown
in Fig. 1. Src kinase activity in the cortical membrane fraction
(pmol/mg protein/h) increased from 2472 ± 75 in the normoxic to
4556 ± 358 in the hypoxic group (p < 0.05 vs Nx and Hx-nNOSi). The
activity in the hypoxic-treated with nNOS inhibitor was 2259 ± 207
(p < 0.05 vs Hx, p = NS vs Nx). These results demonstrate that
hypoxia results in increased activity of Src kinase and administra-
tion of nNOS inhibitor prevents the hypoxia-induced increase in Src
kinase activity in the cerebral cortex of newborn piglets.

Representative Western blots of phospho (pTyr 418)-Src kinase
for normoxic, hypoxic and hypoxic-nNOSi groups are shown in
Fig. 2. The results show an increased expression of phoshorylated

Src kinase in the Hx group indicating increased level of phosphory-
lated Src in the cerebral cortex during hypoxia. Src kinase protein
expression did not change during hypoxia.

The data (Fig. 3) show that the density (expressed as optical
density × mm2) of the phosphorylated (pTyr 418) Src kinase active
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Fig. 1. Effect of hypoxia on the Src kinase activity in cortical membranes of the cere-
bral cortex of normoxic, hypoxic and hypoxic-nNOSi newborn piglets. Src kinase
activity (pmol/mg protein/h) is presented on Y-axis. The data are expressed as
mean ± SD.

Fig. 2. Representative western blots of phosphorylated Src kinase at Tyr418 in cor-
tical membranes of the cerebral cortex of normoxic, hypoxic and hypoxic-nNOS
newborn piglets. Western blot analysis was performed using anti-phospho (pTyr
418)-Src kinase, anti-Src kinase (Santa Cruz Biotechnology, CA) and anti-actin anti-
body (Chemicon). For phsophorylated Src kinase—lanes 1 and 2 represent normoxic;
lanes 3 and 4 represent hypoxic-nNOSi; and lanes 5 and 6 represent hypoxic piglets.
For Src kinase—lanes 1 and 2 represent normoxic and lanes 3–5 represent hypoxic.

Fig. 3. Effect of hypoxia on the expression phosphorylation of Src kinase at Tyr418 in
cortical membranes of the cerebral cortex of normoxic, hypoxic and hypoxic-nNOS
newborn piglets. The protein density (OD × mm2) is presented on Y-axis. The data
are expressed as mean ± SD.
Letters 460 (2009) 61–65 63

site was 111.78 ± 21.13 in Nx, 234.52 ± 23.82 in Hx (p < 0.05 vs Nx
and Hx-nNOSi) and 104.76 ± 18.15 in Hx-nNOSi, (p < 0.05 vs Hx).
The data show that hypoxia resulted in increased phosphorylation
of Src kinase active site and the phosphorylation of Src kinase active
site is prevented by nNOS inhibitor, indicating that the hypoxia-
induced increased activation of Src kinase is mediated by nNOS-
derived NO.

Cerebral hypoxia results in increased nuclear Ca++ influx and
increased activity of CaM kinase IV which is predominantly located
in the nucleus [6,33]. Hypoxia also results in increased phosphory-
lation of cyclic AMP response element binding (CREB) protein and
increased expression of proapototic protein Bax [23,34]. In addi-
tion, hypoxia results in increased fragmentation of nuclear DNA
[1]. Furthermore, hypoxia results in increased generation of NO
[24] and administration of nitric oxide synthase inhibitor prevented
the hypoxia-induced CREB phosphorylation, Bax protein expres-
sion and DNA fragmentation. We observed that hypoxia results in
SH-PTP inactivation. The present study investigated the effect of
hypoxia on Src kinase activation and phosphorylation of Src kinase
active site and tested the hypothesis that cerebral hypoxia results
in increased activation and phosphorylation of Src kinase and the
hypoxia-induced activation of Src kinase is mediated by nitric oxide
derived from nNOS.

The results of the present study show that cerebral hypoxia
results in increased tyrosine phosphorylation of Src kinase at its
active site as well as increased activity of Src kinase in the corti-
cal membrane fraction of the cerebral cortex of newborn piglets.
The results also show that hypoxia resulted in increased activity of
Src kinase in the cortical membranes. Administration of a highly
selective nNOS inhibitor prevented the hypoxia-induced increased
phosphorylation of Src kinase active site, an index of Src kinase acti-
vation as well as the activity of Src kinase in the cortical membranes
of newborn piglets. These results demonstrate that nitric oxide
derived from nNOS mediates the activation and phosphorylation
at the active site of Src kinase.

We propose the mechanism that nitric oxide free radicals gener-
ated during hypoxia result in activation of Src kinase by inactivating
protein tyrosine phosphatases, SH-PTP-1 and SH-PTP-2. Since all
protein tyrosine phosphatases contain a cysteine residue at their
active site, enzyme activity can be affected by redox mechanisms
[4,17,31]. Under hypoxic conditions, NO free radicals are generated
which can combine with superoxide radicals to produce perox-
ynitrite. The reaction between NO free radical and superoxide to
form peroxynitrite is favored over the reaction between superox-
ide and superoxide dismutase [5,12]. Hypoxia-induced nitration
of NMDA receptor subunits indicates formation of peroxynitrite
during hypoxia [32]. Therefore, we propose that during hypoxia NO-
mediated peroxynitrite-dependent inactivation of SH-PTP-1 and
SH-PTP-2 leads to increased tyrosine phosphorylation of Src kinase
and its increased activation.

The results of the present study raise some very fundamen-
tal questions regarding the role of Src kinase in cell proliferation
and cell death. The increased activation of Src kinase is known in
cases of a variety of cancer conditions including breast cancer and
glioblastoma [20]. As shown in this study, cerebral hypoxia leads
to increased activation and tyrosine phosphorylation of Src kinase
in the cerebral cortex of newborn piglets. Hypoxia is also known
to result in cell death in the hypoxic brain. Therefore, the role of
Src kinase activation in leading to both the cell proliferation and
cell death needs serious investigation and evaluation. In addition,
Src kinase may potentially be a target that mediates both the cell

survival and cell death in the cancerous tissue and the hypoxic
brain, respectively. Increased tyrosine phosphorylation of several
molecules following hypoxia/ischemia has been observed [9,13].

Hypoxia results in increased expression of proapoptotic pro-
tein Bax in neuronal nuclei, mitochondria and cytosol [7,29].
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dministration of a NOS inhibitor prior to hypoxia prevents the
ypoxia-induced increase in Bax expression as well as DNA frag-
entation indicating that the increased expression of proapoptotic

rotein Bax and the nuclear DNA fragmentation are mediated by
itric oxide [33]. These results demonstrate that hypoxia results in
ctivating cell death mechanism that is mediated by NO.

Overexpression of Bax or an increase in the ratio of Bax to
cl-2, leads to programmed cell death [27]. After 10 min of global

schemia, there were high levels of Bax, low levels of Bcl-2, and
NA-strand breaks in the same population of neurons found to
e degenerating morphologically [15]. Neurons with elevated Bax

evels almost uniformly had morphologic evidence of ischemic
egeneration with apoptotic features including nuclear DNA frag-
entation [29]. NO can play a central role in hypoxia-induced

euronal death by both the necrotic as well as programmed cell
eath mechanisms.

The results of the present study demonstrate that hypoxia
esults in increased tyrosine phosphorylation and increased
ctivation of Src kinase. We propose that increased activation
f Src kinase results in increased tyrosine phosphorylation of
NOS and increased tyrosine phosphorylation of calmodulin, an
ctivator of nNOS, at Tyr99. The Tyr99 phosphorylated calmodulin
ay bind with increased affinity with the enzyme as well as

on-phosphorylated camodulin may bind with increased affinity
ith the tyrosine phosphorylated enzyme and lead to increased
NOS activity. Subsequently, increased activation of nNOS during
ypoxia results in increased generation of nitric oxide. We have
emonstrated that hypoxia results in increased generation of nitric
xide and increased nitration of NMDA receptor subunits in the
erebral cortical tissue. Thus increased activation of nNOS leading
o increased generation of NO during hypoxia leads to increased
ctivation of Src kinase by inhibiting protein tyrosine phosphatases
H-PTP-1 and SH-PTP-2. Thus nNOS activation leads to Src kinase
ctivation that subsequently activates nNOS. Thus this perpetual
ycle of nNOS activation → Src kinase activation → nNOS activation
oes on in the hypoxic brain resulting in hypoxic brain injury.

In summary: These results show that cerebral tissue hypoxic
esults in increased activity and increased phosphorylation of Src
inase at its active site Tyr418 in the cerebral cortex of newborn
iglets. In addition, administration of nNOSi, a highly selective

nhibitor of nNOS, prior to hypoxia prevented the hypoxia-induced
ncreased activity and phosphorylation of EGFR kinase active site
yr418, an index of Src kinase activation. We conclude that Src
inase activation during hypoxia is mediated by nitric oxide derived
rom nNOS. We propose that nNOS-derived NO, by inhibiting pro-
ein tyrosine phosphatases (SH-PTP-1 and SH-PTP-2) mediates the
ncreased tyrosine phosphorylation of Src kinase active site and
he activation of Src kinase that regulates cell proliferation and cell
eath.
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