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Abstract. Mitogen-activated protein kinases (MAPKs) belong to the group of
serine/threonine kinases that are rapidly activated in response to growth factor
stimulation. In adult mammalian cells, the MAPK family includes extracellular
signal-regulated kinases 1 and 2 (ERK1 and ERK2 or p44mapk and p42mapk),
which translocate to the nucleus and integrate signals from second messengers
leading to cellular proliferation or differentiation. However, the specific role of
MAPKs in neonatal pulmonary vascular smooth muscle is not well under-
stood. Expression of p44mapk and p42mapk in primary cultured pulmonary
vascular smooth muscle cells from neonatal (1–2 day old) rats was identified by
Western immunoblot analysis. Treatment with 10 nM endothelin-1 (ET-1), a
potent vasoconstrictor with vascular mitogenic properties, induced phos-
phorylation of both p44mapk and p42mapk, but treatment with the exogenous
nitric oxide (NO) donor sodium nitroprusside inhibited both p44mapk and
p42mapk phosphorylation by ET-1. The specific cGMP-dependent protein ki-
nase (PKG) inhibitor KT5823, the nonspecific nitric oxide synthase (NOS)
inhibitor L-NAME, and the specific NOS 1 blocker NPLA all significantly
enhanced both p44mapk and p42mapk phosphorylation by ET-1. Collectively,
these data demonstrate the expression and phosphorylation of specific MAPKs
in rat neonatal pulmonary vascular smooth muscle and suggests that the NO
signaling pathway modulates MAPK activation by ET-1.
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Introduction

Mitogen-activated protein kinases (MAPKs) are important messengers in signal
transduction pathways that are stimulated by many different types of cell surface
receptors. MAPKs are a family of 40–46-kDa cytosolic serine/threonine kinases
that participate in the transduction of mitogenic and differentiation-promoting
signals to the cell nucleus. In mammalian cells the MAPK family includes the
specific MAPKs, extracellular signal-regulated kinases 1 and 2 (ERK1 and ERK2,
or p44mapk and p42mapk, respectively), which require tyrosine and threonine
phosphorylation for maximal activation [4]. Activated MAPKs translate to the
nucleus for regulation of transcription factors for cellular growth and differenti-
ation [13, 35, 38].

MAPKs have recently been identified in contractile smooth muscle. Childs
et al. [9] reported the presence of active MAPK in rat aortic smooth muscle, and
Khalil and Morgan [20] have shown that MAPK is activated and translocates
from the cytosol to the membrane upon pharmacologic stimulation in ferret aortic
smooth muscle. Marrero et al. [27] reported that ERK1 mediated cellular re-
sponses to angiotensin II, and studies have shown that G-protein–coupled ag-
onists such as lysophosphatidic acid and thrombin activate MAPK via a pertussin
toxin–sensitive mechanism [17, 28]. Numerous receptors for vasoactive substances
are coupled to G proteins including thromboxane, prostaglandins, leukotrienes,
and platelet-activating factor [15, 31, 40].

Endothelin-1 (ET-1) is a 21-amino-acid peptide originally isolated from the
supernatants of cultured porcine aortic endothelial cells [47]. ET-1 has been found
in the lung and cultured pulmonary endothelial cells [30], and pulmonary blood
vessels possess ET-1 receptors [24]. In addition, ET-1 is a vasoactive and mito-
genic substance [2, 6], and studies suggest that ET-1 activates MAPKs in vascular
smooth muscle [11, 46, 49]. The vasodilator nitric oxide (NO) is important in the
transition of the pulmonary circulation from fetal to postnatal life. NO is pri-
marily produced in the pulmonary endothelium by upregulation of endothelial
nitric oxide synthase (NOS) in fetal life [36], and it activates soluble guanylate
cyclase, increasing synthesis of guanosine 3¢, 5¢-cyclic monophosphate (cGMP)
leading to vasorelaxation of the pulmonary vasculature [5]. It is thought that
attenuated production of NO and, therefore, cGMP may contribute to the
pathophysiology of a variety of forms of neonatal pulmonary vascular disease
states.

Recent evidence suggests a relationship between ET-1 and NO in the vas-
culature. ET-1 has been reported to cause release of NO and subsequently cGMP
in the isolated rat aorta [42], which in turn may modulate ET-1-induced vascular
contraction. In the fetal lung, it is documented that ET-1 causes pulmonary
vasodilation through a NO-dependent mechanism, which is most abundant at
term [16, 41]. Although ET-1-dependent pathways have been implicated in the
activation of MAPK [22, 29], little is known about the effect of NO on ET-1-
induced MAPK signaling in pulmonary vascular smooth muscle.

In light of these previous investigations, the present study was done to
determine the effect of NO on ET-1-induced MAPK activation in rat neonatal
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pulmonary vascular smooth muscle cells (NPVSM). Specifically, we determined in
NPVSM: (1) p44mapk and p42mapk expression, (2) if ET-1 activates p44mapk and
p42mapk, (3) if NO modulates ET-1-induced MAPK activation, (4) the effect of
NOS inhibitors on ET-1 activation of MAPK, and (5) the effect of a specific
inhibitor of cGMP-dependent protein kinase (PKG) on activation of MAPK by
ET-1. The rat NPVSM model was chosen because evidence is emerging that these
signal transduction pathways have specific neonatal vascular cellular functions
including mitogenesis and contractility [3], phenomena which may be accelerated
in disease states such as persistent pulmonary hypertension of the newborn
(PPHN).

Materials and Methods

NPVSM Isolation

Lung lobes were excised from 1–2-day-old neonate rats and placed into ice cold physiological saline

solution (PSS-I) consisting of NaCl 137 mM, KCl 5.4 mM, Hepes 10 mM, KH2PO4 0.4 mM, NaHCO3

4.2 mM, NaH2PO4 0.4 mM, and CaCl2 0.05 mM. The pulmonary blood vessels were dissected under a

stereomicroscope, the endothelium was removed, and the adventitia was carefully teased away. The

vascular tissue was then dissociated enzymatically at 35�C for 1 in an incubation solution of PSS-I

containing the following: collagenase type II 1 mg/ml (Sigma), elastase 0.2 mg/ml (Worthington),

trypsin inhibitor 0.5 mg/ml, bovine serum albumin (BSA) 2.0 mg/ml (Sigma), and DNAase type I 0.1

mg/ml (Sigma). After incubation, 5.0 ml of PSS-I containing 2.0 mg/ml BSA was added to the cell

solution. The tissue was then triturated gently which allowed individual smooth muscle cells to fall

away from the larger pieces of undigested tissue with minimal damage to the cells. These cells typically

exhibit morphology characteristics of vascular smooth muscle cells (see NPVSM identification pro-

cedure below). Isolated cells were seeded in 60-mm culture dishes at a density of 9 · 104 cells/cm2 and

grown to 75% confluency (6–7 days) to obtain a primary culture (passage 0) for the cell culture

experiments.

NPVSM Identification

The positive identification of NPVSM cells was done using a-actin monoclonal antibody, which is

widely used to identify smooth muscle cells [8, 10, 19]. NPVSM cells isolated from neonatal pulmonary

vessels were placed on 13-mm coverslips coated with fibronectin and allowed to grow to approximately

75% confluency. After confluency, the coverslips were washed in phosphate-buffered saline (PBS). The

PBS was removed and the NPVSM cells were fixed for 10 min in methanol at )20�C. The cells were

then washed 3 · in PBS, and FITC-conjugated a-actin monoclonal antibody (Sigma) was added to the

cells and incubated for 45 min in a humidified chamber (37�C). The coverslips were then washed 3 · in

PBS, mounted on a microscope slide with Biomedia Gel Mount, and visualized using an IMT2-RFL

microscope with epifluoresence. Cells that stained yellow (a-actin monoclonal antibody) and exhibited

the characteristic ‘‘hill and valley’’ pattern of growth were identified as smooth muscle in origin as has

been shown in other studies [8, 10, 19].

MAPK Signaling in NPVSM

For the MAPK expression experiments, time course treatments were done with (1) 10 nM ET-1 alone

(n = 4), (2) pretreatment with the exogenous NO donor sodium nitroprusside (10 lM) for 15 min
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before ET-1 (n = 4), (3) pretreatment with 100 lM L-NAME (nonspecific NOS inhibitor) for 30 min

before ET-1 (n = 4), (4) pretreatment with 1 lM NPLA (specific NOS 1 inhibitor) for 30 min before

ET-1 (n = 4), and (5) pretreatment with 1 lM KT5823 (specific PKG antagonist) for 30 min before

ET-1 (n = 4). For the Western blots, after the time course treatments the cells were washed in PBS and

homogenate buffer containing 0.29 M sucrose, 10 mM Tris-HCL (pH 7.4), 1 mM EDTA, 1 mM

EGTA, and 20 lg/ml each of leupeptin, soybean trypsin inhibitor, aprotinin, and phenylmethylsul-

fonyl fluoride. The cells were harvested and triturated five times with a 1-ml syringe and 22 gauge

needle and prepared for Western blot analysis as previously described [26, 27, 43]. After the proteins

were transferred to a nitrocellulose membrane, they were blotted with phospho-specific MAPK anti-

bodies (New England Biolabs, Inc.) at 1:1000 dilution. These antibodies recognize the catalytically

activated forms (phosphorylated on tyrosine residue 204) of p44mapk and p42mapk (ERK1 and ERK2,

respectively). The pMAPKases were visualized using a horseradish peroxidase conjugated to goat anti-

mouse at 1:2000 dilution and an enhanced chemiluminescence kit. Blots were loaded onto Fuji

radiographic film, and autoradiographs were then quantified by densitometry using imaging software

(NTH Image 1.61).

Drugs

ET-1 was purchased from Peptides International, and all other drugs were purchased from Calbio-

chem.

Statistical Analysis

All values are expressed as means ± SE. Significance was determined using an analysis of variance for

within group and between group comparisons. If a significant F ratio was found, then specific sta-

tistical comparisons were made using Bonferroni–Dunn post hoc test. Statistical significance was

accepted when p < 0.05.

Results

Total p44mapk and p42mapk protein expression for each treatment group is shown
(Figs. 1–5), and the effect of 10 nM ET-1 on p44mapk and p42mapk phosphory-
lation in NPVSM is shown in Figure 1. ET-1 induced phosphorylation of both
p44

mapk

and p42mapk from 5 to 30 min with a peak response observed at 10 min
(Fig. 1). Treatment with the exogenous NO donor sodium nitroprusside (10 lM)
significantly inhibited ET-1-induced p44mapk and p42mapk phosphorylation at 5,
10, and 30 min. (Fig. 2; p < 0.05) compared with ET-1 alone (Fig. 1), indicating
that NO production attenuates ET-1-induced MAPK activation. To determine if
decreasing the production of NO via NOS inhibition would modulate the effect of
ET-1 on expression of p44mapk and p42mapk, experiments were done using the
nonspecific NOS inhibitor L-NAME and the specific NOS 1 inhibitor NPLA to
treat NPVSM before ET-1 exposure. As seen in Figure 3, 100 lM L-NAME
significantly increased (p < 0.05) MAPK phosphorylation by ET-1 compared
with ET-1 treatment alone at 1, 5, 10, and 30 min (Fig. 1). In addition, this same
phenomenon was observed in the presence of 1 lMNPLA, even at 60 min (Fig. 4;
p < 0.05), indicating that NO production via NOS 1 modulates ET-1-induced
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MAPK phosphorylation in NPVSM. Since NO activates PKG via cGMP, ex-
periments were also done with the specific PKG inhibitor KT5823 to determine if
PKG modulates the response to ET-1. Figure 5 shows that PKG blockade with
1 lM KT5823 significantly enhances p44mapk and/or p42mapk phosphorylation
by ET-1 compared with ET-1 treatment alone (Fig. 1) at 1, 5, 10, 30, and 60 min
(p < 0.05), indicating that PKG activation by NO also has an effect on MAPK
phosphorylation by ET-1. Collectively, these data indicate that p44mapk and
p42mapk phosphorylation by ET-1 in NPVSM is modulated by NO production
and subsequent PKG signaling.

Discussion

The results of this study demonstrate: (1) the expression and phosphorylation of
MAPKs in rat neonatal pulmonary vascular smooth muscle (NPVSM) by ET-1,
(2) NO-mediated inhibition of ET-1-inducedMAPK phosphorylation, and (3) that
NOS inhibition and PKG inhibition enhances the effect of ET-1 on both p44mapk

and p42mapk phosphorylation in NPVSM. Mitogen-activated protein kinases

Fig. 1. Effect of endothelin-1 (ET-1) on tyrosine phosphorylation of p44mapk and p42mapk. NPVSM

were incubated in serum-free medium for 24 h and then treated with 10 nM ET-1 for the times

indicated. Cells were lysed, and lysates were immunoblotted with phosphotyrosine-specific and non-

phosphospecific anti-p44mapk and anti-p42mapk antibodies. Shown are representative densitometric

analysis and immunoblots (inset) of four immunoblots probed with the phosphotyrosine-specific

antibody (mean ± SE). P-Tyr, phosphotyrosine. *Significantly different from zero, p < 0.05.
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(MAPKs) are important messengers in signal transduction pathways that are
stimulated by many different types of cell surface receptors. MAPKs are a family
of 40–46-kDa cytosolic serine/threonine kinases that participate in the transduc-
tion of mitogenic and differentiation-promoting signals to the cell nucleus. In
mammalian cells the MAPK family includes the specific MAPKs, extracellular
signal-regulated kinases 1 and 2 (ERK1 and ERK2, or p44mapk and p42mapk,
respectively), which require tyrosine and threonine phosphorylation for maximal
activation [4]. Specifically, the activated MAPKs translate to the nucleus for reg-
ulation of transcription factors for cellular growth and differentiation [13, 35, 38].

In this study ET-1 induced significant phosphorylation of both p44mapk and
p42mapk inNPVSM.These results agreewith previous studies that reported that ET-
1 activates MAPKs and stimulates DNA synthesis in vascular smooth muscle via
ETA receptor mediation [11, 14, 44, 46, 48, 49]. ET-1 activates ERK1/2 in rabbit
carotid artery vascular smooth muscle cells to induce mitogenesis [18] and elicit
contraction in coronary smoothmuscle [7] and activateMAPK in pulmonary artery
smooth muscle and human coronary artery smooth muscle [46, 49]. In addition,
Kubo et al. [23] observed that the endothelin precursor big endothelin-1 produced
an increase in MAP kinase activity in vascular smooth muscle cells, and Malarkey
et al. [25] reported that ET-1 activates MAP kinase in tracheal smooth muscle cells.

Results from this study also suggest that NO production inhibits ET-1-in-
duced MAPK phosphorylation because the exogenous NO donor sodium nitro-

Fig. 2. Effect of sodium nitroprusside (SNP) and ET-1 on tyrosine phosphorylation of p44mapk and

p42mapk. NPVSM were incubated in serum-free medium for 24 h and then pretreated with 10 lM SNP

for 15 min before treatment with 10 nM ET-1 for the times indicated. Cells were lysed, and lysates were

immunoblotted with phosphotyrosine-specific and nonphosphospecific anti-p44mapk and anti-p42mapk

antibodies. Shown are representative densitometric analysis and immunoblots (inset) of four immu-

noblots probed with the phosphotyrosine-specific antibody (mean ± SE). P-Tyr, phosphotyrosine.
+Significantly different from ET-1 alone, p < 0.05.
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prusside inhibited phosphorylation of both p44mapk and p42mapk at all ET-1
treatment time points. In contrast, NOS inhibition amplified the NPVSM phos-
phorylation response to ET-1. Specifically, ET-1, in the presence of the nonspe-
cific NOS inhibitor L-NAME, or the specific NOS 1 blocker NPLA induced
greater p44mapk and p42mapk phosphorylation compared with ET-1 alone.

The physiological significance of the relationship between ET-1 and NO in
neonatal vascular smooth muscle is not well understood, but may involve a
balance of vasomotor tone in the neonate. ET-1 has been reported to induce
release of NO that leads to an increase in cGMP tissue content, which modulates
vasodilation in adult human pulmonary blood vessels [33]. The endothelin
receptor subtype B (ETB), which is most abundant at term, mediates paradoxic
vasodilation through a NO-dependent mechanism [16, 41], and studies suggest
that NO regulates ETA receptors in vitro through a cGMP-dependent mechanism
via activation of the cAMP-dependent protein kinase [34].

The vasodilator nitric oxide (NO) is important in the transition of pulmonary
circulation from fetal to postnatal life. Primarily produced in the pulmonary
endothelium by upregulation of endothelial nitric oxide synthase in fetal life [36],
NO activates soluble guanylate cyclase, increasing synthesis of guanosine 3¢,
5¢-cyclic monophosphate (cGMP) leading to vasorelaxation of the pulmonary
vasculature [5]. Physiologically, it is possible that NOSs are developmentally
regulated in the fetus and contribute to the distribution of blood flow [45] and to

Fig. 3. Effect of L-NAME and ET-1 on tyrosine phosphorylation of p44mapk and p42mapk. NPVSM

were incubated in serum-free medium for 24 h and then pretreated with 100 lM L-NAME for 30 min

before treatment with 10 nM ET-1 for the times indicated. Cells were lysed, and lysates were im-

munoblotted with phosphotyrosine-specific and nonphosphospecific anti-p44mapk and anti-p42mapk

antibodies. Shown are representative densitometric analysis and immunoblots (inset) of four im-

munoblots probed with the phosphotyrosine-specific antibody (mean ± SE). P-Tyr, phosphotyrosine.

*Significantly different from zero, p < 0.05. +Significantly different from ET-1 alone, p < 0.05.
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marked lung growth and vessel mitogenesis [12, 32]. In contrast, it has also been
reported that NO donors inhibit neonatal pulmonary artery smooth muscle cell
growth [1] and adult systemic vascular smooth muscle proliferation [21] via an
increase in cGMP and p44mapk and p42mapk phosphorylation.

It is thought that attenuated production of NO and, therefore, of cGMP may
contribute to the pathophysiology of a variety of forms of neonatal pulmonary
vascular disease states. Shaul et al. [37] showed that endothelial NOS gene
expression is decreased in fetal lambs with pulmonary hypertension, and Thomae
et al. [39] speculated that NO may alter vascular smooth muscle growth and
pulmonary vascular remodeling in conditions complicated by pulmonary hyper-
tension and treated with inhaled NO.

In summary, the results of this study revealed the expression of both p44mapk

and p42mapk in primary cultured pulmonary vascular smooth muscle cells from
neonatal (1–2 day old) rats identified by Western immunoblot analysis. Treatment
with ET-1, a potent vasoconstrictor with vascular mitogenic properties, induced
phosphorylation in both p44mapk and p42mapk. The NO donor sodium nitro-
prusside inhibited the MAPK phosphorylatory response to ET-1, and the specific
PKG inhibitor KT5823, the nonspecific NOS inhibitor L-NAME, and the specific

Fig. 4. Effect of NPLA and ET-1 on tyrosine phosphorylation of p44mapk and p42mapk. NPVSM were

incubated in serum-free medium for 24 h and then pretreated with 1 lM NPLA for 30 min before

treatment with 10 nM ET-1 for the times indicated. Cells were lysed, and lysates were immunoblotted

with phosphotyrosine-specific and nonphosphospecific anti-p44mapk and anti-p42mapk antibodies.

Shown are representative densitometric analysis and immunoblots (inset) of four immunoblots probed

with the phosphotyrosine-specific antibody (mean ± SE). P-Tyr, phosphotyrosine. *Significantly

different from zero, p < 0.05. +Significantly different from ET-1 alone, p < 0.05.
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NOS 1 blocker NPLA all significantly enhanced phosphorylation of both p44mapk

and p42mapk by ET-1. Collectively, these data demonstrate the expression and
phosphorylation of MAPKs in rat neonatal pulmonary vascular smooth muscle
and suggest that NO modulates MAPK activation by ET-1. Future studies need
to address the specific physiological conditions under which NO regulates pul-
monary vascular smooth muscle mitogenesis.
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