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Augmented Pulmonary Vasoconstrictor Reactivity after Chronic
Hypoxia Requires Src Kinase and Epidermal Growth Factor
Receptor Signaling
Charles E. Norton, Joshua R. Sheak, Simin Yan, Laura Weise-Cross, Nikki L. Jernigan, Benjimen R. Walker, and
Thomas C. Resta

Vascular Physiology Group, Department of Cell Biology and Physiology, University of New Mexico Health Sciences Center, Albuquerque,
New Mexico

Abstract

Chronic hypoxia augments pressure- and agonist-induced
pulmonary vasoconstriction through myofilament calcium
sensitization. NADPH oxidases contribute to the development
of pulmonary hypertension, and both epidermal growth factor
receptor and Src kinases can regulate NADPH oxidase. We
tested the hypothesis that Src–epidermal growth factor receptor
(EGFR) signalingmediates enhanced vasoconstrictor sensitivity after
chronic hypoxia through NADPH oxidase–derived superoxide
generation. Protocols employed pharmacological inhibitors in
isolated, pressurized rat pulmonary arteries to examine the
contribution of a variety of signaling moieties to enhanced vascular
tone after chronic hypoxia. Superoxide generation in pulmonary
arterial smooth muscle cells was assessed using the fluorescent
indicator dihydroethidium. Indices of pulmonary hypertension
were measured in rats treated with the EGFR inhibitor gefitinib.
Inhibition of NADPH oxidase, Rac1 (Ras-related C3 botulinum

toxin substrate 1), and EGFR abolished pressure-induced pulmonary
arterial tone and endothelin-1 (ET-1)-dependent calcium sensitization
and vasoconstriction after chronic hypoxia. Consistently, chronic
hypoxia augmented ET-1–induced superoxide production
through EGFR signaling, and rats treated chronically with
gefitinib displayed reduced right ventricular pressure and diminished
arterial remodeling. Src kinases were also activated by ET-1 after
chronic hypoxia and contributed to enhanced basal arterial tone
and vasoconstriction in response to ET-1. A role for matrix
metalloproteinase 2 to mediate Src-dependent EGFR activation
is further supported by our findings. Our studies support a novel
role for an Src kinase–EGFR–NADPH oxidase signaling axis to
mediate enhanced pulmonary vascular smooth muscle Ca21

sensitization, vasoconstriction, and pulmonary hypertension after
chronic hypoxia.
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Increased pulmonary vascular resistance
resulting from vasoconstriction and arterial
remodeling is a hallmark of pulmonary
arterial hypertension (World Health
Organization group 1) as well as of hypoxia-
associated pulmonary hypertensive
disorders (group 3), including chronic

obstructive pulmonary disease, interstitial
lung disease, developmental abnormalities,
and sleep apnea. Although precapillary
constriction is important in the
development of pulmonary hypertension
(pHTN), the mechanisms involved are
poorly understood. Evidence that

vasodilators acutely reverse pHTN
in a variety of experimental models
(1–3) indicates that vasoconstrictor
mechanisms provide a major contribution
to pHTN. Such mechanisms include
both pressure- and depolarization-induced
vasoconstriction (2, 4, 5) and enhanced
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vasoconstrictor reactivity to endogenous
G protein–coupled receptor (GPCR)
agonists (6–8).

Increased vascular smooth muscle
(VSM) Ca21 sensitivity resulting from
Rho kinase (ROK) activation is a primary
mechanism of vasoconstriction, arterial
remodeling, and associated pHTN
resulting from both chronic hypoxia
(CH) (2, 5, 6, 8–10) and a rat model
of severe pHTN (1). ROK inhibition
improves pulmonary hemodynamics in
patients with pHTN (11), and pulmonary
arteries from patients with idiopathic
pHTN display elevated ROK activity
and enhanced ROK-dependent contraction
(12). Our laboratory and others have
identified an important role for RhoA/
ROK-mediated Ca21 sensitization in
the development of pressure-induced
(myogenic) pulmonary arterial constriction,
as well as enhanced GPCR- and depolarization-
dependent vasoconstriction, after CH
(4–6, 9). These stimuli are coupled to
RhoA activation via O2

2 (5, 6, 10),
consistent with evidence that reactive
oxygen species (ROS) derived from
NADPH oxidase (NOX) play an important
role in the development of pHTN (7).
However, neither the mechanisms that
link these stimuli to O2

2-dependent
RhoA activation, Ca21 sensitization, and
vasoconstriction after CH nor their

contribution to the development of pHTN
in this setting is well understood.
Interestingly, a Src kinase (Src)/epidermal
growth factor receptor (EGFR) signaling
pathway is activated by such stimuli in
other cell types (13), thus representing a
potential mechanism mediating pHTN in
response to CH.

The present study tested the hypothesis
that Src–EGFR signaling couples
membrane stretch and ET-1 receptor
stimulation to enhanced pulmonary
vasoconstriction after CH through NOX-
dependent O2

2 production. We examined
the role of NOX, EGFR, and Src to mediate
pressure-dependent tone and agonist-
induced vasoconstriction in pulmonary
arteries from CH and normoxic control
rats. Because Src family kinases can activate
EGFR either directly (14) or through matrix
metalloproteinases (MMPs) (15, 16), a
complementary goal was to examine how
EGFR is activated in this setting. Our
findings reveal a unique signaling
mechanism in the pulmonary circulation
that is induced by CH and links arterial
wall stretch and receptor-mediated
activation of Src/MMP/EGFR signaling
to stimulation of the NOX2 isoform,
myofilament Ca21 sensitization,
and vasoconstriction. These studies
further support a novel role for EGFR
in the development of CH-induced pHTN.

Methods

All protocols were conducted using
normoxic and CH (4 wk; barometric
pressure, z380 mm Hg) male Sprague
Dawley rats and were approved by
the institutional animal care and use
committee of the University of New Mexico
Health Sciences Center. An expanded
METHODS section detailing the protocols
and statistics used is available in the data
supplement.

Results

O2
2, but Not H2O2, Mediates

Pressure-Dependent Tone in
Pulmonary Arteries from CH Rats
The relative contribution of O2

2 and
H2O2 to basal tone after CH was evaluated
in endothelium-disrupted small pulmonary
arteries (100–200-mm inner diameter)
using simultaneous measurement of
vessel inner diameter and vessel wall
[Ca21]i at physiological transmural
pressures (5, 6). All vessels were
endothelium disrupted to isolate the
influence of VSM ROS. In prior studies
using this preparation, CH enabled
pressure-dependent tone that was
independent of L-type Ca21 channels or
changes in [Ca21]i, but instead was
mediated by ROK (4). Arteries were loaded
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Figure 1. O2
2
contributes to pressure-dependent pulmonary arterial tone after chronic hypoxia (CH).

Arterial tone (percentage of passive inner diameter) as a function of increasing intraluminal pressure in
arteries from CH and control rats in the presence of (A) polyethylene glycol–superoxide dismutase (PEG-
SOD; 120 U/ml), (B) polyethylene glycol–catalase (PEG-catalase; 250 U/ml), or their vehicle. Arteries
were endothelium disrupted but not permeabilized to Ca21. Vessel inner diameter was measured in
10-mm Hg pressure steps beginning at 5 mm Hg and ending at 45 mm Hg. Passive inner diameter was
determined by repeating pressure steps after removal of extracellular Ca21 (4). Values are mean6SE of
n=4–5 rats/group. *P,0.05 versus control. #P,0.05 CH drug versus CH vehicle.

Clinical Relevance

This study characterizes a previously
undescribed signaling axis in
pulmonary vascular smooth muscle
involving NADPH oxidase, epidermal
growth factor receptor, Src family
kinases, and matrix metalloproteinases
that mediates pressure- and agonist-
induced myofilament Ca21 sensitization
and vasoconstriction in pulmonary
arteries of rats with chronic
hypoxia–induced pulmonary
hypertension. We further show that
chronic treatment of rats with an
epidermal growth factor receptor
inhibitor attenuates indices of chronic
hypoxia–induced pulmonary
hypertension. These findings have
potential to provide new therapeutic
strategies for pulmonary hypertension
that target the components of this
signaling pathway.
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with Fura-2 acetoxymethyl ester (Fura-
2AM) to monitor vessel wall [Ca21]i.
Responses to increasing intraluminal
pressure were assessed in arteries from

control and CH rats in the presence of
the O2

2 scavenger polyethylene
glycol–superoxide dismutase (SOD) or
the H2O2 scavenger polyethylene

glycol–catalase (17, 18). Basal tone
was observed in arteries from CH but
not control rats (Figure 1). SOD
prevented the development of CH-induced
basal tone (Figure 1A), whereas
catalase had no significant effect in
either group (Figure 1B). There were
no differences between groups in
baseline diameter or vessel wall [Ca21]i
(Table 1). Vessel wall [Ca21]i did not
vary with pressure in either group
(data not shown), as previously
reported (4).

NOX and Rac1 Are Required for Basal
Tone and Enhanced ET-1–induced
Myofilament Ca21 Sensitization and
Vasoconstriction after CH
The role of NOX as a source of O2

2

mediating basal tone development
after CH was tested in pulmonary
arteries using the general NOX inhibitor
apocynin and the NOX2-selective
inhibitory peptide gp91 ds-tat (19).
Similar to SOD (Figure 1A), apocynin
and gp91 ds-tat prevented pressure-
induced tone in CH arteries but
had no effect in controls (Figures 2A
and 2B).

To directly evaluate the contribution
of NOX-induced Ca21 sensitization
to augmented receptor-mediated
vasoconstriction after CH, we examined
the effect of gp91 ds-tat on ET-1–
dependent vasoconstriction in endothelium-
disrupted, pressurized (12 mm Hg)
arteries from each group after permeabilization
to Ca21 with the Ca21 ionophore
ionomycin (6). Because vessel wall [Ca21]i
is clamped by the extracellular Ca21

concentration (300 nM) in permeabilized
vessels (confirmed using Fura-2AM) (Figure
2C), any vasoconstrictor response is a function
of myofilament Ca21 sensitization.
Consistent with previous findings (6), CH
exposure enhanced vasoconstriction in response
to ET-1 in permeabilized arteries (Figure
2D). NOX2 inhibition attenuated
vasoconstriction in response to ET-1 in
arteries from CH but not control rats and
normalized responses between groups
(Figure 2D). There were no differences
between groups in baseline diameter or
vessel wall [Ca21]i in permeabilized arteries
(Table 1). Further supporting a role for
NOX2 in augmented vasoreactivity after
CH, inhibition of the NOX1/2 accessory
protein Rac1 (Ras-related C3 botulinum

Table 1. Baseline Inner Diameter and Vessel Wall [Ca21]i in Arteries from Control and
Chronically Hypoxic Rats

Treatment
Inner Diameter

(mm)
Vessel Wall [Ca21]i

(F340/F380) n

Control 14765 0.9160.04 121
CH 15469 0.9360.02 123
Control (Ca21 permeabilized) 16264 1.1160.04 49
CH (Ca21 permeabilized) 16967 1.0660.04 52

Definition of abbreviations: CH=chronic hypoxia; ET-1= endothelin-1; F340/F380 = fura-2 340/380-nm
emission ratio.
Values are mean6SE. Nonpermeabilized arteries were used for basal tone and epidermal growth
factor vasoreactivity studies. Ca21 permeabilized arteries were used for ET-1 vasoreactivity protocols.
All values were measured under resting conditions at an intraluminal pressure of 12 mm Hg.
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Figure 2. NADPH oxidase is required for CH-induced basal tone and augmented endothelin-1
(ET-1)–induced Ca21 sensitization and vasoconstriction in small pulmonary arteries. (A and B) Basal
arterial tone in nonpermeabilized arteries and (C and D) vasoconstrictor responses to ET-1 in Ca21-
permeabilized arteries in the presence of the NADPH oxidase inhibitor apocynin (30 mM; A) or gp91
ds-tat (50 mM; B and D) or their respective vehicles/negative controls. All arteries were endothelium
disrupted. (C and D) Experiments using ET-1 were performed in arteries maintained at a transmural
pressure of 12 mm Hg. Permeabilization to Ca21 in ET-1–treated arteries was achieved using the
Ca21 ionophore ionomycin (3 mM) to directly assess mechanisms of myofilament Ca21 sensitization
independent of changes in vessel wall [Ca21]i (6). All Ca

21-permeabilized vessels were equilibrated
with physiological saline solution containing 300 nM Ca21. Vessel wall [Ca21]i is expressed as
background-subtracted fura-2 340/380-nm emission ratios (F340/F380). Values are mean6SE of
n=4–7 rats/group. *P,0.05 versus control. #P,0.05 CH drug versus CH vehicle or CH scrambled.
I.D. = inner diameter; Scrambled=negative control peptide for gp91 ds-tat.
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toxin substrate 1) with NSC23766
prevented effects of CH to induce basal
tone (Figure 3A) and augment ET-1–
mediated vasoconstriction (Figure 3B).

EGFR Mediates Enhanced
Vasoreactivity and ET-1–induced O2

2

Generation after CH
EGFR-mediated NOX2 activation
provides a major source of O2

2 mediating
enhanced depolarization-induced
vasoconstriction in CH rats (10).
Consistent with these results, EGFR
inhibition with either AG1478 or gefitinib
prevented basal tone development after CH
(Figures 4A and 4B). Similarly, AG1478
prevented enhanced vasoconstriction
in response to ET-1 in arteries from CH
rats but had no effect in control arteries
(Figure 4C).

To further characterize mechanisms of
EGFR-mediated vasoconstriction after CH,
nonpermeabilized pulmonary arteries were
stimulated with increasing concentrations of
epidermal growth factor (EGF) to directly
activate EGFR. Remarkably, EGF caused
a robust, concentration-dependent
constriction in arteries from CH rats but had
no significant effect in control arteries
(Figure 5A). This response occurred without
a significant change in [Ca21]i, supporting a
role for Ca21 sensitization in EGF-mediated
vasoconstriction after CH (Figure 5B). Both
ROK inhibition (HA-1077; Figure 6A) (20,
21) and NOX2 inhibition (Figure 6B)
strongly attenuated constriction in response
to EGF in CH arteries but had no effect
in control vessels, consistent with effects
of these agents on both pressure- and
ET-1–mediated vasoconstriction. AG1478

diminished EGF-induced vasoconstriction in
arteries from CH rats (Figure 6C), effectively
normalizing responses to those of control
vessels, thus verifying the contribution of
EGFR to this response.

We have previously reported that ET-1
stimulates O2

2 generation in pulmonary
arteries from CH rats (6). To evaluate
the role of EGFR in this response, we
measured basal and ET-1–stimulated O2

2

production by dihydroethidium (DHE)
fluorescence in primary cultures of
pulmonary arterial smooth muscle cells
from CH and control rats. Basal DHE
fluorescence was not different between
control and CH groups (Figure 7). ET-1
selectively increased DHE fluorescence in
cells from CH rats but had no significant
effect in control cells. The EGFR inhibitor
AG1478 prevented ET-1–induced
increases in DHE fluorescence in cells from
CH rats, resulting in similar fluorescence
between groups. We have previously
demonstrated the specificity of DHE for
O2

2 versus H2O2 using this preparation
(17, 18).

Contribution of EGFR to Hypoxia-
induced pHTN
Rats were treated orally for 4 weeks
with gefitinib (30 mg/kg/d) or vehicle
pills to evaluate the role of EGFR
signaling in the development of
CH-induced pHTN. Animals exposed to
CH exhibited lower body weight
than normoxic rats (Table 2) (17).
EGFR inhibition had no effect on
body weight in either group. CH
exposure increased right ventricle
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(RV)/left ventricle plus septum ratios
(Figure 8A), demonstrating RV
hypertrophy. RV/total ventricle weight
and RV/body weight were similarly
elevated after CH (Table 2). Gefitinib-
treated CH animals displayed
significantly lower indices of RV weight
than vehicle-treated rats (Figure 8A and
Table 2), supporting a role for EGFR in
CH-induced RV hypertrophy. Left
ventricle plus septum/body weight
ratios were not significantly different
between groups (Table 2). CH exposure
produced a characteristic increase in
hematocrit that was unaltered by
gefitinib (Table 2).

CH increased right ventricular systolic
pressure (RVSP) in vehicle-treated rats,
indicative of pHTN (Figure 8B).
Consistent with effects of gefitinib to
reduce the RV hypertrophic response

after CH, EGFR inhibition lowered
RVSP in CH rats but not control
rats. Gefitinib similarly inhibited
CH-induced pulmonary arterial
remodeling (Figure 9A), as evidenced
by a decreased incidence of fully
muscularized small pulmonary arteries
(,20 mm in diameter) (Figure 9B) and
reduced arterial wall thickness (Figures
9C and 9D) compared with vehicle-
treated CH rats.

Src-Dependent EGFR Activation
Contributes to Basal Tone and
Augmented ET-1–induced
Vasoconstriction after CH
Because Src family kinases can regulate
NOX and EGFR (14, 22), we examined
their contribution to CH-dependent
increases in vasoconstrictor reactivity.
Src inhibition with SU6656 (13)

prevented both pressure-dependent
tone (Figure 10A) and enhanced
vasoconstriction in response to ET-1
(Figure 10B) after CH. SU6656 also
normalized responses to ET-1 between
arteries from CH and control rats. In
contrast, Src inhibition did not alter
responses to EGF in either CH or
control arteries (Figure 10C), suggesting
that Src signals upstream of EGFR
to mediate enhanced vasoreactivity
after CH. We confirmed that Src kinase
and EGFR inhibition did not alter ROK
signaling by assessing vasoconstriction
in response to the ROK activator
sphingosylphosphorylcholine (10 mM)
(23) in Ca21-permeabilized arteries
from control rats. Constriction in response
to sphingosylphosphorylcholine was
prevented by HA-1077 but not by AG1478 or
SU6656 (Figure 11).

Effects of CH on basal and
ET-1–induced Src activation were
assessed in intrapulmonary arteries
from each group by measuring levels
of activated Src (phospho-Tyr416 [24])
by western blotting. Although basal
levels of phospho-Src tended
to be elevated after CH, this effect
did not achieve statistical significance
(P = 0.08) (Figure 12). However, after
ET-1 stimulation, Src phosphorylation
was greater in CH than in normoxic
control arteries, indicative of increased
activity. Total Src expression
(normalized to b-actin) was not
different between groups (control,
0.936 0.07; CH, 0.866 0.03;
n = 8/group).
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Involvement of MMPs in Hypoxia-
mediated Increases in Vasoconstrictor
Sensitivity to ET-1
Because Src can activate EGFR through
both MMP-dependent (15) and MMP-

independent (14) mechanisms, we initially
examined vasoconstrictor responses to
ET-1 in the presence of a general MMP
inhibitor, GM6001, in Ca21-permeabilized
arteries. MMP inhibition prevented

the effect of CH to augment ET-1
vasoconstriction and normalized
responses between groups (Figure 13A).
Considering that MMP2 and MMP9
can facilitate EGFR activation (16)
and that MMP2 expression is increased
in rat models of pHTN (25), ET-1
vasoreactivity protocols were repeated
after selective MMP2 or MMP9 inhibition.
MMP2 inhibitor 3 prevented enhanced
vasoconstriction in response to ET-1 in
CH arteries (Figure 13B). In contrast,
MMP9 inhibitor 2 was without effect on
responses to ET-1 (Figure 13C). We also
tested the role of ADAM17 (a disintegrin
and metalloproteinase domain 17) in
ET-1–induced vasoconstriction with the
ADAM17 inhibitor TAPI-1 (TNF-a
protease inhibitor I). TAPI-1 slightly but
significantly attenuated the response to the
highest concentration of ET-1 (100 nM),
although augmented vasoconstriction in
response to ET-1 after CH persisted
(Figure 13D).

Consistent with a primary contribution
of MMP2 to CH-induced increases in
vasoconstrictor reactivity (Figure 12B), CH
increased pulmonary arterial MMP2
expression measured by western blotting
but was without effect on expression of
MMP9 or ADAM17 (Figure 14).

Discussion

This study identified signaling mechanisms
linking ET-1 receptor stimulation and
intraluminal stretch to enhanced
myofilament Ca21 sensitization and
vasoconstriction in the hypertensive
pulmonary circulation. The major findings
are as follows:

1. Enhanced ET-1–induced pulmonary
vasoconstriction, pulmonary arterial
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Figure 7. CH increases ET-1–induced O2
2 production in pulmonary arterial smooth muscle cells

through EGFR. Digitally inverted representative images and mean fluorescence intensity (MFI) of
dihydroethidium (DHE) fluorescence in thresholded images of pulmonary arterial smooth muscle cells
from CH and control rats. Cells were treated with vehicle, ET-1 (1028 M), or ET-1 plus the EGFR
inhibitor AG1478 (1 mM). Cells were isolated from intrapulmonary arteries (second–fifth order) and
transiently cultured (3–4 d) before study (18, 19). MFI was averaged from five images/sample (one
rat/sample). Each image was thresholded to select for positively stained areas above background.
Values are mean6SE of n=4–7 rats/group. Scale bar: 20 mm. *P,0.05 versus control ET-1.
#P,0.05 versus CH vehicle. τP,0.05 versus CH ET-1.

Table 2. Body Weight, Ventricular Weight Ratios, and Hematocrit

Treatment BW (g) RV/T (mg/mg) RV/BW (mg/g) LV1S/BW (mg/g) HCT (%) HR

Control vehicle 3716 8 0.226 0.01 0.576 0.02 2.0360.08 46.66 0.5 31967
CH vehicle 3036 4* 0.356 0.01* 1.086 0.06* 1.9860.07 70.06 1.5* 34966
Control gefitinib 3596 4 0.206 0.01 0.526 0.02 2.0760.09 45.66 0.9 326611
CH gefitinib 3066 5* 0.286 0.02*† 0.876 0.06*† 2.2160.05 67.86 0.8* 354615

Definition of abbreviations: BW=body weight; HCT=hematocrit; HR=heart rate; LV1S= left ventricle plus septum weight; RV= right ventricle weight;
T = total ventricle weight.
Values are means6SE of n=5 rats/group.
*P,0.05 versus respective control.
†P,0.05 versus CH vehicle.
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VSM O2
2 generation, and basal arterial

tone after CH require EGFR-dependent
activation of NOX2/Rac1.

2. EGF constricts arteries from CH but not
control rats through NOX and ROK
signaling.

3. EGFR contributes to CH-induced
RV hypertrophy, arterial remodeling,
and elevated RVSP, indicative of
pHTN.

4. Src kinases are activated by ET-1 in
arteries from CH rats and mediate

enhanced basal tone and vasoconstriction
in response to ET-1.

5. MMPs contribute to augmented
ET-1–induced vasoconstriction after CH.

Combined, these findings demonstrate
that CH facilitates pressure- and
ET-1–induced activation of NOX2
through Src- and MMP-dependent
EGFR signaling in pulmonary VSM
(Figure 15).

Altered concentrations of O2
2

and H2O2 are implicated in the
development of pHTN (17, 26, 27).
O2

2 can contract pulmonary VSM
through ROK activation and subsequent
myofilament Ca21 sensitization (28),
whereas H2O2 can cause both contraction
(29) and relaxation (30). Our current
observation that CH-dependent basal
tone is prevented by SOD but not
catalase supports a role for O2

2 in this
response. In addition, we have previously
demonstrated that O2

2 contributes to
enhanced ET-1–dependent (6) and
KCl-dependent (10) Ca21 sensitization
and vasoconstriction in arteries from
CH rats, suggesting that O2

2 and not
H2O2 is the primary ROS associated
with ROK-dependent vasoconstriction
after CH.

NOX isoforms contribute to pHTN
(7, 31, 32) and are a potential source
of O2

2 mediating basal tone and
enhanced ET-1–induced pulmonary
VSM Ca21 sensitization after CH.
Consistent with evidence for involvement
of the NOX2 isoform in CH-dependent
ROS production and pHTN in mice
(7), our present findings indicate a
role for NOX2 in augmented pressure-
dependent and ET-1–induced Ca21

sensitization after CH (Figures 2 and 3).
A similar role was observed for Rac1,
an important mediator of NOX2
activation (33) that contributes to
depolarization-induced Ca21 sensitization
in pulmonary arteries from CH rats
(10). Given that NOX2 and Rac1
inhibition were without effect in
control arteries, it appears that CH
couples both membrane stretch and
ET-1 receptor activation to NOX2/Rac1
signaling in the hypertensive pulmonary
circulation.

EGFR is a receptor tyrosine kinase
linked to membrane stretch-induced
NOX activation in mesangial cells (13).
EGFR is comprised of an extracellular
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Figure 9. EGFR inhibition attenuates CH-induced pulmonary arterial remodeling. (A and B)
Representative images of small pulmonary arteries (A) and number of fully muscularized arteries
(,20 mm in diameter; B) from 20 images/section from CH and control rats administered daily
gefitinib (30 mg/kg/d) or vehicle pills. (C and D) Arterial wall thickness (percentage outer diameter)
of pulmonary arteries with diameters of less than 50 mm (C) and 50–100 mm (D). Numbers of
fully muscularized arteries were assessed by fluorescence microscopy of lung sections labeled
with an ACTA2 antibody. Arterial wall thickness was measured from elastin-stained sections (A).
Values are mean6SE of n=5 rats/group. Scale bar: 50 mm. *P, 0.05 versus control. #P, 0.05
versus CH vehicle.
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ligand-binding domain, a transmembrane
domain, and an intracellular domain that
mediates the tyrosine kinase activity of the
receptor (34). Ligand stimulation of EGFR
by EGF, transforming growth factor-a,
and amphiregulin promotes receptor
dimerization and autophosphorylation
in the intracellular domain, thereby
coupling EGFR signaling pathways
involved in growth, proliferation, and
cell contraction. EGFR is transactivated
by a variety of stimuli, including
platelet-activating factor (35), GPCR
stimulation (15, 36), depolarization (37),
ROS (38), and mechanical deformation
of cell membranes (13, 16) and thus
integrates information from distinct
upstream pathways into downstream
cellular responses. We tested the
hypothesis that EGFR serves as a
proximal mediator of NOX2 activation
after CH. Consistently, we found that
EGFR inhibition prevented effects of
CH to induce pressure-dependent tone
and augment ET-1–induced arterial
constriction and VSM O2

2 production.
This latter finding, although limited by
interpretation of results with single-
wavelength dyes, demonstrates that the
cellular components necessary for ET-
1–induced ROS production are localized
to the smooth muscle cell. These results
closely resemble our previous findings
in isolated arteries which demonstrate
that membrane depolarization-dependent
increases in O2

2 production are also
blocked by AG1478 and gp91 ds-tat
(10). In addition, the EGFR agonist
EGF caused constriction only in arteries

from CH rats that was sensitive to
inhibition of ROK, NOX2, and EGFR
but independent of changes in vessel
wall [Ca21]i. These results suggest that
CH selectively links EGFR stimulation
to NOX2- and ROK-mediated pulmonary
VSM Ca21 sensitization and arterial
constriction and are in agreement
with evidence from our laboratory that
EGFR inhibition prevents KCl-induced
O2

2 production, Rac1 activation, and
constriction in pulmonary arteries from
rats exposed to CH (10). Collectively,
these findings indicate that EGFR is
a proximal activator of NOX and that
this signaling pathway serves as a
common mechanism that transduces
a variety of contractile stimuli to
NOX2-derived O2

2 production and

ROK-mediated pulmonary vasoconstriction
after CH.

Although it has been suggested that
EGFR is not a promising target for
treatment of pHTN, considering that lung
EGFR concentrations are not altered in
either human pHTN or rodent models of
pHTN (39), it is alternatively possible that
EGFR signaling is enhanced independent of
changes in expression. Consistent with this
possibility, EGFR contributes to pHTN in
mice that overexpress the EGFR ligand
transforming growth factor-a (40).
Furthermore, CH couples depolarization-
induced EGFR activation to NOX2-
mediated pulmonary vasoconstriction
without a change in EGFR protein
concentrations but with increased
tyrosine-1068 phosphorylation of EGFR

–10 –9 –8 –7 –6

0

10

20

30

40

50

V
as

oc
on

st
ric

tio
n 

(%
)

EGF (log M)

*

*

*

* *

*
*

Control Vehicle
CH Vehicle
Control SU6656
CH SU6656

A
rt

er
ia

l T
on

e 
(%

)

Pressure (mmHg)
5 15 25 35 45

–10

0

10

20

30

Control Vehicle
CH Vehicle
Control SU6656
CH SU6656

*

*

* *

# ##

V
as

oc
on

st
ric

tio
n 

(%
)

Control Vehicle
CH Vehicle
Control SU6656
CH SU6656

log [ET-1] (M)
–10 –9 –8 –7

0

20

40

60

80

100

*

*

#

#

A B C

Figure 10. Src kinases contribute to CH-induced increases in basal tone and ET-1–induced vasoconstriction, but not EGF-mediated constriction, of small
pulmonary arteries. (A–C) Basal tone in nonpermeabilized arteries (A), vasoconstriction in response to ET-1 in Ca21-permeabilized arteries (B), and
vasoconstriction in response to EGF in nonpermeabilized arteries (C) from CH and control rats in the presence of the Src family kinase inhibitor SU6656
(10 mM) or vehicle. All arteries were endothelium disrupted. Values are mean6SE of n=4–5 rats/group. *P,0.05 versus control. #P,0.05 CH drug
versus CH vehicle.
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Figure 11. Src and EGFR inhibitors do not alter Rho kinase signaling. Vasoconstriction in response to
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(10). H2O2 causes post-translational
covalent modification of EGFR resulting
in tyrosine dimerization and activation
after monocrotaline exposure (38).
However, the primary ROS that
contributes to the pathological EGFR
signaling appears to differ between
monocrotaline- and hypoxia-induced
pHTN (H2O2 and superoxide, respectively).
The physiological significance of EGFR
signaling in CH-induced pHTN is
further supported by effects of chronic
treatment with the EGFR inhibitors
gefitinib (Figures 8 and 9) and
dacomitinib (41) to reduce RVSP, RV
hypertrophy, and arterial remodeling in
response to CH in rats. However,
the relative contributions of arterial
remodeling and vasomotor tone to
EGFR-dependent pHTN remain to
be determined. Although heart rates
were not altered by gefitinib treatment,
we cannot exclude the possibility
that RV dysfunction contributes to
lower RVSP after EGFR inhibition.
Indeed, interpretation of findings from
pharmacologic EGFR inhibition in vivo
is limited by effects of global EGFR
inhibition, including potential influences
on cardiac or vascular function. Although
our findings are consistent with

observations that EGFR contributes to
hypoxia-dependent ovine pulmonary
VSM proliferation (42) and that EGFR
inhibition improves survival and attenuates
arterial remodeling in monocrotaline-
and CH-induced pHTN in rats (41, 43),
they contrast with evidence that EGFR
inhibition does not significantly attenuate
indices of pHTN in CH mice (39).
The reason for these disparate findings
is not clear but may represent a species
difference.

The Src family of non–receptor
tyrosine kinases are centrally involved
in the transduction of GPCR (44),
mechanical (13), and redox (45) stimuli
to EGFR activation through both
ligand-dependent and -independent
mechanisms (13, 15, 16). Ligand-dependent
activation of EGFR occurs through
proteolytic cleavage of transmembrane
ligands, including heparin-binding
EGF, to release mature receptor ligands
through ectodomain shedding (15, 16,
46, 47). Our results indicate that Src
inhibition prevents pressure-induced
tone as well as enhanced vasoconstriction
in response to ET-1 after CH, similar
to effects of EGFR, NOX2, and Rac1
inhibition. ET-1 further stimulated Src
in intrapulmonary arteries from CH

rats, as indicated by an increase in
phosphorylated Src at its activation
residue, tyrosine-416 (24). Our observation
that Src inhibition did not alter EGF-
induced vasoconstriction in arteries
from CH rats further suggests that
Src signals upstream of EGFR in
response to membrane stretch or ET-1
stimulation. Although not directly
tested in the present study, our current
model (Figure 15) predicts that Src
inhibition would similarly prevent
ET-1–induced ROS production but
would be without effect on EGF-induced
ROS generation in smooth muscle
cells from pHTN rats. Although
mechanisms by which smooth muscle
membrane stretch and ET-1 stimulate
Src are not clear, Src phosphorylation
can also be induced by prostaglandin
F2a in the pulmonary circulation (48),
suggesting that other agonists coupled
to GPCRs may also evoke this signaling
cascade. Interestingly, both U46619
and acute hypoxia activate Src via
oxidative phosphorylation in a process
that results in ROK-dependent contraction
in rat pulmonary arteries (49). Whether
oxidant signaling contributes to Src
activation in the hypertensive pulmonary
circulation, however, remains to be
established.

Our evidence implicating Src in
enhanced pulmonary vasoreactivity
after CH is consistent with prior
evidence that Src family kinases contribute
to the development of monocrotaline-
induced pHTN (50). Because Src kinases
represent a sizable family of proteins,
elucidating the specific Src isoform(s)
involved remains an area for future
investigation. A likely candidate is
c-Src, because myogenic tone in
systemic arteries requires c-Src (51),
and c-Src is linked to depolarization-
induced RhoA activation in mesangial
cells (13).

Src can activate EGFR through
ectodomain shedding of transmembrane
ligands into mature ligands that are
expressed on VSM cells (52). Although
mechanisms of ectodomain shedding are
poorly understood, several metalloproteases,
including members of the MMP family
(MMP2, -7, -9) (15, 16) and ADAM
(46), have been implicated in this
response. Interestingly, these MMP
isoforms contribute to both agonist- and
stretch-mediated EGFR activation and
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Western blots and mean densitometric data for phosphorylated (active) Src kinase normalized
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after treatment with ET-1 (10 nM). Values are mean6SE of n=4 rats/group. *P,0.05 versus
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resultant VSM contraction/hypertrophy
in systemic arteries (15, 16). ADAM17
is similarly involved in angiotensin
II–induced proliferation and hypertrophy
in rat aortic smooth muscle (46). A general

MMP inhibitor prevented effects of CH to
augment ET-1–mediated vasoconstriction,
supporting a role for ligand-dependent
activation of EGFR in this response.
Of the selective MMP inhibitors used

in this study, only MMP2 inhibition
restored vasoreactivity to ET-1 in
hypertensive arteries to the level of
controls. We also detected increased
MMP2 protein concentrations in
CH arteries, consistent with previous
reports in rats with monocrotaline-
induced pHTN and patients with
idiopathic pHTN (53, 54). Conversely,
CH was without effect on arterial
MMP9 and ADAM17 expression, and
both MMP9 and ADAM17 inhibition
minimally affected reactivity to ET-1
in arteries from CH rats, suggesting a
primary role for MMP2 in this response.
However, increased MMP2 expression
alone likely does not account for the
observed changes in vasoreactivity after
CH, because Src/EGFR/NOX2 signaling
does not occur in control arteries that
exhibit basal expression of MMP2
(Figure 14). Therefore, CH appears to
selectively couple ET-1 signaling to MMP
stimulation, although how this occurs
remains to be investigated. One possibility
is that Src kinases function as redox sensors
(45, 49) that link these stimuli to MMP
activation after CH. Furthermore, increased
MMP2 activity in pulmonary arteries from
patients with idiopathic pHTN has been
associated with tissue inhibitor of
metalloproteinase imbalance (53). Future
studies are therefore needed to address the
potential role of tissue inhibitors of
metalloproteinase in the response to CH
and the contribution of MMPs to the
development of pHTN.

Because GPCRs can activate Src
(55), ET-1 receptors may directly
activate these proteins in pulmonary
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Figure 13. Matrix metalloproteinases (MMPs) contribute to enhanced ET-1–induced vasoconstrictor
reactivity after CH. Vasoconstrictor responses to increasing concentrations of ET-1 in the presence or
absence of (A) general MMP inhibition (GM6001; 15 mM), (B) MMP2 inhibition (MMP2 inhibitor 3;
100 nM), (C) MMP9 inhibition (MMP9 inhibitor 2; 10 mM), and (D) ADAM17 inhibition (TAPI [TNF-a
protease inhibitor I], 10 mM) in endothelium-disrupted, pressurized, Ca21-permeabilized pulmonary
arteries from CH and control rats. Values are mean6SE of n=4–5 rats/group. *P,0.05 versus
control; #P,0.05 CH drug versus CH vehicle.
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arteries from CH rats, although this
remains to be addressed. The mechanism
through which membrane stretch activates
Src is also unknown, but it could potentially
involve VSM membrane depolarization.

Indeed, membrane depolarization is
capable of activating a similar EGFR/NOX2
signaling pathway in pulmonary arterial
smooth muscle (10). Furthermore,
CH leads to VSM membrane depolarization

in small pulmonary arteries (5, 10, 56),
and these arteries exhibit pressure-
dependent depolarization (56). Future
challenges are to address mechanisms
by which CH couples ET-1 and vessel
wall stretch to EGFR signaling, as
well as the role of VSM membrane
depolarization as a common mechanism
that links these stimuli to EGFR-dependent
Ca21 sensitization and vasoconstriction
after CH.

We conclude that CH unmasks an
Src/EGFR/NOX2 signaling pathway
leading to ROK-mediated Ca21

sensitization and development of
pulmonary vascular tone in response to
receptor stimulation and membrane
stretch. Our findings also suggest that
MMP2 is important to this response.
Studies in animals treated chronically
with an EGFR inhibitor further
support a novel role for EGFR in the
development of CH-induced pHTN. The
results of this study aid understanding of
vasoconstrictor mechanisms that contribute
to pHTN and have potential to provide
new therapeutic strategies that target
components of Src-mediated EGFR
signaling. n
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