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Castillo-Galán S, Quezada S, Moraga F, Ebensperger G, Herrera
EA, Beñaldo F, Hernández I, Ebensperger R, Ramírez S, Llanos
AJ, Reyes RV. 2-Aminoethyldiphenylborinate modifies the pulmo-
nary circulation in pulmonary hypertensive newborn lambs par-
tially gestated at high altitude. Am J Physiol Lung Cell Mol Physiol
311: L788 –L799, 2016. First published August 19, 2016;
doi:10.1152/ajplung.00230.2016.—Calcium signaling through
store-operated channels (SOC) is involved in hypoxic pulmonary
hypertension. We determined whether a treatment with 2-aminoeth-
yldiphenylborinate (2-APB), a compound with SOC blocker activity,
reduces pulmonary hypertension and vascular remodeling. Twelve
newborn lambs exposed to perinatal chronic hypoxia were studied, six
of them received a 2-APB treatment and the other six received vehi-
cle treatment for 10 days in both cases. Throughout this period, we
recorded cardiopulmonary variables and on day 11 we evaluated the
response to an acute hypoxic challenge. Additionally, we assessed the
vasoconstrictor and vasodilator function in isolated pulmonary arter-
ies as well as their remodeling in lung slices. 2-APB reduced pulmo-
nary arterial pressure between the 3rd and 10th days, cardiac output
between the 4th and 8th days, and pulmonary vascular resistance at
the 10th day of treatment. The pulmonary vasoconstrictor response to
acute hypoxia was reduced by the end of treatment. 2-APB also
decreased maximal vasoconstrictor response to the thromboxane mi-
metic U46619 and endothelin-1 and increased maximal relaxation to
8-bromoguanosine 3=,5=-cyclic monophosphate (8-BrcGMP). The
maximal relaxation and potency to phosphodiesterase-5 and Rho-
kinase inhibition with sildenafil and fasudil, respectively, were also
increased. Finally, 2-APB reduced the medial and adventitial layers’
thickness, the expression of �-actin, and the percentage of Ki67-
positive nuclei of small pulmonary arteries. Taken together, our
results indicate that 2-APB reduces pulmonary hypertension, vaso-
constrictor responses, and pathological remodeling in pulmonary
hypertensive lambs. We conclude that SOC targeting may be a useful
strategy for the treatment of neonatal pulmonary hypertension; how-
ever, further testing of specific blockers is needed.

hypoxia; neonatal pulmonary hypertension; 2-aminoethyldiphenylbo-
rinate; pulmonary artery remodeling

NEONATAL PULMONARY HYPERTENSION is a syndrome related to the
failure to reduce the pulmonary artery pressure (PAP) and

resistance (PVR) at birth. This condition hinders the establish-
ment of a normal cardiopulmonary function of the newborn
and is often complicated by right ventricular hypertrophy,
cardiac failure, and death (1). One of main causes of neonatal
pulmonary hypertension is perinatal hypoxia, as seen in high
altitude pregnancies and births (18, 19, 21, 23, 26, 42, 49). In
pulmonary circulation, hypoxia triggers changes in gene ex-
pression and posttranslational modifications of several proteins
involved in the generation of vasoconstrictor and vasodilator
responses. In addition, chronic hypoxia induces differentiation
and proliferation of pulmonary vascular smooth muscle cells
and fibroblasts (56, 67). These changes result in both increased
vasoconstrictor and decreased vasodilator functions and in
pathological remodeling characterized by wall thickening with
increased medial and adventitial layer (19, 50). Inhaled nitric
oxide (iNO) and extracorporal membrane oxygenation
(ECMO) are the only known treatments universally accepted
for the neonatal pulmonary hypertension. Nevertheless, iNO
fails to lower mPAP in 40% of the cases, and there is no
concluding evidence that it contributes to reverse the patho-
logical remodeling (18). When iNO fails, the last treatment is
ECMO, but this treatment has high morbidity and mortality
rates (2). Moreover, in some cases there is a reappearance of
the disease once the drug is removed. Currently, there are other
treatments available to treat pulmonary hypertension in adults
and children, such as prostacyclin analogs, endothelin-1 (ET-1)
receptor blockers, phosphodiesterase 5 (PDE5) inhibitors, and
guanylate cyclase stimulators, but their use is still not approved
for treating neonatal pulmonary hypertension. (2, 35, 60).
Therefore, the development of treatments efficient in reducing
overconstriction as well as pathological remodeling is critically
needed.

Calcium signaling is key for contraction, differentiation, and
proliferation of pulmonary vascular cells. In the past 10 years,
a significant body of evidence regarding the store-operated
channels (SOC), a calcium-permeable class of plasma mem-
brane cationic channels, led to the proposal that these channels
were important players in both the intrinsic vasoconstrictor
response and in the pulmonary artery remodeling induced by
chronic hypoxia (15, 16, 34). Most of this evidence comes
from pharmacological or genetic suppression experiments per-
formed in cultured cells, isolated organs or vessels, or trans-
genic mice in adult models of pulmonary hypertension. How-
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ever, in vivo studies using inhibitors of SOC are scarce,
particularly using neonatal models of the disease. Despite some
recent progress in the identification of SOC inhibitors, like
pyrazole-, imidazole-, and diphenylborinate-derived com-
pounds, the few studies describing their selectivity, potency,
and toxicity are not sufficient to initiate clinical trials. Further-
more, many inhibitors are still not easily available for studies
in large animal models (9, 61). Until that point is reached, in
vivo assays with other SOC inhibitors, regardless of their
specificity, could be helpful to characterize the effect of long
term SOC targeting. We have previously observed that a single
dose of 2-APB and SKF-96365, two drugs with inhibitory
action on SOC, reduce hypoxic- and agonist-induced pulmo-
nary vasoconstriction in newborn lambs that had been gestated,
born, and studied under chronic hypoxia at high altitude (47).
In addition, we have also reported that newborn lambs with
partial gestation under chronic hypoxia have elevated mean
pulmonary arterial pressure (mPAP), increased pulmonary ar-
tery reactivity, and pathological pulmonary artery remodeling
that persist at sea level under normoxic conditions (26). In the
present study, we hypothesized that a SOC blockade treatment
would be able to revert the pulmonary hypertension and vas-
cular remodeling observed in a model using lambs partially
gestated under chronic hypoxia and studied at sea level. To test
this hypothesis, we used pulmonary hypertensive lambs to
evaluate the efficacy of a 10-day treatment with 2-APB to
revert the elevated pulmonary arterial pressure and vascular
remodeling. We studied and compared newborn lambs treated
with 2-APB or its vehicle with an integrative approach: 1) in
vivo cardiopulmonary response under basal and acute hypoxic
conditions; 2) ex vivo reactivity of small pulmonary arteries;
and 3) pulmonary artery remodeling through morphometric
and immunohistochemical analyses.

METHODS

All experimental protocols were reviewed and approved by the
Faculty of Medicine Bioethics Committee of the University of Chile
(CBA No. 0476 FMUCH). Animal care, maintenance, procedures,
and experimentation were performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the National
Institutes of Health (NIH Publication No. 85-23, Revised 1996) and
adhered to American Physiological Society’s “Guiding Principles in
the Care and Use of Animals.”

Animals. Twelve pregnant ewes (Ovis aries) spent the first 30% of
their gestation (50 days) at lowlands (Lluta Research Station, 60-m
altitude, Faculty of Medicine, University of Chile), and the last 70%
of their gestation under chronic hypoxia at high altitude (Putre
Research Station, INCAS, University of Chile, 3.600-m altitude) until
delivery. Two days after birth, the newborns and their mothers
returned to low altitude (Lluta Research Station, 60-m altitude) where
they were housed in an open yard with access to food and water ad
libitum.

Surgical preparation and in vivo experiments. At 3 days of age,
lambs were chronically instrumented for in vivo studies as described
previously (23, 24, 26, 47). Briefly, animals were anesthetized with an
association of ketamine (10 mg/kg im) and xylacine (0.05 mg/kg im)
and also an additional local infiltration of 2% lidocaine. Oxytetracy-
clin (20 mg/kg sc) and sodium metamizole (0.1 mg/kg im) were given
for 3 days after surgery. Polyvinyl catheters were placed into the
descending aorta and inferior vena cava and a Swan-Ganz catheter
was placed into the pulmonary artery to record cardiopulmonary
variables.

At day four after birth, the lambs were randomly divided in two
groups and submitted to a ten-day treatment with a single daily dose
of infusion vehicle [dimethyl sulfoxide (DMSO): NaCl 1:10 iv, n �
6] or 2-APB infusion (10 mg/kg bolus in vehicle iv, n � 6) every
morning. Pulmonary arterial pressure (PAP), systemic arterial pressure
(SAP), and heart rate (HR) were recorded via a data acquisition system
(PowerLab/8SP System and LabChart v7.0 Software; ADInstruments)
connected to a computer. Cardiac output (CO) was determined with
the thermodilution method by the injection of 3 ml of chilled (0°C)
0.9% NaCl into the pulmonary artery through the Swan-Ganz catheter
connected to a CO computer (COM-2 model, Baxter). Mean PAP
(mPAP), mean SAP (mSAP), pulmonary (PVR), and systemic (SVR)
vascular resistances were calculated as described previously (23, 26,
47). Arterial blood samples were taken daily to determine arterial pH,
PO2, PCO2, hemoglobin saturation percentage (SaO2), total hemoglobin
(THb), and oxygen content (O2ct) (IL-Synthesis 25, Instrumentation
Laboratories; measurements corrected to 39°C). Cardiopulmonary
variables and arterial blood gases were measured every day, 5 min
before the infusion, so that the first day corresponds to the basal
condition before the start of the treatment, and the following days are
values recorded 24 h after the infusion of the previous day.

Twenty-four hours after the last infusion, animals were subjected to
a 3-h experimental protocol as previously described (23, 26, 47),
consisting in 1 h of basal recording (breathing room air), 1 h of acute
isocapnic hypoxia, and 1 h of recovery during which they returned to
breath room air. Acute isocapnic hypoxia was induced via a transpar-
ent, loosely tied polyethylene bag placed over the animal’s head into
which a known mixture of air, N2, and CO2 was passed at a rate of 20
l/min to reach an arterial PO2 of �30 mmHg with a constant PCO2.
Cardiopulmonary variables and arterial blood gases were also re-
corded during this protocol. The contractile response of the pulmonary
circulation to acute hypoxia was expressed as the ratio between the
increase of mPAP and the decrease of arterial PO2 according to the
formula:

�mPAP ⁄ �PO2 � �mPAPHypoxia � mPAPBasal� ⁄ (PO2Basal

� PO2Hypoxia)

where mPAPHypoxia and PO2Hypoxia are the average values of mPAP
and arterial PO2 during acute hypoxia and mPAPBasal and PO2Basal are
the average values of mPAP and arterial PO2 during the basal period.

Ex vivo and in vitro experiments. Twenty-four hours after the acute
hypoxic challenge test, the lambs underwent euthanasia with an
overdose of sodium thiopental (100 mg/kg iv) and lung samples were
taken for ex vivo and in vitro analyses.

Wire myography. The lungs were removed and immediately im-
mersed in cold Krebs solution. Parenchymal small pulmonary arteries
(100–300 �m) were dissected and isolated from the right lung,
mounted on a wire myograph, and maintained at 37°C and aerated
with 95% O2-5% CO2 in Krebs buffer. The resting tension, defined as
transmural pressure exerted in the vessels (17–25 mmHg, as seen in
the in vivo studies), was calculated by stretching the vessel in a
stepwise manner to a standardized tension equivalent to the phys-
iological transmural pressure (43). This was done to simulate
conditions in vivo for two main reasons: first, because the stimu-
lated vascular response is dependent on the degree of stretch, and
second, because this degree of stretch gives the maximal vascular
response (43, 55, 64).

Concentration-response curves (CRCs) were constructed for con-
traction induced by potassium chloride (KCl; 6.25 to 125 mM),
endothelin-1 (ET-1; 10�13 to 10�7 M), U46619 (10�13 to 10�5 M),
serotonin (5-HT; 10�10 to 10�4 M), and for relaxation induced by
sodium nitroprusside (SNP; 10�10 to 10�3 M), 8-bromoguanosine
3=,5=-cyclic monophosphate (8-BrcGMP; 10�10 to 10�4 M), sildenafil
(10�10 to 10�5 M), and fasudil (10�10 to 10�4 M). Relaxation curves
were performed after the addition of 10�7 M ET-1 as a preconstrictor
agent. The response to every CRC dose was recorded 2 min after each
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addition. Contractile responses were expressed in terms of tension
(N/m) for KCl or percentage relative to the tension evoked by a
submaximal dose of potassium (62.5 mM) for ET-1, U46619, or
5-HT, to normalize for differences arising from variability between
different vessels analyzed. Dilator responses were expressed as per-
centage relative to the maximal contraction given by the preconstric-
tor agent. CRCs were analyzed in terms of sensitivity and maximal
responses by fitting experimental data to the Boltzmann equation or an
Agonist-response function as appropriate (Prism 5.0; GraphPad Soft-
ware, La Jolla, CA) (26).

Histological staining and immunohistochemistry. The left lung was
perfused with saline and then fixed in 4% paraformaldehyde in PBS
for 24 h. The fixed tissue was embedded in paraffin, cut in 5- to
10-�m serial slices, and submitted to a van Gieson staining. The
percentage of wall thickness and adventitia for the small arteries
(150–300 �m) was calculated as described previously (24, 26, 41).

Immunohistochemical detection for �-actin and Ki-67 was per-
formed with commercial antibodies (Sigma, dilution: 1:200 and Clone
MIB-1, Dako, Glostrup, Denmark, dilution 1:100, respectively). For
all procedures the antigen retrieval was performed at 100°C with
citrate buffer pH: 6, 1X. (Dako). Primary antibody incubations were
performed for 4 h for �-actin and overnight for Ki-67 at 4°C and
labeling was developed using a HRP-diaminobenzidine kit (Envision
TM�; Dako). The �-actin immunoreactivity of small arteries muscle
layer was calculated as described previously (27) and the percentage
of Ki67-positive nuclei in the medial layer of pulmonary arteries
smooth muscle cells was calculated as a ratio of positive Ki-67 vs.
total nuclei (72).

Statistical analysis. Data are expressed as means � SE. Groups
were compared by two-way ANOVA for repeated measures and the
post hoc Newman-Keuls test or by Student’s t-test for unpaired data,
as appropriate. For all comparisons, differences were considered
statistically significant when P 	 0.05 (20).

RESULTS

Neonatal weights and crown-rump length. Animals from
both experimental groups had similar initial weights (3.92 �
0.39 vs. 4.30 � 0.19 kg for vehicle group and 2-APB group
respectively). Also, there was no difference in the weight by
the end of the treatment (5.62 � 0.43 vs. 6.07 � 0.39 kg for
vehicle group and 2-APB group, respectively). The crown-
rump length was also similar at the beginning (41.38 � 1.48
vs. 40.28 � 1.22 cm for vehicle and 2-APB lambs) and after
the end of the treatment (49.73 � 1.45 vs. 48.46 � 1.66 cm).

Basal cardiopulmonary variables during the treatment. Be-
fore starting the treatment, both 2-APB and vehicle-infused
lambs showed similar cardiopulmonary variables (Fig. 1). The
2-APB treatment decreased significantly the mPAP from the
3rd day of administration, until the end of the treatment
(14.28 � 0.63 vs. 19.90 � 1.28 mmHg at day 10 for 2-APB
and vehicle, respectively; Fig. 1A). The daily recording of HR
showed similar values between 2-APB- and vehicle-treated
animals (Fig. 1B). Furthermore, 2-APB transiently decreased
CO between the 4th and the 8th day of treatment, but by the
end of the treatment there were no differences (Fig. 1C). The
PVR was similar in both experimental groups between the 1st
and the 9th day of infusion, but it was lower in the 2-APB-
treated lambs at the 10th day of treatment (0.040 � 0.002 vs.
0.051 � 0.002 mmHg·ml·min�1·kg�1at day 10 for 2-APB and
vehicle, respectively; Fig. 1D). In contrast, mSAP was similar
in both experimental groups along the treatment (Fig. 2A),
while SVR was higher in the 2-APB lambs relative to control
lambs between the 6th and 8th days of treatment, recovering to

similar levels as control lambs by the end of the experimental
period (Fig. 2D).

Arterial ph and blood gases during acute hypoxia. Values
for basal pH, PCO2, PO2, THb, SaO2

, and O2 content (O2ct) were
similar in both groups (Table 1). During the acute hypoxic
challenge, a similar fall in PO2, SaO2

, and O2ct occurred in both
groups of lambs, with no changes in PCO2 (Table 1). pH
decreased slightly in vehicle-infused animals during acute
hypoxia compared with the basal value; however, in the
2-APB-treated lambs’ pH showed only a tendency to decline
(P � 0.059) in the same period (Table 1). During recovery, all
these variables returned to similar values in both groups (Table 1).

Cardiovascular response during acute hypoxia. Basal
mPAP was lower in the 2-APB-treated group than control
lambs (15.88 � 1.38 vs. 20.69 � 0.96 mmHg, respectively,
P � 0.03). During acute hypoxia, both groups significantly
increased their mPAP. Furthermore, both groups reduced
mPAP during recovery but did not reach baseline value during
the time of recording (Fig. 3A). Nevertheless, the mPAP was
also lower during acute hypoxia and recovery in the 2-APB-
treated lambs than in the control lambs (Fig. 3A). Moreover,
when normalized by the decrease of PO2, the acute increase of
mPAP observed in the treated lambs was nearly half of the
value observed in the control lambs (Fig. 3B). Both groups
showed similar basal CO and a similar increase during acute
hypoxia. However, during recovery only 2-APB group re-
turned to basal levels while in control animals CO remained
elevated (Fig. 3C). In addition, there were no differences in
PVR between both groups during basal and recovery periods,
but under acute hypoxia, the 2-APB-treated lambs showed a
lower PVR than the vehicle-infused lambs (Fig. 3D). Further-
more, PVR significantly increased during recovery in the
2-APB lambs (Fig. 3D). Finally, mSAP remained unchanged
during all the hypoxemic challenge, while SVR decreased
during acute hypoxia and was restored during recovery in both
groups (Fig. 4, A and B).

Isolated pulmonary arteries reactivity. Newborn lambs
treated with 2-APB and vehicle showed similar concentration-
response curves to potassium and to 5-HT without significant
modification of their corresponding maximal contraction, EC50

or pD2 (Fig. 5, A and B). In contrast, 2-APB-treated lambs
exhibited a significantly lower maximal contraction in response
to the thromboxane mimetic U46619 compared with vehicle-
treated control lambs, without a difference in their pD2 (Fig.
5C). The concentration-response curve to ET-1 was attenuated
in the 2-APB-treated lambs relative to their vehicle-treated
counterparts, with decreased maximal contraction but similar
pD2 (Fig. 5D).

Regarding the vasodilator stimuli, 2-APB-treated animals
showed no difference in SNP-driven relaxation compared with
the vehicle-infused animals (Fig. 6A). However, 2-APB-treated
lambs improved their relaxation to increasing concentrations of
8-BrcGMP and showed a significantly higher maximal relax-
ation and reduced pD2 than control lambs (Fig. 6B). In addi-
tion, the treatment with 2-APB also enhanced the relaxation to
increasing concentrations of sildenafil and fasudil, with in-
creased maximal relaxation and pD2 relative to the vehicle
group (Fig. 6, C and D).

Morphometry and remodeling markers. Morphometric anal-
ysis of small pulmonary arteries revealed a significant decrease
in both vascular medial and adventitial layer thickness in
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2-APB-treated compared with vehicle-treated lambs (Fig. 7A).
Furthermore, 2-APB animals showed a decreased immunore-
activity to �-actin smooth muscle (Fig. 7B). This was associ-
ated with a diminished percentage of Ki67-positive nuclei in
the medial layer of small pulmonary arteries from 2-APB
lambs relative to vehicle-treated lambs (3.72 � 0.55 vs. 7.50 �
1.50, respectively, P � 0.039).

DISCUSSION

In this study we tested the hypothesis that therapy with
2-APB is able to reduce the elevated pulmonary arterial pres-
sure and the pathological pulmonary vascular remodeling in
newborn lambs with partial gestation under chronic hypoxia.
To the best of our knowledge, this is the first study assessing
the daily cardiopulmonary changes with a long-term 2-APB
treatment in neonates. Our results showed a decrease of the
pulmonary arterial pressure and vasoconstrictor response to
acute hypoxia in vivo, a decrease in the response to vasocon-

strictor, and an increase in the response to vasodilator stimuli
of the small pulmonary arteries ex vivo, as well as a marked
diminution in the pathological pulmonary artery remodeling.

The 2-APB-infusion reduced the mPAP in 5 - 6 mmHg at the
end of treatment compared with the initial values before
starting the treatment and also to the control vehicle-infused
group, reaching about 14 mmHg, a value that is close to the
10–12 mmHg observed in lowland newborn lambs (23, 24, 25,
26, 47). The initial decrease in mPAP may be in part caused by
a transient drop in CO since there is a decrease of �20 to 25%
in this variable between the 4th and the 8th day of treatment.
This transient decrease of CO may be due to a reduction in
intracellular cardiomyocyte calcium concentration as an indi-
rect effect of 2-APB on ryanodine receptor (RyR)-mediated
calcium release through its potential effects on cardiac SOC or
ultimately on inositol triphosphate receptors (IP3R) (12, 14,
71). Furthermore, there is also an effect of 2-APB on the
contractility of the pulmonary arteries, considering the obser-
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Fig. 1. Cardiopulmonary variables during 2-aminoethyldiphenylborinate (2-APB) treatment. Basal values for mean pulmonary artery pressure (mPAP; A), heart
rate (HR; B), cardiac output (CO; C) and pulmonary vascular resistance (PVR; D) were measured 5 min before the daily infusion of vehicle (white circles) or
2-APB (black circles). The B day corresponds to basal values before the start of the treatment and the following days to values recorded 24 h after the infusion
of the previous day. Values are the average � SE. *P 	 0.05, significant differences for vehicle vs. 2-APB, two-way ANOVA for repeated-measures with
Newman-Keuls post hoc test.
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vation that CO recovered to values similar to those of control
lambs on the ninth and tenth day and PVR decreased on the last
day of the treatment, reaching a value close to the PVR value
observed in lowland newborn lambs of an equivalent age (37).
Concerning the systemic variables, mSAP remained un-
changed during the treatment, consistent with the lack of effect
of 2-APB on mSAP in highland lambs treated with single doses
of 2-APB (47) or on the independence of rat femoral arteries
contractility on store-operated calcium entry (SOCE) (53). The
SVR was higher in the 2-APB-infused lambs between the 6th
and the 8th day of treatment. This transient increase of SVR
could be the result of the decrease of CO triggering the

baroreflex response to maintain constant the mSAP (22). An
alternative explanation could be a local peripheral vascular
response to the transient decrease of CO. Lower CO may
impact by diminished local peripheral blood flow and de-
creased shear stress and therefore less vasodilator synthesis
such as NO and prostacyclin (54). We speculate that the SVR
increase may represent a peripheral vasodilator decrease in
response to either lesser stimuli by shear stress or a direct effect
of 2-APB on the endothelial cells, decreasing Ca2� release.

Ca�2 signaling is ubiquitous and pivotal for function and
structure in many cell types, including vascular cells, but it
may be also involved in maturation and development in a
neonatal model. This concern raises the question about the
potential effect of 2-APB on normal developmental processes
in newborn lambs. Nevertheless, the postnatal cardiopulmo-
nary variables recently published for untreated lowland lambs
showed that they remain stable between days 4 and 14 of age
(37). Cardiopulmonary variables of vehicle-treated lambs with
partial gestation under hypoxia also remained constant during
the same time window. In addition, the neonatal weight and the
crown-rump length are not by modified by 2-APB. The con-
tractile response of isolated pulmonary arteries to potassium is
proposed as developmentally regulated in both lowland and
highland sheep (45), and this response is not modified by
2-APB in our experiments. All these observations suggests that
the treatment does not interfere with normal postnatal devel-
opment. Nevertheless, a group of lowland lambs treated with
2-APB is necessary to answer this question and this is beyond
the scope of this work.

SOCs play an important role during the hypoxic pulmonary
vasoconstriction (57, 58, 66). The blockade with 2-APB or
SKF-96365 reduces the calcium entry and hypoxic contraction
in rodent and ovine pulmonary arteries (47, 65). In fact, in
high-altitude lambs that had been gestated, born, and studied
under chronic hypoxia at the 3,600-m altitude, the attenuation
of the in vivo hypoxic increase of mPAP, as well as the ex vivo
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Fig. 2. Cardiovascular variables during 2-APB treatment. Basal values for mean systemic artery pressure (mSAP; A) and systemic vascular resistance (SVR; B)
were recorded 5 min before the daily infusion of vehicle (white circles) or 2-APB (black circles). The B day corresponds to basal values before treatment, and
the following days to values recorded 24 h after the infusion of the previous day. Values are the average � SE. *P 	 0.05, significant differences for vehicle
vs. 2-APB, two-way ANOVA for repeated measures with Newman-Keuls post hoc test.

Table 1. Arterial pH and blood gases during an acute
hypoxic challenge

Basal Hypoxia Recovery

pH
Vehicle 7.459 � 0.008 7.385 � 0.029* 7.420 � 0.014
2-APB 7.448 � 0.010 7.410 � 0.014 7.433 � 0.013

PCO2, mmHg
Vehicle 40.3 � 0.6 40.1 � 1.3 37.1 � 1.5
2-APB 41.4 � 1.4 41.0 � 0.8 39.0 � 1.2

PO2, mmHg
Vehicle 96.3 � 1.3 30.4 � 0.5* 101.4 � 2.6
2-APB 92.5 � 3.8 29.5 � 0.4* 95.9 � 1.2

SO2, %
Vehicle 99.4 � 0.5 43.1 � 1.6* 99.9 � 0.3
2-APB 98.0 � 1.0 42.4 � 0.6* 97.2 � 1.5

O2ct, ml O2/dl
Vehicle 13.6 � 0.8 6.3 � 0.4* 13.1 � 0.7
2-APB 14.3 � 0.8 6.5 � 0.4* 14.3 � 0.8

THb, g/dl
Vehicle 10.5 � 0.6 10.9 � 0.5 10.1 � 0.6
2-APB 11.2 � 0.7 11.2 � 0.8 11.2 � 0.7

Values are the average � SE for arterial pH, PO2, PCO2, SO2, total hemo-
globin (THb), and oxygen content (O2ct). 2-APB, 2-aminoethyldiphenylbori-
nate. *P 	 0.05, significant differences vs. all in the same group, two-way
ANOVA for repeated measures with Newman-Keuls post hoc test.
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relaxation, promoted by 2-APB or SKF-96365, is greater than
what is seen in control lowland lambs. These observations
correlate well with the greater pulmonary canonical transient
receptor potential 4 (TRPC4) and Stim1 expression in the
former (47). Moreover, preliminary data from our laboratory

show that the newborn lambs with partial gestation under
chronic hypoxia but studied under normoxia, as used in this
study, partially match with these observations, showing a
greater pulmonary expression of TRPC4 and Orai1 than con-
trol lowland lambs, while IP3R expression is unaffected (Reyes
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(B) was calculated as 
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RV, unpublished observations). In 2-APB-treated lambs, we
observed a smaller increase in mPAP in response to a similar
decrease of PO2, than in vehicle-treated lambs, suggesting a
decrease in the sensitivity of the vasoconstrictor response to
acute hypoxia that persists 24 h after the end of the treatment.
Moreover, the lower PVR during acute hypoxia in the 2-APB-
treated lambs compared with the vehicle-treated lambs, with-

out variations in the CO, mSAP, or SVR, is consistent with this
assumption.

Today, it is accepted that 2-APB markedly inhibits calcium
influx through SOC (9, 10, 13, 36, 48, 61), despite its potential
effects on other molecular targets able to directly or indirectly
modify intracellular calcium, smooth muscle tension, or re-
modeling such as IP3R (38), TRPM7 channels (11) or GAP
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junction proteins (4). We do not have pharmacokinetic studies
regarding 2-APB distribution and clearance; however, using
hypoxic lambs at high altitude we have estimated that it should
reach a concentration of the order of 10–100 �M in the
extracellular space (47). A similar concentration of 2-APB
inhibits SOC in HEK293 cell lines transfected with Orai/Stim
or TRPC subunits (13, 36, 48) and IP3R (38). Initial IP3-
mediated calcium release is necessary for hypoxic sustained
Ca2� entry in rat distal pulmonary artery myocytes (63) while

it is not needed for hypoxic Ca2� influx and contraction in
canine pulmonary myocytes and rat main pulmonary arteries
respectively (32, 44). Also, in pulmonary arteries from hypoxic
newborn lambs, SKF-96365, a SOC blocker without known
effect on IP3R, induces a relaxation similar to 2-APB (47).
Whether 2-APB is acting on IP3R, SOC or both, SOC finally
account for the sustained calcium increase in response to
hypoxia in pulmonary artery myocytes (57). A concentration
range of 20–100 �M 2-APB also blocks connexin (Cx) pro-
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teins Cx32, Cx36, Cx40, and Cx50 of the gap junctions (4, 59).
Nevertheless, the rat pulmonary vasculature expresses Cx37,
Cx40, and Cx43 and the specific blockade of Cx40 does not
modify the vasoconstrictor response to ET-1 (6), while in our
experiments, 2-APB treatment reduced ET-1 vasoconstriction,
suggesting than in the neonatal lambs, 2-APB is not targeting
gap junctions.

Concerning the potential inhibition of TRPM7, a inhibitory
effect is reached at high concentrations (100–300 �M) of
2-APB and depends on acidification of the intracellular milieu
rather than on a direct action on the channel (11). Taken
together, these observations suggest that in our sheep neonatal
model, 2-APB is preferentially acting on SOC, but we cannot
rule out an effect of long term administration of the drug on the
other targets previously mentioned, and further experiments
are needed to address this question.

The ex vivo responses of isolated pulmonary arteries to
various vasoconstrictor and vasodilator stimuli were also as-
sessed. Contractile responses to potassium or 5-HT did not
change but the maximal contraction to ET-1 and to the TxA2
receptor agonist U46619 was reduced. It has been previously
reported that there is an increased maximal contraction to
potassium and increased sensitivity to ET-1 in pulmonary
arteries of this model of lambs exposed to perinatal hypoxia,
compared with lowland lambs (26). Increased vasoconstrictor
responses to potassium and endothelin-1, with unchanged con-
traction to serotonin when the latter is normalized to potassium
contraction, have been also reported in chronically hypoxic
piglets and reviewed in sheep (7, 46). Hyperreactivity to
thromboxane receptor stimulation is also observed in pulmo-
nary artery myocytes from chronically hypoxic piglets (28).
The decrease in hyperreactivity to both endothelin and throm-
boxane receptor stimulation observed ex vivo by cumulative
doses of 2-APB may indicate mechanisms that are contributing
to the beneficial in vivo effects of this treatment in the pulmo-
nary circulation and are consistent with the contribution of
SOC to the contraction elicited by both signaling systems (3,

29, 39, 47). The absence of change for the contraction in
response to potassium in our experiments is consistent with the
dependence on voltage-dependent calcium entry rather than
SOCE for this vasoconstrictor stimulus observed in pulmonary
arteries from both fetal and adult sheep (45). Nevertheless, the
contraction curve to 5-HT is also unaffected by 2-APB treat-
ment in our lambs and this is not consistent with the strong
attenuation of the contraction to 5-HT observed by SKF-96365
blockade in pulmonary arteries from hypoxic lambs (7). In our
experiments, lambs were exposed to hypoxia during the last
100 days of gestation, and the first 2 days after birth, however,
they continued their development in the lowlands under nor-
moxic conditions during all the study until the collection of the
samples at 15 days of age. In the study of Blood et al. (7), the
lambs were exposed to hypoxia during the last 120 days of
gestation and continued to be exposed to hypoxia throughout
postnatal life, until the moment of the sample collection be-
tween 10 and 20 days of age. We speculate that the different
window of exposure to hypoxia may be related to this differ-
ence in the dependence of 5-HT contraction on SOC entry.

Concerning the response to vasodilator stimuli, the 10 days
of 2-APB treatment did not modify the relaxation to SNP, a
NO donor, but increased the maximal relaxation to 8-BrcGMP,
suggesting a significant recovery of protein kinase G (PKG)
function or downstream signaling. In lambs with perinatal
hypoxia of different duration, pulmonary hypertension is ob-
served despite increased sensitivity to SNP, increased pulmo-
nary NO synthase activity and endothelial NO synthase ex-
pression (25, 26). This is probably the combined result of a
blunted NO signaling resulting from decreased soluble guany-
lyl cyclase (sGC), increased PDE5 expression and activity and
increased NO degradation by superoxide anion in the lungs of
these animals (24, 25, 26, 62).

On the other hand, the function of PKG-1 may be also
blunted under chronic hypoxia. A reduced vasodilation in
response to cGMP analogs is observed with pulmonary arteries
from hypoxic adult rats despite an increased expression of
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PKG-1 (31), while in cultured fetal ovine pulmonary artery
smooth muscle cells, hypoxia downregulates PKG-1 and hin-
ders its interaction with MYPT1, the regulatory subunit of
myosin light chain phosphatase (MLCP). This may favor the
action of Rho kinases and sensitize the contractile machinery to
calcium (51). The recovery of maximal capacity of PKG to
promote relaxation after 2-APB treatment and despite the
reduction of sensitivity could indicate a mechanism that coun-
teracts the blunted NO signaling and promotes calcium desen-
sitization. The improvement of PKG function may also con-
tribute to the reduction of the contractile response to throm-
boxane receptor stimulation observed in our model and is
consistent with the inhibition of thromboxane receptor signal-
ing by PKG-1 (17, 33). An inhibitory effect of 2-APB on
calcium influx leading to a decrease of the activity of myosin
light chain kinase (MLCK), a calcium calmodulin-dependent
enzyme, cannot be ruled out as a mechanism contributing to
the increased PKG-dependent relaxation (30).

The 2-APB treatment also increased the maximal relaxation
and the sensitivity to sildenafil and fasudil, suggesting an
increase of PDE5 and Rho-kinase functions, respectively. The
increased vasodilator response of pulmonary arteries to PDE5
inhibition may be also related to the gain of PKG-1 function
already discussed. It is described that phosphorylation of PDE5
by PKG activates the enzyme to increase cGMP degradation
rate as a negative feedback mechanism to avoid the overacti-
vation of cGMP pathway. Nevertheless, this phosphorylation
also increases the enzyme affinity to inhibitors like sildenafil
and derivatives, which, in turn, results in an amelioration of
potency and efficacy of these inhibitors (5, 8, 17). Whether the
increased vasodilation to sildenafil observed after 2-APB treat-
ment is the result of increased PDE5 function, increased
affinity for sildenafil, or both remains to be established. The
enhanced function of Rho kinases after 2-APB treatment, as
evidenced as an increased relaxation to fasudil, is an unex-
pected result, since upregulation of the RhoA/Rho-kinase path-
way is associated with increase of PAP in hypoxic rodents and
lambs (37, 40, 70) rather than a reduced mPAP as we observed
in our lambs. We do not know if this is a rebound effect
resulting from the suspension of the treatment or a direct effect
of 2-APB on RhoA/Rho-kinase signaling. The increase in PKG
vasodilation function, along with the decrease in ET-1 and
thromboxane contraction could be partially counteracted by
enhanced Rho-kinase and PDE5 functions observed in the
2-APB-treated neonatal lambs and could explain the decrease
in mPAP and PVR without normalizing these variables to
similar values observed in lowland lambs. Experiments with
combined therapies with 2-APB, or any other SOC blocker,
and fasudil or sildenafil are needed to answer this question.

A characteristic finding of pulmonary hypertension is the
pathologic remodeling of pulmonary arteries. This is a mal-
adaptive response of pulmonary arteries to hypoxia, character-
ized by the thickening of medial layer, muscle extension to the
normally nonmuscularized distal arterioles and sometimes a
thickening of the adventitia with increased extracellular matrix
deposition. The whole process is the result of an imbalance of
the ratio between proliferation and apoptosis in pulmonary
artery myocytes, as well as changes in the differentiation state
of pulmonary artery smooth muscle cells and fibroblasts, and
secretion of vasoactive compounds from pulmonary artery
endothelium (50). Moreover, hypoxic pulmonary hypertension

is associated with a thicker pulmonary artery medial layer and
increased immunoreactivity smooth muscle markers like �-ac-
tin and myosin heavy chain (24, 26, 52, 69). There is a
significant amount of information linking intracellular calcium,
particularly SOCE, to changes in the differentiation and pro-
liferative state of the different type of pulmonary vascular
cells, to activity of signaling pathways regulating their cell
cycle, and to the secretion of mitogens and smooth muscle
markers (34). This is consistent with the decrease of the area of
both medial and adventitial layer observed in the pulmonary
arteries of 2-APB-treated lambs, as well with the decrease in
the percentage of Ki67 positive cells and the expression �-ac-
tin. These observations suggest that the treatment effectively
decreased both pulmonary artery remodeling through a prolif-
erative arrest of both pulmonary artery smooth muscle and
fibroblasts.

Taken together our results suggest that 2-APB treatment
reduces pulmonary arterial hypertension and acute hypoxic
vasoconstriction, decreasing ET-1 and TxA2 receptor-mediated
effects and significantly increasing cGMP dependent vasodila-
tion. There is a transient decrease of CO during the interme-
diate phase of the treatment, suggesting that 2-APB also affects
calcium in cardiomyocytes. Nevertheless, this effect on cardiac
function disappears at the end of the treatment, where the effect
on pulmonary arterial pressure could be related initially to the
decrease in CO and in the last of treatment to a drop in PVR.

SOC are ubiquitous channels formed by combinations of
different isoforms of TRPC and Orai pore-forming subunits
together, with Stim proteins acting as endoplasmic reticulum
calcium sensors. They are involved in the regulation of a
myriad of functions in different cell types, which include
smooth muscle and endothelial vascular cells, platelets, T and
B lymphocytes, mast cells, fibroblasts, neurons and cardiac and
skeletal muscle cells, among others (9, 61). Therefore, the
beneficial cardiovascular effects observed after administration
of any SOC blocker, like 2-APB or other small molecules on a
whole animal model, need to be interpreted with caution. SOC
blockade treatment could be a useful complementary strategy
to heal neonatal pulmonary hypertension, and the development
of new drugs with selective inhibitory action on pulmonary
artery SOC isoforms, with reduced risk of cardiac and other
systemic side effects, and in vivo testing are needed.

Perspectives and Significance

This study provides evidence about the cardiopulmonary
effects of 2-APB, a drug that inhibits SOC, to reverse neonatal
pulmonary arterial hypertension, extending our previous report
about this blockade with a single dose of 2-APB in high
altitude hypoxic lambs (47). These data are relevant for new-
borns that spent their gestation at high altitude and for lowland
babies exposed to in utero chronic hypoxia. Our approach
including the whole animal, isolated organ, and tissue is, to the
best of our knowledge, the first characterization of the cardio-
pulmonary effects of a treatment with cumulative doses of
2-APB. The SOC blockade may be a potential pharmacological
strategy to revert both pulmonary artery excessive vasocon-
striction and remodeling in neonates. New SOC blockers, with
improved specificity and potency, need to be assayed in whole
animal models of neonatal pulmonary hypertension, their car-
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diopulmonary and systemic effects and their long-term toxicity
must be carefully evaluated.
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