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Abstract

Aims and objectives The high morbidity and mortality rates
in congenital diaphragmatic hernia (CDH) are attributed
primarily to severe lung hypoplasia and/or persistent pul-
monary hypertension (PPH). PPH in CDH is characterized
by abnormal vascular remodeling with thickening of medial
and adventitial layers and extension of smooth muscle into
previously nonmuscularized arteries. Excessive proliferation
of pulmonary arterial smooth muscle cells (PASMC) is an
important contributor to the concentric pulmonary arterial
remodeling. An increase in cytosolic-free Ca** concentra-
tion in PASMC is a major trigger for pulmonary vasocon-
striction and a key stimulus for PASMC proliferation and
migration. Calcium-sensing receptor (CaSR), a member of
the G-protein coupled receptor family, is activated by cations
(e.g., Ca®*, Mg?*) and polyamines. Under normal physi-
ological conditions, the expression levels of CaSR in the
pulmonary vasculature are very low. Canonical transient
receptor potential channels (TRPCs) constitute a series of
nonselective cation channels with variable degree of Ca2*
selectivity. TRPC6 has been reported to play a crucial role
in the regulation of neo-muscularization, vasoreactivity, and
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vasomotor tone in the pulmonary vasculature. We hypoth-
esized that CaSR and TRPC6 expression is upregulated in
the pulmonary vasculature of nitrofen-induced CDH rats.
Materials and methods Following ethical approval
(REC1103), time-pregnant Sprague Dawley rats received
nitrofen or vehicle on gestational day (D) 9. D21 fetuses
were divided into CDH and control (n=12). Quantitative
real-time polymerase chain reaction (QRT-PCR), western
blotting, and confocal-immunofluorescence microscopy
were performed to detect lung gene and protein expression
of CaSR and TRPC6.

Results QRT-PCR and western blot analysis revealed that
CaSR and TPRC6 expression was significantly increased in
the CDH group compared to controls (p <0.05). Confocal-
immunofluorescence microscopy revealed that CaSR and
TRPC6 lung expression was markedly increased in CDH
group compared to controls.

Conclusion Increased CaSR and TRPC6 expression in
CDH lung suggests that CaSR interacting with TRPC6 may
contribute to abnormal vascular remodeling resulting in pul-
monary vasoconstriction and development of PPH.

Keywords Congenital diaphragmatic hernia - Pulmonary
hypertension - CaSR - TRPC

Introduction

Despite remarkable progress in resuscitation and intensive
care, the morbidity and mortality rates in congenital dia-
phragmatic hernia (CDH) remain high [1]. Most newborns
with CDH die primarily of severe lung hypoplasia and/or
pulmonary hypertension [1]. Pulmonary hypertension in
CDH is characterized by excessive pulmonary vascular
remodeling with hypertrophy of medial and adventitial
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layers and extension of smooth muscle into previously
nonmuscularized arteries [2]. Excessive proliferation of
pulmonary arterial smooth muscle cells (PASMC) is an
important contributor to the concentric pulmonary arterial
remodeling [2]. Abnormal pulmonary vascular remodeling
occurs as a result of increased PASMC proliferation and
decreased PASMC apoptosis [3].

Many intracellular signaling cascades are involved in
the regulation of PASMC proliferation and migration
[3]. An increase in cytosolic-free Ca’* concentration in
PASMC is a major trigger for pulmonary vasoconstriction
and a key stimulus for PASMC proliferation and migra-
tion [4]. PASMC from patients with idiopathic pulmonary
hypertension and experimental animals with pulmonary
hypertension have increased resting Ca®* and enhanced
Ca”* influx [4]. Enhanced Ca®* influx into PASMC due to
upregulation of membrane receptors and/or Ca>* channels
has been shown to result in PASMC contraction and prolif-
eration and to pulmonary vasocontraction and pulmonary
vascular modeling [4]. Calcium-sensing receptor (CaSR),
a member of the G-protein coupled receptor family, can
be activated by cations (e.g., Ca®*, Mg?") and polyamines
[2, 4]. Under normal physiological conditions, the expres-
sion levels of CaSR in the pulmonary vasculation are very
low [4]. Recently, it was reported that CaSR expression
is upregulated and extracellular Ca>* induced increase in
[Ca2+]cyt is enhanced in PASMC from patients with idi-
opathic pulmonary hypertension [4].

Canonical transient receptor potential channels (TRPCs)
are expressed in almost every human tissue including pul-
monary vasculative [3, 5]. TRPCs constitute a series of
nonselective cations channels with variable degree of Ca?*
selectivity [4]. TRPC6 has been reported to play a crucial
role in the regulation of neo-muscularization, vasoreactiv-
ity, and vasomotor tone in the pulmonary vasculature [5].
Recently, Tang et al. [6] reported that CaSR functionally
interacts with TRPC6 channels to mediate extracellular
Ca?* induced Ca®" influx and increase the [Ca’*]cyt in
PASMC from patients with pulmonary hypertension and
animals with experimental pulmonary hypertension.

Nitrofen is an herbicide that has been widely used for
many years to create a teratogenic model of CDH [7].
Nitrofen administration to pregnant rodents between day
8 and 11 after conception results in a high rate of CDH,
associate pulmonary hypoplasia, and pulmonary vascular
abnormalities to their embryos, all remarkably similar to
the human malformation [7].

We designed this study to investigate the hypothesis
that the pulmonary vascular expression of CaSR and
TRPC6 is upregulated in the nitrofen-induced congenital
diaphragmatic hernia.
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Materials and methods

Following ethical approval (REC1103), time-pregnant
Sprague Dawley rats (Harlan Laboratories, Shadlow, UK)
were randomly divided into two experimental groups
(“CDH” and “control”). The observation of spermatozoids
in the vaginal smear was considered as proof of pregnancy
and the day of observation was determined as gestational day
0 (D0). On D9, the CDH group received 100 mg of nitro-
fen (2,4-dichloro-p-nitrophenyl ether, WAKO Chemicals,
Osaka, Japan) intragastrically dissolved in 1 ml of olive oil.
Animals in the control group received only vehicle. On D21,
dams were anesthetized with 2% volatile isoflurane (Piramal
Healthcare UK, Morpeth, United Kingdom). An intracardiac
bolus of Pentobarbital Sodium into the dam’s heart was per-
formed to sacrifice the dam and her fetuses at the same time.
Subsequently, fetuses were delivered via cesarean section.
The fetuses were divided according to the two experimental
groups. After thoracotomy, D21 fetuses were inspected for
CDH. Lungs with a diaphragmatic defect and controls were
dissected and stored native either at — 80 °C, in formalin,
or in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) at
— 20 °C. All animal experiments were performed according
to the current guidelines for management and welfare of
laboratory animals. The Health Products Regulatory Author-
ity approved the protocol of these animal experiments (ref.
AE19127/P026) under the Cruelty to Animals Act 1876 (as
amended by European Union [Protection of Animals Used
for Scientific Purposes] Regulations 2012).

RNA isolation from lung (D21)

TRIzol reagent (Invitrogen) was used for the acid guani-
dinium thiocyanate—phenol—chloroform extraction method
to isolate total RNA from D21 lung (n=12) according to
the manufacturer’s protocol. Spectrophotometrical quan-
tification of total RNA was performed using a NanoDrop
ND-1000 UV-Vis spectrophotometer (Thermo Scientific
Fisher, Wilmington, USA). The RNA solution was stored
at — 20 °C until further use.

cDNA synthesis and quantitative polymerase chain
reaction

Reverse transcription of total RNA was carried out at 85 °C
for 3 min (denaturation), at 44 °C for 60 min (annealing)
and at 92 °C for 10 min (reverse transcriptase inactiva-
tion) using a Transcriptor High Fidelity cDNA Synthesis
Kit (Roche Diagnostics, West Sussex, UK) according to the
manufacturer’s instruction. The resulting cDNA was used
for quantitative real-time polymerase chain reaction (qQRT-
PCR) using a LightCycler 480 SYBR Green I Master (Roche
Diagnostics, Mannheim, Germany) in a total reaction mix of
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20 ul per well. After 5 min of initial denaturation at 95 °C,
55 cycles of amplification for each primer were carried out.
Each cycle included denaturation at 95 °C for 10 s, annealing
at 60 °C for 15 s, and elongation at 72 °C for 10 s. Relative
mRNA levels of gene expression were determined using a
LightCycler 480 System (Roche Diagnostics) and the rela-
tive changes in gene expression level of CaSR and TRPC6
were normalized against the level of GAPDH gene expres-
sion in each sample (DDCT method). Experiments were car-
ried out in duplicate for each sample and primer.

Western blot

Fresh frozen lungs (n =6 for each group) were thawed, soni-
cated and proteins were isolated in lysis buffer containing
25 mM Tris—HCl, 50 mM NaCl, 5 mM MgCl,, ] mM EDTA,
1% NP-40, 10% glycerol, and 1% protease inhibitor cocktail
(Sigma—Aldrich, Ireland) prior to gel loading. Gel electro-
phoresis for protein separation was performed using precast
10% SDS polyacrylamide gels (NuPAGE NovexBis-Tris
gels, Invitrogen) in NuPAGE MES SDS running buffer (Inv-
itrogen). Proteins were then transferred to 0.45-Im nitrocel-
lulose membranes (Millipore Corporation, Billerica, USA)
by western blotting. Following western blotting, the mem-
branes were blocked in 3% BSA +0.05% Tween for 30 min
or overnight before antibody detection. Primary antibodies
against CaSR (rabbit polyclonal, ab18200, 1:500 dilution in
PBST, abcam, United Kingdom) and TRPC6 (rabbit poly-
clonal, ab12249, 1:500 dilution in PBST, abcam, United
Kingdom) were incubated overnight at 4 °C. On the next
day, followed by extensive washing (4 h), the membranes
were incubated with the secondary antibodies in a dilution of
1:5000 followed again by extensive washing. Detection was
performed with a PIERCE chemiluminescence kit (Thermo,
Fisher Scientific, Dublin, Ireland). GAPDH (Anti-GAPDH
antibody, ab9484, Abcam UK) were used to control and
equal loading and transfer of the samples.

Immunofluorescence staining and confocal microscopy

Fetal lungs (n =4 for each group) were fixed with 10%
buffered formalin (Santa Cruz Biotechnology) overnight.
Whole organs were washed overnight in PBS, embed-
ded in OCT Mounting Compound (VWR International,
Leuven, Belgium) and frozen at — 80 °C. Frozen blocks
were sectioned transversely at a thickness of 10 pym
and mounted on Super Frost Plus slides (VWR inter-
national). After washing with PBS sections underwent
cell membrane permeabilization with 1% Triton X-100
for 20 min at room temperature. All sections were then
washed in PBS +0.05% Tween (Sigma Aldrich, Saint
Louis, USA) and blocked with 3% bovine serum albumin
(Sigma Aldrich, Saint Louis, USA) for 30 min to avoid

non-specific absorption of immunoglobulin. Sections were
incubated with primary antibodies against CaSR (rabbit
polyclonal, ab18200, 1:100 dilution in PBST, abcam,
United Kingdom), TRPC6 (rabbit polyclonal, ab12249,
1:100 dilution in PBST, abcam, United Kingdom), and
alpha smooth muscle actin (a-SMA, mouse monoclonal,
MO0851, dilution 1:400 in PBST, DAKO Diagnostics Ire-
land) overnight at 4 °C. After washing, the sections were
incubated with corresponding secondary antibodies for 1 h
at room temperature. After washing, sections were coun-
terstained with DAPI antibody (1:1000 in PBST, Roche),
washed again, and mounted using Sigma Mounting
Medium (Sigma-Aldrich, St. Louis, MO, USA). Sections
were scanned with a ZEISS LSM 700 confocal microscope
(Carl Zeiss Microlmaging GmbH, Jena, Germany) and
evaluated independently by two investigators.

Statistical analysis

All numerical data are presented as mean + standard error of
the mean. Student’s ¢ test was used for evaluation of differ-
ences between two normal distributed groups on D21. The
confidence interval was set at 95%.

Results
Relative mRNA expression levels of CaSR and TPRC6

The relative mRNA expression levels of CaSR and TPRC6
were significantly increased (p < 0.05) in lung of CDH group
compared to lung of control animals (Fig. 1).

Western blot for CaSR and TPRC6

We analyzed the protein expressions of CaSR and TPRC6
to confirm the qRT-PCR results. Our western blot results
showed increased lung protein expression of CaSR and
TPRC6 in the CDH group compared to controls (Fig. 2).
Equal loading of electrophoresis gels was confirmed by
GAPDH staining of the stripped membranes.

Immunofluorescence evaluation of CaSR and TPRC6

Confirmation by western blotting of altered CaSR and
TPRC6 expressions was followed by immunofluorescence
evaluation of lung tissue. Confocal microscopy showed
increased CaSR and TPRC6 expression in CDH lung com-
pared to normal lung tissue (Fig. 3).
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Fig.1 qRT-PCR revealed significantly increased relative mRNA expression levels of CaSR and TRPC6 (p <0.05) in CDH lung (D21) com-

pared to normal lung tissue

Fig. 2 Western blot showed
increased expression of CaSR
and TRPC6 in CDH Lung
(D21) compared to normal lung
tissue. Equal loading of elec-
trophoresis gels was controlled
by GAPDH staining of stripped
membranes

CaSR

GAPDH

D21

Discussion

Multiple mechanisms underlie the development of PPH
in CDH patients. Characteristic features of PPH include
endothelial dysfunction, enhanced pulmonary artery smooth
muscle cell (PASMC) proliferation, and suppressed apopto-
sis, resulting in an increased pulmonary resistance [8]. The
results of the present study show that the expression of both
CaSR and TRPC®6 is increased in the lung of CDH animal
model. It has previously been reported that both CaSR and
TRPC6 are upregulated in PASMC in patients with idio-
pathic pulmonary hypertension and in animal models with
pulmonary hypertension [4, 6].

Ca”" entry from the extracellular space, acting as a cru-
cial mediator, is implicated in vasoconstriction [through
its pivotal effect on pulmonary artery smooth muscle cells
(PASMC:s) contraction] and vascular remodeling (through
its stimulatory affect of PASMC proliferation) [9]. Applica-
tion of extracellular Ca>* increased [Ca**]cyt in PASMC
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isolated from idiopathic pulmonary arterial hypertension
patients compared to PASMC from control patients and
patients with chronic thromboembolic pulmonary hyper-
tension [10]. Overexpression of CaSR augmented the extra-
cellular Ca®*-induced increase in [Ca2+]cyt and enhanced
proliferation in normal PASMC [10]. Yamamura et al. [10]
reported that increased expression of CaSR and subsequently
enhanced CaSR-mediated [Ca2+]cyt increase contribute to
the enhanced Ca* signaling and proliferation of PASMC
in patients with idiopathic pulmonary arterial hypertension.

Overexpression of CaSR or TPRC6 in normal PASMC
results in enhanced extracellular Ca®*-induced increase
in [Ca“]cyst; however, overexpression of both CaSR and
TRPC6 markedly increases extracellular Ca**-induced
increase in [Ca2+]cyst compared to either alone [6]. These
data suggest that CaSR is functionally coupled to TRPC6
in PASMC and that receptor-and store-operated Ca>* entry
via CaSR-mediated activation of TRPC6 is an important
signaling cascade which leads to PASMC contraction,
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Fig. 3 Immunofluorescence evaluation of lung tissue for CaSR and
TRPC6. Confocal microscopy revealed increased lung expression of
CaSR and TRPC6 in CDH lung compared to control lung tissue

proliferation, and migration in patients with PPH [4]. Con-
trolling the balance between cell proliferation and apoptosis
in pulmonary vascular adventia, media and endothelium are
essential for maintaining the normal structural and func-
tional integrity of the pulmonary vasculature [4]. Increased
PASMC proliferation and decreased PASMC lead to abnor-
mal vascular remodeling resulting in advential and medial
thickening causing vasoconstriction.

The present study showed that the expressions of both
CaSR and TRPC6 were increased in the lung of CDH animal
model. These results suggest that upregulation of CaSR and
TRPC6 expression may be an important pathogenic mech-
anism involved in the development of abnormal vascular
remodeling resulting in pulmonary vasoconstriction and
PPH.

In summary, the present study demonstrates an altered
gene and protein expression of CaSR and TRPC6 in the pul-
monary vasculature of nitrofen-induced CDH. Upregulation
of CaSR and TRPC6 may contribute to abnormal vascular

remodeling resulting in PH in this model. Future studies
investigating specific blockers of CaSR and TRPC6 may
provide more effective therapies in the management of PPH
in CDH.
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