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BACKGROUND AND PURPOSE
Pulmonary arteries (PAs) are innervated, but little is known about the role of neuronal axis in pulmonary hypertension (PH).
Here, we have examined the role of the neuropeptide Y (NPY) and its Y; receptor in PH pathogenesis.

EXPERIMENTAL APPROACH

NPY was localized by immunofluorescence. Expression of NPY and Y; receptor were determined by quantitative PCR. Cellular
response to NPY stimulation was assessed by Western blotting, thymidine incorporation and calcium imaging. Wire
myography and isolated perfused mouse lung were applied to study pulmonary vasoactive effects of NPY. Selective receptor
antagonists were used to assess the contribution of receptor subtypes in mediating NPY effects.

KEY RESULTS

Samples from PH patients showed increased NPYergic innervation within the PA wall and higher Y; receptor expression,
compared with donors. However, NPY levels were unchanged in both PA and serum. In the chronic hypoxic mouse model, Y,
receptor were up-regulated, while expression of both NPY and Y; receptor was increased in the lungs of monocrotaline and
SU5416-hypoxia rats. On a functional level, NPY acutely increased intracellular calcium levels and enhanced vasoconstriction
of lung vessels preconstricted with adrenaline. Furthermore, NPY stimulated proliferation of human pulmonary arterial smooth
muscle cells and activated p38 and PKD pathways. Correspondingly, higher phosphorylation of PKD was observed in
remodelled vessels from PH patients. The selective Y; receptor antagonist, BIBO 3304, concentration-dependently inhibited
vasoconstrictive and proliferative effects of NPY.

CONCLUSIONS AND IMPLICATIONS
NPY and Y; receptor are possible mediators of both vasoconstriction and pulmonary vascular remodelling in PH.

Abbreviations
hPASMC, human pulmonary arterial smooth muscle cells; IPAH, idiopathic pulmonary arterial hypertension; KHB,
Krebs-Henseleit buffer; PA, pulmonary artery/arteries; PAP, pulmonary artery pressure; PH, pulmonary hypertension

© 2014 The British Pharmacological Society British Journal of Pharmacology (2014) 171 3895-3907 3895


mailto:Grazyna.Kwapiszewska@lvr.lbg.ac.at

S Crnkovic et al.

Introduction

Pulmonary hypertension (PH) is a serious and progressive
condition characterized by increased pulmonary artery pres-
sure (PAP) as a consequence of vasoconstriction and pulmo-
nary vascular remodelling (Morrell et al., 2009; Stacher et al.,
2012). Despite intensive research, the exact pathomecha-
nisms underlying these processes are still not completely
understood. Increased knowledge of molecular pathways
involved in the development and progression of PH could
help to define new therapeutic targets.

The majority of research and current treatment options
for PH have focused on imbalance of vasodilating and
vasoconstricting substances, such as NO, prostacylin and
endothelin, as well as their concomitant effects on the pro-
liferation of vascular cells (Morrell et al., 2013). Early studies
have shown increased sympathetic innervation of resistance
arteries of neonates with PH (Allen et al., 1989). Despite this,
the role of vascular innervation and neurohormonal activa-
tion has largely been neglected (de Man et al., 2013). A recent
review from de Man et al. (2013) suggested that sympathetic
activation is present in PH and strongly influences survival of
PH patients. Furthermore, it has been recently reported that
denervation of the pulmonary arteries (PAs) could have ben-
eficial effects for those patients with idiopathic pulmonary
arterial hypertension (IPAH) who do not respond to standard
therapy (Chen et al., 2013).

Pulmonary vessels possess both sympathetic and para-
sympathetic innervation (Kummer, 2011). Neuropeptide Y
(NPY) is a 36-amino acid peptide neurotransmitter, released
from postganglionic sympathetic perivascular neurons
(Lobaugh and Blackshear, 1990) and is the predominant neu-
ropeptide associated with pulmonary vascular nerves (Allen
et al., 1989). NPY augments vasoconstrictor effects of noradr-
energic neurons and the release of NPY into the circulation
occurs during sympathetic activation (Ekblad et al., 1984;
Painsipp et al., 2010). It acts through several GPCRs, four of
which are expressed in humans and elicit a range of effects in
the cardiovascular, immune, central and peripheral nervous
systems (Pons et al., 2004; receptor nomenclature follows
Alexander ef al., 2013). Detrimental vasoconstrictive and pro-
liferative effects of NPY in the cardiovascular system seem to
be mainly mediated by Y, receptors and, potentially, by the Y5
receptor (Abe et al., 2007).

Here, we report increased expression of NPY Y, receptors
in experimental PH models and IPAH lung samples. Func-
tional relevance and the role of Y; receptor downstream sig-
nalling was confirmed in vitro and in vivo, further supporting
the concept of pharmacological synergism and neurohormo-
nal activation in pathology of PH (MacLean and Morecroft,
2001). Taken together, these results suggest a possible role of
the NPY/ Y, receptor axis in the processes underlying patho-
genesis of PH.

Material and methods

Human material
The protocol and tissue usage were approved by the institu-
tional ethics committees (Medical University of Vienna,
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Austria (976/2010) and Justus-Liebig-University School of
Medicine (AZ 31/93), Giessen, Germany). Full informed
consent was obtained before lung transplantation. The
patients’ characteristics are given in Supporting Information
Table S1. The study protocol for blood donation was
approved by the Institutional Review Board of the Medical
University of Graz in accordance with national law, and
patient characteristics are included in Supporting Informa-
tion Table S2. Human lung tissue samples were obtained from
IPAH patients who were undergoing lung transplantation at
the Department of Cardiothoracic Surgery, Medical Univer-
sity of Vienna, Austria. Downsized non-transplanted, non-
tumour bearing donor lungs served as healthy controls.

Animals
All animal care and experimental procedures complied with
German Austrian and international guidelines and were
approved by the Regierungspraesidium Giessen. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath etal., 2010). All
measures were taken to keep animal suffering to a minimum.
All animal materials derived from chronic hypoxia,
monocrotaline and SU5416 models (details given below)
were obtained from previously published studies (Schermuly
et al., 2005; Dumitrascu et al., 2006; Kwapiszewska et al.,
2008; Lang etal.,, 2012; Weisel etal., 2014). Adult male
C57BL/6] mice (20-22 g) and adult male Sprague-Dawley rats
(250-350 g) were purchased from Charles River Laboratories
and randomly distributed to groups. All animals were housed
under controlled temperature and lighting and allowed food
and water ad libitum.

Exposure to chronic hypoxia

Lung samples (n = 4-8 animals per group) from mice exposed
to normobaric normoxia [fraction of inspired oxygen (FiO,)
of 0.21], normobaric hypoxia (FiO, of 0.10) for 21 days, or
hypoxia with subsequent re-exposure to normoxia for 1, 7 or
21 days were obtained as described previously (Weisel et al.,
2014).

Rat monocrotaline and SU5416 models

of PAH

Lung samples (n = 4-10 animals per group) from the mono-
crotaline [28 days after single subcutaneous injection,
60 mg-kg'] as well as the SU5416 rat model [single subcuta-
neous injection of VEGFR inhibitor SU5416 (20 mg-kg™) fol-
lowed by 3 weeks exposure to normobaric hypoxia (FiO, of
0.10)] were obtained as described previously (Schermuly
etal., 2005; Dumitrascu et al., 2006; Kwapiszewska et al.,
2008; Lang et al., 2012).

Immunofluorescence and
immunohistochemistry staining

Localization of the protein gene product 9.5 (PGP9.5), NPY
and phospho-PKD in human, mouse and rat lung tissue was
assessed on paraffin-embedded sections. Sections were depar-
affinized, rehydrated and treated with either 0.05% trypsin
(PGP9.5), heat-induced antigen retrieval in buffer pH 6 (NPY)
or pH 9 (phospho-PKD). Non-specific binding was blocked



with 10% BSA prior to overnight incubation with primary
antibodies at 4°C: PGP9.5 (Biotrend — Destin, FL, USA, 1:400),
NPY (Sigma - Vienna, Austria, 1:300) and phospho-PKD (Cell
Signaling — Danvers, MA, USA, 1:100). After washing steps,
sections were incubated with anti-rabbit immunoglobulin
labelled with Alexa Fluor 594 (Invitrogen — Vienna, Austria,
1:500), Alexa Fluor 488 (Invitrogen) or HRP-conjugated anti-
rabbit immunoglobulin (ImPRESS, Vector Laboratories, Burl-
ingame, CA, USA) for 1 h. Sections were washed and either
mounted with DAPI-containing medium (Vector Laborato-
ries) or counterstained with methylgreen (Sigma).

ELISA

Circulating levels of NPY in human serum from donors and
IPAH patients were determined using a commercially avail-
able eLisa kit (Usnc Life Science, Wuhan, China) according to
the manufacturer’s instructions.

RNA isolation and real-time PCR

RNA was isolated from samples of lung or PA using TriFast
RNA isolation buffer (PeqLab, Erlangen, Germany) followed
by RNA purification using the peqGOLD Total RNA isolation
kit (PeqLab). Total RNA was reverse transcribed using iScript
kit (BioRad, Hercules, CA, USA) according to manufacturer’s
instructions. Real-time PCR was performed using a LightCy-
cler 480 (Roche, Wien, Austria) with QuantiFast SYBR PCR kit
(Qiagen, Hilden, Germany). Primers sequences are given in
Supporting Information Table S3. PBGD (hydroxymethylbi-
lane synthase) served as a housekeeping gene (Fink et al.,
1999). Cycling conditions were as follows: 6 min at 95°C, [5 s
at 96°C, 5s at 59°C and 10s at 72°C] x45. Melting curve
analysis and gel electrophoresis were performed to confirm
the exclusive amplification of the expected PCR product. The
ACt values for each target gene were calculated as ACt = Ct
housekeeping gene — Ct target gene. The AACt values were
calculated as AACt = ACt sample — mean ACt of control group.

Isolated, perfused and ventilated lungs

from mice

Experiments on isolated perfused lungs from mice were per-
formed as described by Nagaraj et al., (2013). Adult C57BL/6
mice (Charles River, Sulzfield, Germany) were anaesthetised
by isoflurane and killed by overdose of intra-peritoneal injec-
tion of ketamine (200 mg kg™"') and xylazine (20 mgkg"),
given i.p.. Lungs were removed from the thorax under artifi-
cial ventilation, and the pulmonary circulation perfused with
Krebs-Henseleit buffer (KHB, 120 mM NaCl, 4.3 mM KClI,
1.1 mM KH,PO4, 2.4 mM CaCl,, 1.3 mM MgCl,, 25 mM
NaHCO; and 13.3 mM glucose, as well as 5% (weight/
volume) hydroxyethylamylopectin  (molecular weight
200,000 Da) and pH adjusted to 7.4 by bubbling with nor-
moxic gas mixture containing 5% CO,). The lungs were
mounted in a water-heated chamber (IPL-1, Hugo-Sachs Elec-
tronics, March-Hugstetten, Germany) with negative pressure
ventilation. An initial steady state period of 15 min (perfu-
sion with KHB at flow rate 1 mL min™") was taken as baseline.
For concentration response experiments with adrenaline,
lungs were perfused with 0.05, 0.5, 5 and 10 ug mL™" of each
concentration followed by washout. Initial adrenaline con-
centration range was based on previously published reports

NPY/NPY1R axis in pulmonary hypertension

(Shen etal., 2008, Goldman etal.,, 1989). For all further
experiments, 0.5 ug mL™" adrenaline was used to pre-constrict
the pulmonary vessels. Afterwards, increasing concentrations
of NPY (1, 10 and 100 nM, Bachem, Bubendorf, Switzerland)
were applied and each concentration was followed by a
washout period with 0.5 ug mL™ adrenaline. Initial NPY con-
centration range was based on previously published reports
(Zukowska-Grojec et al., 1998a) and 100 nM NPY was selected
for all further experiments. For the antagonist studies, lungs
were first perfused with adrenaline and 100 nM NPY. Follow-
ing NPY washout, lungs were perfused with inhibitor for
3 min. Then perfusion with inhibitor in the presence of NPY
was started, followed by washout and application of higher
inhibitor concentrations (Y; receptor antagonist BIBO 3304:
0.01, 0.1 and 1 uM: Y5 receptor antagonist CGP 71683: 0.1
and 1 pM; both from Tocris, Bristol, UK). Amplitude of NPY
induced PAP elevation was calculated as a difference between
maximal pressure elevation upon NPY application and base-
line 1 min before NPY application (see Supporting Informa-
tion Fig. S2). For the control and inhibitory experiments, the
difference was calculated at matching time points. Amplitude
of the first NPY induced vasoconstriction was set to 100% and
the amplitudes of the following vasoconstrictions were
re-calculated in percent relative to the first one.

Vascular reactivity measurements

Adult male C57BL/6] mice aged 8-12 weeks (Charles River
Laboratories) were anaesthetized by isoflurane and killed as
described above. Tertiary intra-pulmonary arteries from the
left and right mouse lungs were isolated. The arteries were
cleaned of surrounding tissue and cut into segments 3-4 mm
in length. The PA were positioned between the jaws in wire
myograph chambers (Danish MyoTechnology, Aarhus,
Denmark) containing Krebs-Henseleit buffer (KHB) and con-
nected to force transducers for the measurement of isometric
tension (PowerLab, ADInstruments, Oxford, UK). A basal
tension of 2 mN was applied to the arteries for an initial
45 min stabilization period. KHB containing 120 mM KCI was
used to determine viability of tissues. Arteries were stimulated
three times using 120 mM KCI to obtain reproducible con-
tractions. Following stable contraction with 0.5 ug-mL™
adrenaline (minimum 35 min), 100 nM NPY was added. For
antagonist experiments, arteries were pre-constricted with
adrenaline, then antagonists were applied to individual arter-
ies BIBO 3304 (0.01, 0.1, 1 and 10 uM) or CGP 71683 (0.1 and
1 uM) or vehicle for 10 min subsequently followed by NPY
stimulation. Concentration range for Y, receptor and Ys recep-
tor antagonists was based on a previously published report
(Dumont et al., 2000). The NPY-induced contraction (either
alone or in presence of antagonists) was calculated relative to
maximum adrenaline-induced contraction set to 100%.

Cell culture and cell stimulation

Primary human pulmonary artery smooth muscle cells
(hPASMC) were isolated from small calibre PA (below the
fourth branch of the main PA) from IPAH patients and donor
lungs. The purity of hPASMC cultures was confirmed using
immunofluorescent staining for o-smooth muscle actin
(minimum 95% of cells stained positive). All experiments
were performed with cells in passage one to five and growth
arrested by serum deprivation for 24 h. In experiments with
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BIBO 3304 and CGP 71683, cells were incubated with indi-
cated concentration of antagonists for 1h prior to NPY
stimulation.

Live cell calcium (Ca*) imaging
Live cell Ca* imaging was performed according to (Balint
etal., 2013). Human PASMC were cultured on 25-mm-
diameter, gelatin-coated glass cover slides until sub-
confluence. The slides were then transferred to the
experimental solution (Ringer, containing 5.5 mM KCI,
140.5 mM NaCl, 0.5 mM KH,PO,, 0.5 mM Na,HPO,, 10 mM
glucose, 10 mM HEPES, 1.5 mM CaCl,, 1 mM MgCl,, pH 7.4).
After 25 min of Fura-2/AM incubation, the single glass cover
slide was mounted on the stage of a Zeiss 200 M inverted
epifluorescence microscope coupled to a PolyChrome V
monochromator (Till Photonics, Grafelfing, Germany) light
source in a sealed, temperature-controlled RC-21B chamber
(Warner Instruments, Hamden, CT, USA). Fluorescence
images were obtained with alternate excitation at 340 and
380 nm. Emitted light was collected at 510 nm by an Andor
Ixon camera. The acquired images were stored and subse-
quently processed offline with TillVision software (Till Pho-
tonics). Cells were perfused continuously with Ringer
solution (0.5 mL/min). After obtaining baseline stable fluo-
rescence signal measurements, PASMC were pre-treated with
adrenaline (0.5 pg/mL) in Ringer solution. Afterwards, cells
were perfused with 100 nM NPY in the presence of adrenaline
or only with adrenaline (see Supporting Information Fig. S2).
In another set of experiments, NPY 100 nM was infused
without pre-treating the cells (NPY). To study the effect of Y,
receptor antagonism, cells were pretreated with adrenaline
and 100 nM NPY. After NPY washout, cells were perfused
with 1 uM BIBO 3304 for 3 min followed by NPY stimulation.
Measurements were made every 3s. Background fluores-
cence was recorded from each cover slip and subtracted
before calculation. Maximal and minimal values of fluores-
cence were determined at the end of experiment by treating
the cells with 10 pM ionomycin and 10 mM EGTA. Cells that
did not respond to ionomycin were discarded. For quantifi-
cation of NPY effect on intracellular Ca*, calcium signal for
the entire duration of NPY administration was averaged. For
other groups (control, adrenaline, NPY and inhibitor effects),
corresponding values of fluorescence were calculated.

Western blotting

Cells were lysed in RIPA lysis buffer (Sigma Aldrich, Vienna,
Austria) containing protease and phosphatase inhibitors
(Roche). Equal amounts of proteins were loaded per lane and
separated by SDS-PAGE and transtferred to a PVDF membrane.
After blocking with 5% BSA in TBS-T buffer, the membrane
was incubated overnight at 4°C with one of the following
antibodies: anti-phospho-p38, anti-p-38, anti-phosphoPKD/
PKCp, anti-PKD/PKCu and anti-a-tubulin (all from Cell
Signaling). After 1 h incubation with peroxidase-labelled sec-
ondary antibody (Cell Signaling), proteins were detected
using ECL Prime Kit (GE Healthcare, Vienna, Austria).

Proliferation

Human PASMC (10 000 cells per well) were seeded in 96-well
plates. Afterwards, cells were starved (VascuLife Basal
Medium, Lifeline Cell Technology, Frederick, MD, USA, 0%
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FCS, 1% antibiotic) for 24 h. NPY was added and after 24 h,
the proliferation of hPASMC was determined by [*H]-
thymidine (BIOTREND, Cologne, Germany, Chemikalien
GmbH) incorporation as an index of DNA synthesis and
measured as increase in radioactivity by a scintillation
counter (Wallac 1450 MicroBeta TriLux Liquid Scintillation
Counter & Luminometer, PerkinELmer, Waltham, MA, USA).
Each independent experiment was performed in 10 replicates
on cells isolated from six different donors and six IPAH
patients and repeated twice.

Data analysis

Data are represented as box and whisker plots or mean + SEM.
Statistical analysis was performed in GraphPad Prism 5
(GraphPad Software, La Jolla, CA, USA) using the paired t-test,
for experiments comparing two groups, and aNova Kruskal-
Wallis with the Dunn multiple comparison post test, or two-
way ANovA with Bonferroni post tests, for experiments
comparing three or more groups. P < 0.05 was considered
statistically significant. Calculation of ICs, values was per-
formed in GraphPad Prism 5 using non-linear, four param-
eter, regression analysis with variable slope.

Results

Arteries from IPAH patients display

increased innervation

Vasoconstriction and remodelling of PA are the main charac-
teristics of human IPAH. We speculated that vessel innerva-
tion could play a direct role in the control of pulmonary
vascular tone and remodelling process in adult IPAH patients.
Staining with an antibody against PGP9.5, a general neuronal
marker, revealed increased number of PGP9.5 positive profiles
within the PA from IPAH patients (Figure 1A-D). Similar
results were obtained with an additional staining against NPY
(Figure 1E-H). These results imply increased sympathetic
innervation in remodelled IPAH arteries compared to donors.

Expression levels of NPY1R are increased in
IPAH patients

Being the predominant neuropeptide system innervating the
pulmonary vasculature (Allen et al., 1989), we focused further
on the NPY/Y, receptor axis. Control human lungs expressed
NPY and all four subtypes of NPY receptors (Figure 2A). In
contrast, hPASMC expressed Y;, Y, and Yy, but not Y5 recep-
tors. NPY was at the limit of detection (Figure 2A). The low or
absence of NPY expression in hPASMC corresponds with the
immunohistochemical data, which showed that NPY was pre-
dominantly localized to neuronal endings and inflammatory
cells. Expression levels of Y; receptors were significantly
up-regulated in human PA isolated from IPAH patients
(Figure 2B); however, the mRNA levels of NPY and Y; recep-
tors were unchanged between donor and IPAH samples
(Figure 2C, D). Furthermore, there was no difference in Y,
receptor expression levels between donor and IPAH hPASMC
(Figure 2E) and no correlation of mean PAP with Y, receptor
expression levels in PA isolated from IPAH patients in our
patient cohort (Figure 2F). Furthermore, circulating levels of
NPY were not significantly different between donors and
IPAH patients (Figure 2G).
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Figure 1

NPY/NPY1R axis in pulmonary hypertension

IPAH remodelled arteries displayed higher number of sympathetic nerve endings. Immunofluorescent staining of donor and IPAH lung sections
against (A-D) PGP9.5 neuronal marker and (E-H) NPY. Right panels represent high power magnification of boxed area in left panels. Arrows
indicate positive staining. Representative images from five different patients per group. Scale bar represents 200 um for A, C or 50 um for E, G.

Expression levels of Y, receptors are elevated
in hypoxic mouse PH model

In order to experimentally assess the human data, we per-
formed NPY immunostaining and measured expression levels
of Y, receptors and NPY in a hypoxia-induced PH mouse
model. NPY staining was mostly observed in endothelium
layer and strong immunoreactivity in inflammatory cells
(Figure 3A, B). Y, receptor expression was increased after 21

days of hypoxia exposure (Figure 3C). As hypoxia-induced
changes in mice are reversible (Hislop and Reid, 1977) and in
order to mimic a potentially therapeutic reverse remodelling
process, we re-exposed hypoxic animals to normoxia.
Re-exposure revealed down-regulation of Y, receptors expres-
sion (Figure 3E). Although mRNA levels of NPY were not
increased in chronic hypoxia (Figure 3C), expression of
NPY was significantly down-regulated in acute phase of
re-exposure of hypoxic animals to normoxia (Figure 3F).
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Expression of NPY Y; receptors is increased in IPAH patients. (A) Representative gel image of PCR products for NPY ligand and receptors, in human
lung tissue. PBGD serves as a positive control. Marker (M), lung homogenate (L), PA, PASMC and negative control (). mRNA expression levels
in PA from donor and IPAH lungs of (B) Y; receptors (C) NPY and (D) Ys receptors (n=4-10). (E) Y; receptor mRNA expression level in donor and
IPAH hPASMC (n = 9-10). (F) Correlation of Y; receptor gene expression in PA samples versus mean PAP (mPAP) in IPAH patient cohort. (G)
Determination of circulating NPY levels in serum from donors and IPAH patients (n = 10). *P < 0.05.

Expression levels of Y, receptors and NPY
ligand is increased in rat PH models

We next investigated whether the previously observed
changes could be reproduced in more severe animal models
of PH, which more closely resemble end-stage human disease.
Corresponding to the mouse data, NPY immunostaining was
observed mainly in non-neuronal cells in rats given SU5416
and exposed to hypoxia (Figure 4A, B). Furthermore, we
could observe significant up-regulation of both Y, receptors
and NPY in lung homogenates (Figure 4C, D). Similar results
were obtained in monocrotaline-treated rats. Here, accumu-
lation of NPY-positive inflammatory cells (Figure 4E, F) and
higher expression levels of NPY ligand and Y, receptors were
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observed (Figure 4G, H). Taken together, increased expression
levels of Y; receptors, in both human disease and different
animal PH models, suggest a possible role of the NPY-Y;
receptor axis in the pathogenesis of PH.

NPY stimulation synergistically increases
adrenaline-induced rise in intracellular Ca*
and pulmonary vasoconstriction

Next, we investigated whether these changes have either
adaptive or pathogenic role in PH. The functional role was
first examined in isolated hPASMC. As shown in Figure 2A,
hPASMC expressed Y; receptors but not Ys receptors. Stimu-
lation of hPASMC with NPY caused a significant and transient
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Expression of Y; receptors is increased in hypoxia-induced pulmonary hypertension in mice. Representative immunofluorescence images of NPY
localization in pulmonary vessels of mice exposed to (A) normoxia or (B) 21 days hypoxia (scale bar represents 50 um). mRNA expression levels
of (C) Y, receptors and (D) NPY ligand in lung homogenates of mice exposed to normoxia (nox) or 21 days hypoxia (hox 21d), (n = 4-8). Gene
expression of (E) Y; receptors and (F) NPY in lung homogenates from mice first exposed to 21 days hypoxia and re-exposed for 1, 7 and 21 days

to normoxia (n = 4-6). *P < 0.05.

increase in intracellular Ca** only in the presence of adrena-
line (Figure SA-C). The effect of NPY on intracellular Ca*
prompted us to investigate acute effects of NPY stimulation
on pulmonary circulation in an ex vivo setting. In isolated,
ventilated and perfused mouse lungs, NPY ligand led to
enhanced vasoconstriction of adrenaline pre-constricted lung
vessels (Figure 5D-F). NPY-induced calcium influx was medi-
ated by Y, receptors with no significant difference in response
between control and IPAH hPASMC (Figure 6A). Furthermore,
NPY-induced additional vasoconstriction in adrenaline
pre-constricted isolated mouse PA (Supporting Information
Fig. S2C). This effect could be concentration-dependently
abolished by pretreatment with the specific Y, receptor
antagonist, BIBO 3304 (Figure 6B) with an apparent ICs
value of 0.08 uM. In contrast, the specific Ys receptor antago-
nist, CGP 71683, did not alter NPY-induced mouse PA vaso-
constriction (Figure 6C). Similarly, in isolated, ventilated and
perfused mouse lungs, NPY-enhanced vasoconstriction of

adrenaline pre-constricted lung vessels was blocked with
BIBO 3304 with an ICs, value of 0.09 uM (Figure 6D), while
CGP 71683 had no effect (Figure 6E).

NPY stimulation of hPASMC leads to
increased PKD activation and proliferation

In addition to vasoconstriction, another hallmark of PH is
pulmonary vascular remodelling, which is characterized by
aberrant hPASMC proliferation. Therefore, we investigated
direct effect of NPY on human PASMC. NPY stimulation
increased hPASMC proliferation as analysed by *H-thymidine
incorporation, with no significant difference in response
between control and IPAH PASMC (Figure 7A). This effect was
specifically blocked with Y, receptor (Figure 7B), but not the
Y; receptor (Figure 7C) antagonist, cumulatively confirming
the specificity of this pharmacological approach and the
notion that NPY acts on hPASMC via Y, receptors. Next, we
performed Western blot studies to assess the phosphorylation
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Expression of NPY and Y, receptors is increased in rat models of pulmonary hypertension. Representative immunofluorescence images of NPY
localization in pulmonary vessels from rats exposed to (A) normoxia (nox) or (B) hypoxia+SU5416 (hox+SU). Gene expression of (C) Y; receptors
and (D) NPY in lung homogenates from rats exposed to nox or hox+SU (n = 4-7). Representative immunofluorescence images of NPY localization
in pulmonary vessels from (E) vehicle (veh) and (F) monocrotaline (MCT)-treated rats. Gene expression of (G) Y; receptors and (H) NPY in lung
homogenates from veh and MCT-treated rats (n = 4-10). *P < 0.05. Scale bare represents 50 um. Arrows indicate positive staining.

status of downstream signalling molecules following Y,
receptor activation. Human PASMC stimulated with NPY dis-
played increased phosphorylation of p38 and PKD kinases
(Figure 7D, E), indicating activation of these signalling cas-
cades. This effect was partially blocked by the Y, receptor
antagonist BIBO 3304 (Figure 7F, G). In accordance with in
vitro data, we observed increased staining against phospho-
PKD in IPAH pulmonary arteries compared with donor
(Figure 7H, I). These results imply that NPY could have a
direct pathological role in pulmonary vascular remodelling
process, independent of co-adrenergic activation.

Discussion and conclusions

PH is a devastating condition with incompletely understood
pathomechanism and few treatment options. Here, we show
the possible involvement of the NPY-Y; receptor axis and its
downstream signalling pathway in the processes underlying
PH.

Even though early reports have shown increased sympa-
thetic innervation in remodelled neonatal PH vessels (Allen
etal., 1989), the role of neuronal factors in PH has been
mostly neglected. Our study is the first to show increased
sympathetic/NPY-ergic innervation of remodelled PA in adult
PH patients. This is accompanied by increased expression of
Y, receptors, both in human PH samples and animal models.
Furthermore, the observed change in Y, receptor expression
during recovery from hypoxia-induced PH in mice, suggests
that down-regulation of Y; receptor expression could also be
involved in a resolution process of the disease. Unfortunately,
the lack of specific commercially available antibodies
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prevented confirmation of the expression data at the protein
level.

Despite unchanged expression and circulating levels of
NPY in IPAH patients, it is tempting to speculate that the
increased expression of Y; receptors in PH could lead to
hypersensitivity to NPY stimulation and subsequent pulmo-
nary vasoconstriction. Accordingly, increased sympathetic
activation has been observed in PAH patients (Velez-Roa
et al., 2004; Ciarka et al., 2010). This could be a contributing
pathological factor in the early stages of IPAH or other forms
of PH. Particularly interesting in this respect are borderline
PAH patients who have PAP at rest within normal range, but
show a steeper than expected increase in PAP during exercise,
suggestive of early pulmonary vasculopathy (Kovacs et al.,
2009). We could therefore speculate that sympathetic activa-
tion under stress conditions coupled with increased Y, recep-
tor expression could constitute a vicious pathological cycle
leading to exacerbated pulmonary vasoconstriction in these
patients. In line with this speculation, others have reported
that synergistic effects of different vasoconstrictors may only
operate when the pulmonary arteries are under the influence
of increased vascular tone as in PH (MacLean and Morecroft,
2001). Furthermore, we observed that NPY expression was
not confined exclusively to neuronal endings in pulmonary
vessels, as reported earlier (Zukowska-Grojec et al., 1998b;
Holler et al., 2008). This raises the possibility that, in addition
or independent of innervation, non-neuronal sources, such
as inflammatory cells, could play a role in PH by activating Y,
receptors. In fact, non-neuronal cells are likely to be the
major NPY source in rodent PH models, which contain no or
very limited sympathetic innervation of intrapulmonary
arteries (Kummer, 2011).
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NPY stimulation increased intracellular calcium and caused pulmonary vasoconstriction in the presence of adrenaline. Human PASMC were loaded

with Fura-2 calcium-sensitive dye, perfused with solutions containing NPY (100 nM),

adrenaline (0.5 ug-mL™") or both and monitored with

inverted epifluorescence microscope. (A, B) Representative fluorescence ratio tracings over time in human PASMC. (C) Intracellular calcium
concentrations upon NPY stimulation in the presence or absence of adrenaline (n = 14-15 cells in each group, from four different donors). (D,
E) Representative tracings of PAP over time in isolated, perfused and ventilated mouse lungs. (F) Changes in PAP upon NPY stimulation in the

presence or absence of adrenaline (n = 3-5 per group). *P < 0.05.

The Y, receptor is a GPCR coupling to G; proteins, leading
to decreased cAMP levels in vascular smooth muscle cells
(Reynolds and Yokota, 1988) and vasoconstriction. Signalling
through Y, receptors and inhibition of adenylate cyclase
could further exacerbate pulmonary vasoconstriction. An
additional mechanism by which NPY mediates vasoconstric-
tion is by increasing intracellular calcium, although this
seems to be species and cell-type specific. In accordance with
Wier et al. (2009), we observed an increase in intracellular
calcium and pulmonary vasoconstriction with NPY in the
presence of adrenaline. In our experimental setting, NPY
stimulation alone had no vasoactive effect. In contrast, in

porcine aorta smooth muscle cells, NPY alone was sufficient
to induce rise in intracellular calcium, which was mediated
by Y: receptors and PLC and inositol 1,4,5-trisphosphate
(Shigeri et al., 1995). Similarly, in human heart and aortic
smooth muscle cells, NPY stimulation caused a rise in basal
resting intracellular Ca** mainly via the activation of Y, recep-
tors (Jacques efal.,, 2000). On the other hand, in rabbit
PASMC, NPY did not stimulate the elevation of intracellular
calcium, nor potentiate noradrenaline-induced elevation of
intracellular calcium (Reynolds and Yokota, 1988). Taken
together, it seems that a rise in cytosolic calcium, caused or
potentiated by NPY, can result with hPASMC contraction in

British Journal of Pharmacology (2014) 171 3895-3907 3903



S Crnkovic et al.

x>

®
i

o
s

[
o
1

T =

0 001 010 030 1 10
) BIBO 3304 (uM)

NPY induced contraction (%)
F -9
o

E

5200- 3 Donor
% &3 IPAH
_g 150 . . * #
£ .
@ 100-
o
c
S
& 50+ é é [ X
[.+]
8 e
a0 ; ,
0 1
BIBO 3304 (uM)
' NPY 100 nM ’
C S5, Ds
c % 150-
2 40 ud
341 T £
£ 30- S 1001 £
o o
b =z
B 204 s
Qo
3 - 5 o
[=4 10' g
Z o =
= 0 0.1 1 e O3
CGP 71683 (uM)
Figure 6

s
. & :’6250~

£

c 2004 e

o

o

& 150-

=z

'S 100

=

= 504

£
T = 0 ; T T
0.1 B L o o1 L

BIBO 3304 (uM) CGP 71683 (uM)

The Y, receptor antagonist blocked NPY-induced intracellular calcium increase and pulmonary vasoconstriction. Human PASMC (from three different
donors and IPAH patients) were loaded with Fura-2/AM calcium-sensitive dye, perfused with solutions containing NPY (100 nM), adrenaline
(adrenaline; 0.5 pg-mL™") and monitored with inverted epifluorescence microscope. (A) Change in intracellular calcium concentration upon NPY
stimulation in the presence or absence of the Y; receptor antagonist BIBO 3304 (n > 20 cells in each group). Changes in isolated intrapulmonary
mouse pulmonary artery contraction upon NPY stimulation in the presence or absence of (B) BIBO 3304 or (C) the Ys receptor antagonist CGP 71683
(n =7 per group). Changes in PAP over time in isolated, perfused and ventilated mouse lungs under adrenaline and NPY stimulation and in the
presence or absence of (D) BIBO 3304 or (E) CGP 71683 (n > 5 per group). * or # (in the case of IPAH PASMC) denotes P < 0.05.

vitro and pulmonary vasoconstriction in vivo. In our experi-
mental set-up, this vasoactive effect was mediated by Y,
rather than Ys receptors, as demonstrated in experiments
using the specific antagonists.

In addition to acute haemodynamic aspects, another hall-
mark of PH is pulmonary vascular remodelling, characterized
by aberrant vessel wall cell proliferation and apoptosis. These
processes eventually lead to vessel lumen narrowing and
obstruction. NPY stimulation is involved in pathologic
remodelling of systemic arteries, an effect mediated by Y,
receptors and independent of co-adrenergic stimulation
(Shigeri and Fujimoto, 1993). In accordance, we show that
NPY alone, concentration-dependently stimulated hPASMC
proliferation, implying a pathogenic role for the NPY- Y,
receptor axis in pulmonary vascular remodelling. Even
though Y, receptor expression levels were higher in PA iso-
lated from IPAH patients compared with donors, this differ-
ence was no longer present in cultured cells. This observation
most likely explains the absence of higher NPY-induced
responses in IPAH hPASMC compared with donors. In rat
aortic smooth muscle cells, the mitogenic effect of NPY is
bimodal. On one hand, Y; receptors activate calcium-
dependent PKC and calcium/calmodulin-dependent kinase
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II, and on the other hand, Ys receptors activate a calcium-
independent inhibition of the adenylyl cyclase-PKA pathway
(Pons et al., 2008). Our observations that hPASMC express Y,
but not Ys receptors, and that antagonism of Y, receptors
attenuated NPY-induced vasoconstriction and hPASMC pro-
liferation, indicates the importance of Y; receptors in medi-
ating NPY effects in hPASMC.

On a molecular level, we identified PKD (PKD/PKCp) as a
potential key mediator of Y; receptors downstream signalling.
This is further supported by the observation of increased
staining against phospho-PKD in remodelled PA from IPAH
patients compared with donors. In addition to NPY, PKD can
be activated by PDGF-BB, a known and potent mediator of
pulmonary vascular remodelling (Abedi et al., 1998). Taken
together, this implies that the activation of PKD might be a
convergent downstream point for several different patho-
mechanisms in PH. PKD has already been implicated in
pathological vascular hypertrophy by inactivating the
histone deacetylase HDACS (Xu et al., 2007) and promoting
vascular smooth muscle cell proliferation by ERKS and c-Fos
activation (Geng et al., 2009). Furthermore, increased phos-
phorylation of p38 MAPK could be mediated by PKD (Hao
et al., 2012). Finally, activation of p38 could additionally lead
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NPY stimulation activated PKD and p38 signalling pathways and increased hPASMC proliferation. (A) Donor and IPAH hPASMC (n = 11
independent experiments) were stimulated with the indicated concentrations of NPY. Graph represents the amount of *H-labelled thymidine
incorporation as an index of cell proliferation. Serum-starved hPASMC were pretreated for 1 h with indicated concentrations of BIBO 3304 (B, n
=9 independent experiments) or CGP 71683 (C, n > 7 independent experiments) inhibitors, followed by overnight incubation with 200 nM NPY.
(D) Representative western blot image of phosphorylation of PKD, at serine S916 position and p38 kinase. Human PASMC were serum-starved and
stimulated with 200 nM NPY for indicated time. Determination of total PKD and p38 protein levels served as corresponding loading control. (E)
Quantification of (D) (n = 5 independent experiments). (F) Representative western blot image of PKD and p38 phosphorylation after 10 min
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to attenuated cAMP formation in hPASMC (El-Haroun et al.,
2008), a contributing mechanism in NPY vasoconstrictive
action.

In conclusion, the observed increased NPYergic innerva-
tion and expression of NPY Y; receptors could represent
potential hypersensitivity to NPY, secreted either by neuronal
endings or non-neuronal cells in PH. NPY vasoconstrictive
and trophic effects on PA and hPASMC are dependent on Y,
receptor activation. Furthermore, NPY effects on hPASMC,
mediated in part by the activation of PKD and p38 signalling
pathways, could form a molecular basis for a pathological
role for the NPY/Y, receptor axis in pulmonary vascular
remodelling.
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Figure S1 Pulmonary vascular remodelling in IPAH and
rodent PH models. Representative double immunohisto-
chemical staining against endothelial marker von Willebrand
factor (brown) and smooth muscle cell marker o—smooth
muscle actin (purple) in human donor (A) and IPAH (B) lung
tissue; normoxia (C) and hypoxia (D) exposed mice; nor-
moxia (E) and Su-hypoxia exposed rats (F); vehicle (G) and
monocrotaline-treated rats (H). Black scale bars indicate
100 um (A, B); 20 um (C-F) and 50 um (G, H).

Figure $2 (A) Schematic representation of the experimental
setup for calcium measurements. (B) Schematic representa-
tion of the experimental set-up of isolated perfused lung
experiments. (C) Representative tracings of contraction force
in isolated mouse intrapulmonary arteries under adrenaline
and NPY stimulation.

Table S1 IPAH patient characteristics. Values are presented
as (mean * SD).

Table S2 Patient characteristics used for ELisa determination
of circulating NPY levels. Values are presented as (mean + SD).
Table S3 Primer sequences used in this study.
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