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Abstract

Inhibition of cyclic guanosine monophosphate (cGMP)-specific phosphodiester-
ases (PDEs) is a cornerstone of pulmonary arterial hypertension (PAH)-specific
therapy. PDE9A, expressed in the heart and lung tissue, has the highest affinity
for cGMP of all known PDEs. PDE9A deficiency protects mice against chronic
left ventricular (LV) pressure overload via increased natriuretic peptide (NP)-
dependent cGMP signaling. Chronic-hypoxic pulmonary hypertension (CH-PH)
is a model of chronic right ventricular (RV) pressure overload, and previous stud-
ies have demonstrated a protective role for NPs in the murine model. Therefore,
we hypothesized that PDE9A deficiency would promote NP-dependent cGMP
signaling and prevent RV remodeling in the CH-PH model, analogous to findings
in the LV. We exposed wild-type and PDE9A-deficient (Pde9a /") C57BL/6 mice
to CH-PH for 3 weeks. We measured RV pressure, hypertrophy, and levels of lung
and RV cGMP, PDE9A, PDES5A, and phosphorylation of the protein kinase G sub-
strate VASP (vasodilatory-stimulated phosphoprotein) after CH-PH. In wild-type
mice, CH-PH was associated with increased circulating ANP and lung PDE5A,
but no increase in cGMP, PDE9A, or VASP phosphorylation. Downstream effec-
tors of cGMP were not increased in Pde9a™'~ mice exposed to CH-PH compared
with Pde9a™'* littermates, and CH-PH induced increases in RV pressure and hy-
pertrophy were not attenuated in knockout mice. Taken together, these findings
argue against a prominent role for PDE9A in the murine CH-PH model.
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1 | INTRODUCTION hypertension (PAH) (Archer & Michelakis, 2009). The intra-
cellular second messenger cGMP plays a critical role in reg-
ulating endothelial, vascular smooth muscle, and cardiac
myocyte function (Tsai & Kass, 2009). Activation of cGMP-

dependent signaling generally promotes vaso-relaxation

Inhibitingspecific phosphodiesterase (PDE) enzymes toaug-
ment cyclic guanosine monophosphate (cGMP)-dependent
signaling is a cornerstone of therapy in pulmonary arterial
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and myocardial contractility, while preventing hypertro-
phy and proliferation. These beneficial effects are primar-
ily mediated via cGMP-dependent protein kinase (PKG)
(Hofmann et al., 2009), while concurrent activation of PDE
isoforms can hydrolyze cGMP and effectively downregulate
the signal (Omori & Kotera, 2007). In PAH, PDES5 inhibitors
(sildenafil, tadalafil, vardenafil) reduce pulmonary vascular
resistance and increase exercise capacity (Galie et al., 2009,
2005; Jing et al., 2011) but well-described counterregula-
tory mechanisms (Black et al., 2001; Giaid & Saleh, 1995;
Murray et al., 2002; Xu et al., 2004) may mitigate benefits
for some patients.

PDE-9A is expressed in heart and lung and has the
highest affinity for cGMP of all known PDE isoforms
(Soderling et al., 1998). Myocardial PDE9A is upregu-
lated in left heart failure, and PDE9A-deficient mice had
less myocyte hypertrophy and better myocardial func-
tion than PDE9A-expressing mice in a model of chronic
left ventricular (LV) pressure overload (Lee et al., 2015).
The beneficial effects of PDE9A deficiency in this model
were mediated through augmentation of natriuretic pep-
tide (NP)-dependent cGMP signaling. Atrial natriuretic
peptide (ANP) overexpression is protective in the mouse
model of chronic hypoxic pulmonary hypertension (CH-
PH) (Klinger et al., 1993), while ANP knockout mice
develop more severe CH-PH (Chen et al., 2006; Klinger
et al., 1999; Sun et al., 2000). The role of PDE9A in mu-
rine CH-PH is unknown. We hypothesized that PDE9A
deficiency would promote NP-dependent cGMP signal-
ing and attenuate CH-PH.

2 | METHODS

2.1 | Mice and CH-PH Model

All protocols were approved by the Johns Hopkins
Animal Care and Use Committee. Wild-type C57BL/6J
mice (Black et al., 2001; Giaid & Saleh, 1995; Murray
et al., 2002) were obtained from Jackson Laboratories.
Pde9a knockout mice (Pde9a™'") were developed on the
C57BL/6J background by Pfizer by replacing exon 12
of the Pde9a catalytic domain (expressed by all splice
variants) with a lacZ-neomycin cassette (Figure S1), as
previously reported in Lee et al. (2015). In experiments
using knockout mice, age-matched Pde9a™*'* littermates
were used as controls, and males and females were
included.

To generate CH-PH, we housed mice in a ventilated
plexiglass chamber under conditions of normobaric hy-
poxia (10% O, balance nitrogen; Pro-Ox 110; Biospherix)
for 3 weeks. Excess CO, was scavenged with soda lime.

The chamber was opened twice weekly for cage changes.
Normoxic control mice were housed in the same room,
outside the chamber. Food and water were available ad
libitum. Mice were weighed prior to sacrifice and exsan-
guinated under anesthesia with pentobarbital (60 mg/
kg IP). Blood was collected and serum separated by cen-
trifugation. The lungs and heart were removed, and the
RV free wall was dissected from the LV and septum (LV
+S). We quantified right ventricular hypertrophy (RVH)
using the ratio of RV mass to LV +S mass (Fulton index)
and body weight. Serum and tissues were snap-frozen
in liquid N, for subsequent biochemical and molecular
analyses.

2.2 | Hemodynamic measurements

In some experiments, we obtained RV pressure tracings
after 3 weeks of CH-PH using a high-fidelity pressure sen-
sor tipped catheter (Transonic Systems, Inc.). During these
measurements, anesthesia was maintained with pentobar-
bital, and body temperature was continuously maintained
at 37°C (+0.4°) using a proportional-integral-derivative
temperature control unit. Mice were intubated via trache-
ostomy and mechanically ventilated (room air) using a tidal
volume of 10 cc/kg and a respiratory rate of 160 breaths/
min. After confirming adequate anesthesia (paw pinch),
the diaphragm was exposed using a horizontal incision
just below the xiphoid. Following diaphragmotomy, the
pericardium was removed and the RV was punctured with
a 25-gauge needle. A 1.2 F catheter was inserted into the
RV, and continuous pressure tracings were recorded dur-
ing a brief (5 s) pause in mechanical ventilation. Pressure
tracings were analyzed post- hoc using LabChart Pro 7 soft-
ware (ADInstruments).

2.3 | Serum ANP measurement

Circulating ANP levels were measured from serum using
a commercially available ELISA (Sigma-Aldrich), accord-
ing to the manufacturers’ protocol. The company reports
an assay sensitivity of 1.02 pg/mL.

2.4 | Tissue cGMP measurement

Frozen tissue samples were homogenized in 0.1 N HCI,
and cGMP levels were measured using a commercially
available competitive ELISA (Enzo Life Sciences). The
company reports an assay sensitivity of 0.420 pmol/mL,
with <0.001% reactivity with cAMP.
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Immunoblotting

Frozen tissue samples were ground under liquid ni-
trogen, then homogenized by mechanical disrup-
tion using the Bullet Blender Tissue Homogenizer
(Next Advance, Inc.) in RIPA buffer (Cell Signaling
Technology) supplemented with protease (cOmplete
Mini) and phosphatase (PhosSTOP) inhibitor cocktails
(Roche). Homogenates were cleared by centrifugation
at 12,000 g for 15 min. Following brief sonication, the
colorimetric bicinchoninic acid (BCA) assay (Thermo
Fisher Scientific) was used to quantify protein sam-
ples for equivalent gel loading. Electrophoresis and
immunoblot analysis of tissue homogenates was per-
formed with standard methods and commercially
available antibodies (Cell Signaling Technology)
for PDE5SA (#2395; 1:1000), VASP (#3112; 1:1000),
phospho-VASP (ser 239, #3114; 1:1000), B-actin
(#5125; 1:5000), GAPDH (#8884; 1:5000), and hsp90
(#4874; 1:1000). We quantified band intensity using
ImagelJ software (Schneider et al., 2012) and normal-
ized band intensity to a reference protein (f-actin,
GAPDH, or hsp90) or the parent kinase (for VASP

For quantitative PCR, we isolated total RNA from
frozen tissues with Trizol (Thermo Fisher Scientific)
and purified it with a commercially available kit
(QIAgen). Subsequently prepared cDNA (GE First-
Strand cDNA Synthesis Kit) was used as the tem-
plate for quantitative PCR using the BIORAD iQ5
thermal cycler (BIORAD). Primer sets for mouse
Pde9a (#PPM25629A), Pde5a (#PPM33467A), Nppa
(#PPMO04489A), Npr3 (#PPM29599A), and Gapdh
purchased from QIAgen.
Background subtracted amplification data were ana-
lyzed using open-source software (Ruijter et al., 2009)
to estimate Ct values and amplification efficiency.
Target gene expression was normalized to a reference
gene using the comparative Ct method (Schmittgen &
Livak, 2008). For genotyping of Pde9a knockout mice,
we isolated genomic DNA from mouse tails using a
commercially available kit (QIAgen) and performed
PCR using primers designed between exons 11 and 13,
including neomycin, as shown in Figure Sla: GS1 (5’
-CACAGATGATGTACAGTATGGTCTGG-3"), GS2 (5’
-TGCAGTCATCAGGACCAAGATGTCC-3’), and Neo
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(5'-GACGAGTTCTTCTGAGGGGATCGATC-3").
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2.7 | Statistical analysis

We performed all statistical analyses using GraphPad Prism
8 software (GraphPad Software). For comparison of means
between two groups, we used Student's t-test. For com-
parison of means in experiments using knockout mice, we
performed two-way ANOVA with genotype (Pde9a™" vs.
Pde9a™*) and exposure (normoxia vs CH-PH) as the vari-
ables. Post hoc comparisons of means within each genotype
were completed using Sidak's multiple comparison test. In
all analyses, we considered a p < 0.05 statistically significant.

(a) (b)
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D’ —ﬁ-. —_~
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FIGURE 1 Mechanism of ANP increase in CH-PH model.
After 3 weeks of exposure to chronic hypoxia, RV mass (relative

to LV +S = Fulton Index; (a) and RV systolic pressure (RVSP; (b)
increase significantly in C57BL/6J mice. Serum ANP levels also
increase significantly after 3 weeks of chronic hypoxia (c). The
association between serum ANP and RV mass is shown for 15 wild-
type C57BL/6J mice in (d). These include normoxic controls (red
circles, n = 5), 1 week CH-PH (blue squares, n = 5), and 3 week
CH-PH (blue triangles, n = 5) animals. r, = Spearman's correlation
coefficient. In (e), quantitative PCR shows that RV atrial natriuretic
peptide (Nppa) mRNA is not increased after 3 weeks of CH-PH,
but (f) lung neprolysin 3 receptor (Npr3; responsible for ANP
catabolism in chronic hypoxia) mRNA is significantly reduced.
p-values are for Student's ¢-test

3 | RESULTS
3.1 | CH-PH is associated with increased
circulating ANP

The murine model of CH-PH is a well-characterized model
associated with RV hypertrophy and increased RV systolic
pressure (RVSP), but not RV failure (Kolb et al., 2015).
As anticipated, 3 weeks of CH-PH significantly increased
RVH and RVSP in wild-type C57BL/6J mice (Table 1 and
Figure 1a,b). These changes were associated with a five-
fold increase in serum ANP (Figure 1c). Serum ANP lev-
els strongly correlated with RV mass (rg =0.67, p = 0.008;
Figure 1d), but not LV +S mass (r = —0.04, p = 0.88, not
shown). Increased serum ANP was not associated with
increased RV Nppa transcription (Figure 1e). Rather, in-
creased serum ANP was associated with an 80% reduction
in lung Neprolysin-3 receptor (Npr3) expression (Figure 1f).
The Npr3 receptor is highly expressed in lung endothelial
cells and lacks an intracellular guanylate cyclase domain;
binding of NPs to Npr3 leads to cellular internalization and
lysosomal degradation of ANP (Kolb et al., 2015). Previous
studies have demonstrated that increased circulating ANP
in the chronic hypoxia model is driven largely by selective
downregulation of lung Npr3 expression (Francis et al.,
2011; Sun et al., 2000; Werner et al., 2016).

cGMP
PDE5A
7 N\ 5GMP
GTP  cGMP GMP
PDE9A
5GMP

Q—()—
©

FIGURE 2 Schematic of signaling pathways examined.

Atrial natriuretic peptide (NP) binds membrane-associated
guanylyl cyclase (GC) to catalyze the synthesis of cyclic guanosine
3’,5'-monophosphate (cGMP) from guanosine 5’-triphosphate
(GTP). cGMP-dependent protein kinase (PKG) mediates several
downstream effects, including phosphorylation and activation

of vasodilatory-stimulated phosphoprotein (VASP). cGMP also
activates several phosphodiesterase (PDE) enzymes that can
hydrolyze cGMP to guanosine monophosphate (5'GMP), effectively
downregulating the signal
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3.2 | Increased circulating ANP
is not associated with increased cGMP-
dependent signaling

After establishing an association between CH-PH and
ANP, we measured cGMP levels and activation of cGMP
downstream effectors in lung and RV homogenates
from C57BL/6J mice exposed to CH-PH (see Figure 2
for schematic of signaling pathways assessed). Despite
observed increases in circulating ANP, CH-PH did not
increase cGMP levels in the lung (993 + 502 pmol/mg vs
667 + 210 pmol/mg; p = 0.27) or RV (47 + 18 pmol/mg vs
49 + 13 pmol/mg; p = 0.88) tissue (Figure 3a). Similarly,
CH-PH did not increase phosphorylation of the PKG
substrate VASP (vasodilator-stimulated phosphoprotein)
in the lung or RV tissue (Figure 3b). Finally, CH-PH had
minimal impact on cGMP-dependent PDE expression.
In the lung, Pde9a transcription decreased after 3 weeks
of CH-PH (Figure 4a), whereas Pde5a mRNA was un-
changed (Figure 4c). We observed a modest (1.6-fold)
but statistically significant increase in lung PDE5SA pro-
tein levels after 3 weeks of CH-PH (p = 0.0008; Figure
4e). In the RV, CH-PH did not increase mRNA levels of

hsp90 e

VASP
hsp90

Pde9a (Figure 4b) or Pde5a (Figure 4d) or PDESA pro-
tein (Figure 4f).

3.3 | PDE9A deficiency is not associated
with attenuated lung or RV remodeling in
CH-PH

To determine whether PDE9A attenuates protective cGMP
signaling and promotes PH development in the murine
CH model, we compared RVH, hemodynamics, VASP
phosphorylation, and PDE expression between Pde9a™'~
mice and Pde9a™* littermates subjected to 3 weeks of
CH-PH. As shown in Table 1, there were no differences
in baseline RV or LV mass between strains. PDE9A defi-
ciency did not attenuate RVH (Figure 5a) or RVSP (Figure
5b) following exposure to CH-PH. Sex did not alter the
relationship between exposure and any hemodynamic
variable (Table S1), though there was a trend toward at-
tenuation of CH-PH-induced RVSP in Pde9™'~ female
mice (p = 0.05). There was no difference in lung (Figure
5c) or RV (Figure 5d) VASP phosphorylation in Pde9a™"~
mice versus Pde9a™" controls at baseline or after CH-PH.
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There was no difference in CH-PH-induced PDESA ex-
pression between Pde9a™'~ mice and Pde9a™’* littermates
(Figure 5e).

4 | DISCUSSION

In this study, we showed that CH-PH is associated with
increased serum ANP levels but not increased cGMP-
dependent signaling in RV or lung homogenates. More
importantly, we show for the first time that CH-PH is
not associated with increased RV or lung expression of
Pde9a and that PDE9A deficiency is not sufficient to pro-
mote cGMP signaling or attenuate the CH-PH phenotype.
Taken together, these findings argue against a prominent
role for PDE9A in CH-PH.

The relationship between NP-dependent signaling
and CH-PH is complex. Multiple previous studies have
used knockout and transgenic mice to demonstrate a
protective role for NPs in the CH-PH model (Chen et al.,
2006; Klinger et al., 1999; Sun et al., 2000; Werner et al.,
2016). ANP-knockout and ANP receptor (guanylyl cy-
clase-A; GC-A)-knockout mice demonstrated baseline
(normoxic) increases in myocardial mass (RV and LV)
and pulmonary vessel muscularization and more severe
PH after exposure to 3—6 weeks of chronic hypoxia (Chen
et al., 2006; Klinger et al., 1999; Sun et al., 2000; Werner
et al., 2016). Conversely, transgenic mice overexpressing
ANP were protected from pulmonary vascular muscular-
ization, RVH, and RVSP in the CH-PH model (Klinger
et al., 1993). These findings suggest that endogenous ANP
prevents spontaneous PH, whereas ANP overexpression
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protects against CH-PH. However, protective levels of
ANP reported in transgenic mice (10°-10* pg/ml) were
10-100-fold higher than endogenous levels induced in our
C57BL/6 mice after exposure to CH-PH, consistent with
a previous report (Sun et al., 2000). Therefore, while it is
clear that ANP deficiency exacerbates CH-PH, it seems
likely that supra-physiologic ANP levels are necessary to
attenuate the phenotype. Furthermore, recent evidence
showed that chronic hypoxia directly downregulates

N 3W N 3w

PDE5 " Stemmmm
B-actin "™ = men .o -
Pde9a*’*  Pde9a”’

pulmonary endothelial cell GC-A expression and activity
(Werner et al., 2016), which could further limit the protec-
tive effects of the modest ANP upregulation observed in
the CH-PH model.

Potential downstream effectors driving the protective
effects of ANP in the CH-PH model have not been eluci-
dated. In a murine model of chronic LV pressure overload,
NP-dependent cGMP-PKG signaling attenuated myo-
cardial hypertrophy and reversed LV dysfunction when
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PDE9A was inhibited (Lee et al., 2015). We did not find
definitive evidence of increased cGMP-PKG signaling in
the CH-PH model with wild-type or PDE9A-deficient
mice. CH-PH did not increase levels of RV or lung cGMP,
and we observed no increase in phosphorylation of the
PKG substrate VASP. We did observe a modest increase
in lung PDESA protein levels in the CH-PH model, but
stimuli other than increased cyclic nucleotide levels (like
oxidative stress) are known to increase PDE5A expres-
sion (Francis et al., 2011). In a previous report, Sun et al.
(2000) showed increased cGMP levels in lung tissue from
wild-type mice exposed to CH-PH for 5 weeks, though
expression and activity of downstream effectors were not
reported. This difference may be explained by the lon-
ger exposure in the previous study or may be related to
differential sensitivity of the detection methods used, as
we measured cGMP levels 1000 times higher. Alternative
signaling pathways downstream from ANP may play an
important role in CH-PH. In the previous study using
endothelial cell GC-A knockout mice worsened CH-PH
was associated with upregulation of lung angiotensin-
converting enzyme/angiotensin II signaling intermediar-
ies, and losartan reversed the phenotype (Werner et al.,
2016). This observation highlights the potential impor-
tance of other non-cGMP-dependent pathways down-
stream from ANP in the CH-PH model.

Despite these limitations, we believe that this study
provides an important first step to evaluate the role
of PDE9A in an animal PH model. Unfortunately, we
were limited in our ability to measure PDE9A protein
levels due to the lack of specificity of our anti-PDE9A
antibodies. Nevertheless, Pde9a transcription actually
declined in lung homogenates and was unchanged in
the RV following exposure to CH-PH. More importantly,
PDEYA deficiency did not alter the CH-PH phenotype in
knockout mice. These findings suggest a limited role for
PDEYA in CH-PH. In previous studies demonstrating
that Pde9a™'~ mice were protected from LV hypertrophy
and failure induced by transverse aortic constriction
(TAC) (Lee et al., 2015), TAC was associated with more
severe ventricular pressure overload, increased expres-
sion of ventricular Nppa (not observed here), and ample
evidence of LV failure (reduced fractional shortening,
LV dilation, interstitial fibrosis). In addition, TAC was
severe enough to increase Pde9a transcription and cGMP
levels in the LV. By comparison, we observed a modest
increase in ANP using a model we have previously as-
sociated with preserved RV function (Kolb et al., 2015).
A PH model associated with more severe pulmonary
vascular remodeling and RV loading (e.g., rat model of
SU5416 and CH or pulmonary artery banding) may be
required to sufficiently stimulate important protective

NP-dependent signaling pathways in lung and/or heart
and evaluate the role of PDE9A.

A final important consideration for future studies is
the potential synergy between PDE9A and PDESA in
regulating cGMP in any PH model. It is possible that
both isoforms need to be suppressed to increase cGMP
signaling. This hypothesis is supported by a previous
study of CH-PH where rats were treated with ecadotril,
a neutral peptidase inhibitor that increases endogenous
NP levels (Baliga et al., 2008). Treatment with ecado-
tril and sildenafil attenuated CH-PH more effectively
than sildenafil alone. In our study, PDE5SA protein lev-
els were modestly increased in CH-PH lungs of wild-
type C57BL/6J mice, but PDE9A deficiency did not
alter PDES5A expression (basal or CH-PH induced). It is
possible that an alternative PDE isoform capable of hy-
drolyzing cGMP was upregulated in the Pde9a knockout
mice. If PDE9A were the sole or primary PDE responsi-
ble for attenuating the effects of NP-dependent myocar-
dial cGMP signaling, we would hypothesize that Pde9a
knockout mice would have increased RV and LV mass at
baseline, as observed in ANP-transgenic mouse studies
(Klinger et al., 1993). We did not observe any increase
in baseline RV or LV mass in our Pde9a knockout mice,
arguing for the importance of PDE redundancy in these
signaling pathways.

5 | CONCLUSIONS

In sum, PDE9A deficiency did not attenuate CH-PH in
mice. Our findings highlight the complexity of endog-
enous NP-dependent signaling in CH-PH and the limi-
tations of currently available animal models. However,
given the considerable potential for the clinical benefit of
PDE9A inhibition, either alone or in combination with
PDESA inhibitors, we believe that further studies in more
robust PH models are warranted.

ACKNOWLEDGMENTS

This research was supported by a grant from Actelion
Pharmaceuticals US, Inc. through the ACTELION
ENTELLIGENCE™ YOUNG INVESTIGATOR PROGRAM.

CONFLICT OF INTEREST
The authors have no relevant conflicts to disclose.

AUTHOR CONTRIBUTIONS

TMK, MD, DAK, and PMH contributed important intel-
lectual content to the conception and design of this study.
Data acquisition and analysis were performed by TMK
and LJ. The manuscript was drafted by TMK. Critical



KOLB ET AL.

revisions for important intellectual content were contrib-
uted by TMK, MD, LJ, DAK, and PMH. The final version
was approved by all authors.

ORCID
Todd M. Kolb © https://orcid.org/0000-0003-0524-7400
REFERENCES

Archer, S. L., & Michelakis, E. D. (2009). Phosphodiesterase
type 5 inhibitors for pulmonary arterial hypertension. New
England Journal of Medicine, 361(19), 1864-1871. https://doi.
org/10.1056/NEJMct0904473.

Baliga, R. S., Zhao, L., Madhani, M., Lopez-Torondel, B., Visintin, C.,
Selwood, D., Wilkins, M. R., MacAllister, R. J., & Hobbs, A. J.
(2008). Synergy between natriuretic peptides and phosphodies-
terase 5 inhibitors ameliorates pulmonary arterial hypertension.
American Journal of Respiratory and Critical Care Medicine,
178(8), 861-869. https://doi.org/10.1164/rccm.200801-1210C

Black, S. M., Sanchez, L. S., Mata-Greenwood, E., Bekker, J. M.,
Steinhorn, R. H., & Fineman, J. R. (2001). sGC and PDES5 are
elevated in lambs with increased pulmonary blood flow and
pulmonary hypertension. American Journal of Physiology. Lung
Cellular and Molecular Physiology, 281(5), 1051. https://doi.
org/10.1152/ajplung.2001.281.5.L1051.

Chen, Y. F,, Feng, J. A., Li, P, Xing, D., Ambalavanan, N., & Oparil,
S. (2006). Atrial natriuretic peptide-dependent modulation of
hypoxia-induced pulmonary vascular remodeling. Life Sciences,
79(14), 1357-1365. https://doi.org/10.1016/j.1fs.2006.03.051

Francis, S. H., Blount, M. A., & Corbin, J. D. (2011). Mammalian
cyclic nucleotide phosphodiesterases: Molecular mechanisms
and physiological functions. Physiological Reviews, 91(2), 651-
690. https://doi.org/10.1152/physrev.00030.2010.

Galie, N., Brundage, B. H., Ghofrani, H. A., Oudiz, R. J., Simonneau,
G., Safdar, Z., Shapiro, S., White, R. J., Chan, M., Beardsworth,
A., Frumkin, L., & Barst, R. J. (2009). Tadalafil therapy for pul-
monary arterial hypertension. Circulation, 119(22), 2894-2903.
https://doi.org/10.1161/CIRCULATIONAHA.108.839274.

Galie, N., Ghofrani, H. A., Torbicki, A., Barst, R. J., Rubin, L. J.,
Badesch, D., Fleming, T., Parpia, T., Burgess, G., Branzi,
A., Grimminger, F., Kurzyna, M., & Simonneau, G. (2005).
Sildenafil citrate therapy for pulmonary arterial hypertension.
New England Journal of Medicine, 353(20), 2148-2157. https://
doi.org/10.1056/NEJM0a050010.

Giaid, A., & Saleh, D. (1995). Reduced expression of endothelial ni-
tric oxide synthase in the lungs of patients with pulmonary hy-
pertension. New England Journal of Medicine, 333(4), 214-221.
https://doi.org/10.1056/NEJM199507273330403.

Hofmann, F., Bernhard, D., Lukowski, R., & Weinmeister, P.
(2009). cGMP regulated protein kinases (cGK). Handbook of
Experimental Pharmacology, 191, 137-162.

Jing, Z. C., Yu, Z. X., Shen, J. Y., Wu, B. X, Xu, K. F., Zhu, X. Y., Pan,
L., Zhang, Z.-L., Liu, X.-Q., Zhang, Y.-S., Jiang, X., & Gali¢, N.
(2011). Vardenafil in pulmonary arterial hypertension: A ran-
domized, double-blind, placebo-controlled study. American
Journal of Respiratory and Critical Care Medicine, 183(12),
1723-1729. https://doi.org/10.1164/rccm.201101-00930C.

Klinger, J. R., Petit, R. D., Curtin, L. A., Warburton, R. R., Wrenn,
D. S., Steinhelper, M. E., Field, L. J., & Hill, N. S. (1993)

£
§4Ihe" o -3 Physiological ReportsJﬂ

Z Society v
Cardiopulmonary responses to chronic hypoxia in transgenic
mice that overexpress ANP. Journal of Applied Physiology,
75(1), 198-205.

Klinger, J. R., Warburton, R. R., Pietras, L. A., Smithies, O., Swift, R.,
& Hill, N. S. (1999). Genetic disruption of atrial natriuretic pep-
tide causes pulmonary hypertension in normoxic and hypoxic
mice. American Journal of Physiology, 276(5), 868. https://doi.
org/10.1152/ajplung.1999.276.5.L868.

Kolb, T. M., Peabody, J., Baddoura, P., Fallica, J., Mock, J. R., Singer,
B. D., D'Alessio, F. R., Damarla, M., Damico, R. L., & Hassoun,
P. M. (2015). Right ventricular angiogenesis is an early adap-
tive response to chronic hypoxia-induced pulmonary hyperten-
sion. Microcirculation, 22(8), 724-736. https://doi.org/10.1111/
micc.12247

Lee, D. 1., Zhu, G., Sasaki, T., Cho, G. S., Hamdani, N., Holewinski,
R.,Jo, S.-H., Danner, T., Zhang, M., Rainer, P. P.,, Bedja, D., Kirk,
J. A.,Ranek, M. J., Dostmann, W. R., Kwon, C., Margulies, K. B.,
Van Eyk, J. E., Paulus, W. J., Takimoto, E., & Kass, D. A. (2015).
Phosphodiesterase 9A controls nitric-oxide-independent cGMP
and hypertrophic heart disease. Nature, 519(7544), 472-476.
https://doi.org/10.1038/nature14332.

Murray, F., MacLean, M. R., & Pyne, N. J. (2002). Increased expres-
sion of the cGMP-inhibited cAMP-specific (PDE3) and cGMP
binding cGMP-specific (PDE5) phosphodiesterases in models
of pulmonary hypertension. British Journal of Pharmacology,
137(8), 1187-1194. https://doi.org/10.1038/sj.bjp.0704984.

Omori, K., & Kotera, J. (2007). Overview of PDEs and their regu-
lation. Circulation Research, 100(3), 309-327. https://doi.
org/10.1161/01.RES.0000256354.95791.f1.

Ruijter, J. M., Ramakers, C., Hoogaars, W. M., Karlen, Y., Bakker, O.,
van den Hoff, M. J. & Moorman, A. F. M. (2009). Amplification
efficiency: Linking baseline and bias in the analysis of quanti-
tative PCR data. Nucleic Acids Research, 37(6), e45. https://doi.
0rg/10.1093/nar/gkp045.

Schmittgen, T. D., & Livak, K. J. (2008). Analyzing real-time PCR
data by the comparative C(T) method. Nature Protocols, 3(6),
1101-1108. https://doi.org/10.1038/nprot.2008.73.

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH image
to ImagelJ: 25 years of image analysis. Nature Methods, 9(7),
671-675. https://doi.org/10.1038/nmeth.2089.

Soderling, S. H., Bayuga, S. J., & Beavo, J. A. (1998). Identification
and characterization of a novel family of cyclic nucleotide
phosphodiesterases. Journal of Biological Chemistry, 273(25),
15553-15558. https://doi.org/10.1074/jbc.273.25.15553.

Sun, J. Z., Chen, S. J., Li, G., & Chen, Y. F. (2000). Hypoxia reduces
atrial natriuretic peptide clearance receptor gene expression
in ANP knockout mice. American Journal of Physiology. Lung
Cellular and Molecular Physiology, 279(3), 511. https://doi.
org/10.1152/ajplung.2000.279.3.L511.

Tsai, E. J., & Kass, D. A. (2009). Cyclic GMP signaling in cardio-
vascular pathophysiology and therapeutics. Pharmacology &
Therapeutics, 122(3), 216-238. https://doi.org/10.1016/j.pharm
thera.2009.02.009.

Werner, F., Kojonazarov, B., Gassner, B., Abesser, M., Schuh, K.,
Volker, K., Baba, H. A., Dahal, B. K., Schermuly, R. T., & Kuhn,
M. (2016). Endothelial actions of atrial natriuretic peptide
prevent pulmonary hypertension in mice. Basic Research in
Cardiology, 111, 22.

Xu, W, Kaneko, F. T., Zheng, S., Comhair, S. A., Janocha, A. J., Goggans,
T., Thunnissen, F. B. J. M., Farver, C., Hazen, S. L., Jennings, C.,


https://orcid.org/0000-0003-0524-7400
https://orcid.org/0000-0003-0524-7400
https://doi.org/10.1056/NEJMct0904473
https://doi.org/10.1056/NEJMct0904473
https://doi.org/10.1164/rccm.200801-121OC
https://doi.org/10.1152/ajplung.2001.281.5.L1051
https://doi.org/10.1152/ajplung.2001.281.5.L1051
https://doi.org/10.1016/j.lfs.2006.03.051
https://doi.org/10.1152/physrev.00030.2010
https://doi.org/10.1161/CIRCULATIONAHA.108.839274
https://doi.org/10.1056/NEJMoa050010
https://doi.org/10.1056/NEJMoa050010
https://doi.org/10.1056/NEJM199507273330403
https://doi.org/10.1164/rccm.201101-0093OC
https://doi.org/10.1152/ajplung.1999.276.5.L868
https://doi.org/10.1152/ajplung.1999.276.5.L868
https://doi.org/10.1111/micc.12247
https://doi.org/10.1111/micc.12247
https://doi.org/10.1038/nature14332
https://doi.org/10.1038/sj.bjp.0704984
https://doi.org/10.1161/01.RES.0000256354.95791.f1
https://doi.org/10.1161/01.RES.0000256354.95791.f1
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1074/jbc.273.25.15553
https://doi.org/10.1152/ajplung.2000.279.3.L511
https://doi.org/10.1152/ajplung.2000.279.3.L511
https://doi.org/10.1016/j.pharmthera.2009.02.009
https://doi.org/10.1016/j.pharmthera.2009.02.009

KOLB ET AL.

10 of 10 . .
4|—Phy5|o|og|ca| Reports gl e

Dweik, R. A., Arroliga, A. C., & Erzurum, S. C. (2004). Increased
arginase II and decreased NO synthesis in endothelial cells of pa-
tients with pulmonary arterial hypertension. The FASEB Journal,
18(14), 1746-1748. https://doi.org/10.1096/1j.04-2317fje.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Kolb, T. M., Johnston, L.,
Damarla, M., Kass, D. A., & Hassoun, P. M. (2021).
PDEYA deficiency does not prevent chronic-
hypoxic pulmonary hypertension in mice.
Physiological Reports, 9, €15057. https://doi.
0rg/10.14814/phy2.15057



https://doi.org/10.1096/fj.04-2317fje
https://doi.org/10.14814/phy2.15057
https://doi.org/10.14814/phy2.15057

