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Abstract
Background: Phosphodiesterase (PDE) type 4 inhibitors are potent anti-inflammatory 
drugs with antihypertensive properties and their therapeutic role in bronchopulmonary 
dysplasia (BPD) is still controversial. We studied the role of PDE4 inhibition on normal lung 
development and its therapeutic value on pulmonary hypertension (PH) and right ventricular 
hypertrophy (RVH) in neonatal rats with hyperoxia-induced lung injury, a valuable model 
for premature infants with BPD. Methods: The cardiopulmonary effects of PDE4 inhibition 
with piclamilast treatment (5 mg/kg/day) were investigated in 2 models of experimental 
BPD: [1] daily treatment during continuous exposure to hyperoxia for 10 days and [2] a late 
treatment and injury-recovery model in which pups were exposed to hyperoxia or room 
air for 9 days, followed by 9 or 42 days of recovery in room air combined with treatment 
started on day 6 of oxygen exposure until day 18. Results: Prophylactic piclamilast treatment 
reduced pulmonary fibrin deposition, septum thickness, arteriolar wall thickness and RVH, 
and prolonged survival. In the late treatment and injury-recovery model hyperoxia caused 
persistent aberrant alveolar and vascular development, PH and RVH. Treatment with 
piclamilast in both models reduced arteriolar wall thickness, attenuated RVH and improved 
right ventricular function in the injury recovery model, but did not restore alveolarization 
or angiogenesis. Treatment with piclamilast did not show adverse cardiopulmonary effects 
in room air controls in both models. Conclusions: PDE4 inhibition attenuated and partially 
reversed PH and RVH, but did not advance alveolar development in neonatal rats exposed 
to hyperoxic lung injury or affect normal lung and heart development.
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Introduction
The preterm lung is highly susceptible to injury during resuscitation, mechanical ventilation 
and pro-inflammatory mediators that may interfere with signalling pathways required for 
normal lung development and this may progress towards bronchopulmonary dysplasia 
(BPD), a chronic lung disease 1. The hallmark in BPD is alveolar enlargement caused by an 
arrest in alveolar and vascular development. Serious complicating factors in the perinatal 
period are inflammation and oxidative stress and at later stages pulmonary hypertension 
(PH) due to elevated pulmonary artery pressure and pulmonary vascular resistance that 
increases afterload of the right ventricle and ultimately lead to right ventricular hypertrophy 
(RVH) and associated cardiac disease 1-3. PH is characterized by persistent vasoconstriction 
and structural remodelling of the pulmonary blood vessels, including increased proliferation 
of vascular smooth muscle cells, which ultimately lead to high mortality in the absence of 
appropriate treatment due to right heart failure in children and adults 4-8.
Agents that elevate intracellular cGMP or cAMP levels exert therapeutic effects in experimental 
models of PH 9-12. Phosphodiesterases (PDEs) inactivate the second messengers of important 
pulmonary vasodilator agents, including prostacyclin and nitric oxide, by hydrolysis. cAMP 
and its downstream target protein kinase A inhibit the extracellular signal-regulated kinase 
(ERK) activation and suppress the proliferation of pulmonary fibroblasts, vascular smooth 
muscle cells, airway epithelial cells and inflammatory cells 13. Among the eleven families of 
PDEs, the major cAMP-metabolizing enzymes are attributed to the PDE4 family 13-16, which 
consists of four genes (A-D) that are expressed in all immunocompetent cells, pulmonary 
artery smooth muscle cells 17, fibroblasts, endothelial and epithelial cells 13. We recently 
demonstrated in a hyperoxia-induced neonatal lung injury rat model that PDE4 inhibition 
improved survival and reduced lung injury by attenuating pulmonary inflammation 18.
The effect of PDE4 inhibition on cardiac disease in experimental BPD has to be elucidated, 
whereas the role of PDE4 inhibition on alveolarization in neonatal hyperoxic lung injury 
and in normal lung development in rodents is controversial 18-20. Therefore, we studied the 
cardiopulmonary effects of the second generation PDE4 inhibitor piclamilast in neonatal 
rats with hyperoxia-induced BPD, using two different treatment strategies: 1) a prophylactic 
treatment strategy (early concurrent treatment) and 2) a more clinically relevant strategy, in 
which treatment was started after injury was induced (late treatment and injury-recovery). 
We demonstrated that prophylactic PDE4 inhibition with piclamilast in hyperoxia-induced 
neonatal lung injury improved angiogenesis and attenuated PH and RVH, but did not 
induce septation in the enlarged alveoli. In the injury-recovery model neonatal exposure to 
hyperoxia for 9 days induced persistent alveolar simplification, PH and RVH in young adult 
rats. Late treatment with piclamilast reversed established PH and RVH, but did not advance 
alveolar and pulmonary vascular development. Piclamilast treatment did not exert adverse 
effects on normal lung and heart development in both models, despite postnatal growth 
retardation.
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Materials and Methods
Full methodological details are available in Appendice A.

Animals

The research protocol was approved by the Institutional Animal Care and Use Committee of 
the Leiden University Medical Center. Neonatal rat pups were pooled and distributed over 
two experimental groups (N=12): an oxygen and oxygen-piclamilast group and two room air-
exposed control groups injected either with saline or piclamilast. The oxygen concentration, 
body weight, evidence of disease and mortality were monitored daily.

Early concurrent treatment

Pups were continuously exposed to 100% oxygen for 10 days (Figure 1A). From day 2, pups 
received either 100 µL piclamilast (5.0 mg/kg/day; a gift from Nycomed GmbH, Konstanz, 
Germany) in 0.9% saline (containing 0.05-0.1% DMSO) or daily 0.9% saline (containing 0.05-
0.1% DMSO; 100 µL), subcutaneously. Except for the survival experiments lung and heart 
tissue were collected on days 1, 3, 6 and 10. Separate experiments were performed for 
collection of lung and heart tissue for pulmonary fibrin deposition and RT-PCR (N=12), and 
histology (N=12).

Late treatment and recovery

Lung injury and recovery were investigated by exposing pups to hyperoxia for 9 days, 
followed by recovery in room air for 9 or 42 days (Figure 1B). After 6 days of hyperoxia 
daily injections with 100 µL piclamilast (5.0 mg/kg/day) in 0.9% saline (containing 0.05-0.1% 
DMSO) or 100 µL 0.9% saline (containing 0.05-0.1% DMSO) were started and continued 
throughout a 9-day recovery period in room air. Lung and heart tissues were collected for 
histology at the end of the 9-day hyperoxia period (N=8), after a 9-day recovery period in 
room air (N=8) and after 6-weeks of recovery in room air (N=8).
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Tissue preparation

Lungs and heart were snap-frozen in liquid nitrogen for real-time RT-PCR or fibrin deposition 
assay, and fixed in formalin for histology studies as previously described 11;12.

Histology

Formalin-fixed, paraffin-embedded, 4 µm-thick heart and lung sections were stained with 
hematoxylin and eosin. Lungs were immunostained additionally with anti-ASMA (1:10,000), 
anti-vWF (1:4,000) or tenascin-C (1:500) using standard methods 11;12. Quantitative 
morphometry was performed by two independent researchers blinded to the treatment 
strategy as previously described 12;21.
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Fibrin detection assay

Quantitative fibrin deposition in lung tissue homogenates was determined by Western 
blotting as described previously 11;22.

Real-time RT-PCR

Total RNA isolation from lung and heart tissue homogenates, first-strand cDNA synthesis 
and real-time quantitative PCR were performed as described previously 12;22. Primers are 
listed in Table 1.

Table 1. Sequences of Oligonucleotides used as Forward and Reverse Primers for Real-Time RT-PCR.

Gene Product Primers

Forward Primer Reverse Primer

ANP 5’-CCAGGCCATATTGGAGCAAA-3’ 5’-AGGTTCTTGAAATCCATCAGATCTG-3’

BNP 5’-GAAGCTGCTGGAGCTGATAAGAG-3’ 5’-TGTAGGGCCTTGGTCCTTTG-3’

IL-6 5’-ATATGTTCTCAGGGAGATCTTGGAA-3’ 5’-TGCATCATCGCTGTTCATACAA-3’

TF 5’-CCCAGAAAGCATCACCAAGTG-3’ 5’-TGCTCCACAATGATGAGTGTT-3’

VEGFA 5’-GCGGATCAAACCTCACCAAA-3’ 5’-TTGGTCTGCATTCACATCTGCTA-3’

VEGFR2 5’-CCACCCCAGAAATGTACCAAAC-3’ 5’-AAAACGCGGGTCTCTGGTT-3’

β-actin 5’-TTCAACACCCCAGCCATGT-3’ 5’-AGTGGTACGACCAGAGGCATACA-3’

Hemodynamic measurements

On day 18 RV pressure-volume loops were determined as previously described 23. After 
anesthetized rats were mechanically ventilated, a combined pressure-conductance catheter 
(model FT212, SciSense, London, Ontario, Canada) was introduced via the apex into the 
RV and positioned towards the pulmonary valve. The catheter was connected to a signal 
processor (FV898 Control Box, SciSense) and RV pressures and volumes were recorded 
digitally and analyzed. After hemodynamic measurements, the heart was removed, fixed in 
buffered formaldehyde and processed for histology.

Statistical analysis

Values are expressed as mean ± SEM. Differences between groups (> 3) were analyzed with 
analysis of variance (ANOVA), followed by Tukey’s multiple comparison test. For comparison 
of survival curves, Kaplan-Meier analysis followed by a log rank test was performed. 
Differences in the number of RVs positive for TN-C were analyzed with contingency table 
analysis followed by a Fisher’s exact test. GraphPad Prism 5 (GraphPad Software, Inc, La Jolla, 
CA, USA) was used for statistical analysis. Differences at p values < 0.05 were considered 
statistically significant.
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Results

Effects of piclamilast on pulmonary fibrin deposition and gene expression profiles 

Prophylactic treatment model

To confirm the anti-inflammatory and angiogenic effects of piclamilast in neonatal chronic 
lung disease, demonstrated previously 18, fibrin deposition, a sensitive marker for tissue 
damage in hyperoxia-induced lung injury, and mRNA expression of IL6, TF, VEGFR2 and VEGFa 
were studied (Figure E1, Appendice A). A 9-fold hyperoxia-induced increase in pulmonary 
fibrin deposition was attenuated by 80% after piclamilast treatment for 10 days. Ten days 
of oxygen exposure increased the mRNA expression of IL6 (128-fold) and TF (4.6-fold) and 
decreased the expression of VEGFR2 (2.7-fold) and VEGFA (2.2-fold), which was attenuated 
by piclamilast treatment for 10 days as described previously 18.

Effects of piclamilast on growth and survival

Prophylactic treatment model

At birth, on postnatal day 1, mean body weight of the preterm rat pups was 5.2 g (Figure 
2A). In room air-exposed control pups treated with 5.0 mg/kg/day of piclamilast growth 
was significantly retarded from day 5 onward compared to room air- and oxygen-exposed 
controls (p < 0.05; Figure 2A). Mean body weight of room air-exposed controls was 21.2 g 
and of oxygen-exposed pups 15.2 g on day 10. Piclamilast treatment significantly reduced 
body weight in room air- and oxygen-exposed pups to 13.2 and 10.6 g, respectively (Figure 
2B). After 10 days of oxygen exposure, 77% of the oxygen-exposed control pups survived 
versus 100% of the pups of the other experimental groups (p < 0.001; Figure 2C). 

Late treatment and injury-recovery model

On day 9, mean body weight of room-air pups was 17.8 ± 0.4 g (Figure 2D). On day 18, mean 
body weight was 32 ± 0.8 g and increased to 190 ± 7 g into adulthood on day 51. Mean body 
weight after 9 days of hyperoxia exposure was 13.3 ± 0.5 g. A recovery period of 42 days (day 
51) in room air resulted in a significant difference between room air-exposed and oxygen-
exposed controls (190 ± 7 g versus 165 ± 8 g, p < 0.01). Treatment of room air-controls and 
oxygen-exposed pups with piclamilast did not have a significant effect on mean body weight. 
On days 9, 18 and 51 all room air-exposed pups survived (Figure 2E). Exposure to hyperoxia 
for 9 days resulted in a 73% survival, which increased to 90% after treatment with piclamilast 
during the last 3 days of hyperoxia (p < 0.001). 80% of the pups that recovered in room air 
after hyperoxic lung injury survived until day 18 and >95% of the 18-day survivors were still 
alive on day 51. Survival on days 18 and 51 was not affected by piclamilast treatment.



65

Phosphodiesterase-4-inhibition attenuates heart and lung injury by perinatal hyperoxia in neonatal and adult rats.

Chapter 3

Effects of piclamilast on lung airway development

Prophylactic treatment model

Lung development proceeds from the saccular stage at birth towards the alveolar stage on day 
10 (Figure 3A). Treatment with piclamilast for 10 days during normal neonatal development 
did not result in differences in alveolar septum thickness, pulmonary vessel density, alveolar 
crest and arteriolar medial wall thickness compared to room air-exposed controls (Figure 
3E-H). Oxygen exposure for 10 days resulted in lung edema, a heterogeneous distribution 
of enlarged air-spaces which were surrounded by septa with increased thickness (1.8-fold, 
p < 0.001; Figure 3C and F), a marked reduction in pulmonary vessel density (1.5-fold, p < 
0.001 on day 6 and 3.8-fold, p < 0.001 on day 10; Figure 3E) and number of alveolar crests 
(3.7-fold, p < 0.001; Figure 3G), and an increase in arteriolar medial wall thickness (2.8-fold, 
p < 0.001; Figure 3H and K). Piclamilast treatment partially improved alveolar development 
during hyperoxia by thinning of alveolar septa (31%, p < 0.01; Figure 3D and F), increasing 
pulmonary vessel density (58.1%, p < 0.05 on day 10; Figure 3E) and reducing arteriolar 

A B C

D E

Figure 2

Growth (A), body weight  (B and D) and survival (C and E) at day 10 aMer early concurrent  treatment  (N=12,  A‐C)  and 

aMer  late  treatment  and  recovery  (N=8, D  and E)  on days 9,  18 and 51  in  room air  controls  (RA,  white bars, ◊),   RA 

pups treated with 5.0 mg/kg/day piclamilast  (striped bars, ♦), age‐matched oxygen‐exposed controls (black bars,  Δ) 

and O2  pups treated with 5.0 mg/kg/day piclamilast (gray bars, ▲). Growth and body weight  are  expressed as mean 

±  SEM.  Kaplan‐Meier  survival  curve  of  piclamilast‐treated  O2‐exposed  rat  pups  (▲),  age‐matched  O2‐exposed 

controls (Δ),  RA‐exposed controls (◊) and piclamilast‐treated RA  pups (♦) during  the  first  10 days aMer  birth (N=12, 

panel  C). Survival data  are  expressed as percentage  ±  SEM  of  pups surviving  at  the observed Nme  point. *p <  0.05, 

**p <  0.01 and ***p <  0.001 versus age‐matched oxygen‐exposed controls. ∆p <  0.05,  ∆∆p <  0.01 and  ∆∆∆p <  0.001 

versus room air‐exposed pups treated with piclamilast. φp < 0.001 versus recovery on pd18.

Figure 2 blz 65 

A  B  C 

D  E 

E
a
rl
y
 c
o
n
cu
rr
e
n
t 
tr
e
a
tm

e
n
t 

La
te
 t
re
a
tm

e
n
t 
a
n
d
 r
e
co
v
e
ry
 



66

Chapter 3

Ch
ap

te
r 

3

medial wall thickness (48.8%, p < 0.001; Figure 3H and L), but did not improve alveolar 
enlargement, determined by the number of alveolar crests per tissue ratio (Figure 3G) 
compared to oxygen exposure for 10 days.

Late treatment and injury-recovery model

Treatment of room air-exposed pups with piclamilast had no adverse effects on vascular 
(Figure 4A) and alveolar development (Figure 4B) and medial wall thickness (Figure 4C) on 
days 9, 18 and 51. Continuous neonatal exposure to hyperoxia for 9 days resulted in enlarged 
alveoli demonstrated by a 2.7-fold decrease in the number of alveolar crests (p < 0.001; 
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Figure 3

Lung  secNons stained for  von Willebrand Factor  (vWF; A‐D)  and  for  α  smooth  muscle  acNn  (ASMA;  I‐L)  and  lung 

morphometry (E‐H) of room air controls  (RA,  A  and I,  white  bars),   RA  pups treated with 5.0 mg/kg/day piclamilast 

(B and J,  striped bars),  age‐matched oxygen‐exposed controls (O2,  C and K, black bars) and O2 pups treated with 5.0 

mg/kg/day  piclamilast  (D  and  L,  gray  bars) on day  10 (A‐D,  F,  G and I‐L)  or  on days 1,  3,  6  and 10 (E  and H) aMer 

early  concurrent  treatment. Pictures were  taken  at a  200x magnificaNon  (vWF) and 1000x magnificaNon (ASMA). 

Lung  morphometry,  including  the  quanNficaNons  of  number  of  pulmonary  vessels  (E),  septum  thickness  (F), 

alveolar  crest  per  Nssue  raNo (G) and medial  wall  thickness (H) was determined on paraffin  secNons  in RA  and O2 

pups daily  injected either with saline  or piclamilast. Data are  expressed as mean ±  SEM  (N=12). *p <  0.05, and **p 

<  0.001  versus  age‐matched  oxygen‐exposed  controls.  ∆p  <  0.05 and  ∆∆p  <  0.01  versus  room  air‐exposed  pups 

treated with piclamilast. φp < 0.001 versus pd6. γp < 0.01 versus pd3.  δp < 0.001 versus pd 1.
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Figure 4B), and disturbed vascular development, demonstrated by a 2.5-fold reduction in 
blood vessel density (p < 0.001; Figure 4A) and a 2.4-fold increase in medial wall thickness 
(p < 0.001; Figure 4C) compared to room air controls. Piclamilast treatment during the last 
3 days of the injurious hyperoxic period from day 6 to day 9 did not improve alveolarization, 
vascular development and medial wall thickness. A recovery period of 9 days in room air 
after hyperoxia-induced lung injury had a minor beneficial effect on the number of alveolar 
crests (p < 0.001; Figure 4B) and blood vessel density (p < 0.001; Figure 4A), but no effect on 
medial wall thickness (Figure 4C). Treatment with piclamilast did not improve alveolarization 
and vascular development, but reduced significantly medial wall thickness by 42.7% (p < 
0.001; Figure 4C) in comparison with non-treated hyperoxia-exposed pups at the end of 
the recovery period on day 18. A recovery period of 42 days in room air after hyperoxia-
induced lung injury had only a minor beneficial effect on the number of blood vessels on day 
51 (p < 0.01; Figure 4A), but no improvement on alveolarization or medial wall thickness. 
Treatment with piclamilast did not improve alveolarization and vascular development, but 
reduced medial wall thickness by 45.9% (p < 0.001; Figure 4C) in comparison with non-
treated hyperoxia-exposed pups at the end of the recovery period on day 51.

Heart development and right ventricular hypertrophy

Prophylactic treatment model

At birth the ratio between RV and LV free wall thickness was 0.44, decreased to 0.23 on 
day 3 and did not change hereafter until day 10 (Figure 5A). Treatment of control pups with 
piclamilast did not result in any differences in cardiac characteristics (Figure 5A-C, and Table 
2). Exposure to hyperoxia resulted in a gradual development of RVH as demonstrated by an 
1.5-fold (p < 0.05) and a 2.1-fold (p < 0.001) increase in the ratio between RV and LV free 
wall thickness and an 1.6-fold (p < 0.05) and a 2.2-fold (p < 0.001) increase in RV free wall 

A

Figure 4

QuanNficaNon of  number of pulmonary vessels (A),  alveolar  crest per Nssue raNo (B) and medial wall  thickness (C) 

determined on paraffin secNons aMer  late  treatment  and recovery  on days 9,  18 and 51  in  room air  controls  (RA, 

white  bars), RA pups treated with 5.0 mg/kg/day piclamilast  (striped bars),  age‐matched oxygen‐exposed controls 

(O2, black bars) and O2 pups treated with 5.0 mg/kg/day piclamilast  (gray  bars). Data  are  expressed as mean ± SEM 

(N=8).  *p  <  0.001  versus  age‐matched  oxygen‐exposed  controls.  ∆p  <  0.01  and  ∆∆p  <  0.001  versus  room  air‐

exposed pups treated with piclamilast. δp < 0.05, δδp < 0.01 and δδδp <  0.001 versus recovery on pd9. φp <  0.05,  φφp 

< 0.01 and φφφp < 0.001 versus recovery on pd18.
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thickness on days 6 and 10, respectively, which was completely prevented by treatment 
with piclamilast (Figure 5A and B, and Table 2). Exposure to hyperoxia showed a tendency 
towards an increase in IVS thickness, but did not have a significant effect on LV free wall and 
IVS thickness (Figure 5B and Table 2). Because the hyperoxia-induced increase in RV free 
wall thickness was highest on day 10, we also studied the weight ratio RV/(LV + IVS) as an 
additional marker of RVH on day 10 (Figure 5C). Exposure to hyperoxia for 10 days resulted 
in an 1.5-fold increase in the RV/(LV + IVS) weight ratio (p < 0.001; Figure 5C), which was 
prevented by treatment with piclamilast. 

Table 2. Cardiac Characteristics in early concurrent treatment

day
RA

         saline                   piclamilast
O2

          saline                     piclamilast

RV free wall thickness 
µm/�√−B−W

1
3
6
10

85 ± 8
59 ± 3
71 ± 4*

85 ± 7***

n.a.
54 ± 4

65 ± 7**

85 ± 4***

n.a.
58 ± 3

112 ± 5δ

184 ± 13φ

n.a.
47 ± 3

63 ± 4**

111 ± 4***, φφ

IVS thickness µm/�√−B−W 1
3
6
10

169 ± 10
216 ± 7

267 ± 11
289 ± 26

n.a.
212 ± 12

213 ± 10**

302 ± 10φ

n.a.
191 ± 7

309 ± 14δ

324 ± 13

n.a.
186 ± 7
250 ± 8
264 ± 6*

LV free wall thickness 
µm/�√−B−W

1
3
6
10

200 ± 11
257 ± 12
289 ± 12
329 ± 26

n.a.
256 ± 13
253 ± 9

336 ± 5φ

n.a.
252 ± 5

303 ± 11
343 ± 9

n.a.
231 ± 8

270 ± 14
367 ± 7φφ

n.a. = not applicable. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus age-matched O2 exposed controls. ∆p < 0.05 
versus room air (RA) exposed controls. δ p < 0.001 versus pd3. φ p < 0.01 and φφ p < 0.001 versus pd6
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Figure 5
Ventricular free wall thickness, indicated as the RV/LV ratio (A) and right ventricular hypertrophy depicted as the 
ratio RV/(LV+IVS) (C) in room air-exposed controls (RA, white bars), room air-exposed pups treated with piclamilast 
(5.0 mg/kg/day; striped bar), age-matched oxygen-exposed controls (O2, black bar) and O2 pups treated with 
piclamilast (5.0 mg/kg/day; gray bar) on day 10 (C) or on days 1, 3, 6 and 10 (A and B) after early concurrent 
treatment. Data are expressed as mean ± SEM (N=12). Paraffin heart sections stained with haematoxylin and eosin 
at a 100x magnification (B) in room-air controls (RA), RA pups treated with 5.0 mg/kg/day of piclamilast (RA-pic), 
oxygen controls (O2) and O2 pups treated with 5.0 mg/kg/day of piclamilast (O2-pic) on days 1, 3, 6 and 10. IVS = 
interventricular septum, LV = left ventricle, RV = right ventricle. *p < 0.05, **p < 0.01 and ***p < 0.001 versus age-
matched O2-exposed controls. δp < 0.01 versus pd3. φp < 0.01, versus pd6.

Extracellular expression of tenascin-C, a marker of myocardial overload, was visible in the RV 
only after exposure to hyperoxia (Figure 6C, Table 3). Piclamilast treatment decreased the 
number of RVs positive for tenascin-C by 90% (p < 0.05, Figure 6D, Table 3). Extravascular 
tenascin-C expression was absent in room air-exposed controls either injected with saline or 
5.0 mg/kg/day of piclamilast (Figure 6A and B, Table 3).

Table 3. Protein expression of Tenascin C in the right ventricular free wall

Treatment saline 
positive TNC (n)

piclamilast 
positive TNC (n)

RA 0 (12) 0 (10)

O2 11 (12) 1 (12)*

* p < 0.05 versus age-matched O2 exposed controls
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Late treatment and injury-recovery model

Treatment of room air-exposed control pups with piclamilast had no effect on cardiac 
characteristics (Figure 7A and B, and Table 4). Nine days of hyperoxic lung injury resulted in 
an 1.3-fold increase in the ratio RV/LV wall thickness (p < 0.01; Figure 7A and B) and an 1.4-
fold increase in RV free wall thickness compared to room air-controls (p < 0.05; Table 4). A 
recovery period of 9 (day 18) or 42 (day 51) days did not reduce hyperoxia-induced RVH in 
the non-treated pups, but treatment with piclamilast attenuated hyperoxia-induced RVH on 
days 9, 18 and 51 (Figure 7A and B, and Table 4).

A B

C D

100 µm100 µm

100 µm100 µm

Figure 6

Paraffin secNons of the  right  ventricular  free wall  stained with polyclonal  tenascin C  (A‐D) of room‐air controls  (RA, 

A),  RA  pups treated with 5.0 mg/kg/day of piclamilast  (RA‐pic,  B),  oxygen controls (O2,  C) and O2  pups treated with 

5.0  mg/kg/day  of  piclamilast  (O2‐pic,  D)  at  10  days  aMer  early  concurrent  treatment.  Note  the  expression  of 

tenascin  C  in  the  right  ventricle  in  oxygen‐exposed  pups  (C)  and  the  absence  of  staining  aMer  treatment  with 

piclamilast (B and D) and in room air controls (A). Pictures were taken at a 200x magnificaNon.
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Table 4. Cardiac Characteristics in late treatment and recovery

day

RA

          saline                piclamilast

O2

            saline                     piclamilast

RV free wall 

thickness µm/�√−B−W

9

18

51

100 ± 7*

96 ± 9***

96 ± 2***

107 ± 4

110 ± 5***

98 ± 2***

142 ± 10

179 ± 9

160 ± 7

118 ± 9

140 ± 10*

113 ± 4**

IVS thickness  
µm/�√−B−W

9

18

51

284 ± 7

265 ± 16

293 ± 6

288 ± 11

278 ± 8

292 ± 8

299 ± 15

283 ± 21

299 ± 8

288 ± 13

319 ± 16

286 ± 13

LV free wall 

thickness µm/�√−B−W

9

18

51

281 ± 7

277 ± 14*

342 ± 5δ

289 ± 11

292 ± 5

329 ± 6

306 ± 11

331 ± 19

358 ± 12

334 ± 9

366  ± 14∆

368 ± 7

* p < 0.05, ** p < 0.01 and *** p < 0.001 versus age-matched O2 exposed controls. ∆p < 0.001 versus room air (RA) 
exposed controls. δ p < 0.001 versus pd18.

1 mm

2 mm

4 mm

RV

RV

RV

RV

RV

RV

RV

RV

RV

RVRV
RV

LV

LV

LV

LV

LV

LVLV

LV

LV

LV
LV

LV

A

B

RA          RA‐Pic             O2            O2‐Pic

Figure 7

Right ventricular hypertrophy depicted as the RV/LV raNo (A),  aMer late treatment and recovery on days 9, 18 and 51 

in room air  controls (RA, white  bars),  RA pups treated with 5.0 mg/kg/day of piclamilast  (striped bars), age‐matched 

oxygen‐exposed  controls  (black  bars)  and  O2  pups  treated with  5.0  mg/kg/day  of  piclamilast  (gray  bars).  Paraffin 

heart  secNons  stained with haematoxylin  and eosin at  a  100  Nmes magnificaNon (B)  in  room‐air  controls  (RA),  RA 

pups treated with  5.0 mg/kg/day of piclamilast  (RA‐pic),  oxygen controls (O2) and O2  pups treated with 5.0 mg/kg/

day of piclamilast  (O2‐pic) on days 9,  18 and 51. Data are  expressed as mean ±  SEM  (N=8). *p <  0.05,  **p < 0.01 and 

***p < 0.001 versus age‐matched O2‐exposed controls.
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Cardiac mRNA expression 

Prophylactic treatment model

Exposure to hyperoxia for 10 days increased RV mRNA expression for the natriuretic peptides 
ANP (13-fold; p < 0.001, Figure 8A) and BNP (17-fold; p < 0.001, Figure 8B) compared to 
room air-controls. Treatment with piclamilast during hyperoxia decreased the expression of 
ANP (by 54%; p < 0.05) and BNP (by 64%; p < 0.001) compared to oxygen-exposed controls.
Exposure to hyperoxia for 10 days increased mRNA expression in the left ventricle plus 
interventricular septum (LV + IVS) for the natriuretic peptides ANP (3.7-fold; p < 0.001, 
Figure 8A) and BNP (3.1-fold; p < 0.001, Figure 8B) compared to room air-controls. In LV + IVS 
treatment with piclamilast decreased the expression of BNP (by 30%; p < 0.05) compared to 
oxygen-exposed controls.

Right ventricular function

Late treatment and injury-recovery model

Treatment of room air-exposed control pups with piclamilast slowed down relaxation (p < 
0.05) on day 18 (Table 5). After a hyperoxic period of 9 days and 9 days of recovery peak 
RV pressure and end-systolic RV pressure were elevated (p < 0.001), compared to room air-
controls, demonstrating hyperoxia-induced PH. Volumetric indices and cardiac output were 
maintained despite the increased afterload. Systolic function reflected by ejection fraction 
tended to be improved. Treatment with piclamilast reduced hyperoxia-induced peak RV 

A B

Figure 8

RelaNve  mRNA  expression  in  the  right  ventricular  free  wall  (RV)  and  leM  ventricle,  including  the  interventricular 

septum  (LV  +  IVS),  determined with  RT‐PCR,  of  atrial  natriureNc  pepNde  (ANP;  A)  and  brain  natriureNc  pepNde 

(BNP; B)  in room air‐exposed controls (RA, white  bars),  room air‐exposed pups treated with piclamilast (5.0 mg/kg/

day; striped bar),  age‐matched oxygen‐exposed controls (O2,  black  bar) and O2   pups  treated with piclamilast (5.0 

mg/kg/day; gray bar) on day 10 aMer  early concurrent  treatment. Data  are expressed as mean ±  SEM (N=12). *p < 

0.05 and **p  <  0.001 versus age‐matched  oxygen‐exposed  controls.  ∆p <  0.001 versus  room air‐exposed  controls 

treated with piclamilast.Figure 8 blz 72 
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pressure and end-systolic pressure by 20% (p < 0.05) compared to oxygen-exposed controls, 
demonstrating that piclamilast attenuated hyperoxia-induced PH on day 18. 

Table 5. Right ventricular function in late treatment and recovery at pd 18

Right ventricle unit

RA

     saline                piclamilast

O2

    saline                piclamilast

General hemodynamics

Stroke volume µl/g 1.12 ± 0.10 1.18 ± 0.14 1.27 ± 0.13 1.07 ± 0.12

Cardiac index (ml/g)/min 0.34 ± 0.03 0.28 ± 0.03 0.41 ± 0.05 0.26 ± 0.03*

Stroke work mmHg.(µl/g) 15.5 ± 1.5*** 19.2 ± 2.1** 42.4 ± 6.5 27.7 ± 3.4

Systolic function

Peak RV pressure mmHg 17.4 ± 0.8*** 22.0 ± 1.5*** 43.5 ± 3.7 34.9 ± 1.9*,ΔΔ

End-systolic pressure mmHg 15.3 ± 0.9*** 20.2 ± 1.4*** 39.1 ± 3.3 32.1 ± 1.9*,ΔΔ

End-systolic volume µl/g 1.18 ± 0.15 0.88 ± 0.13 1.06 ± 0.13 0.83 ± 0.27

Ejection fraction % 49.2 ± 3.7 57.5 ± 4.6 54.3 ± 3.6 63.6 ± 7.0

Diastolic function

End-diastolic pressure mmHg 2.8 ± 0.5 3.3 ± 0.5 4.9 ± 0.4 4.9 ± 0.7Δ

End-diastolic volume µl/g 2.30 ± 0.18 2.06 ± 0.18 2.33 ± 0.22 1.90 ± 0.27

Relaxation time constant ms 17.7 ± 1.5 23.3 ± 1.1***,Δ 15.6 ± 1.0 24.8 ± 1.4***

NB: All volumetric indices were indexed for body weight.* p < 0.05, ** p < 0.01 and *** p < 0.001 versus age-
matched O2 exposed controls. ∆p < 0.05 and ∆∆p < 0.01  versus room air (RA) exposed controls.

Discussion
Our data demonstrate that prophylactic treatment with piclamilast, a specific second 
generation PDE4 inhibitor, prolongs survival and prevents cardiopulmonary disease in 
neonatal rat pups with hyperoxia-induced chronic lung disease, a valuable model for 
bronchopulmonary dysplasia in preterm infants 22, by preventing the development of PH and 
RVH, and attenuating lung inflammation, alveolar septum thickness, impaired angiogenesis 
and vascular arteriolar remodelling. Early exposure to hyperoxia for 9 days in the neonatal 
period causes persistent alveolar simplification, PH and RVH in neonatal and adult rats. 
Piclamilast treatment reverses established PH and RVH in hyperoxia-exposed rat pups and 
in adult survivors of hyperoxic lung injury in an injury-recovery model, but does not reverse 
hyperoxia-induced alveolar enlargement in neonatal and adult rats. 
Prophylactic piclamilast treatment improved hyperoxia-induced RVH, as shown by reduced 
thickness and weight of the RV, and reduced ANP, BNP and extracellular tenascin-C expression 
in the RV, markers that are upregulated under myocardial stress conditions 24;25. Although 
PDE4 is expressed in the mammalian heart the therapeutic effects of PDE4 inhibitors in 
cardiac disease are still unclear 26. The beneficial effect of piclamilast on the heart can be 
explained indirectly by a decrease in pulmonary arteriolar wall thickness resulting in less 
vasoconstriction and PH, and, as a result, reduced RVH. Vasoconstriction and remodelling 
of pulmonary blood vessels with proliferation of smooth muscle cells and fibroblasts in 
pulmonary vessels are important contributors to PH 8;27. The importance of smooth muscle 
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cells in the therapeutic effect of PDE3 and -4 inhibitors in PH is supported by [1] a reduced 
proliferation of pulmonary artery smooth muscle cells by cAMP 28, [2] a high activity of  PDE3 
and -4 in these cells 29 and [3] the beneficial effects of PDE3 and/or -4 inhibitors on vascular 
remodelling, vasoconstriction and RVH in experimental models in vivo, including hyperoxia-
induced neonatal lung injury (this study), monocrotaline- or hypoxia-induced PH 10;29, 
bleomycin-induced pulmonary fibrosis 30 and in vitro studies with human pulmonary artery 
smooth muscle cells 31. In addition, PDE4 inhibition reduces the expression of endothelin-1, 
a potent vasoconstrictor and stimulator of the proliferation of vascular smooth-muscle 
cells 30;32. Studies with prostacyclin analogs, which induce relaxation of vascular smooth 
muscle by stimulating the production of cAMP and subsequently inhibit the proliferation of 
SMCs, have shown a decrease in pulmonary arterial hypertension in vitro and in vivo 33;34. 
Since pro-inflammatory cytokines and chemokines can stimulate pulmonary artery smooth 
muscle cell proliferation 35, the therapeutic effect of PDE4 inhibition on PH in experimental 
BPD may be, at least partially, indirect via inhibition of the inflammatory response, which 
is an important contributor to experimental BPD as demonstrated previously in neonatal 
hyperoxia-induced lung disease 18;19. 
Hyperoxia-induced RVH, which can be detected from neonatal day 6 onward, precedes 
the detection of PH, determined by arteriolar wall thickness, which can be detected from 
neonatal day 9 onwards. Since RVH is a direct consequence of PH these unexpected results 
may be explained by increased vasoconstriction rather than proliferation of vascular smooth 
muscle cells in small pulmonary arterioles and/or a reduction of the pulmonary vascular bed 
as demonstrated by a decrease in pulmonary vascular density from day 6 onward.
Recent data on PDE4 inhibition in hyperoxia-induced neonatal lung injury show conflicting 
effects on alveolarization in rodents. In neonatal rats with an ongoing lung injury due 
to oxidative stress and inflammation, piclamilast did not protect against impaired 
alveolarization [this study and 18;19], but in a less aggressive model of hyperoxic lung injury 
in neonatal mice, PDE4 inhibition with cilomilast enhanced lung alveolarization 20. These 
contradictory findings may be explained by differences in oxidative stress (100% versus 
85% oxygen), duration of hyperoxia (10 days versus 28 days), start of treatment (starting on 
day 1 versus 14), the PDE4 inhibitor used (rolipram, piclamilast and cilomilast) and species 
(rats versus mice). In contrast with cilomilast treatment, rolipram and piclamilast treatment 
reduces body weight gain which will associate with decreases in lung volumes and absolute 
alveolar surface area 36. However, we did not find any effect of PDE4 inhibition on normal 
lung development, i.e. alveolarization and angiogenesis were normal, despite a reduction in 
body weight gain compared with untreated normal rats [this study and 18;19].
Hyperoxia leads to impaired alveolar and lung vascular development, which may be explained 
by disruption of VEGF signalling 4;18;37;38. In this study, PDE4 inhibition by piclamilast 
attenuated the hyperoxia-induced impairment of angiogenesis, but not the impaired 
alveolarization, by increasing VEGFa and VEGF receptor-2 (VEGFR2) mRNA expression in 
the lung. Initiation of angiogenesis involves migration and VEGF-induced proliferation of 
vascular endothelial cells. However, the VEGF-induced proliferation of vascular endothelial 
cells is associated with augmented cAMP hydrolysis by up-regulating PDE4 isozymes 39 and 
is inhibited by cAMP elevating drugs 40;41. Recombinant human VEGF treatment enhances 
alveolarization and vessel growth and improves lung structure in hyperoxia-induced lung 
injury in newborn rats 42;43, whereas VEGF blockade impairs alveolarization and vessel 
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growth 38. We assume that the piclamilast-induced increase in pulmonary VEGFa and 
VEGFR2 mRNA levels was not sufficient to advance alveolarization.
Although treatment of oxygen-exposed rat pups with piclamilast resulted, as expected, in a 
decrease in end-systolic and peak systolic RV pressure, this effect of PDE4 inhibition on heart 
pressure was less than expected from our morphometric data on lung arteriolar wall thickness 
and RVH (RV free wall thickness, relative to the LV). This discrepancy can be explained by 
(1) a reduction of the pulmonary vascular bed, as demonstrated by a persistent decrease 
in hyperoxia-induced vascular density that can not be restored after piclamilast treatment, 
and/or (2) a direct effect of PDE4 inhibition on the myocardium resulting in enhanced 
contractility of the RV due to increased intracellular cAMP levels in cardiomyocytes. Elevated 
cAMP levels after ß-adrenergic-dependent signalling are associated with a positive inotropic 
effect, resulting in protein kinase A (PKA)-dependent phosphorylation of multiple proteins 
involved in the regulation of the cytosolic Ca2+ concentration, including the sarcoplasmic 
reticulum Ca2+ release channel (ryanodine receptor), the sarcoplasmic reticulum Ca2+ 
ATPase (SERCA), and its regulatory protein phospholamban and the Na+-Ca2+ exchanger 
regulatory protein phospholemman 26. Piclamilast-induced enhanced contractility of the RV 
can explain, at least in part, the limited increase in RV free wall thickness in piclamilast 
treated oxygen-exposed rats despite an elevated RV peak pressure. 

Perspectives

If we can extrapolate these findings in hyperoxia-exposed neonatal rats to preterm infants 
with respiratory failure, we might expect a beneficial effect of piclamilast on both PH 
and RVH, which are often the major reason for mortality or severe morbidity in preterm 
infants. A recent systematic review has shown that the clinical use of inhaled nitric oxide in 
preterm infants with respiratory failure does not significantly reduce neonatal mortality or 
bronchopulmonary dysplasia 44. Our data warrant clinical investigation of piclamilast as a 
potential drug to prevent or treat PH and RVH which play a pivotal role in poor outcome in 
the neonatal nursery.
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Appendice A
Online Data Supplement

Materials and Methods

Animals

Timed-pregnant Wistar rats were kept in a 12 h dark/light cycle and fed a standard chow 
diet (Special Diet Services, Witham, Essex, England) and drinking water ad libitum. Breeding 
pairs were allowed access for one hour on the day female rats showed very specific sexual 
behaviour: lordosis, hopping and air-flapping. After a gestation of approximately 21.5 days 
pregnant rats were killed by decapitation (spontaneous birth occurs 22 days after conception) 
and pups were delivered by hysterectomy through a median abdominal incision to ensure 
that the delay in birth between the first and the last pup is only 5 minutes. Immediately after 
birth, pups were dried and stimulated. Pups from four litters were pooled and distributed 
over four experimental groups: an oxygen (O2) group, an oxygen-PDE4 inhibitor (O2-
piclamilast) group, a room air (RA) group, and a room air-PDE4 inhibitor (RA-piclamilast) 
group. Pups were kept in a transparent 50 x 50 x 70 cm plexiglas chamber during hyperoxia. 
In this way influences of the birth process within and between litters can be avoided and 
exposure to hyperoxia can be started within 30 min after birth. Pups were fed by lactating 
foster dams, which were rotated daily to avoid oxygen toxicity. All pups delivered by the 
foster dam were replaced by the experimental pups. Each foster dam nursed a litter of 12 
pups in the experimental groups. Foster dams were exposed to 100% oxygen for 24 h and 
then to room air for 48 h. The oxygen concentration in the chamber was kept at 100% using 
a flow rate of 2.5 L/min. The oxygen concentration in the chamber was monitored daily with 
an oxygen sensor (Drägerwerk AG, Lübeck, Germany). Body weight, evidence of disease, and 
mortality were also checked daily. The research protocol was approved by the Institutional 
Animal Care and Use Committee of the Leiden University Medical Center.

Prophylactic treatment model

In this model neonatal lung injury was induced directly after birth (day 1) by continuous 
exposure to 100% oxygen for 3, 6 and 10 days (Figure E1A). Hyperoxia-exposed and room air-
exposed pups were injected subcutaneously, starting on day 2, via a 0.5 mL syringe (U-100 
Micro-Fine insulin 29G syringe, Becton Dickinson, Franklin Lakes, NJ, USA) at the lower back 
for 10 days. In the PDE4 inhibitor experiments pups received either 100 µL piclamilast (5.0 
mg/kg/day; a gift from Nycomed GmbH, Konstanz, Germany) in 0.9% saline (containing 0.05-
0.1% DMSO) or 100 µL 0.9% saline (containing 0.05-0.1% DMSO) in age-matched oxygen- 
and room air-exposed controls. Pups were sacrificed on day 1 (directly after hysterectomy), 
3, 6 and 10. Separate experiments were performed for collection of lung and heart tissue for 
pulmonary fibrin deposition and RT-PCR (N=12), and histology (N=12). 

Late treatment and injury-recovery model

The effects of piclamilast on lung injury and recovery were investigated by exposing newborn 
rat pups to hyperoxia for 9 days, followed by recovery in room air for 9 or 42 days (Figure 
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1B). After 6 days of exposure to hyperoxia, daily subcutaneous injections with either 100 
µL piclamilast (5.0 mg/kg/day) in 0.9% saline (containing 0.05-0.1% DMSO) or 100 µl 0.9% 
saline (containing 0.05-0.1% DMSO) were started in age-matched oxygen- and room air-
exposed controls and continued throughout a 9-day recovery period in room air. Lung and 
heart tissues were collected for histology at the end of the 9-day hyperoxia period (N=8), 
after the 9-day recovery period in room air (N=8) and after 6-weeks of recovery in room air 
(N=8).

Tissue preparation

Pups and adult rats were anesthetized with an intraperitoneal injection of ketamine (25 mg/
kg body weight; Nimatek, Eurovet Animal Health BV, Bladel, The Netherlands) and xylazine 
(50 mg/kg body weight; Rompun, Bayer, Leverkusen, Germany). To avoid postmortem 
fibrin deposition in the lungs, heparin (100 units; Leo Pharma, Breda, The Netherlands) 
was injected intraperitoneally. After 5 min, pups were exsanguinated by transection of the 
abdominal blood vessels. The thoracic cavity was opened, and the lungs and heart were 
removed, snap-frozen in liquid nitrogen, and stored at –80°C until use for real-time RT-PCR 
or the fibrin deposition assay. For histology studies, the trachea was cannulated (Bioflow 0.6 
mm intravenous catheter, Vygon, Veenendaal, the Netherlands) and the lungs were fixed 
in situ via the trachea cannula with buffered formaldehyde (4% paraformaldehyde in PBS, 
pH 7.4) at 27 cm H2O pressure for 6 min. Lungs and heart were removed, fixed additionally 
in formaldehyde for 24 h at 4°C, and embedded in paraffin after dehydration in a graded 
alcohol series and xylene. To quantify the degree of right ventricular hypertrophy (RVH), 
hearts were harvested, followed by removal of the atria. Hereafter the right ventricular free 
wall (RV) was dissected, weighed separately from the interventricular septum (IVS) and left 
ventricle (LV), frozen immediately in liquid nitrogen, and stored at –80°C for RNA isolation. 
As an indicator of RVH the weight ratio RV/(LV + IVS) was calculated.

Histology

Lung paraffin sections (5 µm) were cut and mounted onto SuperFrost plus-coated slides 
(Menzel, Braunschweig, Germany). After deparaffinization, lung sections were stained with 
hematoxylin and eosin (HE), with monoclonal anti-α-smooth muscle actin (ASMA) to visualize 
the pulmonary medial arterial walls, or with a rabbit polyclonal anti-von Willebrand Factor 
(vWF) antibody as a marker for pulmonary blood vessels 1. Heart sections were stained with 
HE or with a rabbit polyclonal anti-tenascin-C antibody. Extravascular tenascin-C expression 
was used as an indicator for cardiac tissue damage 2. For immunohistochemistry, sections 
were incubated with 0.3% H2O2 in methanol to block endogenous peroxidase activity. After 
a graded alcohol series, sections were boiled in 0.01 M sodium citrate (pH 6.0) for 10 min. 
Sections were incubated overnight with antibodies directed against ASMA (A2547, Sigma-
Aldrich, St. Louis, MO, USA, diluted 1:10,000), vWF (A0082, Dako Cytomation, Glostrup, 
Denmark, diluted 1:4,000) or tenascin-C (SC-20932, Santa Cruz Biotechnology, Santa Cruz, 
CA, USA, diluted 1:500), stained with EnVision-HRP (Dako Cytomation, Glostrup, Denmark), 
using NovaRed (Vector, Burlingame, CA) as chromogenic substrate, and counterstained 
briefly with hematoxylin. Primary antibodies were diluted in 1% bovine serum albumin 
(fraction V, Roche Diagnostics, Almere, the Netherlands) in PBS.
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For morphometry of the lung, an eye piece reticle with a coherent system of 21 lines and 42 
points (Weibel type II ocular micrometer; Paes, Zoeterwoude, The Netherlands) was used. 
To investigate alveolar enlargement in experimental BPD we studied the number of alveolar 
crests to exclude potential effects of heterogenous alveolar development. The number of 
alveolar crests 3 was assessed in 10 non-overlapping fields at a 400x magnification for each 
animal in ASMA-stained lung sections. Capillary density was determined in lung sections 
stained for vWF at a 200x magnification by counting the number of vessels per field. At least 
10 representative fields per experimental animal were investigated. Results were expressed 
as relative number of vessels per mm2. Pulmonary arteriolar wall thickness was measured 
in lung sections stained for ASMA at a 1000x magnification by averaging at least 10 vessels 
with a diameter of less than 30 µm per animal. Medial wall thickness was calculated from 
the formula 4. Fields containing large blood vessels or bronchioli were excluded from the 
analysis. Thickness of the right and left ventricular free walls and interventricular septum 
(IVS) was assessed in a transversal HE-stained section taken halfway the long axis at a 40x 
magnification by averaging 6 measurements per structure. The number of right ventricles 
positive for extravascular tenascin-C staining was assessed by two independent investigators. 
For morphometric studies in lung and heart at least 10 rat pups per experimental group 
were studied. Quantitative morphometry was performed by two independent researchers 
blinded to the treatment strategy using the NIH Image J program.

Hemodynamic measurements

On day 18 (9 days recovery) RV pressure-volume loops were measured as previously 
described 5. Briefly, rats were anesthetized with an intraperitoneal injection of ketamine 
(25 mg/kg body weight; Nimatek, Eurovet Animal Health BV, Bladel, the Netherlands) and 
xylazine (50 mg/kg body weight; Rompun, Bayer, Leverkusen, Germany). The rats were 
placed on a controlled warming pad to keep body temperature constant. A tracheotomy 
was performed, a 25-gauge cannula was inserted, and the animals were mechanically 
ventilated using a pressure-controlled respirator and a mixture of air and oxygen. The rats 
were placed under a stereomicroscope (Zeiss, Hamburg, Germany). After a midsternal 
thoracotomy was performed, a combined pressure-conductance catheter (model FT212, 
SciSense, London, Ontario, Canada) was introduced via the apex into the RV and positioned 
towards the pulmonary valve. The catheter was connected to a signal processor (FV898 
Control Box, SciSense) and RV pressures and volumes were recorded digitally. All data were 
acquired at a sample rate of 2,000 Hz and analyzed off-line by custom-made software. After 
hemodynamic measurements, the heart was removed and fixed in buffered formaldehyde 
and processed for histology.

Fibrin detection assay

Fibrin deposition in lungs was detected as described previously 6. Briefly, frozen lungs were 
homogenized with an Ultra-Turrax T25 basic tissue homogenizer (IKA-Werke, Staufen, 
Germany) for 1 min at full speed (24,000 rpm) in a cold 10 mM sodium phosphate buffer 
(pH 7.5), containing 5 mM EDTA, 100 mM β-aminocaproic acid, 10 U/ml aprotinin, 10 U/ml 
heparin, and 2 mM phenylmethanesulfonyl fluoride. The homogenate was incubated for 
16 h on a roller bank at 4°C. After centrifugation (10,000 rpm, 4°C, 10 min), the pellet was 
resuspended in extraction buffer [10 mM sodium phosphate buffer (pH 7.5), 5 mM EDTA, 
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and 100 mM β-aminocaproic acid] and re-centrifuged. Pellets were suspended in 3 M urea, 
extracted for 2 h at 37°C, and centrifuged at 14,000 rpm for 15 min. After the supernatant 
was aspirated and discarded, the pellet was dissolved at 65°C in reducing sample buffer (10 
mM Tris pH 7.5, 2% SDS, 5% glycerol, 5% β-mercaptoethanol, and 0.4 mg/ml bromophenol 
blue) for 90 min in a thermomixer (Eppendorf, Hamburg, Germany) with continuous mixing 
at 900 rpm. Hereafter, samples were subjected to SDS-PAGE (7.5%; 5% stacking) and blotted 
onto PVDF membrane (Immobilon-P, Millipore, Bredford, MA). The 56-kDa fibrin β-chains 
were detected with a monoclonal 59D8 antibody, followed by detection with an infrared 
labelled (IRDye 800CW; Licor Biosciences, Lincoln, NE, USA) goat-anti-mouse secondary 
antibody using an infrared detection system (Odyssey infrared imaging system, Licor 
Biosciences). Fibrin deposition was quantified in lungs of at least 10 rats per experimental 
group using rat fibrin as a reference 7; 8. 

Real-time RT-PCR

Total RNA was isolated from lung and heart tissue homogenates using guanidium-phenol-
chloroform extraction and isopropanol precipitation (RNA-Bee, Tel-Test Inc., Bio-Connect BV, 
Huissen, the Netherlands). The RNA sample was dissolved in RNase-free water and quantified 
spectrophotometrically. The integrity of the RNA was studied by gel electrophoresis on a 1% 
agarose gel, containing ethidium bromide. Samples did not show degradation of ribosomal 
RNA by visual inspection under ultraviolet light. First-strand cDNA synthesis was performed 
with the SuperScript Choice System (Life Technologies, Breda, the Netherlands) by mixing 
2 µg total RNA with 0.5 µg of oligo(dT)12-18 primer in a total volume of 12 µL. After the 
mixture was heated at 70°C for 10 min, a solution containing 50 mM Tris-HCl (pH 8.3), 75 mM 
KCl, 3 mM MgCl2, 10 mM DTT, 0.5 mM dNTPs, 0.5 µL RNase inhibitor, and 200 U Superscript 
Reverse Transcriptase was added, resulting in a total volume of 20.5 µL. This mixture was 
incubated at 42°C for 1 h; total volume was adjusted to 100 µL with RNase-free water and 
stored at –80°C until further use. For real-time quantitative PCR, 1 µL of first-strand cDNA 
diluted 1:10 in RNase-free water was used in a total volume of 25 µL, containing 12.5 µL 2x 
SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) and 200 ng of each primer. 
Primers, designed with the Primer Express software package (Applied Biosystems), are listed 
in Table E1. PCR reactions, consisting of 95°C for 10 min (1 cycle), 94°C for 15 s, and 60°C 
for 1 min (40 cycles), were performed on an ABI Prism 7900 HT Fast Real Time PCR system 
(Applied Biosystems) of the Leiden Genome Technology Center. Data were analyzed with 
the ABI Prism 7900 sequence detection system software (version 2.2.2) and quantified with 
the comparative threshold cycle method with β -actin as a housekeeping gene reference 9. 
In a DNA array experiment we demonstrated that β -actin was not differentially expressed 
in lungs of hyperoxic rat pups compared to room air controls 6. In addition β-actin was not 
differentially expressed in left and right ventricle in both control and experimental rat pups.
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Results

Effects of piclamilast on lung coagulation

Early concurrent treatment

Fibrin deposition was quantified (Figure E1B) after treatment with the PDE4 inhibitor 
piclamilast (5.0 mg/kg/day) in room air- and oxygen-exposed controls. Fibrin deposition was 
at background levels during normal neonatal pulmonary development without an effect of 
piclamilast treatment on day 10 (<25 ng fibrin/mg tissue in room air-exposed controls with 
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Figure 1

Western  blot  analysis  of  fibrin  deposiNon  in  lung  homogenates  of  rat  pups  exposed  to  room  air  (RA),  RA  in 

combinaNon with 5.0 mg/kg/day  of piclamilast (RA‐Pic 5.0),   oxygen (O2) and O2 in combinaNon with 5.0 mg/kg/day of 

piclamilast  (O2‐Pic  5.0)  for 10 days (panel A). Panel  B shows the  quanNficaNon of fibrin deposiNon in lung homogenates 

on day  10. RelaNve mRNA expression in lungs, determined with RT‐PCR,  of genes  related  to  inflammaNon (IL‐6 [panel 

C]),  coagulaNon  (TF  [panel  D])  and  alveolar  growth  (VEGFR2  [panel  E]  and  VEGFa  [panel  F]).  Experimental  groups 

include  room air  controls (RA,  white  bar),  room air‐exposed rat pups treated with piclamilast  (5.0 mg/kg/day; striped 

bar),  age‐matched oxygen‐exposed controls (O2,  black bar) and oxygen‐exposed rat pups treated with piclamilast (5.0 

mg/kg/day;  grey  bar). Data  are  expressed  as mean  ±  SEM  (N=12).  *p  <  0.05 and **p  <  0.001  versus age‐matched 

oxygen‐exposed controls. ∆p < 0.01 and ∆∆p < 0.001 versus room air‐exposed controls treated with piclamilast.
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or without piclamilast). Fibrin deposition increased more than 9-fold to 153 ± 31 ng fibrin/
mg tissue in lungs of pups exposed to 100% oxygen for 10 days (p < 0.001) compared to 
room air-exposed controls. Treatment with 5.0 mg/kg/day of piclamilast attenuated fibrin 
deposition 5-fold to 31 ± 5 ng fibrin/mg tissue compared to the oxygen-exposed controls (p 
< 0.001), which is a similar benefical effect as described previously 10.

mRNA expression in the lung

Early concurrent treatment

Treatment with piclamilast for 10 days during normal neonatal development did not result 
in differences in mRNA expression of IL6, TF, VEGFR2 and VEGFA compared to room air-
exposed controls. Ten days of oxygen exposure resulted in an increase in mRNA expression 
of the pro-inflammatory cytokine IL-6 (128-fold; p < 0.001, Figure E1C) and the procoagulant 
factor tissue factor (TF, 4.6-fold; p < 0.001, Figure E1D), and a decrease in the expression 
of vascular endothelial growth factor receptor-2 (VEGFR2, 2.7-fold; p < 0.001, Figure E1E) 
and the growth factor VEGFA (2.2-fold; p < 0.001, Figure E1F) in lungs of oxygen-exposed 
compared to room air-exposed pups. Treatment with 5.0 mg/kg/day piclamilast in oxygen-
exposed pups resulted in a reduction in IL-6 (by 69.8%; p < 0.001) and TF (by 53.9%; p < 
0.001) mRNA expression compared to oxygen-exposed controls. In lung tissue of piclamilast-
treated oxygen-exposed rat pups expression of VEGFR2 and VEGFA mRNA was increased by 
101.6% (p < 0.05) and 62.2% (p < 0.001), respectively, compared to oxygen-exposed pups.
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Figure 2

Growth (A), body weight (B and D) and survival (C and E) at day 10 after early concurrent treatment (N=12, A-C) and 

after late treatment and recovery (N=8, D and E) on days 9, 18 and 51 in room air controls (RA, white bars, ◊),  RA pups 

treated with 5.0 mg/kg/day piclamilast (striped bars, ♦), age-matched oxygen-exposed controls (black bars, Δ) and O2 

pups treated with 5.0 mg/kg/day piclamilast (gray bars, ♦). Growth and body weight are expressed as mean ± SEM. 

Kaplan-Meier survival curve of piclamilast-treated O2-exposed rat pups (♦), age-matched O2-exposed controls (Δ), RA-

exposed controls (◊) and piclamilast-treated RA pups (♦) during the first 10 days after birth (N=12, panel C). Survival 

data are expressed as percentage ± SEM of pups surviving at the observed time point. *p < 0.05, **p < 0.01 and ***p 

< 0.001 versus age-matched oxygen-exposed controls. ∆p < 0.05, ∆∆p < 0.01 and ∆∆∆p < 0.001 versus room air-exposed 

pups treated with piclamilast. φp < 0.001 versus recovery on pd18.




