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SUPPLEMENTAL METHODS 

List and sources of medications 

Sildenafil Citrate: Viagra; Pfizer, Puurs, Belgium. 

Ketamine: Ceva Sante Animale, Brussels, Belgium. 

Xylazine: Ceva Sante Animale, Brussels, Belgium. 

T61: Hoechst Marion Roussel, Brussels, Belgium. 

Penicilline G: Kela Pharma, Hoogstraten, Belgium. 

Medroxyprogesterone acetate (Depo-Provera): Pfizer, Puurs, Belgium. 

Buprenorphine (Temgesic): Schering-Plough, Brussels, Belgium. 

Isoflurane (Isoba Vet): Abbott Laboratories Ltd., Queensborough, Kent, UK. 

 

Animals and treatments 

Time mated pregnant hybrid Denderdmonde-New Zealand white rabbits weighing 4000-5000 g from a 

certified farm were daily administered sc either placebo (7 mL saline) or sildenafil citrate (diluted in 7 mL 

saline). Animals were housed in individual cages at normal room temperature on a 12/12h light schedule 

with free access to food and water. They were treated according to current guidelines on animal wellbeing.  

Premedication before surgical procedures or euthanasia was performed with im injection of ketamine 35 

mg/Kg and xylazine 5 mg/Kg.  

Before surgeries, penicillin G 300000 IU, medroxyprogesterone acetate 0.9 mg/Kg and buprenorphine 0.03 

mg/Kg were also injected sc. General anesthesia during operations was maintained with 2% isoflurane in 

oxygen at 2 L/min using a face mask. 

Does were euthanized with an intravenous (iv) bolus (1 mL) of a mixture of embutramide, mebezonium and 

tetracaine hydrochloride (T61). 

 

Pilot dose finding study 

Increasing doses (5, 10 and 15 mg/Kg) were tested in order to achieve fetal plasmatic sildenafil 

concentrations within the therapeutic range for 24 h with a single administration per day. Does underwent a 

single injection of sildenafil on GD28. They were then terminally anaesthetized with im injection of 



ketamine 35 mg/Kg and xylazine 5 mg/Kg at 30 min, 60 min or 22 hours following sildenafil injection.  

For each dose, two does and six fetuses were harvested at each time point. Blood samples were collected 

from mothers and fetuses as described in the Methods. Based on the fetal plasma concentration and profile 

the most optimal dose further tested was 10 mg/Kg (data not shown). 

 

Efficacy study 

All analyses were performed by experienced observers who were blinded to the nature of the experimental 

procedure. For each histological determination, 10 randomly selected slides were then checked by a second 

observer, in order to confirm the reproducibility of the measurements. 

1. Processing of fetal lungs 

The trachea was cannulated and lungs were subsequently immersed and inflated with 10% neutral 

buffered formalin solution at 25 cm H2O for 24 h. Right and left lungs were separated and embedded in 

paraffin. The right lungs were stored for further studies. Left paraffin-embedded lungs were cut into 5-µm 

mid-sagittal sections through the entire lung. 

2. Lung histology and immunohistochemistry 

Airway morphometry measurements were made on hematoxyline-eosine-stained slides. The total surface 

of each lung section was virtually divided in up to 20 non-overlapping fields and various parameters were 

measured, as described previously: mean terminal bronchiolar density (MTBD), mean linear intercept 

(Lm), mean wall transection length (Lmw), mean linear intercept of parenchymal airspace (Lma) and 

percentage of lung tissue (% tissue)1. For vascular morphometry the slides were stained with Miller’s 

elastica staining. In non-overlapping fields up to 50 peripheral vessels with an external diameter (ED) of 

≤100µm were measured. Vascular morphometric parameters included the ED, the internal diameter (ID) 

and the adventitial diameter (AD), measured along the shortest axis1. From these parameters the 

following variables were calculated: proportionate medial thickness (%MT = (ED-ID)/ED x 100) and 

proportionate adventitial thickness (%AT = (AD-ED)/ED x 100). The vessels were further categorized in 

three groups according to the ED, i.e. intra-acinar vessels with ED <30µm and ED between 30 and 60µm; 

and pre-acinar with ED between 60 and 100µm, to assess effects on different size of vessels2. 

Tissue preparation for immunohistochemistry included deparaffinization, endogenous blockage of 



peroxidase (0.5% H2O2 in methanol) and protein blockage. For α-SMA no heat retrieval was required. 

Further the slides were incubated with mouse anti-human monoclonal anti-SMA (1:200; M0851; 

DakoCytomation, Glostrup, Denmark; 120 min), or with mouse anti-human monoclonal anti-vascular 

endothelial growth factor (VEGF) (1:50; sc-7269, Santa Cruz Biotechnology, Santa Cruz, CA; 60 min), or 

with mouse anti-human monoclonal anti-Flk-1 (1:50; sc-6521, Santa Cruz Biotechnology; 30 min). 

Secondary antibody consisted of goat anti-mouse peroxidase (1:100, DakoCytomation) plus normal rabbit 

serum (1:25 DakoCytomation) for SMA stained slides. The slides stained for VEGF and Flk-1, instead, 

were incubated with peroxidase-conjugated EnVisionTM + reagent (K4001, DakoCytomation). After 

rinsing, all the slides were incubated with 3,3-diaminobenzidine (DAB; D-5637; Sigma-Aldrich, Diegem, 

Belgium; 12 min), rinsed, counterstained with hematoxylin, dehydrated and mounted. Negative controls 

for specificity were obtained by the omission of the primary antibody.  

Muscularization of pulmonary vessels with ED ≤100 µm was determined as previously described2. The 

percentage of muscularized vessels in the three different categories mentioned earlier (ED >60µm, 30 to 

60µm and <30µm) was calculated. 

Density of Flk-1 positive cells and immunoreactivity for VEGF in lung parenchyma were determined 

with ImageJ software (1.48v, Wayne Rasband, National Institutes of Health, USA). For each slide, twenty 

non-overlapping 400x fields not including vessels were randomly selected for quantification. The digital 

color images were segmented (color deconvolution plug in) and further binarized in order to measure the 

percentage of the area stained in brown. The results were expressed as percentages of brown-stained area 

per field. For Flk-1 immunoreactivity of the vascular cells, semi-quantitative analysis was performed 

using a visual scale ranging from 0 to 4 as previously reported3.  

All microscopic examinations were done using an Axioplan light microscope (Carl Zeiss, Oberkochen, 

Germany) at 200x or 400x magnification. Measurements were done using two special oculars, one with a 

grid and the other one with a ruler.  

 

3. µCT acquisition and reconstruction parameters 

Immediately after maternal sacrifice, fetuses were delivered, prevented from breathing by putting a glove 

fingertip over their head and deeply anesthetized with 200 µL of intraperitoneal ketamin. A thoracotomy 



was rapidly performed and fetuses were injected with heparinized saline (1 U heparin/mL saline) into the 

right ventricle. The left atrium was cut to flush blood from the vessels. The right ventricle was then 

perfused with 4% paraformaldehyde and finally with a 30% barium-2% gelatin mixture at 100cm H2O 

for 3–4 min until filling of vessels with barium was seen uniformly over the surface of the lung4. The 

lungs were harvested en bloc after gelatin solidification and scanned using a µCT SkyScan 1076 

(software version 3.2, Bruker µCT N.V., Kontich, Belgium). Images were acquired with the following 

parameters: 50 kVp X-ray source voltage in combination with a composite X-ray filter of 0.5 mm 

aluminum, 200 mA current, 1000 msec camera exposure time per projection, 3 projections per view, 2 cm 

field of view covering the lungs, acquiring projections with 0.6° increments over a total angle of 180°, 

yielding reconstructed 3D datasets with 18 µm³ isotropic voxel size. Total scanning time was 

approximately 20 min per lung. Tomograms were then reconstructed with NRecon software (version 

1.6.1.3, SkyScan). Reconstruction parameters were: smoothing ‘‘2’’, beam-hardening correction ‘‘31%’’; 

post-alignment and ring artifact correction optimally set for each individual scan. 

4. Fetal echocardiography 

Maternal general anesthesia was maintained with 2% isoflurane, which does not impact cardiac function 

in smaller species5. After maternal laparotomy, a single gestational sac at the time was exteriorized, to 

minimize exposure and prevent excessive traction on uteroplacental vessels. The ultrasound examinations 

were performed by two examiners (FMR and JJ) familiar with fetal echocardiography and blinded to 

treatment assignment, after demonstration of low inter-observer variability (data not shown). 

M-mode echocardiography indices were recorded at the level of the lateral four-chamber-view; offline 

measurements of cardiac structure were then performed as previously described6, including the internal 

ventricular and septal diameters and ventricular wall thickness during systole and diastole. Flow velocity 

waveforms were measured at the level of the main pulmonary artery midway between the pulmonary 

valve and bifurcation of the right and left main branches7. Differentiation between the pulmonary artery 

and the ductus arteriosus was performed by their waveforms7. All measurements were performed with an 

angle of insonation within 15 degrees, and with the fetus at rest without gross movement or breathing. 

Three consecutive measurements were taken, and the individual result reported as the average of these 

three measurements. Doppler flow waveforms were calculated offline, and included peak systolic 



velocity, pulsatility index (PI), and acceleration time/ejection time (AT/ET). PI was defined as (peak 

systolic velocity-end diastolic velocity)/mean velocity. AT was defined as a period from the onset to the 

peak of the rapid “spike” blood flow. ET was measured from the onset of the rapid “spike” to the onset of 

the brief reverse blood flow. The AT/ET ratio was calculated to eliminate the influence of heart rate8. 

5. Measurements of ventilatory mechanics  

The pups were anesthetized with im ketamine (35 mg/kg) and xylazine (6 mg/kg). An 18-gauge metal 

blunt needle was inserted in the trachea and connected to the FlexiVent set at 120 breaths/min9. During 

ventilation, neonatal rabbits were monitored for heartbeat, thoracic expansion as well as skin color. The 

following parameters were assessed using the pressure-volume perturbation: total lung capacity, static 

compliance and static elastance. All measurements were performed until three consistent values were 

obtained, with a coefficient of determination of >0.95 as the limit to accept the measurement. The average 

of three measurements was calculated and used in the results. All measurements were performed within a 

time frame of 15 min, after which the pups were euthanized by intracardiac injection of 0.1mL T61. 

  



Supplemental Table 1: Behavioral assessment score 

PAIN 

abnormal 

movements 

none (2) 

twitching (1) 

arching/flinching (0) 

body 

balance 

none (2) 

staggering (1) 

falling (0) 

abdomen 

pressing 

no (1) 

yes (0) 

LOCOMOTION  

normal (2) 

intermediate (1) 

pathological (0) 

POSTURAL 

ADJUSTEMENT 
 

major (2) 

slow (1) 

minor (0) 

ALERT  
yes (1) 

no (0) 

BODY 

MOVEMENTS 

total body 
yes (1) 

no (0) 

Head 
yes (1) 

no (0) 

Paw 
yes (1) 

no (0) 

DRINKING  

normal (2) 

intermediate (1) 

pathological (0) 

EATING  

normal (2) 

intermediate (1) 

pathological (0) 

GNAWING  
yes (1) 

no (0) 

POSTURE  

normal up (2) 

normal lying (1) 

pathological (0) 

EAR 

POSITION 
 

rise (2) 

middle (1) 

flat (0) 

EYE 

STATUS 
 

open (2) 

intermediate (1) 

closed (0) 

ACTIVITY  

active (2) 

intermediate (1) 

pathological (0) 

 

  



Supplemental table 2: Overview of outcome measures and statistical tests. 

Outcome measure Normally distributed (y/n) Statistical test 

Weight change percentage Y T-test 

Heart rate change percentage Y T-test 

Mean fetal loss rate Y T-test 

Fetal body weight Y T-test 

Behavioral scores Y Repeated measures ANOVA 

Lung to body weight ratio Y One way ANOVA 

Mean terminal bronchiolar density Y One way ANOVA 

Proportionate medial thickness (all vessels 

with ED <100µm) 

Y One way ANOVA 

Proportionate medial thickness (vessels with 

ED <60µm) 

Y One way ANOVA 

Proportionate medial thickness (vessels with 

ED 60-100µm) 

Y One way ANOVA 

Proportionate adventitial thickness (all 

vessels with ED <100µm) 

Y One way ANOVA 

Proportionate medial thickness (vessels with 

ED <60µm) 

Y One way ANOVA 

Proportionate medial thickness (vessels with 

ED 60-100µm) 

N Wilcoxon rank-sum 

Percentage of muscularized vessels (all 

vessels with ED <100µm) 

Y One way ANOVA 

Percentage of muscularized vessels (vessels 

with ED <60µm) 

Y One way ANOVA 

Percentage of muscularized vessels (vessels 

with ED 60-100µm) 

Y One way ANOVA 

Percentage of area stained for VEGF Y One way ANOVA 

Percentage of area stained for VEGF Y One way ANOVA 

Vessel volume/Total volume ratio Y One way ANOVA 

Percentage of vessels >4th generation (total 

lungs and ipsilateral lung) 

Y One way ANOVA 

Acceleration time/Ejection time ratio Y One way ANOVA 

Total lung capacity Y One way ANOVA 

Static compliance Y One way ANOVA 

Static elastance Y One way ANOVA 

 

ED: external diameter; Y: yes; N: no. 

  



SUPPLEMENTAL FIGURES 

 

Supplemental Figure 1: Gross anatomy. A: mean fetal body weight (FBW); B: mean lung-to-body weight 

ratio (LBWR). Large horizontal bars in the middle indicate mean, error bars indicate standard deviation. 

Significant post-hoc corrected p-values are reported above comparisons: a=p<0.001. 

 

 

  



 

Supplemental Figure 2: Vascular parameters in subgroups of vessels according to external diameter (ED). 

A: proportionate media thickness (%MT); B: proportionate adventitia thickness (%AT); C: percentage of 

smooth muscle actin (SMA)-positive vessels. Large horizontal bars in the middle indicate the mean, error 



bars indicate standard deviation (A, B with ED<60µm, C); B with ED>60µm: Large horizontal bar in the 

middle indicates the median, error bars indicate interquartile range. Significant post-hoc corrected p-values 

are reported above comparisons: a=p<0.001.–b=p 0.028, c=p 0.033, d= p 0.002. 

 

Supplemental Figure 3: Immunoreactivity for VEGF (A) and Flk-1 (B) in peripheral vessels wall for the 

four study groups. Large horizontal bars in the middle indicate mean, error bars indicate standard deviation. 
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