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In situ experiments 16 

Lung preparation. Using the previously reported method, lungs were isolated from Sprague-Dawley 17 

rats (anesthetized with 1.2 Vol % isoflurane and intraperitoneal injection of 100 mg/kg ketamine and 18 

20 mg/kg xylazinum (rompun)), and perfused with autologous blood (14ml/min) at 37°C (1, 2). 19 

Lungs were constantly inflated through an airway cannula with an airway pressure of 5 cmH2O with a 20 

normocapnic gas mixture of 30% O2, 5% CO2, and 65% N2 under baseline conditions. Pulmonary 21 

artery and left atrial (PLA) pressures were held at 10 and 2 cmH2O, respectively.  22 

Alveolar micropuncture. For intra-alveolar infusions of fluorescent probes and drugs, a single 23 

alveolus was micropunctured. We gave intra-alveolar injections by alveolar micropuncture according 24 

to previously reported methods (1, 3). Each microinfusion was given for 30 minutes to fill three to five 25 

alveoli. Although we did not directly determine injection volume, we expect that each microinjection 26 

delivered ~1 nl (4). We microinjected the solutions gently, and to the extent possible, we determined 27 

that no alveolar distension occurred during microinjection. Fluorophores and agents given by alveolar 28 

microinfusion were: fura 2-AM (10 M), LTG (75 nM), ruthenium red (50 nM), rotenone (1 µM), and 29 

BAPTA-AM (50 µM).  30 

Hypocapnia/hypercapnia induction. Switching the inflation gas to a hypocapnic (30% O2, 0% CO2 31 

and, 70% N2) or hypercapnic (30% O2, 10% CO2 and, 60% N2) mixture altered the pCO2 of the venous 32 

blood to hypocapnic values from 36.8±6.5 to 6.6±2.3 mmHg or to 79.6±3.6 mmHg, respectively. 33 

Blood pO2 was constant throughout (215±34 mmHg). To prevent CO2-diffusion to the ambient air 34 

across the exposed lung surface, we covered the lungs with gas-tight plastic. 35 

Conventional real-time lung imaging. Using an epifluorescence microscope (Axiotech, Zeiss, 36 

Göttingen, Germany) fluorophores were excited by a mercury arc lamp illumination directed through 37 

appropriate interference filters and filter sets (Semrock, Rochester, USA). Fluorophore exposure was 38 

controlled by a filter wheel (Sutter Lambda 10-C, Sutter Instrument Co., USA). The fluorescence 39 

emission was collected using an objective lens (40x water immersion, numerical aperture 0.8, Zeiss, 40 

Germany) and captured with a charge-coupled device camera (Photometrics Coolsnap HQ
2
, USA).  41 
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The micropunctured alveolus was excluded from the imaged field. The microscope objective was 42 

adjusted until the maximum diameter of the alveolus came into focus. The images were then recorded 43 

and subjected to image analysis (MetaFluor; Molecular Device; Downington, PA, USA). We obtained 44 

images at intervals of 10 seconds. In alveoli loaded with more than a single dye, we confirmed the 45 

absence of cross-excitation. 46 

Alveolar [Ca
2+

]cyt  determinations. Our methods for [Ca
2+

]cyt  quantification were previously described 47 

(1, 5). Briefly, we quantified [Ca
2+

]cyt in alveolar epithelial cells by the fura 2 method after alveolar 48 

microinjection of fura 2-AM for 30 min. The alveolus was excited at 340 and 380 nm, and [Ca
2+

]cyt 49 

was determined from the computer-generated 340:380 ratio based on a dissociation constant of 50 

224nmol/l and appropriate calibration parameters (6). The fluorescence emissions at 510nm were 51 

recorded and [Ca
2+

]cyt was calculated from a computer-generated 340:380 emissions ratio.  52 

[Ca
2+

]mito determinations. For [Ca
2+

]mito measurements, alveoli we micropunctured  were loaded with 53 

rhod 2-AM for 15min followed by a Ringer´s flush. Rhod 2 which is Ca
2+

 sensing distributes by 54 

charge to the anionic mitochondrial matrix. Rhod 2 loaded AECs were excited at 545nm and the 55 

fluorescence emissions recorded at 560nm. To improve the specifity of [Ca
2+

]mito measurement 56 

mitochondria were additionally localized by the fluorophore MitoTracker Green (MTG) which binds 57 

specifically to the inner mitochondrial membrane (7). 58 

Alveolar Type II cell exocytosis of surfactant. To determine surfactant secretion in situ, we imaged 59 

single alveolar cells from isolated blood-perfused rat lung through the loss of cell fluorescence of 60 

intraalveolar microinjected LysoTracker Green (LTG)(4). The dye was dissolved in DMSO-HEPES 61 

buffer and was microinjected for 15min.  62 

Measurement of alveolar projected area. To measure the influence of altered surfactant secretion 63 

through hypocapnia ([CO2]iA <10mmHg) on alveolar size, we took light microscopy pictures of the 64 

lung surface with 20x amplification and measured the size of the projected alveolar area by using the 65 

software Metamorph (Molecular Device; Downington, PA, USA). 66 

Experimental protocol. [Ca
2+

]cyt, [Ca
2+

]mito, surfactant secretion, and alveolar projected area were 67 
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measured under normocapnic and hypocapnic conditions. To identify the supposed key role of the 68 

mitochondria, we microinjected ruthenium red into the alveoli, an inhibitor of the Ca
2+

 uniporter at the 69 

mitochondrial membrane, or rotenone, an inhibitor of the respiratory chain, and repeated the 70 

measurement of [Ca
2+

]cyt, surfactant secretion, and alveolar projected area under normocapnic and 71 

hypocapnic conditions in an additional set of experiments. To elucidate the Ca
2+

-dependency of 72 

surfactant secretion, the membrane-permeating Ca
2+

 chelator BAPTA-AM in Ca
2+

-free buffer (150 73 

mmol/l Na
+
, 5 mmol/l K

+
, 1 mmol/l Mg

2+
, and 20 mmol/l HEPES at pH 7.4) was microinjected and 74 

surfactant secretion, and alveolar projected area was determined under normocapnic and hypocapnic 75 

conditions. 76 

In-vivo experiments 77 

Lung preparations. White male New Zealand rabbits were anesthetized by intravenous application of 78 

midazolam (0.1 mg/kg). Fentanyl (5 g/kg) and pancuronium bromide (0.3 mg/kg bw) were 79 

administered for analgesia and muscle relaxation. The surgical preparation and experimental setup 80 

have previously been described in detail (8, 9). Briefly, the animals were tracheotomized, intubated, 81 

and volume-controlled ventilated with an inspiratory oxygen fraction (FiO2) of 0.3 and an expiratory 82 

airway pressure of 2 mmHg (Zeus, Dräger, Lübeck, Germany). A catheter was introduced into the 83 

carotid artery for continuous measurement of arterial blood pressure. To access the surface of the right 84 

lung for intravital microscopy, we partially removed the fourth and fifth ribs, and a transparent 85 

window was implanted instead. 86 

Intravital microscopy. Subpleural alveoli were sequentially visualized under a fluorescence 87 

microscope (Zeiss, Axiotech, Germany) during prolonged inspiration periods of 10 s. For video 88 

recordings a CCD camera (Photometrics Coolsnap HQ
2
, USA) and Metamorph software (Molecular 89 

Device; Downington, PA, USA) were used. 90 

Measurement of alveolar projected area. To measure the influence of altered surfactant secretion 91 

through hypocapnia we took light microscopy pictures of the lung surface with 20x amplification and 92 
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measured the size of the projected alveolar area by using the software Metamorph (Molecular Device; 93 

Downington, PA, USA). 94 

Experimental protocol. The rabbits were randomized into three groups: 1. control without pulmonal 95 

artery ligature (control-group), 2. pulmonal artery ligature (PA-ligature group), 3. pulmonal artery 96 

ligature with inspiratory application of CO2 (therapy-group). The left pulmonal artery was entangled in 97 

each group but ligated only in the PA-ligature- and the therapy-group. Compliance and inspiratory 98 

pressure were measured in each group over a period of 120 minutes by the respirator (Zeus


, Dräger, 99 

Lübeck, Germany). Changes in projected alveolar area were visualized by light microscopy in each 100 

group at baseline and after 120 minutes. At the end of videomicroscopy the animals were sacrificed 101 

and the lungs were lavaged for the measurement of the surfactant protein B and D-fraction by 102 

westernblotting.  103 

Western blot for SP-B and –D detection. For immunoblotting, BAL from rabbits was centrifuged to 104 

remove cells and immunoprecipitation of SP-B and -D proteins was performed according to the 105 

manufacture´s instruction (Millipore, Bilerica, USA). In the supernatant, protein concentrations were 106 

determined using the bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Rockford, IL, 107 

USA) according to the manufacturer’s instructions. 20 µg samples were reduced in sample buffer 108 

(NuPAGE sample buffer, Invitrogen, Darmstadt, Germany) plus reducing agent (NuPAGE sample 109 

reducing agent, Invitrogen) at 95° C for 5 min and run on a 4-12% Bis-Tris polyacrylamide gel 110 

(NuPage, Invitrogen) and transferred to nitrocellulose filters (Invitrogen). The filters were blocked for 111 

1 hour at room temperature in blocking buffer (PBS plus 0.1% Tween 20 containing 5% milk powder) 112 

under agitation. After application to the polyclonal goat SP-B or -D antibodies (each 1:200, Santa 113 

Cruz, Santa Cruz, CA, USA) overnight at 4°C, the filters were exposed to an alkaline phosphatase-114 

conjugated mouse anti-goat IgG (1:500, Santa Cruz) for 1 h at room temperature with agitation. After 115 

washing with buffer (PBS plus 0.1% Tween 20), the filters were developed with 5-bromo-4-chloro-3-116 

indole phosphate-nitroblue tetrazolium (BCIP/NBT) using the BCIP/NBT liquid substrate system 117 

(Sigma-Aldrich, Munich, Germany). For molecular weight standards, we used a BenchMark pre-118 
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stained protein ladder from Invitrogen (Invitrogen). The densitometric analysis was performed using 119 

the software Gene-Tools (Syngene, Cambridge, UK).  120 

 121 
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