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MATERIALS AND METHODS
Mouse model of ventilator-induced lung injury

The present study was approved by the Subcommittee on Research Animal Care, i.e., the Institutional Animal Care and Use Committee (Subcommittee on Research Animal Care of the Massachusetts General Hospital, Boston, Massachusetts), and conforms to the revised Guide for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council, Washington. Seven to 8 week-old male C57BL/6 mice (body weight: 23.3 ± 1.0 g) were obtained from Jackson Laboratories (Bar Harbor, ME). Animals were anesthetized with an intraperitoneal injection of ketamine (120 mg/kg) and fentanyl (0.125 mg/kg). Body temperature was maintained at 37°C with a heating pad. After surgical tracheostomy, mice were connected to a rodent ventilator (Inspira, Harvard Apparatus, Boston, MA) and ventilated in a volume-controlled mode at a tidal volume (VT) of 10 ml/kg, respiratory rate of 90 breaths/min, positive end-exspiratory pressure of 2 cmH2O, and FiO2 0.4 for 1 h (baseline ventilation). An intraperitoneal bolus dose of pancuronium (4 mg/kg) was given to prevent asynchrony of spontaneous inspirations with mechanical inflations by the ventilator. Immediately after the tracheostomy and the initiation of ventilation, a polyethylene catheter (PE10, ID 0.28mm, Becton Dickinson, Sparks, MD) was inserted in the right or left carotid artery for blood pressure monitoring, fluid and anesthesia administration, and blood sampling. A solution containing 80% Ringers lactate (Baxter, Deerfield, IL), 20% of Dextrose 5% (B. Braun Medical Inc., Irvine, CA), ketamine 1.2 mg/ml, fentanyl 0.25 μg/ml, and pancuronium 0.01 mg/ml was infused via a syringe pump (Kent Scientific, Torrington, CT). The infusion rate was set at 40 ml∙kg-1∙h-1 for 40 min, to permit hemodynamic stabilization (systolic blood pressure > 90 mmHg), and subsequently reduced to a maintenance dose of 15 ml∙kg-1∙h-1. In preliminary experiments blood glucose concentrations at the end of the experiment were within a normal range (100-140 mg/dL).

One hour after the initiation of baseline mechanical ventilation, VT was increased to 40 ml/kg and positive end-exspiratory pressure was lowered to 1 cmH2O in order to induce high stretch mechanical ventilation with a high tidal volume (HVT). In addition, respiratory rate was reduced to 60 breaths/min and 3.5% of CO2 were added to the inhaled gas (40% oxygen concentration) to prevent respiratory alkalosis. Mice were ventilated for a maximum duration of 240 min of HVT ventilation.
Experimental groups

After 30 minutes of baseline ventilation, that is 30 min before the onset of HVT ventilation, mice were treated with either inhaled H2S or intravascular Na2S as follows.
Hydrogen sulfide (H2S) gas (Hydrogen Sulfide 100 ppm, balance nitrogen, MedTechGases, Medford, MA) was added continuously to the inhaled gas mixture (40% oxygen) at a concentration of 1, 5, or 60 ppm (n = 6 each). Inhaled H2S concentrations were measured by a side-stream sampling pump (ISP, Industrial Scientific, Oakland, PA) and multi-gas monitor (ITX, Industrial Scientific) in the source gas inlet of the ventilator. The inspired oxygen concentration was kept constant at 40% after adding H2S. In controls (n = 6), no H2S was added.

Alternatively mice received a single intra-arterial bolus injection of either sodium sulfide (Na2S, Sodium sulfide nonahydrate, Sigma-Aldrich, St. Louis, MO; 0.55 mg/kg in 5.5 ml vehicle/kg bw, n = 8) or vehicle alone (Dulbecco’s phosphate buffered saline, DPBS, Sigma-Aldrich; 5.5 ml/kg bw, n = 8). Na2S was dissolved in DPBS and adjusted to pH 7.4 by addition of HCl, to yield a final concentration of 112 mg/L.

The dose of Na2S that was infused is based on the known pharmacokinetic bioequivalence between infused Na2S and inhaled H2S gas in rodents. Wintner et al. have established that a dose of 2 mg/kg bw of Na2S administered over 2 h is equivalent to the inhalation of 30 ppm H2S over 2 h 1. We calculate that the corresponding molar dose of inhaled H2S (81 nmol/g bw, based on an assumed tidal volume of 8 ml/kg, physiologic (total) dead space of 30%, and respiratory rate of 90/min) is 10 times higher than the corresponding dose of infused Na2S (8.3 nmol/g bw). In our study, mice breathing 1 ppm H2S for 30 min during baseline ventilation and an additional 4 h of HVT ventilation were administered 25 nmol H2S /g bw. A bioequivalent dose of infused Na2S should therefore be approximately 1/10 of that dose ((2.5 nmol/g). Consequently, we tested the protective effect of administering 0.55 mg Na2S/kg, this equals 2.3 nmol/g bw.
In order to study healthy control mice without the effect of HVT, an additional group (n = 4) of mice received anesthesia, tracheostomy, and pancuronium as described above. After five minutes of baseline ventilation (i.e., approximately 3 min after muscle relaxation), respiratory mechanics were measured by recording a pressure-volume curve subsequent to alveolar recruitment. Immediately thereafter, arterial blood was collected, animals were sacrificed, and lungs were harvested as in all other groups (see Terminal procedures).

Evaluation of respiratory mechanics

Peak inspiratory airway pressure and inspiratory tidal volume were measured continuously using a pneumotach (Hans Rudolph Inc., Shawnee, KS) and a data acquisition system (PONEMAH Physiology Platform, Data Sciences International, St Paul, MN). An alveolar recruitment maneuver was performed every 30 min during baseline and at hourly intervals during HVT ventilation. Recruitment was initiated by an inspiratory sigh breath of 40 ml/kg administered by the ventilator after occlusion of the expiratory limb distal from the Y piece. Subsequently, airway pressure was maintained at 30 cmH2O for 30 s before it was released to the respective positive end-exspiratory pressure level by opening the expiratory limb. Once positive end-exspiratory pressure was reached, an inspiratory pressure-volume curve of the respiratory system was obtained by slow inflation of air into the lungs at a rate of 0.1 ml/s via a syringe pump (Kent Scientific) to a pressure of 30 cmH2O. Immediately thereafter, mice were ventilated for 30 s. Then, a second inspiratory sigh breath with 30-s inspiratory hold was applied, before continuous mechanical ventilation was reinstated. The inspiratory capacity was calculated from the pressure-volume curve recorded after 1 h of baseline ventilation, and was defined as the inflated volume needed to increase airway pressure from 1 to 25 cmH2O during slow inflation of 0.1 ml/s. The inflated volume in subsequent measurements was expressed as a percentage of the inspiratory capacity determined during the initial baseline measurement. The compliance of the respiratory system was calculated by relating the inflated volume to the respective airway pressure increase (respiratory system compliance = volume/ Δ pressure [μL/cmH2O]).

Terminal procedures

Mice were sacrificed during HVT ventilation when mean arterial pressure fell below 60 mmHg for more than 5 min or when a total of 240 min of HVT ventilation had elapsed. The termination of the experiment was performed as follows: First, a final recruitment maneuver was performed and a pressure-volume curve recorded. Two minutes thereafter, 100 μl of arterial blood were sampled from the carotid catheter into a heparinized syringe (Portex®, Smiths Medical ASD, Inc., Keene, NH) to measure arterial gas tensions of oxygen and carbon dioxide immediately by a standard blood gas analyzer (ABL800 Flex, Radiometer, Brønshøj, Denmark). Subsequently, a lethal dose of pentobarbital was infused (500 mg/kg). Finally, bronchoalveolar lavage was performed, and the lungs were collected for further analysis.

Broncho-alveolar lavage fluid (BALF) and tissue collection

At the end of the experiment 2 aliquots (30 ml/kg each) of DPBS (Dulbecco’s phosphate buffered saline, Sigma-Aldrich) were instilled into the lungs and withdrawn slowly. In control mice not subjected to HVT ventilation, BALF was performed after the pressure-volume curve was obtained. The recovered fluid was centrifuged at 3,000 rpm (4oC) for 5 min. The supernatant from the first sample was stored at -80oC for further analysis, and pellets from both samples were combined and resuspended in DPBS to count the cells. Subsequently, lungs were removed, snap-frozen in liquid nitrogen, and stored at -80oC for further analysis. For histological evaluation of lungs not subjected to BAL, lungs were perfused (90 s) and then inflated (90 s) with 1% paraformaldehyde at a pulmonary artery and transpulmonary pressure of 120 and 25 cmH2O, respectively.

Evaluation of protein, Il-6 and leukocyte concentrations in BALF

Protein concentration in BALF was measured with the Bradford protein assay (Sigma) to determine pulmonary edema formation. Lung inflammation was determined by measurement of interleukin-6 (IL-6 ELISA, R&D Systems, Minneapolis, MN) and leukocyte concentrations in BALF. Leukocyte concentrations were obtained with a hemocytometer.

Pulmonary histology

Paraffin-embedded 6-μm lung sections were stained with hematoxylin and eosin to determine histopathological changes or were used for immunohistochemistry to quantify pulmonary neutrophil infiltration. After deparaffinization, rehydration, inhibition of endogenous peroxidase with 3% hydrogen peroxide, and antigen unmasking (H-3300, Vector Lab, Inc., Burlingame, CA), tissue sections were incubated overnight at 4°Celsius with a mouse monoclonal anti-neutrophil antibody (1:500; CL8993 AP, Cedarlane Laboratories, Burlington, Canada), washed and incubated for 30 min at room temperature with a biotinylated anti-rat IgG antibody (1:200; Vector Lab, Inc.). The immunohistochemical reaction was visualized by incubation with 0.05% DAB (SK-4100, Vetor Lab, Inc.) containing 0.01% H2O2 in 50 mM Tris. Each section was divided into 4 different regions (top, bottom, right, left) and the number of neutrophils was counted in 4 random high power fields within each of these 4 regions and expressed as an average per section.

Quantification of pulmonary mRNA levels

Measurement of the messenger RNA (mRNA) levels of the chemoattractant CXCL-2, of the leukocyte adhesion molecules CD11b and L-Selectin, and of the Nrf2-dependent antioxidant genes NQO1, GPX2, and GST-A4 was performed in RNA isolated from lungs that were homogenized using TRIZOL reagent (Invitrogen, Carlsbad, CA). Complementary DNA was synthesized using MMLV-RT (Invitrogen). CXCL-2, CD11b, L-Selectin, NQO1, GPX2, GST-A4 and 18S ribosomal RNA levels were measured by means of real-time polymerase chain reaction using a Realplex2 system (Eppendorf, Hamburg, Germany) and primers for CXCL-2 (5’- CCAACCACCAGGCTACAGG -3’, 5’- GCGTCACACTCAAGCTCTG -3’), CD11b (5’- ATGGACGCTGATGGCAATACC -3’, 5’-TCCCCATTCACGTCTCCCA -3’), L-Selectin (5’- TACATTGCCCAAAAGCCCTTAT -3’, 5’- CATCGTTCCATTTCCCAGAGTC -3’), NQO1 (5’- AGGATGGGAGGTACTCGAATC -3’, 5’- AGGCGTCCTTCCTTATATGCTA -3’), GPX2 (5’- GCCTCAAGTATGTCCGACCTG -3’, 5’- GGAGAACGGGTCATCATAAGGG -3’), GST-A4 (5’- TGATTGCCGTGGCTCCATTTA -3’, 5’- CAA CGAGAAAAGCCTCTCCGT -3’) and 18S rRNA (5'-CGGCTAC CACATCCAAGGAA-3', 5'-GCTGGAATTACCGCGGCT-3'). The relative threshold cycle method was used to normalize gene expression to the levels of 18S ribosomal RNA and to calculate changes in relative gene expression.
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