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Vagus nerve stimulation attenuates multiorgan dysfunction in resuscitated porcine progressive sepsis

Materials and Methods

Animal handling was in accordance with the European Directive for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (86/609/EU). The experiments were approved by the Committee for Experiments on Animals of the Charles University Faculty of Medicine in Pilsen and by the Ministry of Education, Youth and Sports of the Czech Republic (protocol No. MSMT-24725/2014-5). All experiments were performed in the Laboratory of Experimental Intensive Care Medicine of the Biomedical Center at the Faculty of Medicine in Pilsen. 25 domestic pigs of both sexes (18 barrows, 7 sows) and of similar weight (44.5 ± 5.7 kg) were randomly divided into 3 groups: 1) sepsis group (8 pigs); 2) sepsis + vagus nerve stimulation group (9 pigs) and 3) control sham group (8 pigs).

Anesthesia and Instrumentation

Anesthesia and instrumentation protocols were similar to those previously described (Jarkovska et al. 2016, Jarkovska et al. 2018). In short, anesthesia was induced with i. m. tiletamine (2.2 mg/kg), zolazepam (2.2 mg/kg) and xylazine (2.2 mg/kg) together with i.v. propofol 2% (1-2 mg/kg) and maintained with continuous i. v. propofol (1-4 mg/kg/h) and fentanyl (5-10 µg/kg/h). Animals were mechanically ventilated: FiO2 0.3, PEEP 8 cmH2O, tidal volume 10 ml/kg, ventilator settings for mechanical ventilation were adjusted to maintain arterial pCO2 between 4 -5 kPa; inspiratory(I)/expiratory(E) ratio of 1:1.5, peak airway pressure < 40 cmH2O, and modified to I/E ratio of 1:1, if the ratio arterial O2 partial pressure (PaO2)/FiO2 <300 mmHg; if PaO2/FiO2 < 200mmHg, PEEP was titrated according to FiO2 (FiO2 0.4 – PEEP 8, FiO2 0.5 – PEEP 8, FiO2 0.6 – PEEP 10, FiO2 0.7 – PEEP 12, FiO2 0.8 – PEEP 14, FiO2 0.9 – PEEP 14, and FiO2 1.0 – PEEP 14 cmH2O).
Muscle paralysis was achieved with i.v. rocuronium (4 mg for induction, 0.2-0.4 mg/kg/h for maintenance). Ringerfundin solution (B. Braun Melsungen AG, Melsungen, Germany) was infused as maintenance fluid (7 ml/kg/h) and normoglycemia (arterial blood glucose level 4.5-7mmol/L) was maintained using 10% glucose infusion (1-4 ml/kg/h).

All pigs were instrumented with femoral artery catheter, triple lumen central venous catheter and pulmonary artery catheter for hemodynamic monitoring and blood sampling. Silicone drains into Morison and Douglas anatomical spaces were used for fecal inoculation.

Experimental protocol

Experimental protocols were identical to those previously described (Jarkovska et al. 2016, Jarkovska et al. 2018). In short, peritonitis was induced by inoculating 1 g/kg of autologous feces (cultivated for 10 hours in 100 ml isotonic saline at 37°C) into the abdominal cavity. In addition to continuous crystalloid solution infusion, fluid boluses (10 ml/kg of Ringerfundin) were administered to maintain cardiac output and mean arterial pressure in a goal-directed fashion. Continuous i.v. norepinephrine was administered if mean arterial pressure (MAP) fell below 65 mmHg despite fluid administration and titrated to maintain MAP above 70 mmHg. In total, the experiments lasted 34 hours (4 hours for surgical instrumentation, 6 hours of recovery and 24 hours after induction of peritonitis). In the group of vagus nerve stimulation the cervical portion of the left vagus nerve was exposed and attached to the bipolar stimulation electrode (Harvard Apparatus, Holliston, Massachusetts, USA). The stimulation was started 6 hours after induction of peritonitis and continued until the end of experiment. The vagus nerve was stimulated by rectangular impulses (frequency 2 Hz, amplitude 5 mA, duration 2 ms) using a constant current stimulus isolator with integrated pulse generator (Isostim A320, WPI, Sarasota, Florida, USA). The stimulation settings correspond to usual settings used in earlier studies. To verify efficacy of vagus nerve stimulation setting in our experiments, after attachment of the stimulation electrode to the vagus nerve the stimulation frequency was gradually raised (from 2 Hz usually up to 10 Hz) until a clear negative chronotropic effect was demonstrated. Then the stimulation frequency was set to 2 Hz and continued throughout the experiment. At the end of experiment the animals were euthanized by anesthetic overdose and excision of the heart.

Measurements

Systemic and pulmonary hemodynamics and electrocardiogram (lead II) were measured as described previously (Jarkovska et al. 2016, Jarkovska et al. 2018). The modified SOFA score was determined according to the Third international consensus definitions for sepsis and septic shock (Singer et al. 2016) with exclusion of the Glasgow coma scale-based neurologic component. Acute kidney injury (AKI) was defined according to the AKIN criteria as an increase of more than 26.5 μmol/L in serum creatinine from baseline (Mehta et al. 2007). The plasma levels of cytokines TNF-α, IL-6, IL-8, and IL-10 were determined with immunoassays in arterial blood. Arterial 8-Isoprostane levels were determined using immunoassay.
Action potentials and isometric contractions in right ventricle trabeculae were recorded as described previously (Stengl et al. 2010). In short, action potentials were recorded with high-resistance (>20 MΩ) glass microelectrodes at several stimulation frequencies and simultaneously, isometric contractions were recorded using an isometric force transducer (F30, Hugo Sachs, March-Hugstetten, Germany). All action potential and contraction parameters were measured in 5 beats, averaged, and the mean values were used for further analyses and comparisons.

Cardiac myocytes were isolated from left ventricle by enzymatic dissociation (collagenase A from Sigma-Aldrich, St. Luis, MO, USA) as previously reported (Stengl et al. 2010). Sarcomeric contractions and calcium transients of isolated cardiac myocytes were measured with Ionoptix HyperSwitch Myocyte Calcium and Contractility System (IonOptix LLC, Westwood, USA), with the Sarclen sarcomere length acquisition module. Cells were loaded with Fura-2 (Molecular Probes, Invitrogen, USA). For stock solution Fura-2-am powder was dissolved in DMSO (Sigma-Aldrich) to reach final concentration of 1 mmol/L. Cells were incubated for 20 minutes in normal calcium Tyrode solution with 2 μmol/L Fura-2-am and then repeatedly washed with normal calcium Tyrode solution. Measurements were performed in normal Tyrode solution at 37°C±0.5°C. Cells were stimulated with field stimulator (MyoPacer Field Stimulator, IonOptix LLC, Westwood, USA) at cycle lengths of 300, 500, 1000, and 2000 ms. For offline analysis of sarcomeric contractions and calcium transients the IonWizard 6.5 software (IonOptix LLC, Westwood, USA) was used.

Cardiac mitochondrial function was assessed using high-resolution respirometry (oxygraph Oroboros; Oroboros Instruments, Innsbruck, Austria). Samples of left ventricular myocardium (1.5 – 2.0 mg) were permeabilized by saponin in BIOPS solution, washed with respiration medium (MIR05) and placed into oxygraph chambers with MiR06 medium (containing catalase) equilibrated with the air. Mitochondrial oxygen consumption was measured at 37°C after rising oxygen concentration to 400 – 500 µmol/L by titration of H2O2 (200 mmol/L). In titration protocol, different substrates and inhibitors of mitochondrial respiratory system were sequentially added into the chambers to determine following respiratory states: Nonphosphorylating LEAK state (L, oxygen consumption needed for electron transport compensating for proton leak across the inner mitochondrial membrane) was induced by addition of substrates providing electrons to Complex I – glutamate (10 mmol/L), malate (2 mmol/L), and pyruvate (5 mmol/L), OXPHOS I (active phosphorylating respiration induced by 5 mmol/L ADP), OXPHOS Ic (the degree of cell membrane permeabilization verified with cytochrome c 10 µmol/L), OXPHOS I+II (mitochondrial respiration increased by succinate, Complex II substrate, 10 mmol/L), OXPHOS II (reflecting activity of Complex II, induced by inhibition of Complex I by rotenone, 0.5 µmol/L), ROX (residual oxygen consumption after complex III inhibition by antimycin A, 2.5 µmol/L), Complex IV activity (respirometric assay for cytochrome c oxidase activity by simultaneous injection of N,N,N',N'-tetramethyl-p-phenylenediamine dihydrochloride, TMPD, 0.5 mmol/L, and ascorbate, 2 mmol/L).

The oxygen consumption was analyzed on-line by DatLab software (Oroboros Instruments, Innsbruck, Austria) as negative time derivative of oxygen concentration in chamber, expressed in pmol O2/(s∙mg tissue wet weight) and corrected to ROX.

EDTA-treated blood samples for flow cytometry were collected at the start and at the end of experiment. 100 μl of EDTA treated blood was stained (15 min in dark) with a cocktail of the following anti-CD specific antibodies (5 μl/each antibody): anti-CD14 conjugated with APC (cat. n. 130-091-243, Milteney Biotec, Bergisch Galdbach, Germany) and SLA II-DR conjugated with FITC (cat. n. MCA2314, AbdSerotec, Oxford, Great Britain). Afterwards, samples were lysed by BD FACS Lysing Solution (Becton Dickinson, San Jose, USA) to separate leukocytes and contaminating erythrocytes. Obtained leukocytes were washed by PBS, pelleted (300xg, 10 min) and re-suspended in 300 μl of PBS followed by measurement. The measurement was performed by the BD FACS Aria Fusion cell analyzer (Becton Dickinson). One million events were acquired and the post-acquisition analysis of data was performed using FlowJo software (Becton Dickinson). The gating strategy was singlet subpopulation followed by CD14pos and CD14pos/SLA DRpos subpopulations identification.

Solutions and drugs

The composition of the Tyrode solution was following (in mmol/L): NaCl 137, KCl 4.5, MgCl2 1, CaCl2 2, glucose 10, HEPES 5, pH was adjusted to 7.4 with NaOH. BIOPS solution was composed of CaK2EGTA 2.77, K2EGTA 7.23, Na2ATP 5.77, MgCl2·6H2O 6.56, taurine 20, Na2Phosphocreatine 15, imidazole 20, dithiothreitol 0.5 and MES hydrate 50, pH adjusted to 7.1. MiR06 respiration medium contained EGTA 0.5, MgCl2·6H2O 3, K-lactobionate 60, taurine 20, KH2PO4 10, HEPES 20, sucrose 110, fatty acid free bovine serum albumin 1 g/L, and catalase 280U/mL at pH 7.0. The composition of the assay medium for determination of citrate synthase activity was 5,5-dithio-bis-(2-nitrobenzoic) acid 0.1, oxaloacetate 0.5, acetyl coenzyme A 0.31, triethanolamine hydrochloride 5, Tris-HCl 100, and 5 μmo/L EDTA, Triton-X 0.25 %, pH adjusted to 8.1). All chemicals were from Sigma-Aldrich.

Statistical analysis

Results are presented as median (interquartile range, range). With regard to small group sizes and to low power of normality tests for small sample sizes statistical comparisons were made using non-parametric statistics: Kruskal-Wallis ANOVA test with Dunn’s posthoc test (multiple groups) and Mann-Whitney test (two groups) for comparisons of independent samples; paired sample Wilcoxon signed rank test for comparisons of dependent samples.

The analysis was performed using software Origin 2017 (OriginLab Corp., Northampton, MA, USA). Values of p < 0.05 were considered significant.
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