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Vagus Nerve Stimulation Improves Mitochondrial Dysfunction in Post–cardiac Arrest Syndrome in the Asphyxial Cardiac Arrest Model in Rats
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Cerebral mitochondrial dysfunction during post–cardiac arrest syndrome (PCAS) remains unclear, resulting in a lack of therapeutic options that protect against cerebral ischemia–reperfusion injury. We aimed to assess mitochondrial dysfunction in the hippocampus after cardiac arrest and whether vagus nerve stimulation (VNS) can improve mitochondrial dysfunction and neurological outcomes. In an asphyxial cardiac arrest model, male Sprague–Dawley rats were assigned to the vagus nerve isolation (CA) or VNS (CA + VNS) group. Cardiopulmonary resuscitation was performed 450 s after pulseless electrical activity. After the return of spontaneous circulation (ROSC), left cervical VNS was performed for 3 h in the CA + VNS group. Mitochondrial respiratory function was evaluated using high-resolution respirometry of the hippocampal tissue. The neurologic deficit score (NDS) and overall performance category (OPC) were assessed at 24, 48, and 72 h after resuscitation. The leak respiration and oxidative phosphorylation capacity of complex I (OXPHOS CI) at 6 h after ROSC were significantly higher in the CA + VNS group than in the CA group (p = 0.0308 and 0.0401, respectively). Compared with the trends of NDS and OPC in the CA group, the trends of those in the CA + VNS group were significantly different, thus suggesting a favorable neurological outcome in the CA + VNS group (p = 0.0087 and 0.0064 between times × groups interaction, respectively). VNS ameliorated mitochondrial dysfunction after ROSC and improved neurological outcomes in an asphyxial cardiac arrest rat model.
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INTRODUCTION

Restoration of cerebral function is the key factor in the successful resuscitation of patients with out-of-hospital cardiac arrest (Laver et al., 2004; Nolan et al., 2008). Although return of spontaneous circulation (ROSC) is achieved in a proportion of patients with cardiac arrest, more than 90% of these patients experience severe neurological injury (Grasner et al., 2016; Kim et al., 2018; Myat et al., 2018). Several mechanisms have been suggested to explain post–resuscitation cerebral injury and the therapeutic targets (Stub et al., 2011; Sekhon et al., 2017). However, a majority of therapies that target the amelioration of cerebral injury in post–cardiac arrest syndrome (PCAS) have proven unsuccessful, and targeted temperature management remains the only effective treatment (Nolan et al., 2008; Choudhary et al., 2021; Perkins et al., 2021; Sandroni et al., 2021).

Resuscitation results in reperfusion of ischemic tissues, recovery of aerobic metabolism, and organ perfusion; consequently, ischemia–reperfusion injury is inevitable (Madathil et al., 2016). Although mitochondria are known to be key determinants of ischemia–reperfusion injury, cerebral mitochondrial dysfunction during the post–resuscitation period following cardiac arrest is not well understood (Wiberg et al., 2020). Furthermore, most of our understanding of mitochondrial function and energy metabolism is derived from the myocardium (Yeh et al., 2009; Fang et al., 2012) and focal cerebral ischemia models (Li et al., 2012; Madathil et al., 2016). A previous preclinical study in the swine cardiac arrest model reported decreased mitochondrial respiratory coupling and calcium retention capacity with increased reactive oxygen species (ROS) production in the brain (Matsuura et al., 2017). The study also suggested that the current approach of cardiopulmonary resuscitation (CPR) has limited effect on the restoration of the mitochondrial function in the brain; therefore, there is a demand for urgent and novel therapeutic strategies for the restoration of mitochondrial function (Choudhary et al., 2021).

Vagus nerve stimulation (VNS) has been used to treat refractory partial epileptic seizures and treatment-resistant depression (Gonzalez et al., 2019; Lv et al., 2019). VNS has also been proposed to exert anti-inflammatory effects not only in clinical studies but also in preclinical studies on sepsis and stroke (Borovikova et al., 2000; Ay et al., 2016). In a previous study in a rat model of asphyxial cardiac arrest, VNS accelerated the recovery of cerebral blood flow during the post–cardiac arrest period and improved ischemic hippocampal neuronal damage and functional neurological outcomes (Sun et al., 2018; Kim et al., 2019). Furthermore, VNS has been suggested to exert protective effects against mitochondrial dysfunction in the myocardium (Samniang et al., 2016). However, the effects of VNS on cerebral mitochondrial function, particularly during cardiac arrest, have not been fully evaluated.

Therefore, the aim of this study was to investigate the effects of VNS on mitochondrial respiration in an asphyxial cardiac arrest rat model. We hypothesized that VNS could mitigate cerebral mitochondrial dysfunction and exert therapeutic effects to protect against post–resuscitation cerebral injury.



MATERIALS AND METHODS

This study was approved by the Institutional Animal Care and Use Committee of the Seoul National University Bundang Hospital (protocol No. BA 1803-243/022-01).


Experimental Design

A schematic of the experimental protocol is presented in Figure 1. The experiments required two sets of brain harvests for high-resolution respirometry and an evaluation of neurological outcomes.
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FIGURE 1. Schematics of the experimental protocol.




Animal Preparation

Male 9-week-old Sprague–Dawley rats weighing 290–320 g were used in this study. The animals were housed in a controlled environment with unrestricted access to food and water before the experiments. They were anesthetized with an intramuscular injection of tiletamine/zolazepam (30 mg/kg; Zoletil, Virbac, France) and xylazine (10 mg/kg, Rompun, Bayer, Germany) and intubated with a 16-gauge catheter (Becton, Dickinson and Company, Franklin Lakes, NJ, United States), which was connected to a ventilator (Harvard rodent ventilator Model 645, Harvard Apparatus, Holliston, MA, United States). The ventilator was set to 2.0 mL of tidal volume with a respiratory rate of 45 breaths per minute. The minute ventilation was adjusted to achieve partial pressure of CO2 (PaCO2) of 35–40 mmHg on arterial blood gas analysis (ABGA). Body temperature was monitored with a rectal probe and was maintained at 36.5°C–37.5°C using an infrared heater. Under aseptic conditions, a 24-gauge catheter (Introcan, B. Braun, Germany) was surgically introduced into the left femoral artery on the left inguinal site to monitor the blood pressure and obtain blood samples for ABGA. Resuscitative drugs were administered via the left femoral arterial catheter. ABGA was performed before inducing asphyxial cardiac arrest and after weaning from the mechanical ventilator.



Cardiac Arrest and Resuscitation

To induce asphyxial cardiac arrest, vecuronium (0.2 mg/kg) was injected to paralyze respiration. After the discontinuation of mechanical ventilation, the heart rate (HR) and mean arterial pressure (MAP) increased initially, followed by progressive bradycardia and hypotension. Circulatory arrest was defined by the onset of MAP under 20 mmHg and maintained for 450 s. Following our previously established model (Lee et al., 2013; Kim et al., 2019), cardiac arrest was achieved in less than 120 s of asphyxia. Therefore, if the induction time of cardiac arrest was longer than 120 s, animals were excluded to control the duration of hypoxia. CPR was performed after 450 s of circulatory arrest. It included restarting mechanical ventilation (tidal volume, 2.5 mL; fraction of inspired oxygen (FiO2), 1.0; respiratory rate, 55/min), administering epinephrine (0.01 mg/kg) and bicarbonate (1.0 mEq/kg), and continuous external chest compressions at a rate of 200 compressions per minute using a mechanical thumper (custom-made device, compressed air-driven, rate 200 cycles/min) until spontaneous pulse was detected on the arterial blood pressure monitor and the mean arterial blood pressure exceeded 50 mmHg. Immediately after the ROSC, the animals were randomized into two groups: the vagus nerve isolation group (CA, n = 28) and the VNS group (CA + VNS, n = 26).

In the post-resuscitative period, body temperature usually decreased with injection of drugs during the resuscitation period was maintained at 36.5°C–37.5°C using an infrared heater to the extent possible. In the experimental set of brain harvest, additional intramuscular anesthesia was provided to maintain until predefined time of harvest. In the experimental set of neurological outcome assessment, additional anesthesia was not provided and weaning from ventilator was performed after spontaneous respiration was recovered. Adequate spontaneous ventilation, defined as no decrease of mean arterial pressure for 5 min with PaO2 > 60 mmHg on room air, was assessed after disconnection of mechanical ventilator. Extubation of the endotracheal tube was then performed and the rats were returned to the cages for neurological observation for 72 h. During the neurological observation period, fluid (5% Dextrose in saline, 50 mL/kg) was subcutaneously administered every 24 h for nutritional support and analgesia (Ketoprofen, 5 mg/kg) was subcutaneously provided if signs of pain were observed.



Vagus Nerve Stimulation

To stimulate the vagus nerve, the left cervical vagus nerve (VN) was isolated. A 1-cm incision was made 0.5 cm to the left of the midline of the neck. After retracting the muscles, the left carotid artery was exposed, and the left VN was meticulously dissected from the carotid sheath. VN was stimulated using 1-mA pulses of 10-ms duration at 1 Hz for 3 h after ROSC (Model 2100 isolated pulse stimulator, A-M Systems, Sequim, WA, United States) (Kim et al., 2019). Nerve stimulation was performed with a platinum electrode (Plexiglas-platinum electrode, 73-0336, Harvard Apparatus, Holliston, MA, United States), which offers the advantage of stable electrical delivery and protection from the surrounding fluid. A wet gauze of an appropriate level without water leakage was applied to the VNS isolation site to maintain a moist environment, and the wetness level was repeatedly estimated to determine when the gauze should be replaced. In the vagus nerve isolation group (CA), VNS isolation and placement of electrode without stimulation was performed.



Tissue Preparation

At 3 h (CA_3 h, n = 8; CA + VNS_3 h, n = 8) and 6 h (CA_6 h, n = 8; CA + VNS_6 h, n = 7) after ROSC, additional intramuscular anesthesia was provided, and euthanasia was achieved with exsanguination using a femoral arterial catheter in 1 min to prevent tissue swelling. After confirmation of death, a thoracotomy and clamping of the descending aorta were conducted. Then, perfusion with DPBS at 4°C using a 20-gauge needle through the left ventricle was performed, and the brain was harvested. The sham group (Sham, n = 9) was used to identify the baseline variables of mitochondrial respiration. In the sham group, intubation and femoral artery catheterization were performed, and before asphyxia modeling, euthanasia as described above was achieved for brain harvest. The hippocampus was carefully isolated from the harvested brain tissue and suspended in buffer X with an ice pack. The right hippocampal tissue was dissected with a microblade, and 10 mg of tissue was transferred into 200 μL of assay buffer (50 mL of buffer Z + 0.1 M EGTA + 0.313 g creatine) and homogenized (Perry et al., 2011).



Measurements of Mitochondrial Respiration

To measure mitochondrial oxygen consumption, high-resolution respirometry was performed (Supplementary Figure 1) (O2k, OROBOROS INSTRUMENT, Innsbruck, Austria) (Gnaiger et al., 2000; Burtscher et al., 2015). The resulting homogenates of hippocampal tissue were diluted and transferred into chambers of calibrated Oxygraph-2K. Oxygen polarography was performed under controlled temperature (37 ± 0.001°C) using electronic Peltier regulation. Oxygen concentration (CO2, μM) and oxygen flux per tissue mass (pmol O2/s*mg) were measured in real time using specialized software (DatLab, OROBOROS INSTRUMENT). According to the current substrate-uncoupler-inhibitor titration (SUIT) protocol, non-phosphorylating leak respiration was induced by adding the CI-linked substrate glutamate (5 mM, G5889, Sigma-Aldrich, St. Louis, MO, United States), malate (2 mM, G7397, Sigma-Aldrich), and pyruvate (5 mM, P2256, Sigma-Aldrich). The oxidative phosphorylation capacity of complex I (OXPHOS C I) activity was measured after adding a saturating concentration of adenosine 5’-diphosphate (ADP) (5 mM, ADP sodium salt, Sigma-Aldrich A2754). OXPHOS capacity combined with CI and II (OXPHOS CI + II) was estimated by adding succinate (10 mM, sodium succinate dibasic hexahydrate, Sigma-Aldrich S2378). Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (0.5 mM, Sigma-Aldrich C2920) triggers proton leakage over the inner mitochondrial membrane. The capacity of the electron transfer system (ETS), which is the non-coupled state at the optimum uncoupler concentration of the maximum oxygen consumption, was measured. Inhibition of CI by rotenone (1 μM, Rotenone, Sigma-Aldrich R8875) was used to measure OXPHOS CII-linked ETS capacity. To control for other oxygen-consuming processes, ETS was inhibited using malonate (5 mM, malonic acid, Sigma-Aldrich M1296) and antimycin (1 μM/mL, antimycin A from Streptomyces sp., Sigma-Aldrich A8674). The consequent residual oxygen consumption (ROX) represents oxygen consumption from undefined sources and was subtracted from the mitochondrial respiratory states.



Assessment of Neurological Outcomes

Neurological outcomes were evaluated in the CA (n = 12) and CA + VNS groups (n = 11) at 24, 48, and 72 h after ROSC using the neurological deficit scale (NDS) (0–80; normal = 80; brain death = 0) and overall performance category (OPC) (1 = normal; 2 = slight disability; 3 = severe disability; 4 = comatose; 5 = dead) (Jia et al., 2008; Lee et al., 2013). The scores were measured independently by two researchers blinded to the allocation of the experimental groups, and any discrepancy between their measurements was reviewed by the authors.



Statistical Analysis

Normality tests were performed using the Kolmogorov–Smirnov test. Variables are presented as mean ± standard deviation (S.D.) or median (Interquartile range), as appropriate. Analysis of variance (ANOVA) with Bonferroni’s post hoc multiple comparisons were utilized to compare the variables in the respirometry at each defined period (3 h and 6 h) with the variables in sham. Two-way repeated-measures ANOVA (RM ANOVA) with Bonferroni’s post hoc multiple comparisons were used to compare the trends and variables in repeated measurement of neurological outcomes. Due to missing variables, mixed-effects model with Bonferroni’s post hoc multiple comparisons were utilized to compare trends and variables in repeated measurements of hemodynamic variables. Statistical significance was set at p < 0.05. Statistical analyses were performed using Prism 9.0 (GraphPad Software Inc., San Diego, CA, United States).




RESULTS


Baseline Characteristics of the Animals

The baseline characteristics of the two groups (CA vs. CA + VNS) demonstrated no significant differences in body weight, pre-ABGA and post-ABGA values, serum lactate levels, or total ischemia time between the induction of cardiac arrest and ROSC (Table 1). Trends in the mean arterial pressure over the observation period were not significantly different between the two groups (Supplementary Figure 2A; p < 0.0001 between times, p = 0.0701 between groups, p = 0.9914 between times × groups; mixed-effects model). Trends in heart rate over the observation period were significantly different between the two groups (Supplementary Figure 2B; p < 0.0001 between times, p = 0.6053 between groups, p = 0.0234 between times × groups; mixed-effects model). From 90 to 150 min after ROSC, the heart rate tended to decrease in the CA + VNS group compared with that in the CA group, which coincides with the VNS period (Supplementary Figures 2B–D); however, the difference in heart rate during the VNS period was not statistically significant (Supplementary Table 1).


TABLE 1. Comparison of hemodynamic and blood gas analysis variables.
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High-Resolution Respirometry

Three hours after ROSC, no significant differences in leak respiration were observed between the sham, CA, and CA + VNS groups (Figure 2A). Complex I respiration (OXPHOS CI), Complex I + II respiration (OXPHOS CI + II), and ETS tended to increase at 3 h after ROSC; however, the difference was not statistically significant (Figures 2B–D). OXPHOS CI and ETS in the CA + VNS group were significantly higher than those in the sham group (p = 0.0080 and p = 0.0089, respectively) (Figures 2B,D).
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FIGURE 2. Comparisons of mitochondrial respiration at 3 h and 6 h after ROSC. (A) Leak, (B) OXPHOS CI, (C) OXHPOS CI + II, and (D) ETS in the sham group (n = 9), CA_3 h group (n = 8), and CA + VNS_3 h group (n = 8). (E) Leak, (F) OXPHOS CI, (G) OXHPOS CI + II, and (H) ETS in the sham group, CA_6 h group (n = 8), and CA + VNS_6 h group (n = 7). Data are presented as the mean ± standard deviation. One-way ANOVA with Bonferroni’s post hoc multiple comparisons test was performed (*P < 0.05; **P < 0.01; ns, not significant); CA, cardiac arrest; ETS, electron transfer system; OXPHOS, oxidative phosphorylation capacity; VNS, vagal nerve stimulation.


Six hours after ROSC, leak respiration was significantly lower in the CA group than in the sham model (Figure 2E) (Sham vs. CA_6 h, p = 0.0291) and was restored in the CA + VNS group, which was significantly different from that in the CA group (CA_6 h vs. CA + VNS_6 h, p = 0.0308). Complex I respiration (OXPHOS CI) tended to decrease at 6 h after ROSC, while a significant increase was identified in the CA + VNS group (Figure 2F, CA_6 h vs. CA + VNS_6 h, p = 0.0401). Complex I + II respiration and ETS capacity tended to decrease at 6 h after ROSC and slightly increased in the CA + VNS group at 6 h after ROSC; however, there was no statistically significant difference (Figures 2G,H).



Neurological Outcomes

The trends in NDS after ROSC were significantly different between the CA and CA + VNS groups (Figure 3A; p < 0.0001 between times, p = 0.0300 between groups, p = 0.0087 between times × groups; two-way RM ANOVA). NDS at 48 h and 72 h after ROSC were significantly higher in the CA + VNS group than in the CA group (p = 0.0221 and p = 0.0131, respectively; Bonferroni’s post hoc multiple comparisons test). Similarly, the trends in OPC after ROSC were significantly different between the CA and CA + VNS groups (Figure 3B; p < 0.0001 between times, p = 0.0271 between groups, p = 0.0064 between times × groups; two-way RM ANOVA). OPC at 48 h and 72 h after ROSC were significantly lower in the CA + VNS group than in the CA group (p = 0.0221 and p = 0.0210, respectively; Bonferroni’s post hoc multiple comparisons test), thus suggesting favorable neurological outcomes in the CA + VNS group.
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FIGURE 3. Comparisons of neurological outcomes at 0, 24, 48, and 72 h after ROSC. (A) NDS in the CA (n = 12) and CA + VNS (n = 11) groups at 0, 24, 48, and 72 h after ROSC. p < 0.0001 between times, p = 0.0300 between groups, p = 0.0087 between times × groups; two-way RM ANOVA. (B) OPC (OPC; 1, normal; 2, slight disability; 3, severe disability; 4, comatose; 5, dead) in the CA (n = 12) and CA + VNS (n = 11) groups at 0, 24, 48, and 72 h after ROSC. p < 0.0001 between times, p = 0.0271 between groups, p = 0.0064 between times × groups; two-way RM ANOVA. Data are presented as the mean ± standard deviation. Only p-values < 0.05 are depicted in the graph and indicate the statistical comparisons of both groups at the marked time (Bonferroni’s post hoc multiple comparisons test). NDS, neurologic deficit score; OPC, overall performance category; ROSC, return of spontaneous circulation; VNS, vagal nerve stimulation; CA, cardiac arrest.





DISCUSSION

In this study, using the asphyxial cardiac arrest model of rats, we identified that VNS might reduce cerebral injury by improving the mitochondrial dysfunction induced by ischemia–reperfusion injury. At 6 h after ROSC, leak respiration was significantly decreased, and CI, CI + II, and ETS were tended to decrease without statistical significance, which were all reversed by VNS. Although the increases in CI + II and ETS were not statistically significant, leak and CI respiration in the CA + VNS group significantly increased at 6 h after ROSC compared to the CA group. Additionally, VNS improved the functional neurological outcomes at 48 and 72 h after ROSC, as measured using NDS and OPC.

Previous preclinical cardiac arrest models in rats and pigs have revealed the decreased CI and CII function in the mitochondria of hippocampus (Yang et al., 2018; Lautz et al., 2019; Marquez et al., 2020). Although the global brain ischemia with reperfusion model was utilized, another study demonstrated CI suppression in mitochondria in the hippocampus and cortex during ischemia (Chomova et al., 2012; Borutaite et al., 2013). A previous study of an 8-min cardiac arrest mouse model with 60 min of reperfusion found decreased CI function but normal CII function in heart mitochondria, which suggests that CI is a more vulnerable site than CII in myocardium (Han et al., 2008). In contrast, a previous clinical study that investigated skeletal muscle biopsy in patients with out-of-hospital cardiac arrest identified significantly lower CI + II and ETS than in age-matched healthy controls, while CI showed no difference in muscle (Wiberg et al., 2020). The discrepancy in types of major complex dysfunction in mitochondria might originate from differences in modeling method and type of species, but the major difference appears to be the difference in target tissues. Mitochondrial diversity, including in the number, volume density, and gene expression profile, has been reported between tissues (Bugger et al., 2009; Kim et al., 2016). Additionally, several studies investigating the mitochondria have reported conflicting results between different tissues (heart vs. brain) for the same subject (Matsuura et al., 2017; Ji et al., 2021). As brain injury is the most devastating complication during PCAS that brings the main cause of mortality and long-term disability in survivors of cardiac arrest, investigation of mitochondrial dysfunction in cardiac arrest should be prioritized in brain (Sekhon et al., 2017; Perkins et al., 2021; Sandroni et al., 2021).

Surprisingly, at 3 h after ROSC, CI and CI + II respiration and ETS were rather increased in the CA and CA + VNS groups compared to the sham group. In addition, every increase in CI, CI + II, and ETS at 3 h was followed by a decrease at 6 h after ROSC. It can be assumed that mitochondrial dysfunction in PCAS represents delayed features. Consistent with our study, a previous study of global brain ischemia–reperfusion injury identified a slight increase in CI activity 1 h after reperfusion compared to controls (Chomova et al., 2012). Although the tissues were different, previous experimental studies on cardiac arrest have also identified that the activity of complex I-III was relatively unaffected and remained or rather than control levels until 30 min after ROSC (Han et al., 2008). In both global and focal brain ischemia models, the initial decline in mitochondrial respiration fully recovers during the first hour of reperfusion, but then delayed suppression of mitochondrial respiratory capacity is observed after 2–4 h of reperfusion, which supports our findings (Sims et al., 1998; Sims and Anderson, 2002). This deterioration might be attributed to the degradation or inactivation of the pyruvate dehydrogenase complex (Zaidan and Sims, 1993, 1997; Borutaite et al., 2013).

Several studies have demonstrated that VNS reduces mitochondrial dysfunction in ischemia–reperfusion injury by exerting antioxidant, anti-apoptotic, and anti-inflammatory effects (Jiang et al., 2015; Chunchai et al., 2016; Lai et al., 2019). While most studies have focused on mitochondrial dysfunction in myocardial ischemia–reperfusion injury, the present study focused on the brain, specifically the hippocampus, where most ischemia–reperfusion injury is generated during cardiac arrest with devastating sequelae in these patients (Sekhon et al., 2017). A possible mechanism of improvement in mitochondrial dysfunction in PCAS following VNS might be explained by the rapid recovery of cerebral blood flow. As demonstrated in our previous study, the no-reflow phenomenon, characterized by hypoperfusion following cerebral hyperemia, resolved with VNS treatment (Kim et al., 2019).

The current study, which implemented the VNS treatment immediately after ROSC for 3 h, highlights the technical feasibility of VNS in patients with ROSC after cardiac arrest. The approval of VNS by the United States of American Food and Drug Administration (FDA) as a treatment for patients with intractable focal seizures and its worldwide applications are some of its strengths (Johnson and Wilson, 2018; Yang and Phi, 2019; Yap et al., 2020).

This study has several limitations. First, the possible mechanisms of the restoration of mitochondrial dysfunction in the VNS group were not fully elucidated. Further detailed studies investigating the mechanisms of VNS on mitochondrial dysfunction, including the pyruvate dehydrogenase complex, are required. Second, mitochondrial dysfunction in the hippocampus was investigated, while neurological scores reflective of the cerebral cortex were evaluated. Cerebral injury in PCAS is a global injury in which the degree of injury in the various regions is similar and usually depends on ischemia time (Perkins et al., 2021; Sandroni et al., 2021). Due to the severity of our model, there was a limitation for the maze test, as motor function may unintentionally affect the outcome of spatial memory function. In addition, a previous study evaluated the mitochondrial dysfunction of similar CI activities in the hippocampus and cortex that assumes comparable injury in both sites (Chomova et al., 2012). Third, direct observation of nerve signal propagation or long-term stimulation effects, including the refractory period, were unidentifiable. However, the resulting decrease in heart rate in CA + VNS group was identified, which represents stimulation of the vagus nerve, and the VNS setting presented in this study (1-mA pulses of 10-ms duration at 1 Hz for 3 h) is usually an acceptable condition in both preclinical and clinical studies (Yap et al., 2020). Fourth, although body temperature was controlled with infrared heater to the extent possible, injection of drugs during the resuscitation period decreased the body temperature right after the ROSC period which might act as neuroprotective effect. Moreover, the brain temperature was unidentifiable due to the limitations of experimental setup. However, as both CA and CA + VNS group has been treated equally with identical protocol, we believe that the results of this study are still valid. Fifth, only male participants were included in our study. Although there are no differences in the prognosis of CA between men and women, further VNS studies in women might be needed.



CONCLUSION

VNS improved mitochondrial dysfunction and neurological outcomes at 48 and 72 h during PCAS in a rat model of asphyxial cardiac arrest. Further study investigating the mechanisms of VNS on mitochondrial dysfunction in the brain, including the hippocampus, in cardiac arrest and the consequent neurological outcome must be conducted.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of the Seoul National University Bundang Hospital.



AUTHOR CONTRIBUTIONS

JL and YJ designed the study and prepared the protocol. SHK, IP, SeK, D-HJ, and JL carried out experiments. SHK, IP, and JL drafted and revised the manuscript. All authors participated in the interpretation of data, read, and approved the final manuscript.



FUNDING

This study was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea Government (MSIT) (NRF-2020R1A2C1007022).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.762007/full#supplementary-material



REFERENCES

Ay, I., Nasser, R., Simon, B., and Ay, H. (2016). Transcutaneous Cervical Vagus Nerve Stimulation Ameliorates Acute Ischemic Injury in Rats. Brain Stimul. 9, 166–173. doi: 10.1016/j.brs.2015.11.008

Borovikova, L. V., Ivanova, S., Zhang, M., Yang, H., Botchkina, G. I., Watkins, L. R., et al. (2000). Vagus nerve stimulation attenuates the systemic inflammatory response to endotoxin. Nature 405, 458–462. doi: 10.1038/35013070

Borutaite, V., Toleikis, A., and Brown, G. C. (2013). In the eye of the storm: mitochondrial damage during heart and brain ischaemia. FEBS J. 280, 4999–5014. doi: 10.1111/febs.12353

Bugger, H., Chen, D., Riehle, C., Soto, J., Theobald, H. A., Hu, X. X., et al. (2009). Tissue-specific remodeling of the mitochondrial proteome in type 1 diabetic akita mice. Diabetes 58, 1986–1997. doi: 10.2337/db09-0259

Burtscher, J., Zangrandi, L., Schwarzer, C., and Gnaiger, E. (2015). Differences in mitochondrial function in homogenated samples from healthy and epileptic specific brain tissues revealed by high-resolution respirometry. Mitochondrion 25, 104–112. doi: 10.1016/j.mito.2015.10.007

Chomova, M., Tatarkova, Z., Dobrota, D., and Racay, P. (2012). Ischemia-induced inhibition of mitochondrial complex I in rat brain: effect of permeabilization method and electron acceptor. Neurochem. Res. 37, 965–976. doi: 10.1007/s11064-011-0689-6

Choudhary, R. C., Shoaib, M., Sohnen, S., Rolston, D. M., Jafari, D., Miyara, S. J., et al. (2021). Pharmacological Approach for Neuroprotection After Cardiac Arrest-A Narrative Review of Current Therapies and Future Neuroprotective Cocktail. Front. Med. 8:636651. doi: 10.3389/fmed.2021.636651

Chunchai, T., Samniang, B., Sripetchwandee, J., Pintana, H., and Pongkan, W. (2016). Vagus Nerve Stimulation Exerts the Neuroprotective Effects in Obese-Insulin Resistant Rats. Sci. Rep. 6:26866. doi: 10.1038/srep26866

Fang, X., Huang, Z., Zhu, J., Jiang, L., Li, H., Fu, Y., et al. (2012). Ultrastructural evidence of mitochondrial abnormalities in postresuscitation myocardial dysfunction. Resuscitation 83, 386–394. doi: 10.1016/j.resuscitation.2011.08.007

Gnaiger, E., Mendez, G., and Hand, S. C. (2000). High phosphorylation efficiency and depression of uncoupled respiration in mitochondria under hypoxia. Proc. Natl. Acad. Sci. U. S. A. 97, 11080–11085. doi: 10.1073/pnas.97.20.11080

Gonzalez, H. F. J., Yengo-Kahn, A., and Englot, D. J. (2019). Vagus Nerve Stimulation for the Treatment of Epilepsy. Neurosurg. Clin. N. Am. 30, 219–230.

Grasner, J. T., Lefering, R., Koster, R. W., Masterson, S., Bottiger, B. W., and Herlitz, J. (2016). EuReCa ONE-27 Nations, ONE Europe, ONE Registry: a prospective one month analysis of out-of-hospital cardiac arrest outcomes in 27 countries in Europe. Resuscitation 105, 188–195.

Han, F., Da, T., Riobo, N. A., and Becker, L. B. (2008). Early mitochondrial dysfunction in electron transfer activity and reactive oxygen species generation after cardiac arrest. Crit. Care Med. 36, S447–S453. doi: 10.1097/ccm.0b013e31818a8a51

Ji, X., Bradley, J. L., Zheng, G., Ge, W., Xu, J., and Hu, J. (2021). Cerebral and myocardial mitochondrial injury differ in a rat model of cardiac arrest and cardiopulmonary resuscitation. Biomed. Pharmacother. 140:111743. doi: 10.1016/j.biopha.2021.111743

Jia, X., Koenig, M. A., Shin, H. C., Zhen, G., Pardo, C. A., Hanley, D. F., et al. (2008). Improving neurological outcomes post-cardiac arrest in a rat model: immediate hypothermia and quantitative EEG monitoring. Resuscitation 76, 431–442. doi: 10.1016/j.resuscitation.2007.08.014

Jiang, Y., Li, L., Tan, X., Liu, B., Zhang, Y., and Li, C. (2015). miR-210 mediates vagus nerve stimulation-induced antioxidant stress and anti-apoptosis reactions following cerebral ischemia/reperfusion injury in rats. J. Neurochem. 134, 173–181. doi: 10.1111/jnc.13097

Johnson, R. L., and Wilson, C. G. (2018). A review of vagus nerve stimulation as a therapeutic intervention. J. Inflamm. Res. 11, 203–213. doi: 10.2147/JIR.S163248

Kim, B., Park, I., Lee, J. H., Kim, S., Lee, M. J., and Jo, Y. H. (2019). Effect of Electrical Vagus Nerve Stimulation on Cerebral Blood Flow and Neurological Outcome in Asphyxial Cardiac Arrest Model of Rats. Neurocrit. Care 30, 572–580. doi: 10.1007/s12028-018-0640-7

Kim, J., Villarroel, J. P., Zhang, W., Yin, T., Shinozaki, K., Hong, A., et al. (2016). The Responses of Tissues from the Brain, Heart, Kidney, and Liver to Resuscitation following Prolonged Cardiac Arrest by Examining Mitochondrial Respiration in Rats. Oxid. Med. Cell Longev. 2016:7463407. doi: 10.1155/2016/7463407

Kim, J. Y., Hwang, S. O., Shin, S. D., Yang, H. J., Chung, S. P., and Lee, S. W. (2018). Korean Cardiac Arrest Research Consortium (KoCARC): rationale, development, and implementation. Clin. Exp. Emerg. Med. 5, 165–176. doi: 10.15441/ceem.17.259

Lai, Y., Deng, J., Wang, M., Wang, M., Zhou, L., Meng, G., et al. (2019). Vagus nerve stimulation protects against acute liver injury induced by renal ischemia reperfusion via antioxidant stress and anti-inflammation. Biomed. Pharmacother. 117:109062. doi: 10.1016/j.biopha.2019.109062

Lautz, A. J., Morgan, R. W., Karlsson, M., Mavroudis, C. D., Ko, T. S., and Licht, D. J. (2019). Hemodynamic-Directed Cardiopulmonary Resuscitation Improves Neurologic Outcomes and Mitochondrial Function in the Heart and Brain. Crit. Care Med. 47, e241–e249. doi: 10.1097/CCM.0000000000003620

Laver, S., Farrow, C., Turner, D., and Nolan, J. (2004). Mode of death after admission to an intensive care unit following cardiac arrest. Intensive Care Med. 30, 2126–2128.

Lee, J. H., Kim, K., Jo, Y. H., Lee, S. H., Kang, C., Kim, J., et al. (2013). Effect of valproic acid on survival and neurologic outcomes in an asphyxial cardiac arrest model of rats. Resuscitation 84, 1443–1449. doi: 10.1016/j.resuscitation.2013.04.027

Li, J., Ma, X., Yu, W., Lou, Z., Mu, D., Wang, Y., et al. (2012). Reperfusion promotes mitochondrial dysfunction following focal cerebral ischemia in rats. PLoS One 7:e46498. doi: 10.1371/journal.pone.0046498

Lv, H., Zhao, Y. H., Chen, J. G., Wang, D. Y., and Chen, H. (2019). Vagus Nerve Stimulation for Depression: a Systematic Review. Front. Psychol. 10:64. doi: 10.3389/fpsyg.2019.00064

Madathil, R. J., Hira, R. S., Stoeckl, M., Sterz, F., Elrod, J. B., and Nichol, G. (2016). Ischemia reperfusion injury as a modifiable therapeutic target for cardioprotection or neuroprotection in patients undergoing cardiopulmonary resuscitation. Resuscitation 105, 85–91. doi: 10.1016/j.resuscitation.2016.04.009

Marquez, A. M., Morgan, R. W., Ko, T., Landis, W. P., Hefti, M. M., and Mavroudis, C. D. (2020). Oxygen Exposure During Cardiopulmonary Resuscitation Is Associated With Cerebral Oxidative Injury in a Randomized. J. Am. Heart Assoc. 9:e015032.

Matsuura, T. R., Bartos, J. A., Tsangaris, A., Shekar, K. C., Olson, M. D., and Riess, M. L. (2017). Early Effects of Prolonged Cardiac Arrest and Ischemic Postconditioning during Cardiopulmonary Resuscitation on Cardiac and Brain Mitochondrial Function in Pigs. Resuscitation 116, 8–15. doi: 10.1016/j.resuscitation.2017.03.033

Myat, A., Song, K. J., and Rea, T. (2018). Out-of-hospital cardiac arrest: current concepts. Lancet 391, 970–979.

Nolan, J. P., Neumar, R. W., Adrie, C., Aibiki, M., Berg, R. A., and Bottiger, B. W. (2008). Post-cardiac arrest syndrome: epidemiology, pathophysiology, treatment, and prognostication. A Scientific Statement from the International Liaison Committee on Resuscitation; the American Heart Association Emergency Cardiovascular Care Committee; the Council on Cardiovascular Surgery and Anesthesia; the Council on Cardiopulmonary, Perioperative, and Critical Care; the Council on Clinical Cardiology; the Council on Stroke. Resuscitation 79, 350–379.

Perkins, G. D., Callaway, C. W., Haywood, K., Neumar, R. W., Lilja, G., and Rowland, M. J. (2021). Brain injury after cardiac arrest. Lancet 398, 1269–1278.

Perry, C. G., Kane, D. A., Lin, C. T., Kozy, R., Cathey, B. L., and Lark, D. S. (2011). Inhibiting myosin-ATPase reveals a dynamic range of mitochondrial respiratory control in skeletal muscle. Biochem. J. 437, 215–222. doi: 10.1042/BJ20110366

Samniang, B., Shinlapawittayatorn, K., Chunchai, T., Pongkan, W., Kumfu, S., and Chattipakorn, S. C. (2016). Vagus Nerve Stimulation Improves Cardiac Function by Preventing Mitochondrial Dysfunction in Obese-Insulin Resistant Rats. Sci. Rep. 6:19749. doi: 10.1038/srep19749

Sandroni, C., Cronberg, T., and Sekhon, M. (2021). Brain injury after cardiac arrest: pathophysiology, treatment, and prognosis. Intensive Care Med. 47, 1393–1414. doi: 10.1007/s00134-021-06548-2

Sekhon, M. S., Ainslie, P. N., and Griesdale, D. E. (2017). Clinical pathophysiology of hypoxic ischemic brain injury after cardiac arrest: a “two-hit” model. Crit. Care 21:90. doi: 10.1186/s13054-017-1670-9

Sims, N. R., and Anderson, M. F. (2002). Mitochondrial contributions to tissue damage in stroke. Neurochem. Int. 40, 511–526. doi: 10.1016/s0197-0186(01)00122-x

Sims, N. R., Williams, V. K., Zaidan, E., and Powell, J. A. (1998). The antioxidant defences of brain mitochondria during short-term forebrain ischemia and recirculation in the rat. Brain Res. Mol. Brain Res. 60, 141–149. doi: 10.1016/s0169-328x(98)00172-7

Stub, D., Bernard, S., Duffy, S. J., and Kaye, D. M. (2011). Post cardiac arrest syndrome: a review of therapeutic strategies. Circulation 123, 1428–1435. doi: 10.1161/CIRCULATIONAHA.110.988725

Sun, P., Wang, J., Zhao, S., Yang, Z., Tang, Z., Ravindra, N., et al. (2018). Improved Outcomes of Cardiopulmonary Resuscitation in Rats Treated With Vagus Nerve Stimulation and Its Potential Mechanism. Shock 49, 698–703. doi: 10.1097/SHK.0000000000000962

Wiberg, S., Stride, N., Bro-Jeppesen, J., Holmberg, M. J., Kjaergaard, J., Larsen, S., et al. (2020). Mitochondrial dysfunction in adults after out-of-hospital cardiac arrest. Eur. Heart J. Acute Cardiovasc. Care 9, S138–S144. doi: 10.1177/2048872618814700

Yang, J., and Phi, J. H. (2019). The Present and Future of Vagus Nerve Stimulation. J. Korean Neurosurg. Soc. 62, 344–352.

Yang, L., Wang, J., Deng, Y., Gong, C., Li, Q., Chen, Q., et al. (2018). Melatonin improves neurological outcomes and preserves hippocampal mitochondrial function in a rat model of cardiac arrest. PLoS One 13:e0207098. doi: 10.1371/journal.pone.0207098

Yap, J. Y. Y., Keatch, C., Lambert, E., Woods, W., Stoddart, P. R., and Kameneva, T. (2020). Critical Review of Transcutaneous Vagus Nerve Stimulation: challenges for Translation to Clinical Practice. Front. Neurosci. 14:284. doi: 10.3389/fnins.2020.00284

Yeh, S. T., Lee, H. L., Aune, S. E., Chen, C. L., Chen, Y. R., and Angelos, M. G. (2009). Preservation of mitochondrial function with cardiopulmonary resuscitation in prolonged cardiac arrest in rats. J. Mol. Cell. Cardiol. 47, 789–797. doi: 10.1016/j.yjmcc.2009.09.003

Zaidan, E., and Sims, N. R. (1993). Selective reductions in the activity of the pyruvate dehydrogenase complex in mitochondria isolated from brain subregions following forebrain ischemia in rats. J. Cereb. Blood Flow Metab. 13, 98–104. doi: 10.1038/jcbfm.1993.12

Zaidan, E., and Sims, N. R. (1997). Reduced activity of the pyruvate dehydrogenase complex but not cytochrome c oxidase is associated with neuronal loss in the striatum following short-term forebrain ischemia. Brain Res. 772, 23–28.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kim, Park, Lee, Kim, Jang and Jo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-16-762007-g002.jpg
C OXPHOS CI+lI ETS

OXPHOS CI

Leak

ns

kXK

ns

kX

ns

ns

ns

ns

ns

ns

| ns

N ATA_.LA i Now,
c L A\AX
=i TIT n — Qm../ va
o
.+¢mTz;u - &
()
%
| 1 1 1 1
o (=] o (=] (=] o
(=] (=] (=] (=) (=)
m 0 ({=] < N
Bw,s/jowd
.|.+fnT|+A - o
: *,
e x
= - i &w./ V.U
S
[ ] ( ]
T?'_|.T. %
$
| | 1
o o o o
o o o
({=] < N
Bw,s/jowd
i | TAIT < - vmc./
%
= - = - Axv
- wno/ 9
%
220 LI 2
)
%
| 1 1
o o o o
(=] o o
o < N
Bw,s/jowd
..Afux|+f|x;AA - e
%,
— | | = XV‘
— = e o &
%
. ooo oo B &0
%
| 1 1 | |
o o o (=] o o
m o0 ({=] < N

Bbw,s/jowd

OXPHOS Ci OXPHOS CI+lI ETS

Leak

ns

ns

ns

— e T|x+||ﬂ+A o,
ot
| | | | - @xv
-_ L - w@/ ®)
2 %
[ ] ®
T * Td_.Qo.A. " %
%
| 1 1 1 1
(=] o o o o o
(=] o (=] o o
m o0 ({e] < N
Buw,s/jowd
slAT£$TlLA -@w
cC A\AXV‘
.T.l_.|.. T 'S
2 &
(— .%¢0_+A - - 4
%
1 1 |
o o o o
o o o
({=] < N
Buw,s/jowd
< <
I P ) - %
* awvA
2 u Ll o7 *b.
. 9\ »)
@ %
- .T._|u+. %
%
1 1 1
o o (=] o
o (=] o
({=] < N
Bw,s/jowd
— TA.A|A|_|A|T < - NO/
% 6@\
X
IITTI - V@/ VMU
# %
- ooo . B ««\%
%
| 1 1 1 1
o o o o o o
‘OI 0 O < N

Bbuw,s/jowd





OPS/images/fnins-16-762007-g001.jpg
Monitoring of blood pressure & heart rate
Maintain body temperature at 36.5-37 °C

J

Left cervical vagus nerve stimulation

SN NN EEEEEEEEEEEEN ‘IIII

” PEA y '
Asphyxia — CPR ROSC
. 1 I I I 1 | : EEEEEEEEN i I
| | | | | | | | N |
-15 min -3 min -1 min 0 min 7.5 min 3h 6h 24h 48h 72h
4 4 after after after after after
T I 1 ROSC ROSC ROSC ROSC ROSC
A A 4 A A
MAP <20mmHg Spontaneous pulse wave [ { [
. & MAP > 50mmHg Weaning mechanical ventilation
Preparat.lon . Return to cage
& baseline Vecuronium
measurement
Disconnect Chest compression at a rate of 200/min Brain harvest (Hippocampus) Neurological deficit score
mechanical Resume mechanical ventilation (FiO2 1.0) for the high resolution respirometry Overall performance category

ventilator Epinephrine 0.01Tmg/kg
Sodium bicarbonate 1TmEq/kg





OPS/images/fnins-16-762007-g003.jpg
Score

NDS
i ~—I 4
60 - *
40 -
20 -
0 | | | J
0 24 48 2

Hours

Score

4 —

3 -

2 -

OPC

p=

0.0221 p=0.0210

Hours

CA
-2 CA+VNS





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Vagus Nerve Stimulation Improves Mitochondrial Dysfunction in Post–cardiac Arrest Syndrome in the Asphyxial Cardiac Arrest Model in Rats



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design



		Animal Preparation



		Cardiac Arrest and Resuscitation



		Vagus Nerve Stimulation



		Tissue Preparation



		Measurements of Mitochondrial Respiration



		Assessment of Neurological Outcomes



		Statistical Analysis









		RESULTS



		Baseline Characteristics of the Animals



		High-Resolution Respirometry



		Neurological Outcomes









		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Vagus Nerve Stimulation
Improves Mitochondrial
Dysfunction in Post—cardiac
Arrest Syndrome
in the Asphyxial Cardiac Arrest
Model in Rats









OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





OPS/images/fnins-16-762007-t001.jpg
Variables

Body weight
Hemodynamic and blood gas values at baseline
pH

PaCOy, (mmHg)

PaOy (mmHg)

HCO3z™ (mmol/L)
Base excess (mmol/L)
Lactate (mmol/L)

MAP (mmHg)

Heart rate (bpm)

Body temperature (°C)

CA (n = 28)

294.0 [285.0-314.0]

7.38 [7.35-7.40]
36.5 [34.5-44.4]
68.1[58.4-75.2]
22.0[20.6-24.9]

-3.0[-5.5-0.1]
0.9[0.8-1.0]
109.0 [90.0-140.0]

287.0 [258.0-313.5]

37.1[36.9-37.4]

Hemodynamic and blood gas values at ROSC period

ph

PaCO, (mmHg)

PaOz (mmHg)

HCOz~ (mmol/L)
Base excess (mmol/L)
Lactate (mmol/L)

MAP (mmHg)

Heart rate (bpm)

Body temperature (°C)
Post ROSC 1 h period
Body temperature (°C)
Induction time (s)

CPR duration (s)

Total ischemia time (s)

7.30[7.22-7.33]
74.6 [70.1-82.0]
115.9 [92.4-157.9]
35.8 [31.4-40.6]
10.1 [4.8-14.0]
7.4[55-7.9]
112.0 [100.0-131.0]
136.0 [116.0-261.0]
34.5 [34.2-34.9]

36.7 [36.4-37.0]

73.0 [64.0-79.0]

25.0[24.0-29.0]
550.0 [5638.0-556.0]

CA + VNS (n = 26)

304.0 [295.0-313.0]

7.38 [7.34-7.40]
39.5 [35.8-42.2]
73.7 [69.9-80.1]
22.6 [21.3-24.0]
2.4 [-4.1—1.6]

0.9 [0.7-1.1]
110.0 [78.0-128.0]

293.0 [271.3-312.8]

36.6 [36.3-37.2]

7.31 [7.22-7.42]
69.8 [60.1-79.1]
128.7 [107.7-156.3]
37.1 [32.6-42.2]
11.4 [5.0-16.2]
6.6 [5.9-7.9]
101.0 [89.8-119.0]
128.0 [96.0-165.0]
33.6 [33.1-34.9]

36.3 [35.9-36.9]

74.0 [68.0-82.0]

24.0 [22.0-27.0]
552.0 [544.0-556.0]

Variables are presented with median [IQR]. ROSC, return of spontaneous circulation; MAP, mean arterial pressure.

p-value

0.43

0.81
0.62
0.32
0.87
0.95
0.94
0.48
0.48
0.07

0.25
0.22
0.25
0.83
0.62
0.78
0.08
0.13
0.07

0.13
0.41
0.21
0.21





