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Reassessment of mitochondrial cyclophilin D as a target for improving cardiac arrest outcomes in the era of therapeutic hypothermia
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INTRODUCTION

Cardiac arrest (CA) remains a leading avoidable cause of death in western countries. [START_REF] Okubo | Variation in survival after out-of-hospital cardiac arrest Between emergency medical services agencies[END_REF] Only one-third of patients with resuscitation attempt is admitted alive to hospital. [START_REF] Okubo | Variation in survival after out-of-hospital cardiac arrest Between emergency medical services agencies[END_REF] Even in these patients, the prognosis is poor as a majority of them will subsequently die of the postÀCA syndrome that encompasses irreversible brain damage, myocardial dysfunction and systemic ischemia-reperfusion response. [START_REF] Neumar | PostÀcardiac arrest syndrome: epidemiology, pathophysiology, treatment, and prognostication. A consensus statement from the International Liaison Committee on Resuscitation (American Heart Association, Australian and New Zealand Council on Resuscitation, European Resuscitation Council, Heart and Stroke Foundation of Canada, InterAmerican Heart Foundation, Resuscitation Council of Asia, and the Resuscitation Council of Southern Africa); 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; and the Stroke Council[END_REF] Despite huge research efforts, since decades, no new drugs have proven effective in this setting. [START_REF] Choudhary | Pharmacological approach for neuroprotection after cardiac arrest -a narrative review of current therapies and future neuroprotective cocktail[END_REF][START_REF] Panchal | Part 3: Adult basic and advanced life support: 2020 American Heart Association guidelines for cardiopulmonary resuscitation and emergency cardiovascular care[END_REF] Moreover, to date, only therapeutic hypothermia is recommended to limit the severity of the postÀCA syndrome.

Cyclophilin D (CypD)-mediated mitochondrial permeability transition pore (PTP) opening has been demonstrated to play a key role in the pathophysiology of the postÀCA syndrome. 5À13 Experimentally, both cyclosporine A (CsA), that is, the reference pharmacological CypD inhibitor, and therapeutic hypothermia, limit the severity of the postÀCA syndrome and seem to prevent CypD-mediated PTP opening. 5,6,8À12 Interestingly, our group reported, in a rabbit CA model, that combining these therapeutic strategies did not provide any additive or synergic shortÀterm (2 hours after CA) cytoprotective effect at the clinical, cellular or molecular levels, suggesting a common underlying mechanism of protection involving the PTP. [START_REF] Jahandiez | Therapeutic hypothermia after cardiac arrest: involvement of the RISK pathway in mitochondrial PTP-mediated neuroprotection[END_REF][START_REF] Jahandiez | Fast therapeutic hypothermia prevents post-cardiac arrest syndrome through cyclophilin D-mediated mitochondrial permeability transition inhibition[END_REF] Nevertheless, whether combining hypothermia and CypD-mediated PTP opening inhibition would improve longer-term outcome after CA, which is mainly driven by neurological injury, remains undetermined. Moreover, the pathophysiological role of CypD in favoring post-CA organ failure, including in humans, has only been studied using pharmacological inhibitors. 5,6,8À12,14À16 As these agents lack potency and exhibit substantial offtarget effects, either cytoprotective or cytotoxic, the specific contribution of CypD in CA-induced ischemia-reperfusion injury remains unclear. 15À21 For example, CsA binds to extra-mitochondrial cyclophilins, as well as to calcineurin, leading to the activation of numerous signaling pathways unrelated to CypD. 17À19 Another issue with pharmacological PTP inhibitors is that, when given upon reperfusion, their mitochondrial effects might be delayed beyond a narrow therapeutic window, especially in poorly perfused tissues. In the brain, it is even possible that they do not reach their targets because of the blood-brain barrier impermeably to many compounds. [START_REF] Partoazar | Nanoliposome containing cyclosporine A reduced neuroinflammation responses and improved neurological activities in cerebral ischemia/reperfusion in rat[END_REF] To overcome these limitations and to provide unambiguous data on whether CypD could be a potential viable therapeutic target for improving outcomes after CA in the era of therapeutic hypothermia, we investigated the short and medium-term effects of the complete inhibition of CypD-dependent PTP opening using CypD knockout mice (CypD À/À ) submitted to CA treated with or without therapeutic hypothermia.

METHODS

All procedures conformed to the guideline from the Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes and followed the ARRIVAL guidelines. [START_REF] Kilkenny | Improving bioscience research reporting: The ARRIVE guidelines for reporting animal research[END_REF] All experiments were approved by the French Ministry for Teaching and Research (MESR; n DR-2017-07).

Animals. CypD À/À mice (C57BL/6 x SV129 background) were obtained from the Korsmeyer laboratory (Dana Farber Cancer Institute, Boston, MA, USA). [START_REF] Schinzel | Cyclophilin D is a component of mitochondrial permeability transition and mediates neuronal cell death after focal cerebral ischemia[END_REF][START_REF] Belaidi | Endoplasmic reticulum stress contributes to heart protection induced by cyclophilin D inhibition[END_REF] Both CypD À/À male mice (aged 8À12 weeks and weighting 20À30 g) and their wild-type (WT) littermates were obtained in our laboratory. [START_REF] Teixeira | Involvement of cyclophilin D and calcium in isoflurane-induced preconditioning[END_REF] Mice were group-housed in a climate-controlled animal colony with a 12Àhour dark-light cycle with free access to food and water.

Surgical preparation. Mice were anesthetized by intraperitoneal (IP) injection of 100 mg/kg ketamine, (Imalgene 1000; Boehringer Ingelheim Animal Health, Lyon, France) and 5 mg/kg xylazine (Rompun; Bayer HealthCare, Puteaux, France) as previously described. [START_REF] Lemoine | Dose and timing of injections for effective cyclosporine A pretreatment before renal ischemia reperfusion in mice[END_REF] Rectal temperature was monitored and maintained at 37˚C using a heating pad.

After tracheal intubation using a 22-gauge catheter, animals underwent mechanical ventilation with a rodent ventilator (MouseVent, PhysioSuite, Kent Scientific, Torrington, CT, USA). The tidal volume was 6.5 ml/g, the respiratory rate 150/min, and the inspired fraction of oxygen (FiO 2 ) 0.4. End-tidal carbon dioxide concentration (EtCO 2 ) and pulse oximetry were measured continuously and ventilation was adjusted to keep them within the physiological ranges. An electrocardiogram was recorded continuously through subcutaneous needles.

For drug administration, a microcatheter was inserted into the left internal jugular vein and filled with heparinized 0.9% saline solution. A 5 minute stabilization period was observed before experiments.

Cardiac arrest model. We developed an original murine, asphyxia-induced, nonÀshockable CA model. Deeply anesthetized mice were paralyzed with an intravenous (IV) injection of 2 mg/kg succinylcholine (Neuraxpharm France, Paris, France). CA was then induced by the withdrawal of mechanical ventilation. CA was determined by echocardiography and defined as biventricular myocardial standstill >10 seconds.

After 5 minutes of untreated CA, cardio-pulmonary resuscitation (CPR) was started with the resumption of mechanical ventilation (FiO 2 : 100%, respiratory rate: 220/min), chest compressions delivered by finger at a rate of 250À300/min and a single IV bolus of epinephrine (0.1 mg/kg). Restoration of spontaneous circulation (ROSC) was defined as both the return of an organized cardiac rhythm with a heart rate >200/min and an EtCO 2 >15 mmHg, for at least 3 minutes. In the absence of ROSC after 5 minutes, the animal was declared dead. Successful CPR was defined as the restoration of spontaneous breathing allowing weaning from mechanical ventilation; there was no time limit for this weaning. During the first hour of reperfusion, animals received 0.2 ml IV of 2.1% NaHCO 3 .

Experimental protocol. Mice were randomly assigned to 5 experimental groups. WT or CypD À/À mice underwent 5 minutes CA followed by CPR with or without hypothermia (HT) or a sham procedure (Fig 1,A). Investigators who performed CPR were blinded to the genetic background of the mice. In hypothermic groups, hypothermia was induced at the onset of CPR with a gauze compress moistened with ice water covering the body and maintained at 33˚C for 1 hour using a heating pad; animals were then rewarmed to 37˚C at a rate of 0.5˚C/15 min (Fig 1,B).

Two sets of mice were used in this study: 1 for shortterm (150 minutes after CA without awaking from anesthesia) analysis including echocardiography, blood analysis and mitochondrial assays (n = 10À24/group), and another for longer-term (up to 7 days in animals successfully weaned from mechanical ventilation) analysis including neurological assessment at 24 hours and 7 day survival (n = 15À30/group). In the second Experimental protocol Wild-type (WT) or cyclophilin D knockout mice underwent 5 minute cardiac arrest (CA) followed by cardiopulmonary resuscitation (CPR) with or without therapeutic hypothermia; a group of WT mice underwent a sham procedure (panel A). Hypothermia was induced upon CRP and the targeted core temperature of 32˚CÀ34˚C maintained for 1 hour before slow rewarming at 37˚C (panel B). Analyzes were performed at 150 minutes, 24 hours, and 7 days after CA. CTRL, CA in WT mice (black squares in panel B); HT, hypothermia after CA in WT mice (grey circles); CypD À/À , CA in cyclophilin D knockout mice (white triangle); HT+CypD À/À , hypothermia after CA in cyclophilin D knockout mice (grey triangle); SHAM, sham-operated WT mice (white circle). set, animals successfully weaned from mechanical ventilation had their endotracheal tube and catheter removed, their wounds surgically closed, and were placed into a recovery cage for 24 hours before returning to the animal facility. Animals that were unable to drink and/or eat received subcutaneous fluids to prevent dehydration and/or weight loss. CA and CPR data were obtained from both sets.
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Because a global genetic modification may have effects on physiology and on disease outcome, an additional subset of mice (n = 8) was used to compare the effects of genetic CypD deletion with pharmacological CypD inhibition with a 5 mg/kg IV bolus (given 5 minutes prior CA) of CsA (Sandimmun, Novartis Pharma SAS, Rueil-Malmaison, France) in hypothermia-treated WT mice. This group was added after the other experiments and therefore was not randomized.

MYOCARDIAL INJURY AND/OR DYSFUNCTION

Echocardiography. Left ventricle (LV) surface shortening fraction (SSF) was measured at baseline and 150 minutes after CA by echocardiography using a 13-MHz linear-array transducer (Vivid 7; GE Medical Systems, Milwaukee, WI, USA).

Biomarkers. From blood samples collected at 150 minutes after CA, levels of troponin Ic were determined using an ELISA kit (KA4340; Abnova, Taipei City, Taiwan).

NEUROLOGICAL INJURY AND/OR DYSFUNCTION

Biomarkers. From blood samples collected at 150 minutes after ROSC, levels of S100b protein, a validated marker of brain injury, were determined using an ELISA kit (KA0037, Abnova).

Neurological examination. For neurological evaluation at 24 hours after CA a validated 12 point score (higher score indicating better neurological function) was used. [START_REF] Abella | Intra-Arrest cooling improves outcomes in a murine cardiac arrest model[END_REF] For animals that died before 24 hours after CA, the score was 0. Assessment was independently performed by an investigator blinded to the group allocation.

Brain magnetic resonance imaging (MRI). MRI was acquired at 24 hours after CA. Prior to imaging, mice were slightly anesthetized. T2-weighted images and diffusion-weighted images (DWI) were acquired on a 7T/ 12 cm magnet (Bruker Biospin, Ettlinger, Germany), as previously described. [START_REF] Chauveau | In vivo MRI assessment of permanent middle cerebral artery occlusion by electrocoagulation: pitfalls of procedure[END_REF] The field of view was 20 £ 20 mm 2 and slice thickness 1.0 mm (n = 15 slices). The apparent diffusion coefficient (ADC) and the T2 parametric maps were reconstructed using the software ParaVision 5.1 (Bruker Biospin). Regions with edema (ie, focal ischemic lesions) were then identified visually by the presence of DWI hyperintensity and reduced ADC. We developed a simple and easy-to-use 0 to 4 point brain MRI integrity score (higher scores indicating greater brain integrity) based on both T2-weighted and ADC images according to the number and the distribution of ischemic lesions. Briefly, starting at 4 points, 1 point was withdrawn when a single lesion was found and 2 points if 2 lesions were found (an additional point was withdrawn if lesions were bilateral); 1 point was also withdrawn if 1 lesion was visible on >1 slice. MRI brain images were scored by 2 independent investigators blinded to the group allocation.

MITOCHONDRIAL ASSAYS

After 150 minutes of reperfusion, the cerebral cortex as well as the heart were harvested and mitochondria were isolated, as previously described. [START_REF] Jahandiez | Fast therapeutic hypothermia prevents post-cardiac arrest syndrome through cyclophilin D-mediated mitochondrial permeability transition inhibition[END_REF] Susceptibility of PTP opening was assessed by the calcium retention capacity (CRC; expressed as moles of CaCl 2 per mg of protein), that is the amount of calcium required to induce permeability transition in isolated mitochondria, with or without in vitro addition of 1 mM CsA, as previously described. [START_REF] Jahandiez | Fast therapeutic hypothermia prevents post-cardiac arrest syndrome through cyclophilin D-mediated mitochondrial permeability transition inhibition[END_REF][START_REF] Leger | Evaluation of cyclosporine A in a stroke model in the immature rat brain[END_REF] Statistical analysis. Data are expressed as mean § standard error of the mean or number (%). Categorical variables were compared using a 2 sided Chi-square test or Fisher's exact test, as appropriate. Normality of continuous data was assessed using the Kolmogorov-Smirnov test. Continuous data were compared using 1 way ANOVA or by the Kruskal-Wallis test, as appropriate. Time-based measurements within each group were compared using 2 way ANOVA with repeated measures. Time to death was estimated using the Kaplan-Meier method and comparisons made using the Log-rank test. Cox proportional hazards regression was used to assess the independent contribution of hypothermia and CypD deletion and/or inhibition on survival; the results are reported as hazard ratios (HR) with 95% confidence intervals (CI). Statistical analyses were performed using Graphpad Prism 9 software (GraphPad Software, La Jolla, CA, USA). Statistical significance was defined as a value of P < 0.05.

RESULTS

Among the 180 mice used in this study, 14 were excluded because of surgical complications or mechanical ventilation issues; results are therefore presented for the remaining 166. A total of 66 mice (SHAM: n = 6; CTRL: n = 24, HT: n = 15, CypD À/À : n = 11, HT +CypD À/À : n = 10) were included in the first set of experiments, 92 (SHAM: n = 4; CTRL: n = 30, HT: n = 23, CypD À/À : n = 20, HT+CypD À/À : n = 15) in the second set, and 8 in the additional set using CsA in hypothermia-treated WT mice.

Cardiopulmonary resuscitation. The mean duration of asphyxia before CA massage did not differ significantly between groups (Table I). The mean duration of cardiac massage to obtain ROSC was significantly (P < 0.05) shorter in the CypD À/À and HT+CypD À/À groups than in the 2 groups of WT mice (ie, CTRL and HT groups) (Table I). The rate of ROSC was also significantly higher in the 2 groups with CypD À/À mice compared to the 2 groups of WT mice, irrespective of the use of hypothermia (Table I).

Among animals used in the second set of experiments, successful weaning from mechanical ventilation was obtained in 11 of 30 (37%) mice in the CTRL group, 13 of 23 (56%) mice in the HT group, 18 of 23 (78%) mice in the CypD À/À group, 15 of 15 (100%) mice in the HT+CypD À/À group and 7 of 8 (88%) mice in the additional HT+CsA group (P < 0.05 vs the CTRL group for the CypD À/À , HT+CypD À/À and HT+CsA groups). Time between CA and weaning from mechanical ventilation was significantly shorter in mice treated with hypothermia than in normothermic animals (208 § 7 vs 167 § 5 minutes, respectively; P < 0.001).

Susceptibility to PTP opening. The mean CRC in mitochondria isolated (150 minutes after CA) from both the heart (Fig 2,A) and brain (Fig 2 ,B) was significantly lower in normothermic WT animals than in sham animals (P < 0.05). The mean CRC (150 minutes after CA) in the brain of hypothermia-treated WT animals was significantly higher than in controls (P < 0.05; Fig 2,B); this was significantly higher in both the heart (Fig 2,A) and brain (Fig 2 ,B) of CypD À/À mice compared to sham and WT animals, irrespective of hypothermia (P < 0.05). In both brain and heart mitochondria from WT animals, in vitro exposure to CsA significantly increased CRC (P < 0.05) to near sham values (P = NS vs sham animals; Fig 2, C andD). As expected, in both brain and heart mitochondria isolated from CypD À/À mice, CRC was not significantly different after in vitro addition of CsA (P = NS) and there was no significant difference (P = NS) with sham values.

Myocardial injury. LV systolic function, as assessed by SSF, did not differ significantly between groups at baseline. At 150 minutes after CA, the mean SSF value was significantly lower in controls than in sham animals (P < 0.001). The mean SSF was significantly higher in hypothermic and/or CypD À/À mice than in controls, without additive effect (Fig 3,A).

The mean level of troponin Ic was significantly (P < 0.001) higher in controls than in sham animals (Fig 3,B). It was also higher (P < 0.05) in controls than in mice treated with hypothermia and/or in CypD À/-mice (Fig 3,B).

Neurological assessment. The mean concentration of S100b protein 150 minutes after CA was significantly (P < 0.001) higher in controls than in sham mice. It was significantly lower 150 minutes after CA in CypD À/À mice, hypothermia-treated CypD À/À mice and hypothermia-treated WT mice compared to controls (Fig 4,A).

The groups of CypD À/À mice and/or hypothermiatreated WT mice presented, 24 hours after CA, significantly (P < 0.05) higher median neurological function score than did controls (Fig 4 ,B). The group of hypothermia-treated CypD À/À mice had the highest median neurological function score (P < 0.001 vs all other CA groups). Brain MRI identified ischemic lesions all control animals vs none in hypothermia-treated CypD À/À mice (Fig 4,D). The median brain MRI integrity score at 24 hours after CA was significantly (P < 0.05) higher in hypothermia-treated CypD À/À mice than in the control animals (Fig 4,D).

DAY SURVIVAL

There were 2 of 30 (7%) mice that survived 7 days after CA in the control group; 4 of 20 (20%) survived in the CypD À/À mice group, 10 of 23 (43%) in the mice treated with both CsA and hypothermia, 6 of 8 mice (75%) were alive at day 7 after CA (Fig 6). In all groups, all mice alive at day 7 had a normal neurological examination.
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In the Cox regression analysis, both hypothermia (HR 0.45; 95%CI [0.29; 0.69], P < 0.01) and deletion and/or inhibition of CypD (HR 0.56; 95%CI [0.37; 0.85], P < 0.001) were independently associated with 7 day survival.

To better identify the respective roles of loss of CypD and hypothermia on early and longer-term survival, we analyzed survival only in animals successfully weaned from mechanical ventilation. Seven day survival was significantly (P < 0.001) higher in the 2 groups treated with hypothermia (ie, HT, HT+CypD À/ À ) compared to the groups not treated with hypothermia (Fig 7). In the additional set of WT mice treated with both CsA and hypothermia, 6 of 7 (86%) mice that were successfully weaned from mechanical ventilation survived 7 days after CA. There was no significant difference in 7 day survival among the 3 groups treated with hypothermia (P = 0.825) or between the 2 groups not treated with hypothermia (P = 0.286) (Fig 6). The cause of death was neurological in all animals that did not survive until day 7 after successful CPR.

DISCUSSION

In this experimental study, in the absence of therapeutic hypothermia, we found that suppression of CypD-dependent PTP opening increased the rate of ROSC and improved short-term survival but failed to prevent death in animals that survived the first hours after CA. Conversely, therapeutic hypothermia had no significant effect on CPR success but prevented death in animals weaned from the ventilator. Consequently, the combination of suppression of CypD-dependent PTP opening and hypothermia additively and this was confirmed using a pharmacological approach. Although genetic manipulation is an advantage of mouse models, other than the technical difficulties related to surgery and CPR that can be overcome, a limitation of CA models in mice is that it is almost always induced by potassium chloride, which is an uncommon cause of CA. [START_REF] Wang | Development and evaluation of a novel mouse model of asphyxial cardiac arrest revealed severely impaired lymphopoiesis after resuscitation[END_REF] To reproduce a much more clinically relevant scenario, we developed a new model of nonÀshockable, asphyxia-induced CA in mice. Mortality in controls (around 90%) was close to that observed in nonÀshockable CA in humans, [START_REF] Argaud | Effect of cyclosporine in non-shockable out-of-hospital cardiac arrest: The CYRUS randomized clinical trial[END_REF] allowing to assess the effects of interventions on cardiovascular and brain injury using a reasonable number of animals.
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As intended, CRC was higher in mitochondria isolated from both heart and brain of CypD À/À animals compared to their littermates, indicating a lower susceptibility to PTP opening under stress conditions (eg, calcium overload). In line with previous studies using pharmacological CypD inhibitors, we observed, within the first hours after ROSC, a significant decrease in CA-induced release of troponin and S100ß protein and early improvement of cardiovascular dysfunction in CypD À/À mice, confirming the key role of CypD in the pathophysiology of the immediate postÀCA syndrome. [START_REF] Jahandiez | Therapeutic hypothermia after cardiac arrest: involvement of the RISK pathway in mitochondrial PTP-mediated neuroprotection[END_REF][START_REF] Jahandiez | Fast therapeutic hypothermia prevents post-cardiac arrest syndrome through cyclophilin D-mediated mitochondrial permeability transition inhibition[END_REF] Genetic loss of CypD was also associated with an increase in the rate of CPR success (with shorter duration of cardiac massage). This finding confirms previous observations from our rabbit CA model in which intravenous administration of CsA or its non-Àimmunosuppressive derivative NIM811 at the start of CPR (before epinephrine), significantly increased both the rate of ROSC and 2 hour survival. [START_REF] Cour | Inhibition of mitochondrial permeability transition to prevent the post-cardiac arrest syndrome: a pre-clinical study[END_REF] Thus, genetic or pharmacological approaches to inhibit CypD-dependent PTP opening appear to provide very similar short-term protective effects after CA. To our knowledge, only 1 study reported longer-term (ie, 3 days) benefits of pharmacological PTP inhibition after asphyxial CA in rats. [START_REF] Huang | Post-cardiac arrest myocardial dysfunction is improved with cyclosporine treatment at onset of resuscitation but not in the reperfusion phase[END_REF] The present study further suggests that CypD-dependent PTP inhibition (without hypothermia) might slightly improve medium-term survival. Nevertheless, although statistically significant, loss of CypD yielded 7 day survival rates as low as 20%, which is far from satisfactory. Moreover, this improvement was almost exclusively explained by the increase in CPR success. Indeed, in animals that survived the first hours after CA, loss of CypD did not prevent death secondary to irreversible brain damage that occurred within 7 days. The present study confirms the powerful cardioprotective effect of hypothermia when applied very rapidly (ie, within minutes) after CA. [START_REF] Jahandiez | Fast therapeutic hypothermia prevents post-cardiac arrest syndrome through cyclophilin D-mediated mitochondrial permeability transition inhibition[END_REF][START_REF] Abella | Intra-Arrest cooling improves outcomes in a murine cardiac arrest model[END_REF][START_REF] Chenoune | Ultrafast and wholebody cooling with total liquid ventilation induces favorable neurological and cardiac outcomes after cardiac arrest in rabbits[END_REF] Nevertheless, in mitochondria isolated from the heart of WT mice herein, contrary to that observed in our rabbit model of CA, [START_REF] Cour | Inhibition of mitochondrial permeability transition to prevent the post-cardiac arrest syndrome: a pre-clinical study[END_REF][START_REF] Jahandiez | Therapeutic hypothermia after cardiac arrest: involvement of the RISK pathway in mitochondrial PTP-mediated neuroprotection[END_REF][START_REF] Jahandiez | Fast therapeutic hypothermia prevents post-cardiac arrest syndrome through cyclophilin D-mediated mitochondrial permeability transition inhibition[END_REF] CRC was similar after CA, between normothermic and hypothermic animals. This result might be explained by the shorter duration of myocardial ischemia in the mouse model (5 minutes vs 15 minutes in the rabbit model), limiting cell damage in heart and thus the possibility to highlight mitochondrial benefits of hypothermia. However, cardiac contractility was better preserved in the hypothermic WT group, suggesting that the benefits of hypothermia on early postÀCA myocardial dysfunction are not related to sustained CypD-dependent mechanisms. The fact that rate of ROSC was different between hypothermia and loss of CypD (or CsA) does not bring into question the assumption that CypD-dependent PTP inhibition during CPR might be involved in the improvement in resectability Q3 X X. Indeed, as hypothermia was applied upon the start of CPR, the decrease in core temperature was delayed by a few minutes, possibly beyond a very narrow window of protection involving CypD.

Concerning the brain, the effects of hypothermia were slightly different than those observed in the heart. In WT animals, hypothermia was associated with an improvement in CRC and lower brain damage as assessed by S100ß protein early after CA. This result might be, in part, explained by different effects of hypothermia on brain and heart mitochondria. [START_REF] Stevic | Cooling Uncouples differentially ROS production from respiration and Ca2+ homeostasis dynamic in brain and heart mitochondria[END_REF] Clinical neurological benefits of hypothermia were evident as soon as 24 hours after CA; there were better neurological function scores and fewer lesions on brain MRI compared to controls. The use of hypothermia in WT animals was associated with significant increase in neurologically-intact 7 day survival but that remained below 50%. These findings are in line with previous reports and confirm a wider therapeutic window for hypothermia-induced neuroprotection than for cardioprotection. [START_REF] Jahandiez | Therapeutic hypothermia after cardiac arrest: involvement of the RISK pathway in mitochondrial PTP-mediated neuroprotection[END_REF][START_REF] Jahandiez | Fast therapeutic hypothermia prevents post-cardiac arrest syndrome through cyclophilin D-mediated mitochondrial permeability transition inhibition[END_REF][START_REF] Cour | Minor changes in core temperature prior to cardiac arrest influence outcomes: an experimental study[END_REF] Interestingly, in animals that were weaned from mechanical ventilation, hypothermia was highly effective to prevent death from neurological cause while loss of CypD did not confer any clinically relevant benefit.

A new and most important finding of this study is that combination of genetic inhibition of CypD-dependent PTP opening and hypothermia conferred a significantly better medium-term survival after CA than each of these interventions alone. This unanticipated finding was confirmed by a pharmacological approach of CypD inhibition, thus limiting the possibility that the results were due to CypD knockout-induced changes in the physiology of animals unrelated to PTP opening regulation. As discussed above, 1 can reasonably assume that the benefits of CypD inhibition upon reperfusion are related to an improvement in shortterm survival, mostly by increasing the rate of ROSC and shortening the duration of CPR. Conversely, CypD inhibition in brain after successfully resuscitated CA seems to be of limited interest when hypothermia is applied early. Thus, the present study highlights that different pathways must be targeted to prevent effectively ischemia-reperfusion injury after CA. The present study has potential important implications for clinical CA research. Potential benefits of pharmacological CypD inhibition with CsA, given as soon as possible after the start of CPR, were investigated in the randomized CYRUS trial that involved 794 patients. [START_REF] Argaud | Effect of cyclosporine in non-shockable out-of-hospital cardiac arrest: The CYRUS randomized clinical trial[END_REF] Disappointingly, the severity of postÀCA syndrome (primary endpoint) was similar in patients who received or not CsA. [START_REF] Argaud | Effect of cyclosporine in non-shockable out-of-hospital cardiac arrest: The CYRUS randomized clinical trial[END_REF] To explain these results it was hypothesized that the dose of CsA was not sufficient or given too late after the start of CPR to protect vital organs against ischemia-reperfusion injury. [START_REF] Becker | Cyclosporine for reperfusion injury after cardiac arrest: too little too Late?[END_REF] Even though ancillary studies of CYRUS subsequently showed that CsA may limit the severity of respiratory failure after CA [START_REF] Kreitmann | Cyclosporine A prevents cardiac arrest-induced acute respiratory failure: a post-hoc analysis of the CYRUS trial[END_REF] and CA-induced immune dysfunction, [START_REF] Cour | Cyclosporine A prevents ischemia-reperfusion-induced lymphopenia after out-ofhospital cardiac arrest: a predefined sub-study of the CYRUS trial[END_REF] the results herein indicate that even a complete inhibition of CypD-dependent PTP opening is unlikely to confer potent long-term neuroprotection in case of successfully resuscitated CA or to reproduce the benefits of hypothermia. Nevertheless, inhibition of CypD-dependent PTP opening might increase the rate of ROSC and short-term survival through mechanisms that remains to be determined. Thus, researchers should better investigate other therapeutic approaches (eg, molar sodium lactate [START_REF] Stevic | Molar sodium lactate attenuates the severity of postcardiac arrest syndrome: a preclinical study[END_REF] ) than trying to optimize pharmacological PTP inhibition for improving outcomes of patients admitted alive to hospital after CA. The increase in the rate of ROSC in CypD À/-is a very important finding, because, for many decades, epinephrine has been the only pharmacological option to help to "restart" the heart. [START_REF] Panchal | Part 3: Adult basic and advanced life support: 2020 American Heart Association guidelines for cardiopulmonary resuscitation and emergency cardiovascular care[END_REF] Finally, the present study confirms the benefits of therapeutic hypothermia CA especially in times when it is called into question. [START_REF] Dankiewicz | Hypothermia versus Normothermia after Out-of-Hospital Cardiac Arrest[END_REF] In conclusion, complete inhibition of CypD-dependent PTP opening dramatically increased short-term survival but did not prevent death related to brain injury in case of successfully resuscitated CA, unless it was associated with therapeutic hypothermia. Regarding clinical perspectives, our results indicate that pharmacological inhibition of CypD might a new therapeutic option to investigate for improving CPR success. Conversely, this therapeutic approach should not be longer considered to prevent post-CA syndrome in patients already successfully resuscitated from CA.
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Fig 1 .

 1 Fig 1.Experimental protocol Wild-type (WT) or cyclophilin D knockout mice underwent 5 minute cardiac arrest (CA) followed by cardiopulmonary resuscitation (CPR) with or without therapeutic hypothermia; a group of WT mice underwent a sham procedure (panel A). Hypothermia was induced upon CRP and the targeted core temperature of 32˚CÀ34˚C maintained for 1 hour before slow rewarming at 37˚C (panel B). Analyzes were performed at 150 minutes, 24 hours, and 7 days after CA. CTRL, CA in WT mice (black squares in panel B); HT, hypothermia after CA in WT mice (grey circles); CypD À/À , CA in cyclophilin D knockout mice (white triangle); HT+CypD À/À , hypothermia after CA in cyclophilin D knockout mice (grey triangle); SHAM, sham-operated WT mice (white circle).

Fig 2 .

 2 Fig 2. Calcium retention capacity Calcium retention capacity (CRC, expressed in nmol Ca 2+ /mg protein) of mitochondria isolated from the heart (panel A) and the brain (panel B) are presented. The effects of in vitro addition of cyclosporine A to mitochondria isolated from the heart (panel C) and the brain (panel D) before calcium challenge are also presented. SHAM, sham-operated wild-type animals; CTRL, controls, cardiac arrest (CA) in wild-type mice; HT, hypothermia after CA in wild-type mice; CypD À/À , CA in cyclophilin D knockout mice; HT+CypD À/À , hypothermia after CA in cyclophilin D knockout mice. Data are expressed as mean § standard error of the mean. *P < 0.05 vs SHAM, y P < 0.05 vs CTRL, z P < 0.05 vs HT.

Fig 3 .

 3 Fig 3. Myocardial injury Echocardiographic measurements of the left ventricle surface shortening fraction (SSF) at baseline (grey bars) and 150 minutes after cardiac arrest (CA) are presented in panel A. Blood levels of troponin Ic (expressed in mg/l) measured 150 minutes after CA are presented in panel B. SHAM, sham-operated wild-type animals; CTRL, controls, CA in wild-type mice; HT, hypothermia after CA in wild-type mice; CypD À/À , CA in cyclophilin D knockout mice; HT+CypD À/À , hypothermia after CA in cyclophilin D knockout mice. Data are expressed as mean § standard error of the mean. *P < 0.05 vs baseline; y P < 0.05 vs SHAM; z P < 0.05 vs CTRL.

Fig 4 .

 4 Fig 4. Neurological assessment Levels of S100ß protein (expressed in pg/ml) 150 minutes after cardiac arrest (CA) are presented (data expressed mean § standard error of the mean) for each experimental group in panel A. The neurological function score (higher score indicating better neurological function) was assessed 24 hours after CA (panel B; each circle represents an individual neurological dysfunction score and the thick line the median value of the corresponding group). Panel C shows representatives T2-weighted images (at the top) and ADC images (at the bottom) of brain magnetic resonance imaging (MRI) acquired at 24 hours after CA; arrows indicate areas of ischemia-reperfusion lesions. Brain MRI integrity scores are presented in panel D, each circle represents an individual brain MRI integrity score and the thick line the median value of the corresponding group. For both scores (panels B and D), values of SHAM are presented for information but not included in the statistical analysis. SHAM, sham-operated wild-type animals; CTRL, controls, CA in wild-type mice; HT, hypothermia after CA in wild-type mice; CypD À/À , CA in cyclophilin D knockout mice; HT+CypD À/À , hypothermia after CA in cyclophilin D knockout mice. * P < 0.05 vs CTRL; y P < 0.05 vs HT; z P < 0.05 vs CypD À/À .

  survival after CA in comparison to either hypothermia or loss of CypD alone suggesting partly different mechanisms of protection;

Fig 5 .

 5 Fig 5. Survival after cardiac arrest Kaplan-Meier survival estimates are presented for the 4 experimental groups (n = 15-30/group) submitted to 5 minutes of cardiac arrest (CA). The 7 day mortality significantly differed among the 4 groups (P < 0.001, Log-rank test). CTRL, controls, CA in wild-type mice; HT, hypothermia after CA in wild-type mice; CypD À/À , CA in cyclophilin D knockout mice; HT+ CypD À/À , hypothermia after CA in cyclophilin D knockout mice.

Fig 6 .

 6 Fig 6. Survival in the additional group of mice treated with both hypothermia and cyclosporine. A 7 day cumulative survival rate (dashed line) is presented for the additional subset of wild-type mice treated with both hypothermia and cyclosporine A (n = 8).

Fig 7 .

 7 Fig 7. Survival after cardiac arrest in mice successfully weaned from mechanical ventilation Kaplan-Meier survival estimates are presented for the 4 groups (n = 7À15/group) of mice submitted to 5 minutes of cardiac arrest (CA) mice and successfully weaned from mechanical ventilation. The 7 day mortality significantly differed among the 4 groups (P < 0.001, Log-rank test). CTRL, controls, CA in wild-type mice; HT, hypothermia after CA in wild-type mice; CypDÀ/À, CA in cyclophilin D knockout mice; HT+ CypDÀ/À, hypothermia after CA in cyclophilin D knockout mice.

Table I .

 I Cardiopulmonary resuscitation

		Duration of asphyxia before cardiac arrest (s) Duration of heart massage before ROSC (s) ROSC
	CTRL	99 § 2	122 § 9	39/54 (72)
	HT	98 § 2	113 § 7	0 30/38 (79)
	CypD À/À	92 § 2	7 8 § 4*, y	30/31 (97)*, y
	HT+CypD À/À 95 § 5	8 2 § 4*, y	025/25 (100)*,

y

Abbreviations: ROSC, Restoration of spontaneous circulation; CTRL, Controls, cardiac arrest (CA) in wild-type mice; HT, CA in wild-type mice treated with hypothermia; CypDÀ/À, CA in cyclophilin-D knockout mice; HT+CypDÀ/À, CA in cyclophilin-D knockout mice treated with hypothermia. Data are expressed as mean § SEM or n (%), as appropriate. * P < 0.05 vs CTRL, y P < 0.05 vs HT.
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