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Abstract

:

Background: Preventing delayed cerebral ischemia (DCI) after subarachnoid hemorrhage (SAH) remains an important therapeutic target. Preconditioning stimulates multiple endogenous protective mechanisms and may be a suitable treatment for DCI following SAH. We here compare remote limb conditioning with resveratrol conditioning in a clinically relevant SAH model. Methods: We produced a SAH in 39 male Sprague Dawley rats using a single injection model. Animals were randomized to four groups: repetitive limb conditioning with a blood pressure cuff, sham conditioning, intraperitoneal resveratrol (10 mg/kg) or intraperitoneal vehicle administered at 24, 48 and 72 h after SAH. On day 4 neurological and behavioral scores were obtained, and animals were euthanized. The cross-sectional area of the basilar artery was measured at the vertebrobasilar junction, and at the mid and distal segments. Hippocampal cells were counted in both hemispheres and normalized per mm length. We compared true limb preconditioning with sham conditioning and resveratrol with vehicle preconditioning. Results: The cross-sectional area of the mid-basilar artery in the true limb preconditioning group was significantly larger by 43% (p = 0.03) when compared with the sham preconditioning group. No differences in the cross-sectional area were found in the resveratrol-treated group when compared to the vehicle-treated group. We found no differences in the neuro score, behavioral score, and in mean hippocampal neuron counts between the groups. Conclusion: We found beneficial vascular effects of remote limb preconditioning on SAH-induced basilar artery vasoconstriction. Our findings support further studies of limb preconditioning as a potential treatment after SAH.
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1. Introduction


Cerebral vasoconstriction complicates the management of human subarachnoid hemorrhage (SAH) in 20–30% of cases and contributes to delayed cerebral ischemia (DCI) [1]. DCI remains a significant, but potentially preventable morbidity of SAH. DCI predictably occurs within 4–14 days of SAH, which allows implementation of a potentially protective intervention. Preconditioning may be such an intervention. Preconditioning describes the phenomenon that sublethal insults protect organisms from later more severe insults, by stimulating endogenous defense mechanisms.



SAH is an ideal clinical setting for translational studies of preconditioning [2]. The basic premise is that conditioning is implemented prior to cerebral ischemia. This may be impractical in spontaneous ischemic stroke. However, in SAH the risk period for DCI is well known and preconditioning can be readily instituted in anticipation of cerebral ischemia. To be clinically relevant, experimental SAH models must meet several translational needs. The conditioning stimulus must be practically implementable in humans. There should be a delay between SAH and starting the conditioning to simulate the delay in evaluation and treatment of the ruptured aneurysm in the clinical setting. Conditioning needs to be repetitive and continue over 14 days, which is the high-risk period for DCI in humans.



The optimal stimulus for preconditioning is not known. Many different stimuli have been shown to be protective. This includes pharmacological conditioning, temperature, metabolic (hypoglycemia), and conditioning remotely with ischemia, such as limb preconditioning. We have previously shown that resveratrol, a preconditioning agent, mimics ischemic conditioning in its protective effect and mechanism of action through Sirtuin activation [3,4]. However, there have been very few studies directly comparing different conditioning strategies. In the present study, our objective was to investigate the protective effects of two preconditioning stimuli in a clinically relevant rodent model of SAH. We compared limb preconditioning with resveratrol preconditioning. We used a research design and treatment paradigm to simulate human SAH as much as possible, i.e., SAH was first induced, the conditioning intervention was started after 24 h, and was repeated over three days.




2. Methods


Animal studies were conducted as per the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health and protocols approved by the Animal Care and Use Committee at the University of Miami on 16 May 2017 protocol #17-079.



2.1. Induction of SAH


We used a single injection experimental SAH model in 39 young (8–12 weeks old) male Sprague Dawley rats (Charles River Laboratories, Wilmington, MA, USA) as described previously. [5] Prior to surgery, animals were randomly assigned to four different groups: (1) sham remote limb preconditioning-treated group, (2) remote limb conditioning-treated group, (3) intraperitoneal vehicle-treated (0.9% saline containing 6.66% dimethyl sulfoxide) group, and (4) intraperitoneal resveratrol (10 mg/kg)-treated group. All surgeries were done blinded to group allocation.



Anesthesia was induced with isoflurane in a mixture of 70% nitrous oxide and 30% oxygen. Temperature probes were inserted into the rectum and the left temporalis muscle, and separate heating lamps were used to maintain rectal and cranial temperatures at 37 °C to 37.5 °C throughout the surgery. A polyethylene catheter was introduced into the right femoral artery for blood collection.



Rats were turned prone on the table and shaven over the sub-occipital region, which was cleaned with betadine. By means of a vertical midline incision access was gained to the cisterna magna. Once identified a 27-gauge needle was inserted into the cisterna magna and ~0.15 mL of CSF was withdrawn into a syringe to avoid increased intracranial pressures with injection of an autologous blood volume. A total of 0.3 mL blood was extracted from the femoral artery and slowly injected into the cisterna magna. The needle was left in place for 30 s to ensure clotting in the subarachnoid space and then carefully withdrawn. Hemostasis was confirmed and the incision was closed using a stapling device. Animals were placed prone in a 20° head down position for 20 min to allow blood to congeal in the cisterns around the basilar artery.




2.2. Preconditioning Intervention


All animals were preconditioned at 24 h, 48 h, and 72 h after subarachnoid hemorrhage in the following manner:



For remote limb conditioning all animals were anesthetized with isoflurane, nitrous oxide 70%, and oxygen 30%. Limb ischemic preconditioning was induced with a 2 cm Critter-Cuff TM (Ramsey Medical, Inc., Ramsey, NJ, USA) applied as proximally as possible over the hind limb and inflated manually above systolic blood pressure. The inflation pressure was gauged with the use of an Oximeter Pod (AD Instruments, Colorado Springs, CO, USA) probe applied to the ipsilateral foot and monitored, to confirm a drop in O2 saturation, as the cuff was inflated. The limb was also observed to become dusky. The cuff was inflated for 10 min, followed by 5 min of reperfusion. During reperfusion, the limb was monitored for normalization of O2 saturation and limb color. At each session, three cycles of ischemia and reperfusion were completed (Figure 1). We used a 3 × 10 min conditioning paradigm. We had previously shown this to be implementable in patients with SAH [6]. Rectal temperature was monitored during the conditioning and maintained between 37.0–37.5 °C with heating lamps as necessary, and the duration of anesthesia was 25 min during each session.



Sham limb condition was conducted in the identical manner. The only difference was that the cuff was only minimally inflated around the hind limb.



Resveratrol preconditioning was carried out with intraperitoneal injections of 10 mg/kg at 24 h, 48 h, and 72 h after SAH. We used resveratrol at 10 mg/kg, which is a dose we had previously found to successfully precondition hippocampal neurons in a global cerebral ischemia model [3]. Intraperitoneal vehicle injections were delivered at the same timepoints. (Figure 1).




2.3. Morphometric Analysis


Four days after SAH, animals were trans-cardiacally perfused with a mixture of 50% formaldehyde, glacial acetic acid, and methanol, at 1:1:8 by volume [7]. Brains, with careful attention to the brainstem and basilar artery, were extracted and tissues were processed and embedded in paraffin. The brainstem was cut in the coronal plane into 10 µm thick slices with a motorized microtome. The proximal, mid, and distal segments of the basilar artery were used for measurement. The vertebrobasilar junction served as a point of reference. The proximal basilar artery was identified just cephalad to the vertebrobasilar junction. The mid basilar section was taken 40–60 µm cephalad to the vertebrobasilar junction. The distal section was taken 80–100 µm cephalad to the vertebrobasilar junction. Sections of interest were scanned using a PrimeHisto XE Histology Slide Scanner (Carolina Biological Supply Company, Burlington, NC, USA) at 10,000 pixels per inch with 32-bit per pixel. Measurements were made using ImageJ software and the inner cross-sectional area was measured for all three sections. All histological analysis was done blinded to group allocation.




2.4. Histological Analysis


Histological assessments of neuronal death were made in the hippocampus (~3.4 to 3.8 mm posterior to bregma) to assess cerebral ischemia [8]. Three sections 200 µm apart were assessed using a Nikon microscope (Nikon Microphot-SA, Nikon Corporation, Tokyo, Japan) and MCID Elite software (InterFocus Imaging Ltd., Cambridge, UK). The number of normal neurons was tabulated in CA1 hippocampus (both sides) at a magnification of 40× by an investigator blinded to the experimental conditions. The length of the CA1 region was also recorded. Total neuronal counts from both hemispheres of brain were added and normalized per mm length of CA1 region and averaged.



Behavioral Outcomes


Neurological and general well-being evaluations were made on day 4 and just before euthanasia. For the neurological score, a motor score (0–12; comprising spontaneous activity, symmetry of limb movement, climbing, and balance and coordination) and a sensory score (4–12; comprising proprioception plus vibrissae, visual, and tactile responses) were added together [9]. The general well-being score was adapted from a similar score in mice and consisted of observations of eyes, ears, posture, grooming behavior, spontaneous activity and presence of convulsions with a score ranging from 0–26 [10].





2.5. Ethics Statement


All animal studies were approved by the University of Miami, School of Medicine, Animal.



Studies Committee under guidelines and regulations consistent with the Guide for the Care and Use of Laboratory Animals, Public Health Service Policy on Humane Care and Use of Laboratory Animals, and the Animal Welfare Act and Animal Welfare Regulations.




2.6. Statistical Analysis


We compared true preconditioning with sham preconditioning groups and resveratrol preconditioning was compared with vehicle preconditioning using SPSS for Windows (Version 22). Chi-square was used for categorical variables and the Student t-Test for continuous variables. An outlier analysis was performed using Grubb’s test (GraphPad), and outlying values were excluded from analysis. One outlier was removed from the sham conditioning group and one from the vehicle group based on outlying hippocampal cell counts. Values of p < 0.05 were statistically significant.





3. Results


There were no statistically significant differences in the physiological parameters monitored between the groups (data not shown). The mortality of SAH was 9%. All study interventions were completed as planned and there were no technical difficulties with tourniquet limb conditioning. All tourniquet-conditioned animals had a reduction of O2 saturation in the conditioned limb. No reduction was noted in the sham-conditioned animals.



3.1. Behavioral Evaluations


We found no differences in the general behavioral and neurological scores between groups (Table 1).




3.2. Basilar Artery Analysis


In the sham cuff-treated group, the mean basilar cross-sectional area at the vertebrobasilar junction and mid and distal segments was 0.053 ± 0.014, 0.040 ± 0.017, and 0.047 ± 0.015 mm2, respectively. In the true cuff-treated group, the mean basilar cross-sectional area at the vertebrobasilar junction and mid and distal portion was 0.059 ± 0.016, 0.057 ± 0.011, and 0.053 ± 0.021 mm2, respectively. The cross-sectional area of the mid-basilar artery in the true cuff preconditioning group was significantly larger by 43% (p = 0.03) when compared to the sham preconditioning group. However, the diameter for the proximal and distal basilar segments were not statistically different between these two groups (Figure 2). Representative vessel diameters are shown in Figure 3. No differences in the cross-sectional area were found in the resveratrol-treated group when compared to the vehicle-treated group for any of the three basilar segments (Figure 2).




3.3. Histological Hippocampal Cell Counts


Mean hippocampal neurons/mm counts did not differ between the groups (Table 1, Figure 4).





4. Discussion


Cerebral vasoconstriction remains an important pathological finding in SAH, even though its role as the only contributor to DCI has been questioned recently [11]. In the present study we were able to show a vasoprotective effect of remote limb ischemic conditioning on basilar artery diameter; however, we were not able to demonstrate a similar effect with resveratrol. We did not find a protective effect of either conditioning paradigm on neurological and behavioral outcomes or hippocampal cell counts. In contrast to our findings, Karaoglan et al. found that three daily doses of intravenous resveratrol 10 mg/kg improved basilar artery diameters and wall thickness in a single injection rodent SAH [12]. The disparate findings may be explained by differences in the route and timing of resveratrol administration. While we injected resveratrol intraperitoneally, starting 24 h after SAH, the study by Karaoglan et al. used intravenous resveratrol, with the first dose administered immediately after SAH. It is possible that intraperitoneal and delayed resveratrol administration may not provide a sufficient conditioning stimulus after SAH. However, delaying the administration of the conditioning intervention is clinically more relevant.



There have been few studies that have directly compared different conditioning strategies. Our data suggest that remote ischemic conditioning may provide a more powerful conditioning stimulus than resveratrol. It has previously been suggested that the phenotype of the conditioning response may be determined by the nature of the conditioning stimulus [13]. In this manner, tailoring the conditioning stimulus to the targeted pathology may be a more effective strategy, i.e., using ischemia to condition for lethal ischemia rather than using another stimulus, e.g., lipopolysaccharide conditioning, which reprograms the cellular response through inflammatory mediators and may be more effective in inflammatory predominant pathologies [13].



We would like to emphasize the importance of using a clinically relevant model of experimental SAH. Table 2 summarizes preconditioning studies in animal models of SAH. Preclinical studies have included a variety of stimuli such as hyperbaric oxygen, lipopolysaccharide, and limb conditioning. Limb conditioning with a blood pressure cuff is clinically appealing, as this can be easily instituted in patients. However, the only experimental study assessing the effect of remote limb conditioning for rodent SAH used direct femoral artery occlusion with vascular clips, which is impractical in humans [14].



Preconditioning is being increasingly explored for treatment of all stroke subtypes [2]. This includes ischemic stroke, as well as intracerebral hemorrhage. In intracerebral hemorrhage, ischemic conditioning with 15 min of direct middle cerebral artery occlusion attenuated intracerebral hemorrhage-related brain edema [15]. Similar findings were noted with preconditioning with hyperbaric oxygen [16]. A proof-of-concept clinical trial of remote ischemic limb preconditioning within 24–48 h in patients with intracerebral hemorrhage is currently ongoing [17]. However, it remains uncertain whether a particular conditioning paradigm confers a therapeutic advantage. Our data suggest that there may be differences in the preconditioning potential between the various strategies.



In our study, limb preconditioning prevented vasoconstriction in the mid-basilar artery, but for reasons which are not clear, no effects on the proximal or distal segments were seen. The mid-basilar segment may be more susceptible to vasoconstriction, given that the proximal and distal segments have arterial confluences (vertebrobasilar junction) or bifurcations (top of the basilar), which may confer a more stable vascular structure. We were not able to find clinical reports showing a susceptibility of the mid-basilar artery to vasospasm in human SAH. However, Figure 5 shows a catheter angiogram of a case of mid-basilar vasospasm in a patient with recent SAH, with sparing of the proximal and distal segments.



It is also important to note that remote limb conditioning was vasoprotective despite using isoflurane anesthesia at the time of the intervention. Isoflurane is a conditioning agent and has been shown to improve microvascular function and neurological outcome in experimental SAH [18,19]. It is particularly noteworthy that despite the background of isoflurane use in both sham and true limb conditioning groups, we were able to observe an added protective effect of remote conditioning.



In our model we were not able to show a neuronal protective effect of either resveratrol or limb conditioning on hippocampal cell counts. Prior studies that found hippocampal cell loss in the single injection rodent SAH model have typically included longer survival times (7 days) than that used in our study (4 days) [20,21]. We did not a include a control without SAH. For that reason, we are uncertain if the model used leads to hippocampal cell injury by day 4 after SAH or whether the interventions are truly ineffective in preventing neuronal loss.



In most preclinical studies conditioning was started either prior to or immediately after SAH. This is not practical in the clinical setting as diagnosis, medical care, and aneurysm treatment cause delays in implementing any intervention [14,21,22].



We also believe that experimental models should include repetitive conditioning over days following SAH. In human SAH this would require repeated conditioning to cover the entire 4–14-day risk period for DCI. The conditioning response wanes within days, requiring repeated treatment [23]. It is probable, but uncertain, that the risk period for DCI is shorter in rodents than in humans, requiring fewer treatment sessions [12,24].



Our study has several limitations. We were not able to fully assess histological neuronal protection or behavioral outcomes. Cognitive function is typically affected by SAH and requires more detailed testing than we were able to do. This may be the reason why we were not able to demonstrate a beneficial effect of either intervention on behavioral outcome. In addition, we were only able to remotely pre-condition under isoflurane anesthesia. In future studies it will be important to condition animals without anesthesia to determine the true effect of limb conditioning only. We used male rats only and sex differences will need to be explored, particularly as the incidence of SAH is higher in women. The lack of a control group, without SAH and only short-term histological outcome assessment, did not allow us to fully explore any effect on hippocampal cell injury of the interventions.



In conclusion, we found beneficial vascular effects of remote limb preconditioning on basilar artery vasospasm. Our findings support further studies of remote limb preconditioning as treatment to improve outcome from SAH. We also highlight the need to include a clinically relevant conditioning model and trust that future investigators will consider adapting these important translational elements.







Author Contributions


Conceptualization: S.K., M.P.-P. and K.D.; Methodology: S.K., M.P.-P. and K.D.; Investigation: S.K., G.D.L.R., D.F., I.S., M.P.-P. and K.D.; Data Curation: S.K., G.D.L.R., D.F., I.S., M.P.-P. and K.D.; Supervision: S.K., K.D. and I.S.; Funding Acquisition: S.K., K.D. and M.P.-P. All authors have read and agreed to the published version of the manuscript.




Funding


The study was partially supported by an intramural grant from the University of Miami.




Institutional Review Board Statement


The study protocol was approved by the Animal Care and Use Committee at the University of Miami on 16 May 2017 protocol #17-079.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available upon any reasonable requests in accordance with the University of Miami data transfer policies.




Acknowledgments


We would like to thank Brant Watson for critical reading of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




Compliance with Ethical Standards


All animal studies were approved by the University of Miami, School of Medicine, Animal Care and Use Committee at the University of Miami under guidelines and regulations consistent with the Guide for the Care and Use of Laboratory Animals, Public Health Service Policy on Humane Care and Use of Laboratory Animals, and the Animal Welfare Act and Animal Welfare Regulations.




References


	



Wong, G.K.; Nung, R.C.; Sitt, J.C.; Mok, V.C.; Wong, A.; Ho, F.L.; Poon, W.S.; Wang, D.; Abrigo, J.; Siu, D.Y. Location, Infarct Load, and 3-Month Outcomes of Delayed Cerebral Infarction After Aneurysmal Subarachnoid Hemorrhage. Stroke 2015, 46, 3099–3104. [Google Scholar] [CrossRef] [PubMed]

	



Koch, S.; Gonzalez, N. Preconditioning the human brain: Proving the principle in subarachnoid hemorrhage. Stroke 2013, 44, 1748–1753. [Google Scholar] [CrossRef] [PubMed]

	



Della-Morte, D.; Dave, K.R.; DeFazio, R.A.; Bao, Y.C.; Raval, A.P.; Perez-Pinzon, M.A. Resveratrol pretreatment protects rat brain from cerebral ischemic damage via a sirtuin 1-uncoupling protein 2 pathway. Neuroscience 2009, 159, 993–1002. [Google Scholar] [CrossRef] [PubMed]

	



Raval, A.P.; Lin, H.W.; Dave, K.R.; Defazio, R.A.; Della Morte, D.; Kim, E.J.; Perez-Pinzon, M.A. Resveratrol and ischemic preconditioning in the brain. Curr. Med. Chem. 2008, 15, 1545–1551. [Google Scholar] [CrossRef]

	



Gulsen, S.; Inci, S.; Yuruk, S.; Yasar, U.; Ozgen, T. Effect of raloxifene on cerebral vasospasm following experimental subarachnoid hemorrhage in rats. Neurol. Med. Chir. 2007, 47, 537–542; discussion 542. [Google Scholar] [CrossRef]

	



Koch, S.; Katsnelson, M.; Dong, C.; Perez-Pinzon, M. Remote ischemic limb preconditioning after subarachnoid hemorrhage: A phase Ib study of safety and feasibility. Stroke 2011, 42, 1387–1391. [Google Scholar] [CrossRef]

	



Lange-Asschenfeldt, C.; Raval, A.P.; Dave, K.R.; Mochly-Rosen, D.; Sick, T.J.; Perez-Pinzon, M.A. Epsilon protein kinase C mediated ischemic tolerance requires activation of the extracellular regulated kinase pathway in the organotypic hippocampal slice. J. Cereb. Blood Flow Metab. 2004, 24, 636–645. [Google Scholar] [CrossRef]

	



Dave, K.R.; Saul, I.; Busto, R.; Ginsberg, M.D.; Sick, T.J.; Perez-Pinzon, M.A. Ischemic preconditioning preserves mitochondrial function after global cerebral ischemia in rat hippocampus. J. Cereb. Blood Flow Metab. 2001, 21, 1401–1410. [Google Scholar] [CrossRef]

	



Garcia, J.H.; Wagner, S.; Liu, K.F.; Hu, X.J. Neurological deficit and extent of neuronal necrosis attributable to middle cerebral artery occlusion in rats. Statistical validation. Stroke 1995, 26, 627–634; discussion 635. [Google Scholar] [CrossRef]

	



Clark, W.M.; Lessov, N.S.; Dixon, M.P.; Eckenstein, F. Monofilament intraluminal middle cerebral artery occlusion in the mouse. Neurol. Res. 1997, 19, 641–648. [Google Scholar] [CrossRef]

	



Topkoru, B.; Egemen, E.; Solaroglu, I.; Zhang, J.H. Early Brain Injury or Vasospasm? An Overview of Common Mechanisms. Curr. Drug Targets 2017, 18, 1424–1429. [Google Scholar] [CrossRef] [PubMed]

	



Karaoglan, A.; Akdemir, O.; Barut, S.; Kokturk, S.; Uzun, H.; Tasyurekli, M.; Colak, A. The effects of resveratrol on vasospasm after experimental subarachnoidal hemorrhage in rats. Surg. Neurol. 2008, 70, 337–343. [Google Scholar] [CrossRef] [PubMed]

	



Stenzel-Poore, M.P.; Stevens, S.L.; King, J.S.; Simon, R.P. Preconditioning reprograms the response to ischemic injury and primes the emergence of unique endogenous neuroprotective phenotypes: A speculative synthesis. Stroke 2007, 38 (Suppl. 2), 680–685. [Google Scholar] [CrossRef]

	



Hu, X.; Lv, T.; Yang, S.F.; Zhang, X.H.; Miao, Y.F. Limb remote ischemic postconditioning reduces injury and improves longterm behavioral recovery in rats following subarachnoid hemorrhage: Possible involvement of the autophagic process. Mol. Med. Rep. 2018, 17, 21–30. [Google Scholar] [CrossRef] [PubMed]

	



He, Y.; Karabiyikoglu, M.; Hua, Y.; Keep, R.F.; Xi, G. Ischemic Preconditioning Attenuates Brain Edema after Experimental Intracerebral Hemorrhage. Transl. Stroke Res. 2012, 3 (Suppl. 1), 180–187. [Google Scholar] [CrossRef] [PubMed]

	



Qin, Z.; Song, S.; Xi, G.; Silbergleit, R.; Keep, R.F.; Hoff, J.T.; Hua, Y. Preconditioning with hyperbaric oxygen attenuates brain edema after experimental intracerebral hemorrhage. Neurosurg. Focus 2007, 22, E13. [Google Scholar] [CrossRef]

	



Zhao, W.; Jiang, F.; Li, S.; Wu, C.; Gu, F.; Zhang, Q.; Gao, X.; Gao, Z.; Song, H.; Wang, Y.; et al. Remote Ischemic Conditioning for Intracerebral Hemorrhage (RICH-1): Rationale and Study Protocol for a Pilot Open-Label Randomized Controlled Trial. Front. Neurol. 2020, 11, 313. [Google Scholar] [CrossRef]

	



Milner, E.; Johnson, A.W.; Nelson, J.W.; Harries, M.D.; Gidday, J.M.; Han, B.H.; Zipfel, G.J. HIF-1alpha Mediates Isoflurane-Induced Vascular Protection in Subarachnoid Hemorrhage. Ann. Clin. Transl. Neurol. 2015, 2, 325–337. [Google Scholar] [CrossRef]

	



Athiraman, U.; Liu, M.; Jayaraman, K.; Yuan, J.; Mehla, J.; Zipfel, G.J. Anesthetic and subanesthetic doses of isoflurane conditioning provides strong protection against delayed cerebral ischemia in a mouse model of subarachnoid hemorrhage. Brain Res. 2021, 1750, 147169. [Google Scholar] [CrossRef]

	



Prunell, G.F.; Mathiesen, T.; Diemer, N.H.; Svendgaard, N.A. Experimental subarachnoid hemorrhage: Subarachnoid blood volume, mortality rate, neuronal death, cerebral blood flow, and perfusion pressure in three different rat models. Neurosurgery 2003, 52, 165–175; discussion 166–175. [Google Scholar] [CrossRef]

	



Takata, K.; Sheng, H.; Borel, C.O.; Laskowitz, D.T.; Warner, D.S.; Lombard, F.W. Long-term cognitive dysfunction following experimental subarachnoid hemorrhage: New perspectives. Exp. Neurol. 2008, 213, 336–344. [Google Scholar] [CrossRef] [PubMed]

	



Ostrowski, R.P.; Colohan, A.R.; Zhang, J.H. Mechanisms of hyperbaric oxygen-induced neuroprotection in a rat model of subarachnoid hemorrhage. J. Cereb. Blood Flow Metab. 2005, 25, 554–571. [Google Scholar] [CrossRef] [PubMed]

	



Koch, S.; Della-Morte, D.; Dave, K.R.; Sacco, R.L.; Perez-Pinzon, M.A. Biomarkers for ischemic preconditioning: Finding the responders. J. Cereb. Blood Flow Metab. 2014, 34, 933–941. [Google Scholar] [CrossRef] [PubMed]

	



Leclerc, J.L.; Garcia, J.M.; Diller, M.A.; Carpenter, A.M.; Kamat, P.K.; Hoh, B.L.; Dore, S. A Comparison of Pathophysiology in Humans and Rodent Models of Subarachnoid Hemorrhage. Front. Mol. Neurosci. 2018, 11, 71. [Google Scholar] [CrossRef]








[image: Biomolecules 12 00568 g001 550] 





Figure 1. Overview of the experimental design (PC = preconditioning). 
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Figure 2. Mean cross sectional area of the basilar artery (* = p < 0.05). 
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Figure 3. Representative examples of mid-basilar artery vascular diameters of (A) sham conditioning (n = 8), (B) true conditioning (n = 9), (C) vehicle (n = 9) and (D) resveratrol conditioning groups (n = 7) (bar length is 0.2 mm). 
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Figure 4. Hippocampal cell counts of (A) sham conditioning (n = 9), (B) true conditioning (n = 9), (C) vehicle (n = 9) and (D) resveratrol conditioning groups (n = 7) (bar length is 10 µm). 
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Figure 5. Lateral view of basilar artery catheter angiogram in a patient with recent subarachnoid hemorrhage demonstrating mid-basilar artery vasospasm. 
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Table 1. Behavioral scores, histological data, and basilar artery cross-sectional area.
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	Sham Cuff vs.

True Cuff Conditioning
	Sham Cuff
	TRUE CUFF
	p-Value





	General score- total (median)
	2

(n = 9)
	2

(n = 10)
	0.72



	Neuro score- focal (median)
	0

(n = 9)
	0

(n = 10)
	0.34



	Hippocampal neurons/mm (mean)
	191 ± 19

(n = 9)
	193 ± 25

(n = 9)
	0.84



	Basilar Cross-sectional area mm2 (mean)
	
	
	



	junction
	0.053 ± 0.014

(n = 9)
	0.059 ± 0.016

(n = 9)
	0.38



	mid
	0.040 ± 0.017

(n = 8)
	0.057 ± 0.011

(n = 9)
	0.03



	Distal
	0.047 ± 0.015

(n = 6)
	0.053 ± 0.021

(n = 9)
	0.84



	Vehicle vs.

Resveratrol
	Vehicle
	Resveratrol
	p-Value



	General score- total (median)
	1

(n = 6)
	2

(n = 8)
	0.14



	Neuro score- focal (median)
	0

(n = 6)
	0

(n = 8)
	1.00



	Hippocampal neurons/ mm (mean)
	193 ± 28

(n = 9)
	181 ± 38

(n = 9)
	0.47



	Basilar Cross-sectional area mm2 (mean)
	
	
	



	junction
	0.053 ± 0.011

(n = 9)
	0.050 ± 0.012

(n = 9)
	0.61



	mid
	0.047 ± 0.013

(n = 9)
	0.054 ± 0.015

(n = 7)
	0.23



	distal
	0.035 ± 0.018

(n = 9)
	0.046 ± 0.018

(n = 7)
	0.23
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Table 2. Experimental studies of preconditioning for SAH.






Table 2. Experimental studies of preconditioning for SAH.





	Study
	Animal

SAH Model
	Stimulus
	Conditioning Start in Relation to SAH
	Repetitive Conditioning
	Effect





	Karaoglan 2008
	Rat

Cisterna Magna injection
	Resveratrol
	One minute
	yes
	Reduced vasospasm



	Ostrowski 2005
	Rats Endovascular Perforation
	Hyperbaric O2
	60 min
	no
	Neuronal protection



	Vellimana 2011
	Mouse

Endovascular perforation
	Hypoxia
	Prior to SAH
	no
	Reduced vasospasm

Neurological improvement



	Smithason 2013
	Mouse

SAH vein transection
	LPS
	Prior to SAH
	no
	Reduced vasospasm



	Milner 2015
	Mice

Endovascular perforation
	Isoflurane
	60 min
	no
	Improved microvascular function

Neurological improvement



	Hu 2018
	Rats

Endovascular perforation
	Femoral artery clip occlusion
	Immediately
	yes
	Neurological improvement



	Athiraman 2021
	Mouse

Endovascular perforation
	Isoflurane
	60 min
	no
	Reduced vasospasm

Neurological improvement







SAH = subarachnoid hemorrhage.
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