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Carbon monoxide attenuates vasospasm and improves neurobehavioral function after subarachnoid hemorrhage. 
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ABSTRACT
Subarachnoid hemorrhage (SAH) is one of the mosta devastating forms of hemorrhagic stroke and is a serious medical condition caused by bleeding that is usually due to a ruptured aneurysm. Oxidative stress and inflammation due from hemoglobin and heme released from lysed red blood cells are someamong the postulated causes of vasospasm during SAH, which could lead to delayed cerebral ischemia. At low amounts, carbon monoxide (CO) gas may be neuroprotective through anti-inflammation, anti-cell death, and by restoring normal blood flow. Hence, tThis study focuses on a noninvasive strategy to treat SAH by using CO as therapeutic medical gas. Mice were treated either with 250ppm CO or air at 2 h after SAH and we monitored various anatomical and functional outcomes were monitored over time. CO decreased neurological deficit score (47.4±10.5%), and increased activity (30.0±9.1%) and stereotypic counts (261.5±62.1%) at day 7. There was a significant increase in lIn CO-treated SAH mice, lumen area/wall thickness ratio in the middle cerebral artery increased significantly (173.5±19.3%) and tendedncy to increase in the anterior cerebral artery as well (25.5±4.3%) at day 7 in CO-treated SAH mice. This is a first report to demonstrateing that CO prevents the delayed, SAH-induced various neurobehavioral deficits, which suggestsing that, post-treatment,  CO gas or CO -donors post-treatment should be considered as a therapy against SAH. 
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1. Introduction

   Subarachnoid hemorrhage (SAH) is, a type of hemorrhagic stroke that, involves a major complication of bleeding in the subarachnoid space because ofdue to an aneurysmal rupture [1–3]. This bleedingIt is a common complication that occurs after an aneurysm.al accident in SAH [4–6]. In Aadditionally, SAH induces vasospasm, which leads to neuroinflammation, oxidative stress, and neuronal injury; and SAHit is also considered a major cause of mortality and morbidity [7]. OngoingDelayed neurologic deterioration from vasospasm remains the greatest cause of death and disability afterfollowing SAH [8,9]. Cerebral vasospasms occur in more than one-half of all patients with SAH, and it is recognized as the main cause of delayed- presentation cerebral ischemia after SAH [10–12],. which itselfThis condition normally happensadvances between 4 and 14 days after SAH.and The most severe conditions of delayed-presentation cerebral ischemia are observed between 7 andto 9 days after SAH [13] 
   Carbon monoxide (CO) canhas a potentially impact on pathophysiological conditions such as neuronal death, neuroinflammation, cell metabolism, neuromodulation, and vasomodulation [14–16]. CO is produced endogenously through the enzymes heme oxygenase (HO) as itthrough the breaks down of heme. Studies haveIt has been also concluded that most of the endogenously generated CO is HO- dependent [17,18]. Other evidence shows that CO in the body is also formed by photo-oxidation, lipid peroxidation, and xenobiotic metabolism [19]. We and others have previously shown that that the constitutive HO2 and the inducible HO1 have a protective role in the brain whenin conditions in which the substrate remains within physiological levels [20]. Furthermore, studies haveit has also been reported that HO-derived CO, CO-releasing molecules [21,22], and low concentrations of inhaled CO protect against various insults through the activation of anti-inflammatory, anti-cell death, and vasodilatory effects [23,24]. While inunder most scenarios, the free heme substrate can be the limiting factor for the production of large amounts of CO, ourwe are here testing the hypothesis is that exogenous CO might provide protection against SAH-induced vasospasm and neurobehavioral deficits. The levels we examined are still within the safe levels and can be reached within the environment. We performedplanned an observational study to examine the effect of CO inhalation, as compared to air delivered at the same flow rate, to describe the functional outcome of experimental SAH. 
   We report here for the first time that CO is neuroprotective in an endoperforation model of SAH. CO has beneficial effects on neurobehavioral function and vasospasm. This study will help us to investigate the neuroprotective mechanisms of CO in SAH and how CO, or CO-donors can be used as a potential therapeutic candidate for SAH treatment. When we can Uunderstanding of the etiopathology of SAH, i.e., delayed vasospasm, delayed cell death, and delayed cerebral ischemia, it makes SAH then becomesit an most appropriate target to clinically evaluate for the potential of CO as a treatmentsafe delivery to these patients. 

2. Materials and Methods

2.1. Animals and induction of SAH by endoperforation

   We created SAH in Mmale C57BL/6, 8- to 10- week- old mice were used to create the SAH by means of endoperforatingoning micro vessels alongin the circle of Willisbrain using with the help of a 5–0 nylon monofilament [25]. SAH in mice was induced by endovascular perforation along the circle of Willis by a 5–0 nylon monofilament to study vasospasm. Sham control mice were subjected to the same surgical procedure without endoperforation. All postoperative care was given by the experimenter and UF veterinarian technicians after surgery. All experiments were performed following the University of Florida Institutional Animal Care and Use Committee recommendations and the ARRIVE guidelines [26]. All personnel performing the surgery, functional assessments, histology, and histological assessments were blinded to the experimental conditions.

2.2. CO treatment in SAH- induced mice

   We used one time points for CO exposure such that starteding at day 1 immediately after 2 h of SAH (endoperforation) when . Mmice were exposed to CO (SAH+CO) or medical- grade air (SAH+air). This took place and then once every day for 7 d. Mice were placed inside a Plexiglas chamber at room temperature andfor exposedure to CO (250ppm) at 1 L/min flow. We adopted Tthe dose of CO and treatment time point were adapted from our previous study [27]. The CO level in the chamber was monitored by a Single Gas Analyzer, (CO91, (Universal Enterprises, Beaverton, OR). Sham control (Sham+air) mice received air exposure for 1 h at the same flow rate of air as SAH mice. CO at 250ppm was administered daily for 1 h. After 1 h of CO/air exposure, mice were removed from the chamber and placed in their original cages. 
   After the surgery, mice were assessed for neurobehavioral functions, such as motor function, locomotor activity, and neurological deficit at 24 h and 7 d. After the behavioral assessments, mice were perfused and their brains were harvested and kept at -−80oC for further processing. Ten-micrometer Bbrains sections of 10 µm were obtained using aon cryostat and were stained with hematoxylin and eosin staining to analyze vasospasm in the middle and (MCA) anterior cerebral arteries (ACA).MCA and ACA.

2.3. Functional assessments

   We blind tested Ffunctional outcomes were tested in wildtypeWT mice afterfollowing SAH by an experimenter blinded to the experimental conditions. For open field activity and rotarod testing, each group received pre-testing before surgery followed by 24-h and 7-d post-surgery neuro-behavioral assessments at 24 h and 7 d after SAH. All the neuro-behavioral and functional tasks were done at the same time of the day and mice were given in between each task 30 to 45 min in between each taskof rest was given to the mice.

2.3.1. Neurological deficit score (NDS)

   We used a 24-point scoring system originally introduced by Clark et al. [28] and previously reported by us [29,30] to evaluate Tthe neurologic deficits induced by SAH were evaluated by a 24-point scoring system originally introduced by Clark et al. [28] and previously reported by us [29,30]. The NDSis neurological deficit scoring system includes body symmetry, gait, climbing, circling behavior, front limb symmetry, and compulsory circling. Each test score is graded from 0 to 4, thus establishing a maximum deficit of 24 points. 

2.3.2. Open field locomotor activity test

   This test is a sensitive method used to assess gross and fine locomotor activity, including ambulatory and stereotypic counts. We monitored Oopen field activity was monitored bywith an automated MED Associates (Med Associates, Inc., St. Albans, VT) video tracking interface system following the procedure we have reported previously [29]. Mice were pretested for 3 d before surgery to obtain theira baseline activity. Thereafter, these activities were observed at 1 and 7 d after SAH. In Bbriefly, mice were individually housed in four transparent acrylic cages and their simultaneous activities were recorded for a period of 30 min. 

2.3.3. Rotarod test

   This test is used for the analysis of motor coordination and sensorimotor function. Mice were pretested for 3 d before surgery to obtain their baseline functions. Thereafter, mice were tested on 1 and 7 d after SAH. The Ppre- and post-surgery rotarod test usedwas performed with a speed ranging from 5 to 30 rpm as we previously described by us [29,31]. Each session had acomprised of 5- min maximum duration, and. E each group of mice underwent three trials with a 30- min interval. The total time of retention on the rod for each mouse was recorded automatically by the Rotamex computer software (Columbus Instrument, Columbus, OH).

2.4. Body weight

   We measured Bbody weight was measured to finddetermine any changes in weight loss after SAH surgery or an effect of CO treatment on weight loss. To monitor such changes, we observed body weight at day 1 and day 7 d after SAH.

2.5. Mortality

   Mortality rate is a measure of the number of animals that died during the course of experiment. We observed Mmortality was observed throughout the experiment up to 7 d after SAH.

2.6. Hematoxylin and eosin staining and assessment of vasospasm

   At the terminal end point of (7 d after SAH), we anesthetized mice were deeply anesthetized with isoflurane and transcardially perfused them with phosphate-buffered salinePBS and 4% paraformaldehydePFA. We removed the bBrains were removed and post-fixed it in in 4% paraformaldehyde% PFA for 24 h, after which we . The brain was then transferred it to 30% sucrose until it settled down at the bottom of a tube. The Bbrains were later kept in a small plastic container that was then filled with optimal cutting temperature compoundOCT and then snap frozen. We sliced the Thereafter, brains were cut into 10- μm sections usingon a cryostat, and stained them with hematoxylin and eosin. We took Rrepresentative digital images of eight consecutive middle cerebral artery (MCA) and  and anterior cerebral artery (ACA) cross- sections from each animal were obtained, and then quantified the lumen area/wall thickness ratio and the lumen circumference/wall thickness ratio was quantified to assess vasospasm [32,33]. All slides were scanned using an Aperio ScanScope CS and analyzed with Image Scope software (Leica Biosystems, Cincinnati, OH).

2.7. Statistical analysis

   To estimate Sstatistical significance, we performed was estimated by Student’s t-test for unpaired observations between two groups by using GraphPad prism 5. Results are considered statistically significant at p values < 0.05. All data are presented as mean±SEM.

3. Results

3.1. Mortality rate

   There was no mortality in the sham group. However, there was 30% mortality reported in SAH+air group and 37% mortality reported in the SAH+CO group. This range of mortality wasere similar to that previously reported by others usingin the endoperforation model of SAH [25,34]. 

3.2. SAH induces vasospasm
 
   To study the time- dependent changes in vasospasm, we performed the 24- h, and 3- d 5-, d and 7- d survival studiesy after SAH. WeSAH was induced SAH by endoperforation in WT mice that were sacrificed at 24 h, and 3 d, 5 d, and 7 d after SAH to study vasospasm (Fig. 1). We determined Vvasospasm was determined by findingperforming the vessel lumen area/wall thickness ratio. Interestingly, we found significant vasospasm by comparing the lumen area/wall thickness ratio in mice brain after SAH at 24 h (313.3±45.7), 3 d (497.0±110.0), 5 d (918.3±118.0), and 7 d (1508.0±180.5) compared to sham (2078.0±133.2). We also separately measured the lumen area and wall thickness separately to correlate any significant changes in the lumen wall and lumen area, and we expressed the results as the percent difference compared towith the sham. The Llumen area at 24 h was 25.6±2.9, at 3 d was 38.6±8.0, at 5 d was 64.0±6.1, and at 7 d was 78.12±5.9 as compared to 100.0±4.1 lumen area in sham. Wall thickness also changed: and at 24 h, it was 178.6±9.1, at 3 d it was 182.2±10.9, at 5 d it was 167.0±10.8, and at 7 d it was 119.5±6.7 as compared to 100.0±3.8 in sham (Fig. 2A-E).

3.3. Effect of SAH on neurological deficit

   Neurological deficit is anone of the important neurofunctional outcomes after SAH, sothus, we observed themneurological deficits in mice. SAH- induced mice showed significantly neurological deficit at 24 h, and on days 3, 5, and 7 in comparedison to sham (Fig. 2F).

3.4. CO treatment attenuates SAH-induced neurological deficit 

   We observed NDS in the different treated groups of mice at day 1 and 7 after SAH and found that SAH in mice caused significant neurological deficits at days 1 and 7; (17.0±1.8 vs 9.5±0.6, respectively). However, treatment with 250 ppm CO onfor day 7 significantly improved NDS at day 7; (13.3±2.3 vs 6.0±1.0, respectively) but no significant changes were observed between the SAH+air and SAH+CO groups at day 1 (Fig. 3A). 

3.5. CO treatment improves ambulatory distance and stereotypic counts in SAH-induced mice

   We measured Aambulatory distance was measured using an automated open field activity monitor and the a Med Associate video tracking interface system (Med Associate).. We found that SAH led to resulted in a significantly smaller distance travelled compared to Sham onat day 1. However, there was no significant difference in ambulatory distance and stereotypic counts between the SAH+air (236.2±41.2) and SAH+CO (271.7±39.9) groups. Interestingly, treatment with CO significantly improved animal activity onat day 7, (SAH+air, ( 499.4±37.2) vs SAH+CO, ( 649.2±45.7), but resulted in a non-significant effect onat day 1. In addition, we also observed the stereotypic counts in these mice and found that CO treatment in SAH+CO (2458.0±422.5) significantly improved the stereotypic counts in SAH mice onat day 7 as compared to SAH+Air (680.0±231.0) (Fig. 3B-3C). 

3.6. Effect of CO treatment on motor function after SAH

   When mice were subjected to the rotarod test, we found that there was a significant change in motor function (latency to fall from a rotating rotarod) in SAH+air and SAH+CO mice compared to sham+air; however, latency to fall did not improve with CO treatment in SAH mice onat day 1 (57.8±15.0) or 7 (92.2±33.7), although a trend of lower latency to fall was observed in SAH+CO at day 7 (Fig. 3D).
.
3.7. CO treatment attenuates SAH-induced vasospasm

   We induced SAH was induced by endoperforation alongof the circle of Willis in wildtypeWT mice to study vasospasm. After 2 h of SAH, we exposed mice were exposed to 250ppm CO or air followed by a single exposure to CO or air for 1 h daily for 7 d. Interestingly, we found significantly improved lumen/wall ratio and in the ratio at 7 d in the SAH+CO group compared to the SAH+air group. CO significantly decreased vasospasm as noted by a higher lumen area/ to wall thickness ratio in the right MCA in SAH+CO- (944.8±66.7) treated group (944.8±66.7) to SAH+air-- (345.4±55.3) treated (345.4±55.3) group onat day 7. We observed the trend towardA tendency of a higher lumen area/ to wall thickness ratio in the right ACA in the SAH+CO- (2073.0±117.5) treated group (2073.0±117.5) compared to SAH+air- (1918.0±246.8)-treated group (1918.0±246.8) was observed aton day 7. We also separately measured the lumen area and wall thickness separately to correlate any significant changes in the lumen wall and lumen area and we expressed the results as the percent difference as compared towith the SAH+air group. We found a significantly higher lumen area in the SAH+CO- (139.7±8.4) treated group (139.7±8.4) in comparedison to the SAH+air-treated  (100.0±15.8) group (100.0±15.8) and lower wall thickness in the SAH+CO (50.9±1.6) group in comparedison to SAH+air-treated mice (100.0±4.0) treated mice in the MCA region. Additionally, in the ACA, we also found a significant change in the lumen area in the SAH+air group (100.0±15.8) group  compared to the SAH+CO-treated group (189.7±8.4) treated group. Additionally, tThere was also a significant decrease in wall thickness in the SAH+air group (100.0±3.7) group  compared to the SAH+CO-treated group (68.7±2.4) treated group. Additionally wWe also analyzed vasospasm by measuring the lumen circumference/wall thickness ratio. CO significantly decreased the vasospasm as noted by a higher lumen circumference/ to wall thickness ratio in the right MCA onat day 7, (SAH+air, (8.3±1.9) vs SAH+CO, (18.7±2.4) and in the right ACA onat day 7, (SAH+air, (15.4±2.3) vs SAH+CO, (20.7±1.2). We also measured the lumen circumference and expressed the results as the percent difference compared with the SAH+air mice. We found a significantly higher lumen circumference (100.0±18.9 vs 166.7±10.0) in the MCA region in the SAH+CO mice compared to SAH+air mice. However, we found no significant change in lumen circumference (100.0±11.2 vs 91.7±5.0) in the ACA region (Fig. 4A-F).

4. Discussion

   This study was designed to first characterize the time dependent changes in vasospasm in SAH induced by endoperforation of circle of Willis. Significant increase in vasospasm at 24 h, 3 d, 5 d, and 7 d as evaluated by lumen area/wall thickness ratio was found. Image J software was used to assess the lumen area and wall thickness to measure vasospasm and such method would correct the potential issues due to vessel deformity. Then, we evaluated the effect of CO treatment on SAH-induced vasospasm, neurological deficit, ambulatory distance, stereotypic counts and motor function. We found that there was significant benefits offered by CO in SAH delayed vasospasm/vasoconstriction. Additionally, CO also improved neurological deficit and ambulatory function. While, CO has been shown to have benefits in other acute brain injury protocols, we are the first to document that CO prevents SAH-induced neurological deficit, animal activity by showing the ambulatory distance travelled, stereotypic counts and motor function.
   SAH is caused by bleeding in the subarachnoid space of the brain and it is considered as the most life- threatening type of stroke due to itswith high mortality and morbidity [7,35]. Low doses of exogenous and endogenous physiological concentrations of CO have shown protection against various types of stroke and hypoxia [27,36,37] but it haves not yet been yet tested in an endoperforation model of SAH, as we have donetested here. Reports have established that neurobehavioral alterations and vasospasms are serious complications afterfollowing SAH [13,38,39]. The Eendogenous bioactive gas CO is produced all over the body, including the brain, by the HO enzymes in response to various stresses. There isare still active debates regardingas to where the free heme pool would be accessible to produce – when needed – sufficient molar concentrations of CO that would matched its exogenous- associated beneficial effects. However, determining how the exogenous supply of relatively low levels of CO improved neurological function and vasospasm after SAH is still a goalremains elusive. We It should be stated that such amount keep levels of carboxyhemoglobin within the safe range. 	Comment by Astrom,Rebecca Corey: Please clarify: are you saying that the amount of CO DOES keep carboxyhemoglobin within the safe range? Or that the amount of CO SHOULD keep carboxyhemoglobin within the safe range? Please revise this sentence so that the reader can be sure of what you’re saying.
   Several experimental models are used to recapitulate the SAH pathology, and here, wethe used the  endoperforation model of SAH was used as its mimics some of the clinical features of SAH [40]. However, the amount of bleeding afterfollowing SAH may be challenging to control; consequently, the magnitude of vasospasm is proportional to the amount of SAH. The effects of CO after SAH areis not well explained orand well-described in mouse preclinical endoperforation SAH models, although, they are reported in a blood injection model [41,42]. Cerebral vasospasm is considered an most important cause of morbidity in patients after SAH, when. After SAH, bleeding results in the generation of various cells, bioactive molecules, and toxins in the nervous system that promotes neuronal injury. Therefore, we diligently looked at the time- dependent effects of SAH on vasospasm in mice by analyzing blood vessel lumen area and thickness. We first investigated vasospasm in mice at different time points and found that vasospasm wais consistent after 24 h and up to 7 days. We also found significant neurological deficits at day 7 compared to sham controls. 
We designed this study to characterize the time-dependent changes in vasospasm in SAH-induced by endoperforation of the circle of Willis. We found a significant increase in vasospasm at 24 h, and 3, 5, and 7 d as evaluated by lumen area/wall thickness ratio using Image J software to assess the lumen area and wall thickness, which we then used to measure vasospasm. This method would correct any potential issues that came from vessel deformity. We then evaluated the effect of CO treatment on SAH-induced vasospasm, neurological deficit, ambulatory distance, stereotypic counts, and motor function and found that there were significant benefits offered by CO in SAH-delayed vasospasm/vasoconstriction. In additional, CO improved neurological deficit and ambulatory function. Although CO has been shown to have benefits in other acute brain injury protocols, we are the first to document that CO prevents SAH-induced neurological deficit, animal activity (by showing the ambulatory distance travelled), stereotypic counts, and motor function.	Comment by Astrom,Rebecca Corey: Do you need this paragraph at all? You basically say everything again in the other paragraphs. It seems redundant and doesn’t add anything.
   We then tested Tthe effect of CO on vasospasm and neurological function was then tested. We choose the 7- d time point because in clinical settings maximum vasospasm is observed at day 7 in clinical settings [13]. In a separate cohort, after the confirmation of the SAH time point, we investigated the effect of CO on SAH- induced vasospasm and neurological function by . Here, we usinged three different neurobehavioral tests with a high sensitivity for detecting deficits after SAH. Our laboratory and others have used the NDSneurological deficit scoring successfully in ischemic and hemorrhagic stroke pathology [28,29,43]. The present study demonstrated that there was significant impairment in motor function after SAH. In Aadditionally, we also monitored animal activity by measuring ambulatory distance and stereotypic counts. We found that SAH causes a significant loss in ambulatory distance and stereotypic counts. Interestingly, CO treatment significantly improves the motor function and the animal activity. 
   Cerebral vasospasm after aneurysmal SAH is a well-established phenomenon that is caused bydue to narrowing of the large and medium-sized intracranial arteries [44]. Clinically, vasopspsmit affects the anterior circulation that is supplied by the internal carotid arteries, and. The vasospasm after SAH causes delayed cerebral ischemia, which continues to be a major complication and source of morbidity in cases of aneurysmal SAH [45,46]. Furthermore, we have demonstrated the effect of CO on vasospasm by estimating lumen area, lumen circumference, wall thickness,; and the ratio of lumen area to wall thickness and lumen circumference to wall thickness to confirm the degree of vasospasm. AlTthough, lumen circumference to wall thickness ratio is one wayof the method to show vasospasm, ; however, as an alternative we have also measured vasospasm by a lumen area to wall thickness ratio that provides an accurate measure of vasospasm and would correct any potential error due to vessels deformity [47]. Interestingly, we found that a 250ppm CO treatment significantly improved the vasospasm in mice by increasing the lumen area to wall thickness ratio and lumen circumference to wall thickness ratio in the MCA region. AlTthough there was no significant difference in the lumen area to wall thickness ratio in the ACA region, but there was a significant difference in lumen circumference to wall thickness ratio in the MCAACA region. Apart from calculating the ratio, to confirm the significant difference in lumen area and lumen circumference from the SAH+Air- to the SAH+CO- treated group, we also estimated value individually and found that there was a significantly increased lumen area and, lumen circumference, and decreased wall thickness in the MCA region of CO-treated mice compared to treated SAH mice. However, there was no significant difference observed in lumen circumference between air-treated SAH and CO-treated SAH mice, although there was significant reduction in wall thickness and lumen area in the ACA region in CO-treated SAH mice. These data indicate the potential direct or indirect vasoprotective mechanism of CO on SAH- induced vasospasm.; fFurther work is ongoing to pinpoint the cascade of events leading to such outcomes.	Comment by Astrom,Rebecca Corey: Edit to MCA in the last part of the sentence as meant? Otherwise, you are saying ACA and ACA and it doesn’t make sense.
[bookmark: _GoBack]   In conclusion, using this endoperforation model, we demonstrated that SAH induces vasospasm, neurological deficit, motor function, and ambulatory activity. Interestingly, intermittent treatment with 250ppm CO daily 7 d significantly protects mice from SAH- induced vasospasm and neurobehavioral function. These data establish the therapeutic potential of CO treatment to limit vasospasm, functional deficit, and brain damage;, and additional studies are needed to unravel the mechanism of CO-mediated neuroprotection. Considering the particular etiopathology of SAH, we think it ismakes it thea clinical target of choice to test the therapeutic optimal therapeutic delivery of CO. 
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Figure legends

Fig. 1. Schematic representation of experiment procedure. In this figure we have shown that we have started CO (250ppm) treatment after 2 h of SAH and we monitored behavioral function at 24 h and at day 7. 

Fig. 2. Time dependent changes in vasospasm after SAH. There was significant less lumen area/wall thickness ratio at 24 h, 3 d , 5 d, and 7 d in comparison to sham. There was also less lumen area/wall thickness ratio at 7 d but not significant. However, there was significant reduction in area at day 7 of SAH in comparison to sham control (n=3-4). NDS Score: There was a significant increase in NDS score at 24 h, 3 d, 5 d and 7 d as compared to sham after SAH. (n=5-6). Data presented as mean±SEM. *p<0.05, **p<0.01, ***p<0.001 as compared with sham.

Fig. 3. Demonstration of effect of CO on deficit in neurological deficit score (NDS), in male C57BL/6 mice after SAH. There was significant increased NDS at day 1 and day 7 in SAH induced mice and SAH+CO treated mice as compared to sham, whereas treatment with CO (250ppm) significantly decreases the NDS score in SAH mice at day 7. However no significant difference observed in NDS between SAH and SAH+CO treated group at day 1 (n=5-6). Fig. 3B-3C: Effect of CO on open field activity in mice after SAH. 3A. in open field activity, a significant decrease was found in activity in a SAH and SAH+CO treated group in comparison to sham at day 1 and day 7. However, CO treatment significantly improves the activity at day 7 but no difference observed at day 1. Additionally, there was significant decrease in stereotypic counts in SAH mice at day 1 and day 7, however, CO treatment significantly improve the stereotypic counts at day 1 and day 7 (3C), (n=4-5). Fig. 3D: Effect of CO on motor function and body weight. Significant motor function (latency of fall from rod) was found in the SAH and SAH+CO treated groups in comparison to sham. However, no significantly change in motor function was observed in CO treated mice as compared to SAH at either day 1 or day 7 (n=5-6). A significant decrease in body weight was observed in SAH and SAH+CO treated group in comparison to sham at day 1 and day 7 (n=5-6). Data presented as mean±SEM. *p<0.05, **p<0.01, ***p<0.001 as compared with sham; #p<0.05 compare to sham vs SAH+air; and SAH+air vs SAH+CO at day 7 in fig. 3B; ##p<0.01 compare to sham at day 1 and compare to SAH+air at day 7 in fig. 3C; ###p<0.001 as compared to sham at day 7 in fig. 3A.

Fig. 4. Effect of CO on vasospasm. There was significant improved area/wall thickness in MCA region; and lumen circumference/wall thickness ratio in MCA and ACA at day 7 in CO (250ppm) treated mice in comparison to SAH+air. There was also increased in percentage difference of lumen area and lumen circumference and decreased wall thickness by CO treatment in SAH mice at day 7 in MCA region. However, no percent difference observed in lumen area/wall thickness observed in ACA region though wall thickness was significantly reduced and lumen area was significantly increased by CO treatment as compare to SAH at day 7. (n=4-6). Data presented as mean±SEM. *p<0.05, **p<0.01, ***p<0.001 as compared with sham 

References

[1]	 C.A. Hellingman, W.M. van den Bergh, I.S. Beijer, G.W. van Dijk, A. Algra, J. van Gijn, G.J.E. Rinkel, Risk of rebleeding after treatment of acute hydrocephalus in patients with aneurysmal subarachnoid hemorrhage, Stroke, 38 (2007) 96–99.
[2]	 A.K. Petridis, M.A. Kamp, J.F. Cornelius, T. Beez, K. Beseoglu, B. Turowski, H.-J. Steiger, Aneurysmal Subarachnoid Hemorrhage, Dtsch. Arztebl. Int., 114 (2017) 226–236.
[3]	 P.J. Kirkpatrick, Subarachnoid haemorrhage and intracranial aneurysms: what neurologists need to know, J. Neurol. Neurosurg. Psychiatry, 73 Suppl 1 (2002) i28–33.
[4]	 J.L. Leclerc, S. Blackburn, D. Neal, N.V. Mendez, J.A. Wharton, M.F. Waters, S. Doré, Haptoglobin phenotype predicts the development of focal and global cerebral vasospasm and may influence outcomes after aneurysmal subarachnoid hemorrhage, Proc. Natl. Acad. Sci. USA, 112 (2015) 1155–1160.
[5]	 J.L. Leclerc, J.M. Garcia, M.A. Diller, A.-M. Carpenter, P.K. Kamat, B.L. Hoh, S. Doré, A comparison of pathophysiology in humans and rodent models of subarachnoid hemorrhage, Front. Mol. Neurosci., 11 (2018) 71.
[6]	 J.I. Suarez, A.I. Qureshi, A.B. Yahia, P.D. Parekh, R.J. Tamargo, M.A. Williams, J.A. Ulatowski, D.F. Hanley, A.Y. Razumovsky, Symptomatic vasospasm diagnosis after subarachnoid hemorrhage: Evaluation of transcranial Doppler ultrasound and cerebral angiography as related to compromised vascular distribution, Crit. Care Med., 30 (2002) 1348–1355.
[7]	 J.I. Suarez, Timing of neuropsychological outcome measures in patients with subarachnoid hemorrhage, Stroke, 38 (2007) 1724–1725.
[8]	 Y. Aihara, H. Kasuya, H. Onda, T. Hori, J. Takeda, Quantitative analysis of gene expressions related to inflammation in canine spastic artery after subarachnoid hemorrhage, Stroke, 32 (2001) 212–217.
[9]	 R.L. Macdonald, R.M. Pluta, J.H. Zhang, Cerebral vasospasm after subarachnoid hemorrhage: the emerging revolution, Nat. Clin. Pract. Neurol., 3 (2007) 256–263.
[10]	 J. Hansen-Schwartz, P. Vajkoczy, R.L. Macdonald, R.M. Pluta, J.H. Zhang, Cerebral vasospasm: looking beyond vasoconstriction, Trends Pharmacol. Sci., 28 (2007) 252–256.
[11]	 S. Ferguson, R.L. Macdonald, Predictors of cerebral infarction in patients with aneurysmal subarachnoid hemorrhage, Neurosurgery, 60 (2007) 658–67; discussion 667.
[12]	 M.N. Diringer, Management of aneurysmal subarachnoid hemorrhage, Crit. Care Med., 37 (2009) 432–440.
[13]	 S. Bracard, E. Schmitt, Vasospasm and delayed consequences, Interv. Neuroradiol., 14 Suppl 1 (2008) 17–22.
[14]	 C.S.F. Queiroga, A. Vercelli, H.L.A. Vieira, Carbon monoxide and the CNS: challenges and achievements, Br. J. Pharmacol., 172 (2015) 1533–1545.
[15]	 U. Shefa, D. Kim, M.-S. Kim, N.Y. Jeong, J. Jung, Roles of gasotransmitters in synaptic plasticity and neuropsychiatric conditions, Neural Plast., 2018 (2018) 1824713.
[16]	 A.S. Almeida, C. Figueiredo-Pereira, H.L.A. Vieira, Carbon monoxide and mitochondria-modulation of cell metabolism, redox response and cell death, Front. Physiol., 6 (2015) 33.
[17]	 S.W. Ryter, A.M.K. Choi, Heme oxygenase-1/carbon monoxide: from metabolism to molecular therapy, Am. J. Respir. Cell Mol. Biol., 41 (2009) 251–260.
[18]	 L. Wu, R. Wang, Carbon monoxide: endogenous production, physiological functions, and pharmacological applications, Pharmacol. Rev., 57 (2005) 585–630.
[19]	 W. Durante, F.K. Johnson, R.A. Johnson, Role of carbon monxide in cardiovascular function, J. Cell Mol. Med., 10 (2006) 672–686.
[20]	 S. Doré, K. Sampei, S. Goto, N.J. Alkayed, D. Guastella, S. Blackshaw, M. Gallagher, R.J. Traystman, P.D. Hurn, R.C. Koehler, S.H. Snyder, Heme oxygenase-2 is neuroprotective in cerebral ischemia, Mol Med, 5 (1999) 656–663.
[21]	 J. Wang, D. Zhang, X. Fu, L. Yu, Z. Lu, Y. Gao, X. Liu, J. Man, S. Li, N. Li, X. Chen, M. Hong, Q. Yang, J. Wang, Carbon monoxide-releasing molecule-3 protects against ischemic stroke by suppressing neuroinflammation and alleviating blood-brain barrier disruption, J. Neuroinflammation, 15 (2018) 188.
[22]	 A. Yabluchanskiy, P. Sawle, S. Homer-Vanniasinkam, C.J. Green, R. Foresti, R. Motterlini, CORM-3, a carbon monoxide-releasing molecule, alters the inflammatory response and reduces brain damage in a rat model of hemorrhagic stroke, Crit. Care Med., 40 (2012) 544–552.
[23]	 L.E. Otterbein, Carbon monoxide: innovative anti-inflammatory properties of an age-old gas molecule, Antioxid. Redox Signal., 4 (2002) 309–319.
[24]	 C.E. Cooper, G.C. Brown, The inhibition of mitochondrial cytochrome oxidase by the gases carbon monoxide, nitric oxide, hydrogen cyanide and hydrogen sulfide: chemical mechanism and physiological significance, J Bioenerg Biomembr, 40 (2008) 533–539.
[25]	 K. Schüller, D. Bühler, N. Plesnila, A murine model of subarachnoid hemorrhage, J. Vis. Exp., (2013) e50845.
[26]	 C. Kilkenny, W.J. Browne, I.C. Cuthill, M. Emerson, D.G. Altman, Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research, PLoS Biol., 8 (2010) e1000412.
[27]	 E. Zeynalov, S. Doré, Low doses of carbon monoxide protect against experimental focal brain ischemia, Neurotox Res, 15 (2009) 133–137.
[28]	 W. Clark, L. Gunion-Rinker, N. Lessov, K. Hazel, Citicoline treatment for experimental intracerebral hemorrhage in mice, Stroke, 29 (1998) 2136–2140.
[29]	 N. Singh, B. Ma, C.C. Leonardo, A.S. Ahmad, S. Narumiya, S. Doré, Role of PGE₂ EP1 receptor in intracerebral hemorrhage-induced brain injury, Neurotox Res, 24 (2013) 549–559.
[30]	 J.L. Leclerc, A.S. Lampert, C. Loyola Amador, B. Schlakman, T. Vasilopoulos, P. Svendsen, S.K. Moestrup, S. Doré, The absence of the CD163 receptor has distinct temporal influences on intracerebral hemorrhage outcomes, J. Cereb. Blood Flow Metab., 38 (2018) 262–273.
[31]	 B. Ma, J.P. Day, H. Phillips, B. Slootsky, E. Tolosano, S. Doré, Deletion of the hemopexin or heme oxygenase-2 gene aggravates brain injury following stroma-free hemoglobin-induced intracerebral hemorrhage, J. Neuroinflammation, 13 (2016) 26.
[32]	 M. Sabri, J. Ai, E. Lass, J. D’abbondanza, R.L. Macdonald, Genetic elimination of eNOS reduces secondary complications of experimental subarachnoid hemorrhage, J. Cereb. Blood Flow Metab., 33 (2013) 1008–1014.
[33]	 M. Sabri, H. Jeon, J. Ai, A. Tariq, X. Shang, G. Chen, R.L. Macdonald, Anterior circulation mouse model of subarachnoid hemorrhage, Brain Res., 1295 (2009) 179–185.
[34]	 S. Feiler, B. Friedrich, K. Schöller, S.C. Thal, N. Plesnila, Standardized induction of subarachnoid hemorrhage in mice by intracranial pressure monitoring, J. Neurosci. Methods, 190 (2010) 164–170.
[35]	 H. Lantigua, S. Ortega-Gutierrez, J.M. Schmidt, K. Lee, N. Badjatia, S. Agarwal, J. Claassen, E.S. Connolly, S.A. Mayer, Subarachnoid hemorrhage: who dies, and why?, Crit. Care, 19 (2015) 309.
[36]	 B. Wang, W. Cao, S. Biswal, S. Doré, Carbon monoxide-activated Nrf2 pathway leads to protection against permanent focal cerebral ischemia, Stroke, 42 (2011) 2605–2610.
[37]	 M. Douglas-Escobar, M. Mendes, C. Rossignol, N. Bliznyuk, A. Faraji, A.S. Ahmad, S. Doré, M.D. Weiss, A Pilot Study of Inhaled CO Therapy in Neonatal Hypoxia-Ischemia: Carboxyhemoglobin Concentrations and Brain Volumes, Front. Pediatr., 6 (2018) 120.
[38]	 H. Jeon, J. Ai, M. Sabri, A. Tariq, X. Shang, G. Chen, R.L. Macdonald, Neurological and neurobehavioral assessment of experimental subarachnoid hemorrhage, BMC Neurosci., 10 (2009) 103.
[39]	 S. Bracard, R. Anxionnat, X. Ducrocq, D. Burdin, A. Per, J.C. Marchal, J. Auque, L. Picard, [Endovascular treatment of vasospasm], Ann Fr Anesth Reanim, 15 (1996) 382–386.
[40]	 J. Peng, Y. Wu, J. Pang, X. Sun, L. Chen, Y. Chen, J. Tang, J.H. Zhang, Y. Jiang, Single clip: An improvement of the filament-perforation mouse subarachnoid haemorrhage model, Brain Inj., (2018) 1–11.
[41]	 N. Schallner, R. Pandit, R. LeBlanc, A.J. Thomas, C.S. Ogilvy, B.S. Zuckerbraun, D. Gallo, L.E. Otterbein, K.A. Hanafy, Microglia regulate blood clearance in subarachnoid hemorrhage by heme oxygenase-1, J. Clin. Invest., 125 (2015) 2609–2625.
[42]	 N. Schallner, J.-L. Lieberum, D. Gallo, R.H. LeBlanc, P.M. Fuller, K.A. Hanafy, L.E. Otterbein, Carbon monoxide preserves circadian rhythm to reduce the severity of subarachnoid hemorrhage in mice, Stroke, 48 (2017) 2565–2573.
[43]	 Z.A. Shah, S.E. Nada, S. Doré, Heme oxygenase 1, beneficial role in permanent ischemic stroke and in Gingko biloba (EGb 761) neuroprotection, Neuroscience, 180 (2011) 248–255.
[44]	 R. Anxionnat, J.F. de Melo Neto, S. Bracard, J.C. Lacour, C. Pinelli, T. Civit, L. Picard, Treatment of hemorrhagic intracranial dissections, Neurosurgery, 62 (2008) 1525–1531.
[45]	 N. Etminan, M.D.I. Vergouwen, D. Ilodigwe, R.L. Macdonald, Effect of pharmaceutical treatment on vasospasm, delayed cerebral ischemia, and clinical outcome in patients with aneurysmal subarachnoid hemorrhage: a systematic review and meta-analysis, J. Cereb. Blood Flow Metab., 31 (2011) 1443–1451.
[46]	 M.D.I. Vergouwen, R.J. de Haan, M. Vermeulen, Y.B.W.E.M. Roos, Effect of statin treatment on vasospasm, delayed cerebral ischemia, and functional outcome in patients with aneurysmal subarachnoid hemorrhage: a systematic review and meta-analysis update, Stroke, 41 (2010) e47–52.
[47]	 M. Sabri, R.L. Macdonald, Vasospasm: measurement of diameter, perimeter, and wall thickness, in: J. Chen, X.-M. Xu, Z.C. Xu, J.H. Zhang (Eds.), Animal Models of Acute Neurological Injuries II, Humana Press, Totowa, NJ, 2012: pp. 473–479.




13
