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Abstract

Delayed cerebral ischemia (DCI) is identified as one of the significant contributors to poor
patient outcome after aneurysmal subarachnoid hemorrhage (SAH). We previously reported that
a supratherapeutic dose of isoflurane conditioning (2%) provided robust protection against SAH-
induced DCI. The aim of our current study is to compare the efficacy of the supratherapeutic dose
of isoflurane to that typically used to establish general anesthesia or sedation. After IRB approval
for animal studies, ten to fourteen-week-old wild-type male mice (C57BL/6) were divided into
five groups — sham, SAH alone, or SAH with isoflurane conditioning (0.5%, 1%, and 2%).
Conditioning was performed with one-hour of isoflurane initiated one-hour after induction of SAH
via endovascular perforation technique. Vasospasm measurement in the middle cerebral artery
was assessed 72 h after SAH. Neurological assessment was performed at baseline and for next
three days after SAH. It was identified that all tested doses of isoflurane conditioning (0.5%,

1%, and 2%) significantly attenuated large artery vasospasm and markedly improved neurological
deficits following SAH. No significant differences in neurovascular outcome were noted between
the three doses of isoflurane conditioning. Our data show that isoflurane dosing typically used

for general anesthesia (1%) or sedation (0.5%) provide similar levels of DCI protection in SAH
as that provided by a supratherapeutic dose (2%). This result has important implications for
future translational studies. Additional studies examining the therapeutic potential of anesthetic
conditioning for SAH are therefore warranted.
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1. Introduction

Aneurysmal Subarachnoid hemorrhage (SAH) affects approximately 30,000 people in the
US per year (Mayberg et al., 1994). Morbidity and mortality remain unacceptably high
(Sudlow and Warlow, 1997). Apart from the initial hemorrhage severity after SAH, the
secondary brain injury due to delayed cerebral ischemia (DCI) plays an important role in
the outcomes of SAH patients (Broderick et al., 1994). Many new strategies to prevent DCI
have been explored in recent years and none have proven efficacious, likely due to targeting
individual elements of what has proven to be a multifactorial pathophysiological process.

Conditioning is a therapeutic strategy that is not only powerful, but also remarkably
pleiotropic with protective effects on all major CNS cell types including neurons, glia,

and vascular cells (Gidday, 2006; Dirnagl et al., 2009; Trendelenburg and Dirnagl, 2005).
Previous preclinical and clinical studies have shown that inhalational anesthetics have a
potential to attenuate SAH-induced DCI (Milner et al., 2015; Athiraman et al., 2019, 2020).
Athiraman et al and Milner et al showed in an endovascular perforation mouse model

of SAH that a single one-hour exposure of 2% isoflurane beginning one hour after SAH
provided multifaceted protection against DCI including improved short-term neurological
deficits (Athiraman et al., 2020; Milner et al., 2015). This neurovascular protection was
causally implicated to hypoxia inducible factor-1a (HIF-1a) and endothelial nitric oxide
synthase (eNOS) when they showed that pharmacologic and genetic inhbition of HIF-1a
and NOS prevented isoflurane-induced DCI protection. The dose of isoflurane used in

both studies are equivalent to 1.8 MAC (MAC = minimum alveolar concentration of
anesthetic required for 50% of patients to not respond to a surgical stimulus), which is a
supratherapeutic dose for achieving general anesthesia in both mice (Sonner et al., 1999) and
patients (Nickalls and Mapleson, 2003). Exposure of a supratherapeutic dose of isoflurane
to SAH patients could lead to serious hemodynamic challenges that would make translation
of an isoflurane conditioning-based therapy difficult. Therefore, additional studies to define
the lowest effective isoflurane dose to achieve maximal neurovascular protection in SAH

is required, as this is a critical and necessary next step towards translating an isoflurane
conditioning-based therapy for SAH to the clinic. The aim of our current study is to compare
the effects of standard anesthetic and subanesthetic isoflurane dosing on SAH-induced
neurovascular deficits to that associated with a supratherapeutic isoflurane dose.

2. Results:

2.1. Isoflurane conditioning and physiological variables: (Table 1)

No significant differences were seen between groups in the following physiological
parameters: pH, pC0,, pO,, sO,, Hb, and HR. In contradistinction, significant differences
were seen with blood pressure between the SAH group and the SAH: Isoflurane groups
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(0.5%, 1%, and 2%), which is consistent with the known impact of isoflurane anesthesia on
blood pressure.

2.2. Isoflurane conditioning attenuated SAH-induced large artery vasospasm in wild type
mice: (Fig. 1)

Out of a total 82 wild-type mice used in the experiment, 2 animals died in the SAH group,
3 animals died in the isoflurane conditioning group, and none died in the sham group. Out
of the 3 animals that died in the isoflurane conditioning group, 1 died in the 1% isoflurane
group and 2 died in the 2% isoflurane group. No animals died in the 0.5% isoflurane group,
and mice in this group were sedated and not fully anesthetized as noted by spontaneous
movements inside the anesthetic induction chamber during treatment and ability to regain
normal activity immediately after cessation of anesthetic exposure. In contradistinction,
animals in the other two isoflurane groups (1% and 2%) were completely anesthetized
during treatment and took several minutes to regain normal activity after cessation of
anesthetic exposure. Animals subjected to SAH surgery were found to have SAH at the
time of animal sacrifice and none in sham group were noted to have SAH. Significant large
artery vasospasm was noted in mice subjected to SAH as compared to sham surgery (p <
0.05, Fig. 1). All three doses of isoflurane conditioning (0.5%, 1%, and 2%) were found to
provide robust protection against SAH-induced vasospasm (p < 0.05, Fig. 1). No significant
difference in vasospasm protection was noted within the isoflurane conditioning groups and
between sham and isoflurane conditioning groups (p > 0.05, Fig. 1).

2.3. Isoflurane conditioning improved neurological outcomes after SAH in wild type mice:

(Fig. 2)

Next, we wanted to determine the extent of neurological protection afforded by different
doses of isoflurane conditioning. Mice subjected to SAH surgery were noted to have
significant neurological deficits as compared to sham surgery (p < 0.05, Fig. 2). All
three doses of isoflurane conditioning (0.5%, 1%, and 2%) were found to markedly
attenuate SAH-induced neurological deficits (p < 0.05, Fig. 2). No significant difference
in neurological protection was noted within the isoflurane conditioning groups (p > 0.05,
Fig. 2).

3. Discussion

The key findings of our study are as follows: 1) Conditioning with a supratherapeutic

dose of isoflurane (2%) provides strong protection against SAH-induced vasospasm and
neurological deficits in wild-type mice, consistent with previous reports from independent
laboratories; (Milner et al., 2015; Mutoh et al., 2016; Athiraman et al., 2020) and 2)
Conditioning with an anesthetic dose of isoflurane (1%) as well as a subanesthetic dose of
isoflurane (0.5%) provides similarly strong protection against SAH-induced vasospasm and
neurological deficits in wild-type mice. The latter findings are novel and important as they
demonstrate that anesthetic conditioning has great promise as a novel therapeutic strategy
for improving patient outcome after SAH.
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We previously reported in two preclinical studies that a brief exposure to a supratherapeutic
dose of isoflurane (2% for one-hour) when started one-hour after SAH markedly reduced
several characteristic features of DCI, including large artery vasospasm and neurological
deficits (Milner et ah, 2015; Athiraman et ah, 2020). More recently, we and others

have shown in clinical studies that a conditioning effect of inhalational anesthetics on
SAH-induced vasospasm and DCI likely exists. First, Lee et al. noted that SAH patients
who underwent desflurane anesthetic for aneurysm clipping developed less transcranial
doppler-evident vasospasm than SAH patients who received propofol anesthetic (Lee et

al., 2018). Second, we showed in a relatively small patient cohort that SAH patients

who received inhalational anesthetics only during aneurysm clipping/coiling developed
less angiographic vasospasm than SAH patients who received combined inhalational and
intravenous anesthetic (Athiraman et al., 2019). Third, we showed in a larger patient cohort
that SAH patients who received inhalational anesthetics only during aneurysm clipping/
coiling developed not only less angiographic vasospasm but also less DCI than SAH patients
who received combined inhalational and intravenous anesthetic (Athiraman et al., 2020).

Results from our current study confirm and extend upon past preclinical and clinical
studies in several important ways. First, it validates our initial observation that a single
brief exposure to a supratherapeutic concentration of isoflurane (2%) protects against SAH-
induced vasospasm and neurological deficits. Second, it shows that an anesthetic dose

of isoflurane (1%) provides similar levels of protection against SAH-induced vasospasm
and neurological deficits — a result consistent with the aforementioned clinical studies in
which anesthetic doses of inhalational anesthetics were associated with less vasospasm or
DCI in SAH patients. Third, it shows that a subanesthetic dose of isoflurane (0.5%) also
provides significant protection against SAH-induced vasospasm and neurological deficits —
a result that opens up the possibility that an anesthetic conditioning-based therapy could be
applied to SAH patients outside of the operating room. Taken together, these results provide
essential support for two applications of anesthetic conditioning in SAH patients.

3.1. Isoflurane (1%) and DCI protection:

First, one-time exposure to an anesthetic dose of isoflurane (1%) could be easily applied to
this patient population, as the vast majority of SAH patients undergo general anesthesia for
repair of the ruptured aneurysm (either via clipping or coiling). Choosing an inhalational
anesthetic with proven protective effects against DCI for these procedures would be
imminently feasible. Rigorous clinical trials to examine the potential benefit of selecting
isoflurane or other inhalational anesthetic over intravenous anesthetic agents such as
Propofol during aneurysm repair would be required to examine this intriguing possibility.
Issues of dose and timing of inhalational anesthetic conditioning to achieve maximal early
brain injury (EBI) protection and long-term neurological protection in SAH patients would
also need to be examined.

3.2. Isoflurane (0.5%) and DCI protection

Second, one-time exposure to a subanesthetic dose of isoflurane (0.5%,) could also be
considered as an application of anesthetic conditioning to SAH patients. Our finding
that conditioning with 0.5% isoflurane produced significant reduction in vasospasm and
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improved neurological outcome in a mouse model of SAH lends support to this idea. Given
that subanesthetic doses of isoflurane are intended to produce sedation and not general
anesthesia, the efficacy of this dose of isoflurane conditioning would open a pathway to the
use of anesthetic conditioning in settings outside the operating room by removing the need
for invasive hemodynamic and ventilatory monitoring. Notably, this could include locations
typically encountered by SAH patients such as the Emergency Department and the Intensive
Care Unit (ICU). In fact, two past studies have started to explore the effects of isoflurane
sedation on SAH patients in the ICU, albeit not in the context of isoflurane serving as a
conditioning agent to prevent or reduce EBI. Villa et al. noted that administration of 0.8%
isoflurane sedation to SAH patients for one-hour in the ICU increased regional cerebral
blood flow, increased jugular vein oxygen saturation, and decreased cerebral metabolic rate
without increasing intracranial pressure (ICP) (Villa et al., 2012). Bosel et al. showed that
isoflurane sedation (0.5 to 0.8 MAC) is safe in hemorrhagic and ischemic stroke patients in
the ICU (Bosel et al., 2012). Specifically, they noted that one hour of isoflurane sedation
decreased cerebral oxygen extraction without increasing ICP. However, they did find that
longer exposures of isoflurane sedation (6 and 12 h) impacted hemodynamics including
reducing mean arterial pressure and cerebral perfusion pressure. Taken together, these two
studies suggest that short exposure (1hr) of subanesthetic doses of isoflurane (< 1%) is likely
well-tolerated in SAH patients, raising the prospect that a conditioning-based therapy with a
sedative dose of isoflurane could be safely applied and tested in SAH patients.

3.3. Purported mechanisms of inhalational anesthetic conditioning-induced DCI

protection:

Milner et al., not only showed that isoflurane conditioning protects against DCI in an

animal model of SAH, but they also provided pharmacologic and genetic evidence that this
protection is mediated via HIF-1a. (Milner et al., 2015), a well-described transcription factor
with multiple downstream molecular targets. Though the mechanism by which HIF-1a
exerts its protective effect on vasospasm and DCI remains to be determined, several HIF-1a-
dependent molecules have been causally linked to DCI pathophysiology including eNOS
(Vellimana et al., 2011; Athiraman et al., 2020). Athiraman et al., recently showed that
isoflurane conditioning afforded significant protection against SAH-induced DCI in a mice
endovascular perforation model and also provided genetic evidence that this DCI protection
was at least in part mediated via eNOS (Athiraman et al., 2020). Importantly, these results
with isoflurane have been validated by an independent laboratory (Mutoh et al., 2016), and
other inhalational anesthetics have also been shown to upregulate HIF-1a and eNOS (Zhi et
al., 2012; Li et al., 2015; Redel et al., 2013).

Another potential mechanism by which inhalational anesthetic conditioning exerts its
protective effect against DCI includes down-regulation of endothelin-1 (ET-1), a potent
cerebral vasoconstrictor with strong pathophysiologic links to vasospasm and DCI
(Zimmermann and Seifert, 1998). Experimentally, Park et al., has shown that administration
of isoflurane significantly attenuates ET-1-induced vasoconstriction of cortical microvessels
(Park et al., 2002). Clinically, Wang et al. showed that SAH patients undergoing desflurane
anesthesia for aneurysm clipping experienced a significant reduction in ET-1 levels in the
perioperative period (Wang et al., 2004).
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In total, our findings show that anesthetic (1%) and subanesthetic (0.5%) doses of isoflurane
conditioning robustly reduce large artery vasospasm and improve neurological outcome after
experimental SAH, and do so to a similar degree as that seen with isoflurane conditioning
using a supratherapeutic dose (2%). These results are important and impactful in that they
provide an important foundation upon which future translational studies examining the
safety and efficacy of inhalational anesthetic conditioning in SAH patients can be based.

3.4. Limitations

Our study has several limitations. First, though the endovascular perforation model closely
mimics the features of SAH in humans, our findings will need validation in alternate
models of experimental SAH. Second, our study focused on vasospasm-induced DCI and
neurological deficits; the impact of conditioning with anesthetic and subanesthetic doses

of isoflurane on non-vasospasm elements of DCI (e.g. micro-circulatory dysfunction) will
require additional study. Third, our current study did not explore underlying mechanism, as
our focus was primarily on assessing the translational potential of inhalational anesthetic
conditioning for SAH. Fourth, the impact of isoflurane conditioning on long-term endpoints
after SAH (e.g. neurobehavioral deficits) will be required before translational studies in
humans can be pursued.

4. Conclusion

We conclude that conditioning with anesthetic and subanesthetic doses of isoflurane
provides robust protection against vasospasm-induced DCI and neurological deficits in an
experimental model of SAH. These results, when combined with the known safety profile
of these doses of isoflurane in humans, strongly suggest inhalational anesthetic conditioning
can be safely applied to SAH patients inside and potentially outside of the operating room.
Additional studies rigorously examining the therapeutic potential of inhalational anesthetic
conditioning in SAH patients is therefore warranted.

5. Methods and materials

5.1. Ethical statement, study design and animals

Our experimental protocols were approved by the institutional animal care and use
committee (IACUC) at our institution. All experiments were randomized and blinded such
that the investigator assessing vasospasm and neurological outcome was blinded to treatment
group. Animals used in the experiment were housed in an AAALAC-accredited facility in
temperature- and humidity-controlled rooms with a 12-h light-dark cycle. Mice were housed
five to a cage and had ad libitum access to laboratory chow and tap water. Ten to fourteen-
week-old male wild type mice (C57BL/6J) were obtained from Jackson laboratories (Bar
Harbor, ME).

5.2. Experimental groups

Animals underwent either sham surgery (n = 18), SAH surgery alone (n = 19) or SAH
surgery with isoflurane conditioning (n = 45). As detailed below, isoflurane conditioning
was divided into three separate groups 0.5% (n = 14), 1% (h = 16) and 2% (n = 15).
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5.3. SAH procedure

SAH was induced by endovascular perforation model as previously described (Athiraman
et al., 2020; Milner et al., 2015, 2014; Vellimana et al., 2011; Han et al., 2012). Briefly, a
midline incision was made in the neck and the external carotid artery (ECA) was exposed
and a 5-0 nylon suture was introduced through it and advanced distally through the internal
carotid artery (ICA) until reaching the ICA bifurcation. The suture was advanced further to
induce SAH, and then removed and the ECA was ligated. Mice undergoing sham operation
underwent the same steps except for perforation. Mice was recovered in a heated incubator
and was returned to their cages when fully ambulatory, typically within 2 h of induction.

5.4. Isoflurane conditioning

Anesthetic conditioning was performed using 1-hour exposure of different doses of
isoflurane (0.5%, 1% and 2%) beginning 1 h after induction of SAH in separate cohorts.
Briefly, mice were placed in an anesthetic induction chamber and perfused with isoflurane
and room air for one hour. The sham group was placed in the same induction chamber but
exposed only to room air for one hour. Isoflurane concentration in the anesthetic induction
chamber was measured by an anesthetic gas analyzer (Datex Ohmeda, Capnomac Ultima,
USA). Normothermia was maintained with a homeothermic blanket.

5.5. Vasospasm assessment

SAH -induced large artery vasospasm was measured at 72 h after SAH by a

pressure controlled cerebrovascular casting with ROX-SE (5-(and-6)-Carboxy-X-rhodamineg,
succinimidyl ester) technique as previously described (Aum et al., 2017). Briefly, mice

were anesthetized and transcardially perfused with 1X phosphate buffered saline, 10%
formalin and ROX-SE. After removing the brains, blood vessels in the circle of Willis

were imaged under a fluorescent microscope using a charge coupled-device camera (CCD
camera, CoolSNAP EZ, Photometrics, Tucson, AZ) and MetaMorph® software (Universal
Imaging, West Chester, PA). Vasospasm measurement for each brain sample was obtained
by recording the narrowest diameter within the first 1000 um segment of the left (ipsilateral)
middle cerebral artery (MCA).

5.6. Neurobehavioral outcome assessment

Neurological outcome was measured at baseline and for next three days after sham/SAH
surgery until animals were sacrificed as previously described (Athiraman et al., 2020;
Milner et al., 2015, 2014; Vellimana et al., 2011; Han et al., 2012; Aum et al., 2017).
Briefly, neurological function was graded based on a motor score (0 to 12) that evaluates
spontaneous activity (0-3, 0- no movement, 1-animal barely moves, 2-animal moves around
cage, 3-normal exploration) symmetry of limb movements (0-3, 0- no movement of either
forelimb, 1-minimal movement of either forelimb, 2-one forelimb outstretches less than the
other forelimb, 3-all extremities extend symmetrically), climbing (0-3, 0-unable to hang
from mesh, 1- able to hang on mesh for few seconds but falls, 2-able to hang but unable to
displace on mesh, 3- able to hang and displace on mesh), balance and coordination (0-3, 0-
unable to hold the pole, 1-able to hold for a few seconds but falls, 2-able to hold on pole
and get to the top surface but unable to walk, 3-able to hold on pole and get to the top
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surface and walk), and a sensory score (4 to 12) that evaluates body proprioception (1-3,
1- no reaction to stimulus on one side or both sides, 2- decreased & slower head turning
to stimulus on one side compared to the other side, 3- symmetric head turning to stimulus
on both sides), vibrissae touch (1-3, 1- no reaction to stimulus on one side or both sides,
2 - slow reaction to stimulus on one side or both sides, 3- normal speed bilaterally), visual
response (1-3, 1- no reaction to visual stimulus, 2- blinking by stimulation in one visual
field only, 3- normal blinking by stimulation of both visual fields), and tactile responses
(1-3, 1- no withdrawal. No reaction to stimulus on one or both sides, 2- slow withdrawal.
Slow reaction to stimulus on one side compared to the other side, 3- Quick withdrawal.
Normal speed bilaterally).

5.7. Assessment of physiological variables

Femoral artery cannulation was performed in a subset of mice to assess the physiological
variables in all the treatment groups. Following parameters were assessed from the arterial
line — pH, partial pressure of carbondioxide (pCO5), partial pressure of oxygen (pO,),
oxygen saturation (sO5), hemoglobin (Hb), systolic blood pressure (SBP), diastolic blood
pressure (DBP), mean blood pressure (MBP) and heart rate (HR). These parameters were
assessed at the end of a two-hour period after sham or SAH surgery in all groups. Blood
pressure values were recorded over a period of 10 min and the average values are presented.

5.8. Statistical analysis

Data are represented as the mean + SEM. Large artery vasospasm measured from the

MCA was analyzed by ANOVA followed by Newman-Keuls multiple comparison test.
Neurological outcome was measured by two-way repeated measures ANOVA followed by a
Newman-Keuls multiple comparison test. Statistical significance was set at P < 0.05.
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HIGHLIGHTS
Anesthetic dose of isoflurane conditioning provides protection against DCI.

Subanesthetic dose of isoflurane conditioning provides protection against
DCI.

This finding may have wide therapeutic implications in SAH patients.
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Fig. 1.
Different doses of isoflurane conditioning attenuates SAH-induced vasospasm in wild type

mice: Mice underwent sham or SAH surgery and exposed to isoflurane 0.5%, 1% or 2%

for 1-hour, one-hour post SAH. On post-surgery day 3, mice were perfused with ROX-SE
staining and vessel diameter in the proximal MCA ipsilateral to suture perforation was
measured. Data indicate mean £ SEM. *p < 0.05 sham vs. SAH, SAH vs. SAH + Isoflurane
conditioning, by ANOVA and Newman-Keuls multiple comparison test. SAH- subarachnoid
hemorrhage, ROX-SE, 5-(and-6)-Carboxy-X-rhodamine, succinimidyl ester, MCA- middle
cerebral artery, ANOVA- analysis of variance.
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Fig. 2.

Digfferent doses of isoflurane conditioning improves SAH-induced neurological deficits in
wild type mice: Wild type mice underwent SAH or sham surgery followed 1 h later by
exposure to 0.5%, 1% or 2% isoflurane or room air for 1 h. Neuroscore was assessed daily
and until three days after SAH. Data indicate mean + SEM. *p < 0.05 Sham vs SAH; #p

< 0.05 SAH vs. SAH + Isoflurane conditioning by two-way repeated measures ANOVA
followed by Newman-Keuls multiple comparison test. SAH- subarachnoid hemorrhage,
ANOVA- analysis of variance
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