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Circadian Rhythmicity in Cerebral Microvascular
Tone Influences Subarachnoid Hemorrhage—
Induced Injury

Darcy Lidington®, PhD*; Hoyee Wan, PhD*; Danny D. Dinh, PhD; Chloe Ng‘®, MSc; Steffen-Sebastian Bolz(, MD, PhD

BACKGROUND AND PURPOSE: Circadian rhythms influence the extent of brain injury following subarachnoid hemorrhage (SAH),
but the mechanism is unknown. We hypothesized that cerebrovascular myogenic reactivity is rhythmic and explains the
circadian variation in SAH-induced injury.

METHODS: SAH was modeled in mice with prechiasmatic blood injection. Inducible, smooth muscle cell-specific Bmal1
(brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein 1) gene deletion (smooth muscle—specific
Bmall 1 knockout [sm-Bmal1 KQJ) disrupted circadian rhythms within the cerebral microcirculation. Olfactory cerebral
resistance arteries were functionally assessed by pressure myography in vitro; these functional assessments were related
to polymerase chain reaction/Western blot data, brain histology (Fluoro-Jade/activated caspase-3), and neurobehavioral
assessments (modified Garcia scores).

RESULTS: Cerebrovascular myogenic vasoconstriction is rhythmic, with a peak and trough at Zeitgeber times 23 and 11
(ZT23 and ZT11), respectively. Histological and neurobehavioral assessments demonstrate that higher injury levels occur
when SAH is induced at ZT23, compared with ZT11. In sm-Bmal1 KO mice, myogenic reactivity is not rhythmic. Interestingly,
myogenic tone is higher at ZT11 versus ZT23 in sm-Bmal1 KO mice; accordingly, SAH-induced injury in sm-Bmal1 KO mice
is more severe when SAH is induced at ZT11 compared to ZT23. We examined several myogenic signaling components
and found that CFTR (cystic fibrosis transmembrane conductance regulator) expression is rhythmic in cerebral arteries.
Pharmacologically stabilizing CFTR expression in vivo (3 mg/kg lumacaftor for 2 days) eliminates the rhythmicity in myogenic
reactivity and abolishes the circadian variation in SAH-induced neurological injury.

CONCLUSIONS: Cerebrovascular myogenic reactivity is rhythmic. The level of myogenic tone at the time of SAH ictus is a key
factor influencing the extent of injury. Circadian oscillations in cerebrovascular CFTR expression appear to underlie the
cerebrovascular myogenic reactivity rhythm.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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devastating stroke subtype that kills over half of  surprising, since: (1) numerous cellular processes are
those afflicted and permanently debilitates half of ~ under circadian control®* and (2) circadian clock disrup-
the surviving patients." In experimental settings, the time  tion is known to worsen outcomes in other brain injury
of day that SAH occurs significantly impacts the extent ~ models, including traumatic brain injury.® Nevertheless,

Aneurysmal subarachnoid hemorrhage (SAH) is a  of neuronal injury that subsequently ensues.? This is not
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Nonstandard Abbreviations and Acronyms

Bmal1 brain and muscle aryl hydrocarbon
receptor nuclear translocator-like
protein 1

CFTR cystic fibrosis transmembrane
conductance regulator

Iba-1 ionized calcium-binding adaptor
molecule 1

S1P sphingosine-1-phosphate

S1P2R sphingosine-1-phosphate receptor 2

SAH subarachnoid hemorrhage

sm-Bmal1 KO smooth muscle—specific Bmal1
knockout

Sphk1 sphingosine kinase 1

WT/Cre Cre-expressing wild-type control
(tamoxifen treated)

ZT11 Zeitgeber time 11

ZT23 Zeitgeber time 23

the specific underlying mechanism driving this circadian
difference in SAH-induced injury remains elusive.

Our recent work demonstrates that the cerebral
microcirculation plays a central role in SAH-induced
injury8” Small (<300 pm) resistance arteries that link
the systemic circulation to the cerebral capillary beds
are the chief regulators of cerebral perfusion® and thus,
represent a key therapeutic target for clinically mitigating
SAH injury. Cerebral resistance artery myogenic reactiv-
ity, the primary mechanism underlying cerebral blood flow
autoregulation, is profoundly augmented following SAH:
this results in perfusion deficits that strongly associate
with neurological injury5” Interestingly, several studies
demonstrate that cerebral perfusion is under circadian
control, with higher perfusion levels occurring during
wakeful periods.®'® Although this could represent differ-
ences in metabolic demand and neurovascular coupling
during wakefulness," it is equally conceivable that cir-
cadian oscillations in cerebrovascular reactivity drive the
cerebral perfusion rhythm. Circadian oscillations in cere-
brovascular reactivity may also explain why many cere-
brovascular events (eg, stroke, transient ischemic attack)
also display a circadian pattern in their time of onset.'?

Given the strong association we established between
cerebral resistance artery myogenic reactivity, cerebral
perfusion, and neuronal injury in SAH,®" we hypothesized
that circadian variations in cerebrovascular constriction
underpin the time-of-day variations in SAH-induced
injury.2 To address this hypothesis, we utilized a smooth
muscle cell-specific circadian clock disruption model to
(i) demonstrate the existence of a circadian rhythm in
cerebrovascular myogenic reactivity and (i) confirm that
these oscillations in cerebrovascular tone influence the
extent of SAH-induced brain injury.
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METHODS

The data supporting the findings of this study are available from
the corresponding author upon reasonable request. This inves-
tigation conforms to the National Research Council's 2011
Guide for the Care and Use of Laboratory Animals (International
Standard Book Number [ISBN]: 0-309-15400-6). All experi-
mental procedures were approved by the Institutional Animal
Care and Use Committee at the University of Toronto.

Mice

Wild-type mice (C57BL/6N) were purchased from Charles
River Laboratories (Montreal, Canada). Inducible, smooth mus-
cle cell-targeted Bmall (brain and muscle aryl hydrocarbon
receptor nuclear translocator-like protein 1) knockout mice
(sm-Bmal1 KO) were generated by crossing floxed Bmall
mice'® with mice expressing a recombinant Cre recombinase
under the control of a smooth muscle promoter (SMMHC-
CreER™)™; both founder strains are commercially available
at Jackson Laboratories (Bar Harbor). Deletion of the floxed
Bmall gene was achieved with 3 days of tamoxifen treatment
(1 mg/day IP dissolved in corn oil; Millipore Sigma Canada,
Oakville Canada, catalog no. T5648 and C8267). Tamoxifen-
treated littermates expressing CreER™ and nonfloxed Bmal1
alleles served as wild-type controls (Cre-expressing wild-type
control [tamoxifen treated; WT/Cre]). All mice were housed in a
controlled climate (21 °C, 40%-60% humidity) with a standard
12-hour:12-hour light-dark cycle, fed normal chow, and had
ad libitum access to water and food. The mice were used for
experiments at 8-12 weeks of age. Animal euthanization was
completed using 5% isoflurane.

Induction of Subarachnoid Hemorrhage

We utilized a well-characterized blood injection model of SAH.°
Surgeries were completed within 30 minutes of Zeitgeber time
11 (ZT11) and Zeitgeber time 23 (ZT23); surgeries at ZT23
were conducted under red light illumination to eliminate the
impact of light on the entrained circadian rhythm. Briefly, all
mice received a single preoperative dose of sustained-release
buprenorphine (1.0 mg/kg SC). Each mouse was anesthetized
(5% isoflurane induction, 1%—2% maintenance) and fixed in a
stereotactic frame. A 7 mm incision was made along the midline
of the anterior scalp and a 0.9 mm hole was drilled into the skull
4.5 mm anterior to the bregma. A spinal needle was advanced to
the prechiasmatic cistern and 80 L of arterial blood from a syn-
geneic donor mouse, obtained by cardiac puncture, was injected
into the intracranial space over 10 seconds. Following injection,
the scalp incision was closed and the mice recovered in heated
cages. Experimental end points were collected at 48 hours post-
SAH induction, as our previous studies demonstrate that both
reduced cerebral perfusion and maximal changes in vascular
reactivity occur at this time point®” Mortality associated with
the SAH procedure was ~2.5% (2 out of 75); 1 mouse in the
WT/Cre ZT11 group sustained an injury from improper fixation
in the stereotaxic frame and was excluded from analysis.

Pressure Myography

We utilized a well-characterized pressure myography
approach, as previously described.®” Briefly, mouse olfac-
tory cerebral arteries were carefully dissected, cannulated
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onto micropipettes, stretched to their in vivo lengths, pres-
surized, and warmed to 37 °C. Artery viability was assessed
with 10 pmol/L phenylephrine: arteries failing to show >30%
constriction were excluded. Myogenic and phenylephrine-
stimulated tone were calculated as the percent constriction in
relation to the maximal artery diameter. Additional details are
provided in the Supplemental Material.

Histology

Brains were cleared of blood and fixed via aortic perfusion with
10% buffered formalin. Standard procedures were utilized to
prepare slides with 5 um thick paraffin coronal slices, start-
ing at =2 mm from bregmab” Following staining, activated
caspase-3/NeuN (neuronal nuclear protein) and Fluoro-Jade—
positive cells were counted in the cortical region that included
the left and right temporal and parietal lobes at x20 magnifi-
cation (1 slice assessed per mouse). For microglial activation
assessments, we evaluated the expression of Iba-1 (ionized
calcium-binding adaptor protein-1) in cortical and hippocam-
pal tissue. The percentage of pixels above a preset threshold
was reported as the positive area fraction for Iba-1 staining'®;
for cortical samples, microglial soma size was also measured.'®
Anterior cerebral artery constriction was quantified in hematox-
ylin/eosin—stained slides as the lumen radius / wall thickness
ratio.? Not all slide preparations contained the anterior cerebral
arteries, in which case, the slides were excluded from analy-
sis. The procedures are described in detail in the Supplemental
Material.

Neurological Function in SAH Mice

Neurological function was assessed utilizing the modified
Garcia score, as previously described®” The neurological
assessment consists of 6 domains: spontaneous activity, spon-
taneous movement of all 4 limbs, forepaw outstretching, climb-
ing, body proprioception, and response to vibrissae touch. The
maximum score is 18, indicative of normal neurological func-
tion. Modified Garcia assessments at ZT23 were conducted
under red light conditions.

Western Blots and Quantitative Polymerase
Chain Reaction

Standard procedures were utilized for CFTR (cystic fibrosis
transmembrane conductance regulator) Western blots and quan-
titative real-time polymerase chain reaction.” Specific details are
provided in the Supplemental Material; uncropped blots for all
Western blot experiments are presented in Figures S1 and S2
in the Supplemental Material; polymerase chain reaction primers
are described in Table S1 in the Supplemental Material.

Lumacaftor Treatment

Consistent with our previous work,” wild-type mice were treated
with Lumacaftor (each intraperitoneal injection delivered 1.5
mg/kg in 50 pL dimethyl sulfoxide-containing vehicle; catalog
no. 22196; Cayman Chemical, Michigan) or vehicle twice daily
for 2 days before cerebral artery harvest or SAH surgery. The
injections were administered at ZT8/ZT21 for the ZT11 group
and ZT4/ZT17 for the ZT23 group. Lumacaftor was not admin-
istered on the SAH surgical day or thereafter.
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Data Collection and Statistics
This study utilized 353 experimental mice and 76 blood donor
mice. A complete cohort breakdown and experimental timeline
appears in Tables S2 and S3 in the Supplemental Material. Only
male mice were used in this study to ensure appropriate compa-
rability, as the Cre transgene is located on the Y-chromosome.™
Mice were randomly assigned into groups before interventions,
without the use of an explicit randomization procedure. Using
previous data as guidance, we calculated the experimental
group sizes necessary to ensure that all data sets provide an
80% power level for the detection of the anticipated differ-
ences between groups with a two-tailed alpha level of 0.05.
Datasets were analyzed for normality (Shapiro-Wilk test)
and variance homogeneity (F or Brown-Forsythe test) before
statistical comparison. Data sets subjected to parametric statis-
tical tests are presented as meansSD. Data sets subjected to
nonparametric statistical analyses, including circadian rhythm
analyses, are presented as mediantinterquartile range and
are identified in the figure legend. In all cases, n represents
the number of independent measures. Myogenic reactivity and
phenylephrine curves were compared using a repeated two-
way ANOVA with Greenhouse-Geisser correction (Graphpad
Prism 9 software; San Diego). Circadian rhythms were identi-
fied using JTK_CYCLE (version 3.1) with R software (version
3.4.0), a nonparametric test designed to reliably identify rhyth-
micity.'” All other data were analyzed with standard parametric
(ie, unpaired Student t test and ANOVA) and nonparametric
(Mann-Whitney, Kruskal-Wallis test) statistical tests with appro-
priate corrections, as required (Prism 9). All figure data and
statistical test outcomes are numerically presented in Tables
S4-56 in the Supplemental Material; all JTK_CYCLE analyses
are found in Table S7 in the Supplemental Material; in all cases,
differences were considered significant at A<0.05.
Histological assessments were conducted under blinded
conditions; all other end points were collected without blind-
ing, as the assessment ZT times could not be concealed. There
were no a priori exclusions for primary end points, except as
stated above in pressure myography and histology subsections.

RESULTS

Oscillations in Cerebral Artery Myogenic Tone
Influence SAH-Induced Injury

Cerebral artery myogenic vasoconstriction possesses
a statistically significant circadian rhythm at all trans-
mural pressures assessed, with a peak and trough at
ZT23 and ZT11, respectively (Figure 1A). In contrast,
phenylephrine-stimulated vasoconstriction is not rhyth-
mic (Figure 1B), indicating that the circadian oscillator
manipulates a myogenic response element, rather than
altering general contractility. Smooth muscle cell-spe-
cific Bmal1 gene deletion eliminates the rhythm in myo-
genic reactivity (Figure 1C); phenylephrine-stimulated
vasoconstriction remains arrhythmic (Figure 1D). This
indicates that the smooth muscle cell peripheral molecu-
lar clock drives the myogenic reactivity rhythm. Intrigu-
ingly, although sm-Bmal1 KO cerebral arteries no longer
possess a circadian rhythm in myogenic reactivity, the
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Figure 1. Cerebral artery myogenic responsiveness displays circadian rhythmicity.

Wild-type olfactory cerebral artery (A) myogenic tone and (B) phenylephrine (PE)-stimulated vasoconstriction are plotted over Zeitgeber time
(n=6-8 at each Zeitgeber time point). C, Myogenic tone and (D) phenylephrine-stimulated vasoconstriction in olfactory cerebral arteries isolated
from smooth muscle cell-specific Bmal1 (brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein 1) knockout mice

are plotted over Zeitgeber time (n=5-11 at each Zeitgeber time point). In wild-type arteries, myogenic tone at every transmural pressure exhibits
a statistically significant circadian rhythm; smooth muscle cell-specific Bmal1 gene deletion (smooth muscle—specific Bmal1 1 knockout [sm-
Bmal1 KQJ) abolishes this rhythm. Data are presented as medianstinterquartile range and are double-plotted for visualization purposes; white
shading indicates lights on and dark shading indicates lights off. N.S. indicates not significant.
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new profile displays an isolated peak in myogenic tone
at ZT11 (Figure 1C), yielding an apparent inversion of
the myogenic tone relationship between ZT11 and ZT23.

Higher cerebral artery myogenic tone would be
expected to reduce brain perfusion: we, therefore,
hypothesized that SAH-induced injury in WT/Cre mice
should be higher at ZT23 compared to ZT11. Indeed,
we observe a tight association between myogenic tone
and SAH-induced brain injury (Figure 2). At 2 days post-
SAH, Fluoro-Jade and activated caspase-3 positive cell
counts are greater when SAH is induced at ZT23 ver-
sus ZT11; modified Garcia scores indicate significantly
higher impairment in the ZT23 group. Strikingly, these
parameters remain tightly aligned in the sm-Bmal1 KO
model: myogenic vasoconstriction is higher at ZT11 ver-
sus ZT23 (Figure 3), as are Fluoro-Jade and activated
caspase-3—positive cell counts following SAH; modified
Garcia scores indicate greater impairment when SAH
is induced at ZT11 versus ZT23 in sm-Bmal1 KO mice.
Collectively, these results demonstrate a tight associa-
tion between vascular reactivity at the time of SAH ictus
and the injury level that subsequently ensues.

Vascular Rhythms and SAH-Induced Injury

Microglial Activation and Large Artery
Constriction Do Not Explain the Time-of-Day
Difference in SAH-Induced Injury

Cortical Iba-1 expression was higher at ZT23 relative to
ZT11 in WT/Cre mice, indicating increased microglial
activation (Figure 4). Furthermore, consistent with previ-
ous observations by Schallner et al,? microglial cells dis-
played a more activated morphology at ZT23 compared
to ZT11, as evidenced by larger soma size'® (Figure S3
in the Supplemental Material). Remarkably, neither posi-
tive area fraction nor the soma size patterns change in
the sm-Bmal1 KO setting (Figure 4 and Figure S3 in
the Supplemental Material). A similar wild-type pattern
is observed in the hippocampal region; however, the
ZT11/ZT723 difference is lost in the sm-Bmal1 KO set-
ting (Figure S4 in the Supplemental Material). Collec-
tively, these data indicate that circadian differences in
microglial activation do not explain the time-of-day injury
difference in SAH. No difference in anterior cerebral
artery vasoconstriction was detected in WT/Cre mice
following SAH (Figure 4), indicating that microvascular
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Figure 2. Subarachnoid hemorrhage (SAH)-induced injury associates with cerebral artery myogenic tone.

SAH was induced in tamoxifen-treated, Cre-expressing control mice (Cre-expressing wild-type control [tamoxifen treated; WT/Cre]) at
Zeitgeber time 11 (ZT11) or Zeitgeber time 23 (ZT23); behavioral assessments and tissue collection were conducted 48 h afterwards.

A, Representative images of cortical cells stained with Fluoro-Jade (left) and for activated caspase-3 expression (right); arrows point to
positively stained cells (Bar=60 pm). B-D, Show the association between myogenic tone at the time of SAH and the resulting injury that
ensues. B, Before the SAH surgery, olfactory cerebral artery myogenic tone is higher at ZT23, relative to ZT11 (n=5). C, Positive cell counts
for Fluoro-Jade staining and activated caspase-3 are higher when SAH is induced at ZT23, relative to ZT11 (n=13-14). D, Modified Garcia
scores are lower when SAH is induced at ZT23, relative to ZT11. Modified Garcia scores in D are presented as mediansztinterquartile range
and compared with a Mann-Whitney test. *P<0.05.
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Figure 3. Subarachnoid hemorrhage (SAH)-induced injury in smooth muscle-specific Bmal1 (brain and muscle aryl
hydrocarbon receptor nuclear translocator-like protein 1) knockout (sm-Bmal1 KO) mice.

SAH was induced in sm-Bmal1 KO at Zeitgeber time 11 (ZT11) or Zeitgeber time 23 (ZT23); behavioral assessments and tissue collection

were conducted 48 h afterwards. A, Shows representative images of cortical cells stained with Fluoro-Jade (left) and for activated caspase-3
expression (right); arrows point to positively stained cells (Bar=60 pm). B-D, Show the association between myogenic tone at the time of SAH
and the resulting injury that ensues. B, Before the SAH surgery, myogenic tone in sm-Bmal1 KO olfactory cerebral arteries is higher at ZT11,
relative to ZT23 (n=6). C, Positive cell counts for Fluoro-Jade staining and activated caspase-3 are higher when SAH is induced at ZT11, relative
to ZT23 in sm-Bmal1 KO mice (n=10-11). D, Modified Garcia scores in sm-Bmal1 KO mice are lower when SAH is induced at ZT11, relative to
ZT23. Fluoro-Jade counts (C, left) and modified Garcia scores (D) are presented as mediansztinterquartile range and compared with a Mann-
Whitney test; caspase-3 counts (C, right) were compared with a Welch-corrected ¢ test. *P<0.05.

reactivity, rather than large artery vasoconstriction, is the
primary determinant driving the time-of-day difference
in SAH-induced injury.

Cerebral Artery CFTR Expression Is Oscillatory

We have previously demonstrated that the S1P (sphingo-
sine-1-phosphate) signaling components Sphk1 (sphin-
gosine kinase 1),° STP,R (S1P receptor 2)° and CFTR’
all contribute to the regulation of cerebral artery myo-
genic reactivity. We, therefore, assessed whether any of
these targets oscillate with a pattern that could explain
the myogenic reactivity rhythm. The cerebral artery
mRNA expression patterns for Bmall, Per2 (period
circadian regulator 2), and Clock (circadian locomo-
tor output cycles kaput) (all core components of the
molecular clock) are circadian (Figure S5 in the Supple-
mental Material), with peaks and troughs occurring at
time points similar to those reported for aortic tissue.'®
Neither Sphk1 nor STP,R mRNA expression is rhyth-
mic in cerebral arteries (Figure Sb in the Supplemental

254 January 2022

Material); however, cerebral artery CFTR mRNA expres-
sion is rhythmic (Figure 5A) and persists when mice
are housed under constant dark conditions (Figure S6
in the Supplemental Material). The peak and trough of
CFTR mRNA expression is antiphase to the myogenic
rhythm, consistent with CFTR's role as a negative regu-
lator of myogenic reactivity."’® At the protein level, CFTR
is more highly expressed at ZT11 relative to ZT23 in
WT/Cre arteries; this difference in expression is lost in
sm-Bmall KO cerebral arteries (Figure 5B), indicating
that the peripheral smooth muscle cell molecular clock
drives the rhythm in CFTR expression, rather than exter-
nal influences. As a technical limitation, we did not obtain
knockout samples to confirm CFTR antibody specificity.
The CFTR antibody used in the present study (1) reli-
ably reproduced previous observations generated using
CFTR antibodies from other manufacturers® and (2)
yielded bands that aligned with a positive control from a
heterologous expression system. Although we are confi-
dent that CFTR is being measured, the lack of knockout
validation must be considered in the interpretation.
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A, Representative images of cortical cells
stained with the microglial marker Iba-1
(ionized calcium-binding adaptor protein-1).
Bar=60 um. B, The images were quantified
as the percentage area positive for Iba-1
staining relative to the field of view (ie, area
fraction). In WT/Cre mice, Iba-1staining
occupies a larger fraction (i, higher microglial
cell activation) when SAH is induced at ZT23,
relative to ZT11 (n=13); this relationship
does not change in sm-Bmal1 KO mice
(n=10-11). C, Representative cross-sections
of the anterior cerebral artery (Bar=20 pm)
and (D) accompanying vasoconstriction
assessment, defined as the lumen radius: wall
thickness ratio. No difference in large artery
vasoconstriction is observed. *A<0.05 for the

sm-Bmal1 KO

ZT11 ZT23
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respective ZT11/ZT23 comparison.

The CFTR protein expression rhythm drives a func-
tionally relevant change in CFTR activity, as exhibited by
the time-dependent effect of specific CFTR inhibition
(100 nmol/L CFTR(M-WQ). CFTR inhibition attenu-
ates myogenic tone at ZT11 (Figure 5C; ie, when CFTR
expression is high) but not at ZT23 (Figure 5D; ie, when
CFTR expression is low). The reduction in myogenic
tone following CFTR , -172 treatment is most reason-
ably explained as a blockade of an outward chloride
current (Figure S7 in the Supplemental Material), as
previously described.?°

Lumacaftor Abolishes the Circadian Rhythm in
Cerebral Artery Myogenic Vasoconstriction and
Eliminates the Time-of-Day Difference in SAH-
Induced Injury

Lumacaftor treatment (3 mg/kg for 2 days) in naive
wild-type mice increases cerebral artery CFTR protein
expression at ZT23; intriguingly, CFTR expression at
ZT11 does not increase relative to the vehicle-treated
control (Figure BE). Lumacaftor treatment abolishes
the rhythm in cerebral artery myogenic reactivity (Fig-
ure BF), consistent with the lack ZT11/ZT23 CFTR pro-
tein expression difference. The level of cerebral artery
myogenic tone observed in Figure bF approximates the
ZT11 level in Figure 2B. Lumacaftor treatment does

Stroke. 2022;53:249-259. DOI: 10.1161/STROKEAHA.121.036950

not appreciably affect phenylephrine-stimulated vaso-
constriction, which remains arrhythmic (Figure S8 in
the Supplemental Material). Consistent with the tight
association between myogenic tone and injury fol-
lowing SAH, lumacaftor pretreatment abolishes the
time-of-day differences in Fluoro-Jade and activated
caspase-3 positive cells and modified Garcia scores at
2 days post-SAH (Figure 6).

DISCUSSION

Using a smooth muscle cell-specific circadian clock
disruption model, we provide compelling evidence
that cerebrovascular myogenic reactivity is rhythmic
and drives time-of-day differences in SAH injury. Our
data further suggest that this cerebrovascular rhythm
arises from oscillations in vascular smooth muscle cell
CFTR expression.

To our knowledge, we are the first to (1) assess myo-
genic reactivity with the necessary time resolution to
conduct a cycle analysis and (2) demonstrate that cere-
brovascular myogenic tone oscillates with a circadian
rhythm. There is evidence that circadian rhythms in myo-
genic reactivity may vary across vascular beds, although
the available data are admittedly sparse. For example,
total peripheral resistance displays a circadian rhythm,?'
but this rhythm is antiphase to the cerebrovascular
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rhythm we report here. Mesenteric artery myogenic tone
is higher at ZT7 compared with ZT19,>? again a pattern
that clearly differs from the cerebrovascular rhythm we
report. The molecular signaling mechanisms underlying
myogenic reactivity can differ substantively across vas-
cular beds?®: the molecular clock, therefore, could drive
distinct rhythms by capitalizing on this heterogeneity and
intersecting with the distinct molecular mediators within
each vascular bed. By extension, understanding how the
molecular clock modulates myogenic reactivity in a given
vascular bed would potentially open novel opportunities
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to therapeutically target myogenic reactivity in a vascular
bed-specific manner.

Mechanistically, our data suggest that rhythmic CFTR
expression drives the oscillations in myogenic reac-
tivity in the wild-type setting: in this regard, our previ-
ous observation that skeletal muscle resistance artery
myogenic tone is not sensitive to CFTR manipulation”
is consistent with the postulate that circadian regula-
tors of myogenic reactivity vary across vascular beds.
Few studies have explored whether CFTR expression is
rhythmic in other tissues and the currently available data

Stroke. 2022;53:249-259. DOI: 10.1161/STROKEAHA.121.036950
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Figure 6. Subarachnoid hemorrhage (SAH)-induced injury in mice pretreated with lumacaftor.

Mice were pretreated with lumacaftor (3 mg/[kg-d] IP; Lum) for 2 d; following pretreatment, SAH was induced at Zeitgeber Time 11 (ZT11) or
Zeitgeber time 23 (ZT23). Behavioral assessments and tissue collection were conducted 48 h afterwards. A, Shows representative images of
cortical cells stained with Fluoro-Jade (left) and for activated caspase-3 expression (right); arrows point to positively stained cells (Bar=60 pm).
B-D, Show the association between myogenic tone at the time of SAH and the resulting injury that ensues. B, Before the SAH surgery, olfactory
cerebral artery myogenic tone is similar at ZT11 and ZT23 (n=b). C, Positive cell counts for Fluoro-Jade staining and activated caspase-3 are
similar in lumacatftor pretreated mice when SAH is induced at ZT1 vs ZT23 (n=12-14). D, Modified Garcia scores in lumacaftor pretreated mice
are similar when SAH is induced at ZT11 vs ZT23 (n=12-14). Modified Garcia scores in D are presented as medianszinterquartile range and

compared with a Mann-Whitney test. WT indicates wild-type.

are contradictory?*? To our knowledge, no studies have
identified specific interactions between molecular clock
transcription factors (eg, Bmal1) and the CFTR gene.

Our study independently confirms the existence of
time-of-day differences in SAH-induced neuronal injury
and microglial cell activation, with higher levels occurring
near the night-to-day transition (ie, ZT2 in Schallner et al?
and ZT23 here). We extended these observations, with
the use of alternate markers of neuronal injury, the addi-
tion of neurological assessments, and in vitro vascular
reactivity studies. Furthermore, we separated our time
points by 12 hours, since circadian rhythms oscillate with
a 24-hour period, and thus, the peak and trough should
be 12 hours apart.

Higher cerebral artery myogenic tone should reduce
brain perfusion: thus, if a vascular mechanism influ-
ences SAH-induced injury, the injury level should be
higher at ZT23, compared to ZT11. Indeed, higher lev-
els of neuronal injury and lower neurological scores are
observed when SAH is induced at ZT23 versus ZT11.
Smooth muscle cell clock disruption (sm-Bmal1 KO)
eliminates the circadian rhythm in myogenic reactivity,

Stroke. 2022;53:249-259. DOI: 10.1161/STROKEAHA.121.036950

indicating that this rhythm emanates from the smooth
muscle cell molecular clock. Interestingly, the sm-Bmal1
KO myogenic reactivity profile displays an isolated
peak at ZT11 that flips the ZT11/ZT23 myogenic tone
relationship in sm-Bmal1 KO cerebral arteries, relative
to wild-type arteries: remarkably, neuronal injury and
neurological scores similarly invert, thereby strength-
ening the observed relationship between cerebrovas-
cular myogenic tone and SAH-induced injury. CFTR
expression in sm-Bmal1 KO cerebral arteries is similar
at ZT11 and ZT23, indicating that a CFTR-indepen-
dent mechanism underlies the higher myogenic tone
at ZT11. Although the molecular mechanism remains
unknown, it is likely due to the actions of an external,
non-smooth muscle—derived stimulus that is normally
overridden in the wild-type setting.

Schallner et al? proposed that microglial cell activation
could potentially mediate the time-of-day differences
in SAH-induced injury. However, the sm-Bmall KO
model does not alter the cortical microglial cell activa-
tion pattern, although it does alter neuronal injury. This
indicates that microglial activation is (1) not the primary
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determinant of time-of-day differences in SAH-induced
injury and (2) not coupled to the reduced perfusion that
presumably results from the ZT11/ZT23 difference in
vascular reactivity. These data add yet another layer of
evidence that the time-dependent difference in SAH-
induced neuronal injury is vascular in origin. Furthermore,
because we did not observe a time-of-day difference in
large artery vasoconstriction, our data localize this vas-
cular effect to the cerebral microcirculation. Given that
the cerebral microcirculation is the largest contributor to
cerebrovascular resistance?® variations in microvascular
myogenic reactivity are undoubtedly capable of modulat-
ing cerebral perfusion and SAH-induced ischemic injury.

The primary implication of this circadian study is that
microvascular constriction within the initial hours fol-
lowing SAH plays a crucial role in the injury level. This
extends the therapeutic window for microvascular inter-
ventions to a much earlier time point than the emer-
gence of delayed cerebral ischemia (the latter is the
current microvascular research focus for SAH"). A sec-
ond implication is that it is important to assess whether
microvascular interventions are efficacious at all times of
the day or predominantly at the end of the active phase,
when cerebrovascular constriction is normally highest.
Indeed, several neuroprotective interventions have failed
to deliver clinical benefit, in part because the circadian
rhythms of the nocturnal animal models do not properly
align with those of the target patient population.?® Thus,
it is crucial to incorporate the circadian dimension into
stroke research and therapy design.*2627

Although beyond the scope of the present study, it is
worth noting that SAH disrupts circadian rhythms within
the brain as a component of the pathology.? This aspect
has not been comprehensively studied and consequently,
it is not clear to what extent circadian rhythm disruption
per se contributes to the SAH pathology. As a future
direction, it would be intriguing to examine whether SAH
disrupts the microvascular rhythm in myogenic reactiv-
ity and whether therapeutically targeting this disruption
would provide benefit. In this regard, several interven-
tions, including glucagon-like peptide-1 receptor ago-
nism?® and retinoic acid receptor-related orphan receptor
alpha agonism (a nuclear receptor for melatonin)®® are
proposed to modulate/restore disrupted rhythms in neu-
ropathological settings.

In summary, multiple factors contribute to pathologi-
cal injury after SAH; however, there is little doubt that
microvascular constriction and ischemia are significant
contributors. This study identifies circadian rhythmic-
ity in cerebral artery myogenic reactivity as a key factor
influencing SAH-induced injury. By identifying rhythmic
CFTR expression as the mechanism underpinning the
cerebrovascular myogenic reactivity rhythm, it becomes
feasible to therapeutically manipulate both the micro-
vascular rhythm and the time-of-day differential in SAH
injury. Our investigation incorporates important circadian
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mechanisms into the pathological concept of SAH-
induced neurological injury.
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