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CADASIL mutations sensitize the brain to ischemia via spreading depolarizations and abnormal extracellular potassium homeostasis
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Cerebral autosomal dominant arteriopathy, subcortical infarcts and leukoencephalopathy (CADASIL) is the most common monogenic form of small vessel disease characterized by migraine with aura, leukoaraiosis, strokes and dementia. CADASIL mutations cause cerebrovascular dysfunction in both animal models and humans. Here, we show two different human CADASIL mutations (Notch3 R90C or R169C) worsen ischemic stroke outcomes in transgenic mice, explained by a higher blood flow threshold to maintain tissue viability. Both mutants developed larger infarcts and worse neurological deficits compared with wild type regardless of age or sex after filament middle cerebral artery occlusion. However, full-field laser speckle flowmetry during distal middle cerebral artery occlusion showed comparable perfusion deficits in mutants and their respective wild type controls. Circle of Willis anatomy and pial collateralization also did not differ among the genotypes. In contrast, mutants had a higher cerebral blood flow threshold below which infarction ensued, suggesting increased sensitivity of brain tissue to ischemia. Electrophysiological recordings revealed a 1.5-to 2-fold higher frequency of peri-infarct spreading depolarizations in CADASIL mutants. Higher extracellular K + elevations during spreading depolarizations in the mutants implicated a defect in extracellular K + clearance. Altogether, these data reveal a mechanism of enhanced vulnerability to ischemic injury linked to abnormal extracellular ion homeostasis and susceptibility to ischemic depolarizations in CADASIL.

INTRODUCTION

CADASIL is the most common monogenic small vessel disease, characterized by frequent migraine attacks with aura, progressive white matter degeneration and recurrent lacunar infarctions in young-middle aged adults culminating in vascular dementia [START_REF] Chabriat | CADASIL: yesterday, today, tomorrow[END_REF]. Notably CADASIL patients exhibit deficits in functional hyperemia and cerebrovascular reactivity to CO 2, that can be present long before evidence of significant disability and cognitive deficits [START_REF] Atwi | BOLD-based cerebrovascular reactivity vascular transfer function isolates amplitude and timing responses to better characterize cerebral small vessel disease[END_REF][START_REF] Huneau | Altered dynamics of neurovascular coupling in CADASIL[END_REF]. The disease is caused by highly stereotyped mutations in the NOTCH3 receptor, which is predominantly expressed in pericytes and smooth muscle cells of small vessels [START_REF] Joutel | Strong clustering and stereotyped nature of Notch3 mutations in CADASIL patients[END_REF][START_REF] Joutel | The ectodomain of the Notch3 receptor accumulates within the cerebrovasculature of CADASIL patients[END_REF][START_REF] Joutel | Notch3 mutations in CADASIL, a hereditary adult-onset condition causing stroke and dementia[END_REF].

A number of genetic mouse models expressing Notch3 CADASIL mutations have been developed that recapitulate CADASIL phenotype to various degrees [START_REF] Rutten | The NOTCH3 score: a pre-clinical CADASIL biomarker in a novel human genomic NOTCH3 transgenic mouse model with early progressive vascular NOTCH3 accumulation[END_REF][START_REF] Lee | Genetic animal models of cerebral vasculopathies[END_REF]. Whereas most of these Notch3 mutant mouse models develop the pathognomonic accumulation of Notch3 ECD and granular osmiophilic deposits in brain vessels, additional manifestations have been detected in a few models. For example, white matter lesions have been demonstrated only in TgNotch3 R169C mice, which overexpress a rat NOTCH3 protein under the endogenous Notch3 promoter with the Arg 169Cys mutation [START_REF] Joutel | Cerebrovascular dysfunction and microcirculation rarefaction precede white matter lesions in a mouse genetic model of cerebral ischemic small vessel disease[END_REF][START_REF] Capone | Reducing Timp3 or vitronectin ameliorates disease manifestations in CADASIL mice[END_REF]. Moreover, impaired myogenic responses, neurovascular coupling during functional activation and cerebral blood flow (CBF) autoregulation during blood pressure (BP) fluctuations have been reported only in TgNotch3 R169C mice and TgNotch3 R90C mice, which overexpress a human NOTCH3 under the smooth muscle SM22a reporter with the Arg90Cys mutation [START_REF] Joutel | Cerebrovascular dysfunction and microcirculation rarefaction precede white matter lesions in a mouse genetic model of cerebral ischemic small vessel disease[END_REF][START_REF] Capone | Reducing Timp3 or vitronectin ameliorates disease manifestations in CADASIL mice[END_REF][START_REF] Lacombe | Impaired cerebral vasoreactivity in a transgenic mouse model of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy arteriopathy[END_REF][START_REF] Ruchoux | Transgenic mice expressing mutant Notch3 develop vascular alterations characteristic of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy[END_REF][START_REF] Dabertrand | Potassium channelopathy-like defect underlies early-stage cerebrovascular dysfunction in a genetic model of small vessel disease[END_REF].

Spontaneous strokes have never been demonstrated in CADASIL mutants, likely due to the much shorter life span of mice than humans. However, given the evidence indicating cerebrovascular dysfunction in CADASIL mutants, one might anticipate larger ischemic infarcts linked to collateral insufficiency. We designed this study to test whether CADASIL mutations worsen focal ischemic outcomes in transgenic mice and to interrogate the hemodynamic mechanisms underlying this phenotype. Our findings indeed show a more severe stroke phenotype in CADASIL mutants, but surprisingly implicate increased parenchymal sensitivity to ischemia, rather than cerebral hemodynamic dysfunction, as a key mechanism.

RESULTS

We first examined the effect of Notch3 R90C mutation on the outcome of fMCAO (Figure 1A) in WT, TgNotch3 WT and TgNotch3 R90C mice (male, age 3-22 months old). To account for the effect of age, we performed multivariable regression (independent variables: genotype and age; dependent variables: infarct volume, neurological deficit scores, swelling volume, and CBF after common carotid occlusion (CCAO), during MCAO or after reperfusion). Regression models predicted infarct volume, neurological deficit score, swelling volume and CBF after reperfusion, but not CBF after CCAO or during MCAO (Table 1; see Supplemental Figure 1 for individual datapoints). Genotype, but not age, significantly contributed to the infarct volume. TgNotch3 R90C developed larger infarcts than WT. Genotype and age both contributed to the neurological deficit score. TgNotch3 R90C developed worse deficit scores than WT, while age showed a weak inverse relationship. Interestingly, age, but not genotype, contributed to the swelling volume, which decreased with age. None of the independent variables contributed to CBF after CCAO and during MCAO, and only age significantly contributed to the CBF after reperfusion. After confirming the independent contribution of genotype to outcome endpoints using multivariable analysis as above, all ages were pooled for genotype comparisons (Figure 1B). In the pooled cohort, TgNotch3 R90C but not TgNotch3 WT had larger infarcts and worse neurological deficit scores compared with the WT. Importantly, TgNotch3 WT mice, which overexpress normal Notch3 gene, did not differ from WT in any endpoint, indicating that the phenotype was not simply due to Notch3 overexpression. These data suggested that Notch3 R90C mutation worsened focal cerebral ischemic outcomes but did not support a hemodynamic mechanism.

To strengthen the causal link between CADASIL mutations and focal ischemic outcomes, we examined another CADASIL mouse model expressing the Notch3 R169C mutation (male and female, age ~3-7 months old). Multivariable regression (independent variables: genotype and age) model significantly predicted the infarct volume, but not the other dependent variables (Table 2). Genotype, but not age or sex, contributed significantly to the infarct volume. In the pooled cohort, infarcts were significantly larger in the TgNotch3 R169C mutant (Figure 1C). Although CBF after CCAO appeared lower in the mutant, CBF during MCAO and after reperfusion did not differ from WT (Figure 1C), once again not supporting a hemodynamic mechanism for larger infarcts.

Since LDF provides a single point relative measure of CBF and cannot ascertain the differences in the overall area of the perfusion defect or resting CBF, we next used full-field LSF to better estimate resting CBF and quantify the acute perfusion defect with high spatiotemporal resolution during distal middle cerebral artery occlusion (dMCAO). The multivariable model accounting for genotype, age, sex and arterial blood pressure did not predict resting CBF prior to dMCAO or the area of perfusion defect after dMCAO (Table 3). Neither resting CBF (Figure 2A) nor the area of perfusion defect (Figure 2B) differed between TgNotch3 R90C and TgNotch3 R169C CADASIL mutants and their respective controls. These data confirmed LDF findings in fMCAO and indicated that Notch3 mutations do not impair collateral flow during focal cerebral arterial occlusions. Moreover, examination of cerebrovascular anatomy also did not reveal a difference between CADASIL mutants and their respective wild type controls in the diameter of major intracranial arteries and the number and location of pial anastomoses (Figure 3). An alternative mechanism for larger infarcts in CADASIL mutants was higher tissue sensitivity to ischemia. Therefore, we next determined the critical tissue CBF below which infarction ensued (i.e., viability threshold) in TgNotch3 WT and TgNotch3 R90C mice. For this, we calculated the regional CBF at the infarct margin by spatially co-registering the LSF map during dMCAO with the dorsal view of the infarct 48 hours later (Figure 2C). We found higher viability thresholds in the CADASIL mutant, indicating that the cortex is more vulnerable to ischemic injury and required a much higher residual CBF to survive.

We have previously shown that CADASIL mutations increase susceptibility to spreading depolarizations (SD), consistent with the migraine with aura phenotype in this disease [START_REF] Eikermann-Haerter | Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy syndrome mutations increase susceptibility to spreading depression[END_REF]. In separate studies we have also shown that higher susceptibility to SD leads to worse stroke outcomes [START_REF] Eikermann-Haerter | Migraine mutations increase stroke vulnerability by facilitating ischemic depolarizations[END_REF], and vice versa [START_REF] Eikermann-Haerter | Migraine prophylaxis, ischemic depolarizations, and stroke outcomes in mice[END_REF]. Therefore, we next examined whether CADASIL mutations augment peri-infarct SDs (PID), which are known to exacerbate the supply-demand mismatch in penumbra and promote acute infarct growth [START_REF] Ayata | Spreading Depression, Spreading Depolarizations, and the Cerebral Vasculature[END_REF]. Using intracortical microelectrodes placed in the peri-infarct cortex during fMCAO (Figure 4A), we found increased frequency or cumulative duration of PIDs in both TgNotch3 R90C and TgNotch3 R169C mutants compared with their respective controls (Figure 4B,C). Because plasma glucose is an important determinant of SD occurrence, we measured this in a separate cohort (n=6 WT and TgNotch3 R169C each, male/female=1, age 14-17 weeks) and found comparable blood glucose levels (234±15 and 217±16 mg/dL, ±SEM, in WT and TgNotch3 R169C respectively; p=0.457, unpaired t-test).

Given that Notch3 is predominantly expressed in pericytes and smooth muscle cells of small vessels, increased PIDs was an intriguing finding implicating a defect in the neurovascular interface affecting ion homeostasis. To test this possibility, we examined [K + ] e dynamics using ion-selective electrodes. Because of the high spatiotemporal variability in [K + ] e in ischemic penumbra both within and among animals, we studied [K + ] e changes during SD in nonischemic cortex. We found that the characteristic [K + ] e surge during SDs was larger in the TgNotch3 R169C compared with WT mice (Figure 5). These data confirmed abnormal extracellular K + handling during intense depolarization states.

DISCUSSION

In this study, we show enlarged focal cerebral ischemic infarcts in two independent transgenic mouse models expressing typical human CADASIL mutations Notch3 R90C or Notch3 R169C . Contrary to our expectations, however, CADASIL mutations did not affect residual tissue perfusion, effectively ruling out cerebrovascular dysfunction and collateral insufficiency to explain the larger infarcts. This was particularly surprising given the almost exclusive expression of Notch3 in smooth muscle cells and pericytes in adult brain, and impaired neurovascular coupling, autoregulation and myogenic responses established in these CADASIL mutants [START_REF] Joutel | Cerebrovascular dysfunction and microcirculation rarefaction precede white matter lesions in a mouse genetic model of cerebral ischemic small vessel disease[END_REF][START_REF] Capone | Reducing Timp3 or vitronectin ameliorates disease manifestations in CADASIL mice[END_REF][START_REF] Lacombe | Impaired cerebral vasoreactivity in a transgenic mouse model of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy arteriopathy[END_REF][START_REF] Ruchoux | Transgenic mice expressing mutant Notch3 develop vascular alterations characteristic of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy[END_REF][START_REF] Dabertrand | Potassium channelopathy-like defect underlies early-stage cerebrovascular dysfunction in a genetic model of small vessel disease[END_REF][START_REF] Capone | Mechanistic insights into a TIMP3-sensitive pathway constitutively engaged in the regulation of cerebral hemodynamics[END_REF][START_REF] Ghezali | Notch3(ECD) immunotherapy improves cerebrovascular responses in CADASIL mice[END_REF][START_REF] Ghosh | Pericytes are involved in the pathogenesis of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy[END_REF]. The fact that aging did not impact the outcomes in our study also suggested that mechanisms were unrelated to CBF, since the cerebrovascular phenotype in CADASIL mutants progresses with aging.

Instead, elevated viability threshold for CBF in CADASIL mutant suggested that the brain tissue required higher amounts of CBF to survive. This was reminiscent of familial hemiplegic migraine type 1 (FHM1) knockin mice [START_REF] Eikermann-Haerter | Migraine mutations increase stroke vulnerability by facilitating ischemic depolarizations[END_REF]. Indeed, both FHM1 [START_REF] Eikermann-Haerter | Genetic and hormonal factors modulate spreading depression and transient hemiparesis in mouse models of familial hemiplegic migraine type 1[END_REF] and CADASIL [START_REF] Eikermann-Haerter | Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy syndrome mutations increase susceptibility to spreading depression[END_REF] mutations increase susceptibility to SD, the electrophysiological phenomenon underlying migraine aura [START_REF] Ayata | Cortical spreading depression triggers migraine attack: pro[END_REF][START_REF] Lauritzen | Pathophysiology of the migraine aura. The spreading depression theory[END_REF]. Enhanced susceptibility to SD is the likely mechanism of frequent and often severe migraine with aura phenotype in both FHM1 and CADASIL [START_REF] Guey | Prevalence and characteristics of migraine in CADASIL[END_REF][START_REF] Ferrari | Migraine pathophysiology: lessons from mouse models and human genetics[END_REF]. Moreover, FHM1 mice also develop very high numbers of PIDs after fMCAO [START_REF] Eikermann-Haerter | Migraine mutations increase stroke vulnerability by facilitating ischemic depolarizations[END_REF], and data herein revealed a similar phenotype associated with two different human CADASIL mutations.

SDs are intense pandepolarization waves that slowly propagate (~2-5 mm/min) in contiguous brain tissue accompanied by loss of transmembrane ion gradients and a massive K + efflux that elevates [K + ] e by ~10-fold for up to a minute [START_REF] Ayata | Spreading Depression, Spreading Depolarizations, and the Cerebral Vasculature[END_REF]. Our data suggest that the immediate mechanism of enlarged infarcts in the CADASIL mutant is enhanced susceptibility to spreading depolarizations (SD), which are widely believed to worsen the supply-demand mismatch in ischemic penumbra [START_REF] Hartings | The continuum of spreading depolarizations in acute cortical lesion development: Examining Leao's legacy[END_REF][START_REF] Dohmen | Spreading depolarizations occur in human ischemic stroke with high incidence[END_REF][START_REF] Shin | Vasoconstrictive neurovascular coupling during focal ischemic depolarizations[END_REF][START_REF] Dreier | Delayed ischaemic neurological deficits after subarachnoid haemorrhage are associated with clusters of spreading depolarizations[END_REF][START_REF] Hartings | Spreading depolarizations have prolonged direct current shifts and are associated with poor outcome in brain trauma[END_REF][START_REF] Dreier | The role of spreading depression, spreading depolarization and spreading ischemia in neurological disease[END_REF]. Moreover, intracortical recordings showed a larger extracellular K + ([K + ] e ) surge with steeper onset during SD in CADASIL mutants, suggesting abnormal [K + ] e buffering. This could explain the enhanced susceptibility to SD in CADASIL mutant mice, as well as the frequent and severe migraine with aura phenotype in CADASIL patients [START_REF] Eikermann-Haerter | Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy syndrome mutations increase susceptibility to spreading depression[END_REF][START_REF] Jouvent | Cortical folding influences migraine aura symptoms in CADASIL[END_REF][START_REF] Vahedi | Migraine with aura and brain magnetic resonance imaging abnormalities in patients with CADASIL[END_REF]. Recent data suggesting that an impaired K + clearance increases the frequency of spontaneous neuronal glutamatergic plumes and predispose to SD events may support this hypothesis [START_REF] Parker | Non-canonical glutamate signaling in a genetic model of migraine with aura[END_REF].

The mechanism of abnormal [K + ] e buffering, however, is yet unknown, although evidence points towards a vascular mechanism. In the adult mammalian brain, Notch3 is exclusively expressed in the vasculature (i.e., pericytes and smooth muscle cells), and CADASIL mutations have been associated with vascular dysfunction [START_REF] Joutel | Cerebrovascular dysfunction and microcirculation rarefaction precede white matter lesions in a mouse genetic model of cerebral ischemic small vessel disease[END_REF][START_REF] Capone | Reducing Timp3 or vitronectin ameliorates disease manifestations in CADASIL mice[END_REF][START_REF] Dabertrand | Potassium channelopathy-like defect underlies early-stage cerebrovascular dysfunction in a genetic model of small vessel disease[END_REF][START_REF] Capone | Mechanistic insights into a TIMP3-sensitive pathway constitutively engaged in the regulation of cerebral hemodynamics[END_REF]. By contrast, there has been no evidence to suggest a defect in astrocytic or neuronal K + uptake in CADASIL. Therefore, we here postulate a model in which a vascular defect in CADASIL underlies the abnormal [K + ] e buffering in the brain (Figure 6). Astrocytes play a major role in regulating [K + ] e via rapid uptake and spatial buffering through the astrocytic syncytium [START_REF] Odette | Model of potassium dynamics in the central nervous system[END_REF][START_REF] Kofuji | Potassium buffering in the central nervous system[END_REF]. Astrocytes also send their endfeet almost completely encasing the cerebral vasculature, including the capillary bed. The density and sheer surface area of the capillary bed makes it ideally positioned to expel excess [K + ] e into the blood stream. The latter would serve as an infinite (i.e., non-saturable) sink. Hence, vascular clearance may be a fundamental mechanism when local buffering mechanisms are exceeded during intense depolarizations, such as SD with massive elevations in [K + ] e . Such gliovascular K + siphoning has previously been proposed [START_REF] Newman | High potassium conductance in astrocyte endfeet[END_REF][START_REF] Newman | Regional specialization of the membrane of retinal glial cells and its importance to K+ spatial buffering[END_REF][START_REF] Newman | Distribution of potassium conductance in mammalian Muller (glial) cells: a comparative study[END_REF] based on observations in the closely related retina, where Müller glia siphon local K + e into the vitreous [START_REF] Newman | Control of extracellular potassium levels by retinal glial cell K+ siphoning[END_REF]. In the central nervous systems, astrocyte end-feet encasing the vasculature indeed have an unusually high K + conductance [START_REF] Newman | High potassium conductance in astrocyte endfeet[END_REF]. This is in part due to the presence of large conductance BK channels activated by intracellular Ca 2+ ([Ca 2+ ] i ) elevations [START_REF] Filosa | Local potassium signaling couples neuronal activity to vasodilation in the brain[END_REF][START_REF] Takano | Astrocyte-mediated control of cerebral blood flow[END_REF], such as those observed during SD [START_REF] Peters | Different mechanisms promote astrocyte Ca2+ waves and spreading depression in the mouse neocortex[END_REF][START_REF] Basarsky | Imaging spreading depression and associated intracellular calcium waves in brain slices[END_REF]. Once activated, BK channels release large amounts of K + into the tight perivascular space, especially in the setting of brain injury [START_REF] Koide | Inversion of neurovascular coupling by subarachnoid blood depends on large-conductance Ca2+-activated K+ (BK) channels[END_REF]. In addition, the massive rise in [K + ] e to more than 20 mM during an SD might facilitate direct passive diffusion of K + into the perivascular space to reach the capillary endothelium. This perivascular K + is then taken up by endothelial Na + /K + -ATPase, which is densely-and asymmetrically-localized on the abluminal membranes [START_REF] Goldstein | Relation of potassium transport to oxidative metabolism in isolated brain capillaries[END_REF]. Endothelial cells must then release the K + into the blood stream via channels and/or pumps on the luminal membrane, including K ir 2.1 [START_REF] Longden | Capillary K(+)-sensing initiates retrograde hyperpolarization to increase local cerebral blood flow[END_REF], which is known to be activated by elevated perivascular [K + ] e [START_REF] Filosa | Local potassium signaling couples neuronal activity to vasodilation in the brain[END_REF]. Indeed, Notch3 R169C mutation has recently been associated with impaired endothelial K ir 2.1 channel function due to ATP or phosphatidylinositol 4,5bisphosphate (PIP 2 ) shortage [START_REF] Dabertrand | PIP2 corrects cerebral blood flow deficits in small vessel disease by rescuing capillary Kir2.1 activity[END_REF], providing at least one mechanism by which CADASIL mutations may interfere with vascular K + clearance [START_REF] Dabertrand | Potassium channelopathy-like defect underlies early-stage cerebrovascular dysfunction in a genetic model of small vessel disease[END_REF][START_REF] Koide | The yin and yang of KV channels in cerebral small vessel pathologies[END_REF]. Other abnormalities, such as reduced endothelial expression or activity of Na + /K + -ATPase, remain to be tested.

The implications of our data for the spontaneously occurring lacunar strokes in CADASIL patients are unclear, given that our model involved induced rather than spontaneous occlusion of a cortical rather than subcortical artery. Although CADASIL is a small vessel disease, we can nevertheless infer that the impact of ischemia, no matter how small the occluded artery, will be worse in CADASIL brains due to abnormal K + handling and the propensity to develop ischemic depolarizations. This brings forth a mechanism by which CADASIL mutations can perturb the homeostasis and directly impact excitability early during the disease process, independent of the presumed mechanisms related to vasomotor dysfunction. Whether and how these mechanisms are linked to the characteristic deep white matter disease in CADASIL is unclear, especially since SDs are typically limited to gray matter structures. Future work using animal models of white matter ischemia might shed some light on this question.

METHODS

A total of 218 male and female mice aged ~2-22 months were used (Table 4), including two different mutant mouse models expressing 2 distinct typical CADASIL mutations (TgNotch3 R90C and TgNotch3 R169C ) [START_REF] Joutel | Cerebrovascular dysfunction and microcirculation rarefaction precede white matter lesions in a mouse genetic model of cerebral ischemic small vessel disease[END_REF][START_REF] Ruchoux | Transgenic mice expressing mutant Notch3 develop vascular alterations characteristic of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy[END_REF]. In addition to wild type (WT) littermates, transgenic mice overexpressing the human wild type Notch 3 (TgNotch3 WT ) were used as controls for TgNotch3 R90C (50) To avoid redundancy and unnecessary use of experimental animals, selected experiments were performed in only one mutant model or comparisons were made to a single control group.

General surgery. Mice were anesthetized with isoflurane (5% induction, 1% maintenance, in 70% N 2 /30% O 2 ). When indicated, arterial pH, pO 2 , pCO 2 and BP were measured via a femoral artery catheter. Rectal temperature was kept at 37 °C using a thermostatic heating pad. In survival experiments, mice were placed in a temperature-controlled incubator with easy access to food and water. We closely monitored the animals for up to 48 hours following the procedure and recovery from anesthesia for signs of pain and discomfort.

Filament middle cerebral artery occlusion (fMCAO).

Spontaneously breathing mice were anesthetized with isoflurane as above, a nylon monofilament was inserted into the right internal carotid artery via the external carotid artery and MCA was occluded for 60 minutes (Notch3 R90C ) or 45 minutes (Notch3 R169C ), followed by reperfusion. These occlusion times were chosen based on prior experience with outcomes in respective genetic background strains. During surgery, CBF was monitored by laser Doppler flowmetry (LDF) over the right temporal bone corresponding to ischemic core. Neurological outcomes were scored 24 hours after reperfusion using a 5-point scale (0, normal; 1, forepaw monoparesis; 2, circling to left; 3, falling to left; 4, no spontaneous walking and depressed consciousness). Infarct volume was then calculated by integrating the infarct area in ten 1-mm-thick 2,3,5-triphenyltetrazolium chloride (TTC)-stained coronal sections and subtracting the volume of ipsilateral non-infarcted tissue from the contralateral hemisphere (i.e., indirect). Ischemic swelling was calculated by subtracting the volume of contralateral hemisphere from the ipsilateral hemisphere.

Distal middle cerebral artery occlusion (dMCAO).

Mice were intubated and mechanically ventilated (SAR-830 ventilator, CWE), except to minimize morbidity in cohorts where outcome was assessed 48 hours later. Mice were placed on a stereotaxic frame and scalp reflected via a midline incision. The skull overlying the right hemisphere was covered with a thin layer of mineral oil to prevent drying and enhance transparency. A temporal burr hole (2 mm diameter) was drilled above the zygomatic arch, and MCA was occluded using a microvascular clip for 60 minutes as described in detail previously [START_REF] Eikermann-Haerter | Migraine mutations increase stroke vulnerability by facilitating ischemic depolarizations[END_REF][START_REF] Shin | Vasoconstrictive neurovascular coupling during focal ischemic depolarizations[END_REF][START_REF] Ayata | Laser speckle flowmetry for the study of cerebrovascular physiology in normal and ischemic mouse cortex[END_REF]. Absence of inadvertent mechanical induction of SD during drilling was confirmed by laser speckle flowmetry (see below). Of note, dMCAO experiments to examine the perfusion defect (see below) were performed using endotracheal intubation and femoral artery cannulation, and thus were terminal, precluding infarct volume determination.

Laser Speckle Flowmetry (LSF) was performed using a near infrared laser diode (785 nm, 75 mW) and a CCD camera (Cohu 4600, 640 3 480 pixels). Raw speckle frames were continuously acquired at 2.5 Hz. The laser speckle contrast inverse correlation time values (1/t c ) reflect resting CBF in arbitrary units, validated using [ 14 C]iodoamphetamine technique [START_REF] Ayata | Laser speckle flowmetry for the study of cerebrovascular physiology in normal and ischemic mouse cortex[END_REF], allowing comparisons to be made among groups of animals imaged using identical surgical preparation and optical settings [START_REF] Ayata | Laser speckle flowmetry for the study of cerebrovascular physiology in normal and ischemic mouse cortex[END_REF][START_REF] Shin | Age-dependent cerebrovascular dysfunction in a transgenic mouse model of cerebral amyloid angiopathy[END_REF][START_REF] Ayata | Hyperlipidemia disrupts cerebrovascular reflexes and worsens ischemic perfusion defect[END_REF]. CBF changes were also calculated for each pixel relative to the preischemic baseline, and the area of cortex with residual CBF <20%, 21-30% or 31-40% was determined by thresholding. In addition, the CBF threshold for tissue viability was estimated by superimposing the images of average CBF during MCAO and TTC-stained whole brain 48 hours later, with the same field of view and angle, as previously described [START_REF] Eikermann-Haerter | Migraine mutations increase stroke vulnerability by facilitating ischemic depolarizations[END_REF]. These brains were TTC-stained topically (rather than coronal slices) to preserve cortical contiguity. Although topical TTC staining yields a well demarcated infarct on the dorsal cortical surface, the dye does not penetrate full cortical thickness, precluding reliable infarct volume determinations.

Electrophysiological recordings during fMCAO. After fMCAO in a separate cohort, mice were placed in a stereotaxic frame and burr holes were drilled over the right hemisphere under saline cooling at (mm from bregma): (1) posterior 3.5, lateral 2.0 (occipital, 0.5 mm diameter for electrode 1); (2) anterior 1.0, lateral 2.0 (frontal, 0.5 mm diameter for electrode 2). Dura was kept intact to minimize trauma to the animal. These coordinates were selected to be outside the ischemic core to detect PIDs. The steady (DC) potential and electrocorticogram (ECoG) were recorded with glass micropipettes filled with 154 mM NaCl placed 300 µm below pia (Axoprobe-1A; Axon Instruments). Ag/AgCl reference electrode was placed subcutaneously in the neck. Monitoring started within 20 minutes after the onset of ischemia and continued for up to 3 hours. Frequency of PIDs (/h of recording) and cumulative PID duration measured at half maximal amplitude were calculated.

Extracellular K + concentrations ([K + ] e )
were measured in 19 week-old male WT and TgNotch3 R169C using K + -selective electrodes prepared as previously described with some modifications [START_REF] Ballanyi | Ion activities and potassium uptake mechanisms of glial cells in guinea-pig olfactory cortex slices[END_REF]. Double-barreled capillaries were pulled with a micropipette puller (Sutter Instruments, Novato, CA, USA). The ion-sensitive barrel was filled with potassium chloride (100 mM, in 154 mM NaCl) and the tip (2-3 µM) was silanized and filled with a K + -sensitive resin (Liquid Ion Exchanger IE190, WPI, Sarasota FL, USA). The reference barrel was filled with sodium chloride (154 mM). Before each experiment the K + -sensitive microelectrodes were calibrated in K + solution. Three consecutive SDs were induced every 15 minutes by topical application of 1 mm cotton ball soaked in 300 mM KCl onto the right occipital cortex.

Measurements of [K + ] e were carried out in somatosensory cortex (2 mm lateral and 2 mm caudal to Bregma), more than 2 mm away from the SD induction site, at a depth of 300 µm.

Anatomic Analysis of the Circle of Willis and Pial Collaterals.

Mice were intracardiac perfused with carbon black. The diameter of the major cerebral arteries, the number of pial arterial anastomoses among the anterior, posterior and middle cerebral artery branches, and their distance from midline were determined on photographs taken after careful removal of the brain.

Blood glucose was measured in a separate cohort of mice via tail snip under brief anesthesia (2.5% induction, 1.5-2% maintenance in 70% N2O/30% O2), using ONETOUCH® Ultra® test strip and Ultra® 2 meter (LifeScan IP Holdings, Malvern, PA, USA).

Statistics. Data were analyzed using multiple linear regression, one-or two-way ANOVA, t-test or Mann-Whitney U-test, as indicated by the data structure. All statistical tests are indicated in table or figure legends where data are presented. Normality was checked by Shapiro-Wilk test. Non-parametric tests were used for datasets that failed normality. Initial sample sizes were selected empirically to achieve 80% power to detect a 30% effect size based on an assumed standard deviation of 30% of the mean (a=0.05). If the initial observed coefficient of variation deviated from assumed values, sample size calculations were revised accordingly. Variations in availability of different genotypes in breeding colonies also factored in final sample sizes. Although we planned to use both males and females and young as well as aged mice, we did not intend to select sample sizes powered to detect sexual dimorphism or effect of aging. Nevertheless, multivariable analyses accounted for their contribution to outcomes. All sample sizes, mortality and exclusions due to technical failures are shown in Table 4. Absence of a treatment arm obviated randomization. All experiments were carried out blinded and confirmatory genotyping was done.

Study Approval. All experimental procedures were carried out in accordance with the ARRIVE guidelines and the Guide for Care and Use of Laboratory Animals (NIH Publication No.85- [START_REF] Lauritzen | Pathophysiology of the migraine aura. The spreading depression theory[END_REF]1996), and were approved by the institutional review board.
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Figure 5. Extracellular K+ rise during spreading depolarizations in non-ischemic cortex.

Representative extracellular DC potential and K + -sensitive electrode tracings show the measurement of the amplitude (a), area under curve (auc) , onset slope (s) and duration (d) of the K+ surge during an SD. Graphs show these measurements during three consecutive SDs (SD1-3) induced 15 minutes apart. Two-way ANOVA for repeated measures. Sample sizes are provided in Table 4. Mean ± standard error. during an SD might also facilitate direct entry of K + into the perivascular space to reach the capillary endothelium. (e) Astrocyte end-feet have high K + conductance, in part due to BK channels activated by intracellular Ca 2+ elevations such as those observed during SD, and release large amounts of K + into the tight perivascular space. (f) This perivascular K + is then taken up by the endothelial Na + /K + -ATPase, which is densely-and asymmetrically-localized on the abluminal membranes. (g) Endothelial cells then release the K + into the blood stream via channels and/or pumps on the luminal membrane, including K ir 2.1, which is known to be activated by elevated perivascular [K + ] e . (h) Notch3 R169C mutation is associated with impaired endothelial K ir 2.1 channel function linking CADASIL to impaired vascular K + clearance. 

Figure 1 .

 1 Figure 1. Filament middle cerebral artery occlusion (fMCAO) in TgNotch3 R90C and TgNotch3 R169C cohorts. (A) Left panel: A representative image of 2,3,5-triphenyltetrazolium chloride (TTC)-stained coronal sections 24 hours after transient fMCAO. Infarct is seen as non-stained tissue involving MCA territory. Right panel: Representative laser Doppler flowmetry (LDF) tracingshows decrease in regional cerebral blood flow (CBF) after common carotid artery occlusion (CCAO) followed by MCAO and reperfusion. Shaded segments indicate where CBF was measured relative to baseline. (B) Infarct volume (indirect method), neurological deficit score and CBF after CCAO, during MCAO and after reperfusion in the entire TgNotch3 R90C cohort (all ages pooled). In addition to non-transgenic wild type (WT), transgenic mice overexpressing the human WT Notch 3 (TgNotch3 WT ) were used to control for overexpression in the TgNotch3 R90C . One-way ANOVA followed by Tukey's multiple

Figure 2 .

 2 Figure 2. Distal middle cerebral artery occlusion (dMCAO) in TgNotch3 R90C and TgNotch3 R169C cohorts. (A) Resting CBF calculated using laser speckle contrast inverse correlation time values before dMCAO did not differ between CADASIL mutants and their controls. Sample sizes are provided in Table 4. Student's t-test. (B) A representative laser speckle contrast image taken

Figure 3 .

 3 Figure 3. Cerebrovascular anatomy in Notch3 R90C and Notch3 R169C cohorts. Representative ventral (A) and dorsal (B) views show the circle of Wills anatomy and pial arterial anastomoses between middle and anterior cerebral arteries. Circles on the dorsal surface (B) indicate the pial anastomoses analyzed for their number and distance to midline. ACA, anterior cerebral artery; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; PComA, posterior communicating artery. The sample size is 39 in total and details are provided in Table4. One-way or two-way ANOVA, or unpaired t-test. Mean ± standard deviation.

Figure 4 .

 4 Figure 4. Peri-infarct spreading depolarization during filament middle cerebral artery occlusion in Notch3 R90C and Notch3 R169C cohorts. (A) Representative extracellular DC potential recordings from peri-infarct cortex showing higher frequency of peri-infarct spreading depolarizations (SDs) in TgNotch3 R169C mice compared with wild type (WT) after filament middle cerebral artery occlusion (fMCAO). Experimental setup shows intracortical glass micropipettes placed outside the ischemic core (purple area) to detect SDs. (B) Left panel: Experimental timelines showing the time of onset and end of recordings in each mouse, and time of occurrence of SDs (round symbols) in WT and TgNotch3 R90C (upper row) or TgNotch3 R169C mice (lower row). Middle panel: Pooled cumulative SD numbers per animal over time after fMCAO. Right panel: The frequency of SDs and cumulative SD duration in WT and TgNotch3 R90C (upper row) or TgNotch3 R169C mice (lower row). Unpaired t-test. Sample sizes are provided in Table4.

Figure 6 .

 6 Figure 6. Proposed gliovascular mechanism of extracellular K + regulation when local buffering mechanisms are exceeded during spreading depolarizations. (a) Upon intense depolarization states such as anoxic or spreading depolarization, extracellular K + concentration ([K + ] e ) can rise above the 10-12 mM ceiling. (b) Astrocytes play a major role in regulating [K + ] e via rapid uptake and spatial buffering through the astrocytic syncytium. (c) Astrocytes send their end-feet almost completely encasing the cerebral vasculature, including the capillary bed, providing a route for gliovascular K + siphoning. (d) The massive rise in [K + ] eduring an SD might also facilitate direct entry of K + into the perivascular space to reach the capillary endothelium. (e) Astrocyte end-feet have high K + conductance, in part due to BK channels activated by intracellular Ca 2+ elevations such as those observed during SD, and release large amounts of K + into the tight perivascular space. (f) This perivascular K + is then taken up by the endothelial Na + /K + -ATPase, which is densely-and asymmetrically-localized on the abluminal membranes. (g) Endothelial cells then release the K + into the blood stream via channels and/or pumps on the luminal membrane, including K ir 2.1, which is known to be activated by elevated perivascular [K + ] e . (h) Notch3 R169C mutation is associated with impaired endothelial K ir 2.1 channel function linking CADASIL to impaired vascular K + clearance.

Table 4 . Experimental groups, sample sizes, mortality and exclusions

 4 

	Experiment	Cohort	Genotype	Sex	Age (d)	N	Mortality	Exclusion
	Filament MCAO	Notch3 R90C	WT	Male	87-686	26	3	1
	outcome		TgNotch3 WT	Male	110-646	15	3	1
			TgNotch3 R90C	Male	88-686	21	7	0
		Notch3 R169C	WT	Male	84-204	9	0	0
				Female	90-152	7	0	0
			TgNotch3 R169C	Male	114-203	6	0	0
				Female	90-152	6	0	0
	Distal MCAO	Notch3 R90C	TgNotch3 WT	Male	66-642	17	0	1
	Area of CBF deficit			Female	103-117	4	0	0
			TgNotch3 R90C	Male	65-587	10	0	0
				Female	102-118	4	0	0
		Notch3 R169C	WT	Male	92-151	5	0	0
				Female	69-100	5	0	0
			TgNotch3 R169C	Male	72-151	6	0	1
				Female	70-91	6	0	1
	Distal MCAO	Notch3 R90C	TgNotch3 WT	Male	63-140	8	0	0
	Viability threshold		TgNotch3 R90C	Male	63-140	6	0	0
	Anatomy	Notch3 R90C	WT	Male	NA	7	0	0
			TgNotch3 WT	Male	NA	4	0	0
			TgNotch3 R90C	Male	NA	6	0	0
		Notch3 R169C	WT	Male	155,161	5	0	0
				Female	169-185	5	0	0
			TgNotch3 R169C	Male	148,155	6	0	0
				Female	139-340	6	0	0
	Filament MCAO	Notch3 R90C	WT	Male	62-171	6	0	0
	electrophysiology		TgNotch3 R90C	Male	60-170	7	0	0
		Notch3 R169C	WT	Male	128-130	3	0	0
				Female	172-172	2	0	0
			TgNotch3 R169C	Male	128-158	3	0	0
				Female	119-126	2	0	0
	Extracellular K +	Notch3 R169C	WT	Male	111-115	6	0	0
	measurements		TgNotch3 R169C	Male	110-115	6	0	0
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