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2 

Abstract   24 

Neurovascular coupling (NVC), a vital physiological process that rapidly and precisely 25 

directs localized blood flow to the most active regions of the brain, is accomplished in 26 

part by the vast network of cerebral capillaries acting as a sensory web capable of 27 

detecting increases in neuronal activity and orchestrating the dilation of upstream 28 

parenchymal arterioles. Here, we report a Col4a1 mutant mouse model of cerebral 29 

small vessel disease (cSVD) with age-dependent defects in capillary-to-arteriole 30 

dilation, functional hyperemia in the brain, and memory. The fundamental defect in aged 31 

mutant animals was the depletion of the minor membrane phospholipid 32 

phosphatidylinositol 4,5 bisphosphate (PIP2) in brain capillary endothelial cells, leading 33 

to the loss of inwardly rectifier K+ (Kir2.1) channel activity. Blocking phosphatidylinositol-34 

3-kinase (PI3K), an enzyme that diminishes the bioavailability of PIP2 by converting it to 35 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3), restored Kir2.1 channel activity, 36 

capillary-to-arteriole dilation, and functional hyperemia. In longitudinal studies, chronic 37 

PI3K inhibition also improved the memory function of aged Col4a1 mutant mice. Our 38 

data suggest that PI3K inhibition is a viable therapeutic strategy for treating defective 39 

NVC and cognitive impairment associated with cSVD.  40 

One-sentence summary  41 

PI3K inhibition rescues neurovascular coupling defects in cerebral small vessel disease. 42 

Key words  43 

COL4A1, extracellular matrix, cerebral small vessel disease, functional hyperemia, 44 

spatial working and recognition memory, PIP2, Kir2.1 channels, PI3K.  45 
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Introduction 46 

A group of familial and idiopathic pathologies known as cerebral small vessel 47 

diseases (cSVDs) are a leading cause of vascular contributions to cognitive impairment 48 

and dementia (VCID) 1, second only to Alzheimer’s disease as the most common cause 49 

of cognitive impairment in adults 2,3. The global impact of cSVDs is massive and rapidly 50 

growing as the world’s population ages 4, but little is currently known about the 51 

pathogenesis of the disease and no specific treatments exist. Brain atrophy, lacunes, 52 

enlarged perivascular spaces, intracerebral hemorrhages (ICH), white matter 53 

hyperintensities, and microinfarcts detected by magnetic resonance imaging (MRI) are 54 

clinical signs of irreversible brain damage brought on by cSVDs 5. cSVDs also impair 55 

functional hyperemia, a crucial physiological process in which local blood flow is swiftly 56 

and precisely diverted to the most active brain regions 6-9. Dysregulation of cerebral 57 

blood flow contributes to vascular dementia 1, but it is not known if resolution of this 58 

impairment can delay or reverse cognitive decline. Autosomal dominant mutations in the 59 

genes encoding collagen type IV alpha 1 (COL4A1) and alpha 2 (COL4A2) cause an 60 

inherited form of cSVD as part of a multisystem disorder called Gould syndrome 10-13. In 61 

this study, we used Col4a1 mutant mice to elucidate the molecular events that disrupt 62 

functional hyperemia in this type of cSVD and applied these findings to repair the deficit.  63 

 Functional hyperemia is accomplished by a collection of physiological processes 64 

called neurovascular coupling (NVC). During NVC, active neurons trigger the dilation of 65 

upstream pial arteries and parenchymal arterioles supplying the brain, boosting blood 66 

flow to fulfill regional metabolic demands 14. The underlying mechanisms have been 67 

intensely studied for decades 15-17, however much remains to be discovered. A new 68 
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paradigm has emerged envisioning the vast cerebral capillary network as a sensory 69 

web capable of detecting increases in neuronal activity and orchestrating the dilation of 70 

upstream parenchymal arterioles 18. In this arrangement, substances released from 71 

nearby active neurons and/or astrocytic endfeet stimulate receptors on brain capillary 72 

endothelial cells (ECs) to generate retrograde propagating vasodilator signals that travel 73 

against the flow of blood and dilate upstream arterioles. Two types of ion channels 74 

present on brain capillary ECs, inward-rectifying K+ (Kir2.1) channels, and transient 75 

receptor potential ankyrin 1 (TRPA1) cation channels, are critical sensors of neuronal 76 

activity and are necessary for NVC and functional hyperemia in the brain 18,19. Kir2.1 77 

channels are activated by K+ ions released during neuronal activity and initiate rapid 78 

retrograde propagating electrical signals that ultimately dilate upstream arterioles and 79 

increase blood flow to meet neuronal demand 18,20,21. TRPA1 channels are activated by 80 

reactive oxygen species metabolites and stimulate propagating intercellular Ca2+ waves 81 

that dilate upstream arterioles 19. Capillary-to-arteriole dilation is impaired in the 82 

CADASIL (Cerebral Autosomal Dominant Arteriopathy with Sub-cortical Infarcts and 83 

Leukoencephalopathy) cSVD mouse model 22, but the impact of Col4a1 mutations on 84 

this process, and NVC coupling, is unknown. 85 

 Here, we report that Kir2.1 channel activity in ECs of cerebral arteries and brain 86 

capillaries from Col4a1 mutant mice is lost during aging. K+-induced capillary-to-87 

arteriole dilation was absent in vascular preparations from 12-month (M)-old mutant 88 

animals, resulting in impaired functional hyperemia in the somatosensory cortex and 89 

memory deficits. Reduced Kir2.1 channel activity was due to diminished 90 

phosphatidylinositol 4,5 bisphosphate (PIP2), a minor membrane phospholipid that is an 91 
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essential co-factor for Kir2.1 activity 23,24. Kir2.1 channel activity and capillary-to-92 

arteriole dilation was restored by blocking phosphoinositide 3-kinase (PI3K), an enzyme 93 

that converts PIP2 to phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Chronic 94 

treatment of mutant mice with a PI3K antagonist restored Kir2.1 channel activity and 95 

capillary-to-arteriole dilation, improved functional hyperemia, and largely resolved 96 

memory deficits. Our findings reveal a novel age-dependent mechanism of impaired 97 

NVC associated with cSVD and identify PI3K as a potential therapeutic target for 98 

treating vascular cognitive impairment and dementia. 99 

Results 100 

Age-dependent loss of Kir2.1 channel activity and capillary-to-arteriole dilation in 101 

Col4a1+/G394V mice.  102 

Mutant mice used for this study harbor a point mutation in one copy of the 103 

Col4a1 gene that results in the glycine (G) to valine (V) substitution at position 394 of 104 

the COL4A1 polypeptide (Col4a1+/G394V) 25. Wild type littermates were used as controls 105 

for all experiments. Both male and female mice were studied, and no sex-specific 106 

differences were observed. Age is the most critical risk factor for cSVD and vascular 107 

dementia 26,27. Therefore, we used Col4a1+/G394V and control mice at 3 and 12 months 108 

(M) of age, representing young adulthood and middle age, respectively, throughout this 109 

study.   110 

Using whole-cell patch clamp electrophysiology, we first investigated how Kir2.1 111 

currents in freshly isolated brain capillary ECs (Fig. 1A) were affected by Col4a1G394V 112 

mutation. Kir2.1 channels were activated by increasing the [K+] of the bath solution to 60 113 

mM, and currents were recorded as voltage ramps (-100 to +40 mV) were applied. The 114 
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selective Kir channel blocker BaCl2 (10 µM) was used to isolate the current. Kir2.1 115 

current densities in brain capillary ECs from young adult mice did not differ between 116 

mutant and control mice (Fig. 1B) but were significantly reduced in brain capillary ECs 117 

from 12 M-old Col4a1+/G394V mice compared with aged-matched control animals (Fig. 118 

1C). We then utilized an innovative ex vivo cerebral microvascular preparation in which 119 

parenchymal arteriole segments with intact capillary branches were isolated from the 120 

brain, cannulated and pressurized 18,19 to determine if loss of Kir2.1 channel activity 121 

translated into impaired capillary-to-arteriole dilation. Capillaries were stimulated by 122 

locally applying pulses (7 seconds; 10 psi) of KCl (10 mM) dissolved in artificial cerebral 123 

spinal fluid (aCSF) using a micropipette attached to a picospritzer (Fig. 1D). Focal 124 

application of K+ to the capillary beds of 3 M-old Col4a1+/+ and Col4a1+/G394V mice 125 

produced robust, reversible, and reproducible dilations of the upstream arterioles (Fig. 126 

1E and F). The addition of the nitric oxide donor sodium nitroprusside (SNP) to the 127 

tissue bath maximally dilated arterioles from both groups (Fig. 1G). Similar responses 128 

were observed when tissues from 12 M-old control mice were used (Fig. 1H and I). In 129 

contrast, focal application of K+ onto capillaries from 12 M-old Col4a1+/G394V mice did not 130 

dilate upstream arterioles. However, SNP produced maximal dilation, demonstrating the 131 

viability of the preparation (Fig. 1J). These results show that the age-dependent 132 

impairment of Kir2.1 current activity in brain capillary ECs from Col4a1+/G394V mice 133 

eliminates capillary-to-arteriole dilation.  134 

We also investigated the effects of the Col4a1 mutation on Kir2.1 channel activity 135 

in the ECs that line cerebral arteries (arteriolar ECs) (Fig. 1- supplement 1A) and found 136 

that these currents did not differ for 3 M-old mice but were blunted in 12 M-old 137 
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Col4a1+/G394V animals compared to age-matched controls (Fig. 1- supplement 1B and 138 

C). Prior studies show that cerebral arteries dilate when [K+] is raised from 3 mM to 139 

between 8 and 20 mM 28,29 because increased Kir2.1 channel activity hyperpolarizes the 140 

membrane potential of vascular smooth muscle. Higher [K+] (greater than 30 mM) 141 

collapses the gradient, causing membrane depolarization and vasoconstriction. To 142 

determine the functional consequence of reduced Kir2.1 channel activity in arteriolar 143 

ECs from Col4a1 mutants, we used standard pressure myography techniques 30 to 144 

investigate the effects of increasing [K+] on vasomotor responses of isolated cerebral 145 

arteries. We found that raising the external [K+] from 3 mM to a range of 8 to 20 mM 146 

dilated cerebral arteries from 12-M old control animals but had no effect on arteries from 147 

12 M-old Col4a1+/G394V mice (Fig. 1 – supplement 1D and E). In contrast, 148 

vasoconstriction in response to higher [K+] (30 and 60 mM) did not differ between 12 M-149 

old Col4a1+/G394V and control mice (Fig. 1 – supplement 1F). These results demonstrate 150 

that age-dependent loss of Kir2.1 currents impairs K+-induced vasodilation. In addition, 151 

our data show that fundamental voltage-dependent contractile mechanisms are not 152 

grossly affected.  153 

Prior studies have demonstrated mild ICHs in the brains of 12 M-old 154 

Col4a1+/G394V mice 31,32. We further demonstrated this using in vivo susceptibility-155 

weighted magnetic resonance imaging (SWI) to identify possible brain lesions. No 156 

hypointense lesions were detected on any SWI images from 12 M-old Col4a1+/+ and 157 

Col4a1+/G394V mice (Fig. 1 – supplement 2A), demonstrating that this mutation does not 158 

induce magnetic resonance (MR)-detectable hemorrhagic lesions. Volumetric analysis 159 

of the T2-weighted (T2W) images showed that the ventricle/brain ratio was not 160 
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significantly different between 12 M-old Col4a1+/+ and Col4a1+/G394V mice (Fig. 1 – 161 

supplement 2B), further demonstrating that these mutant mice do not show obvious 162 

pathology in these imaging modalities. 163 

Age-dependent impairment of functional hyperemia in Col4a1+/G394V mice. 164 

The effects of the Col4a1G394V mutation on brain hemodynamics in vivo were 165 

investigated using the thinned-skull laser Doppler flowmetry method to measure blood 166 

flow changes in the somatosensory cortex in response to stimulating whiskers for 1, 2, 167 

or 5 seconds (s) (Fig. 2A and B) 19,33,34. Stimulating contralateral whiskers for 1 s 168 

reproducibly increased blood flow in the somatosensory cortex of 3 M-old mice, with no 169 

differences in the amplitude, latency, or kinetics of the response between control and 170 

mutant mice (Fig. 2C to H). The magnitude of blood flow increases in response to 1 s 171 

stimulation were significantly blunted in 12 M-old Col4a1+/G394V mice compared to age-172 

matched controls (Fig. 2I and J). In addition, the latency of the blood flow response was 173 

increased, and the rise and decay rates were diminished in 12 M-old mutant mice (Fig. 174 

2K to N). Similar outcomes were observed for the 2 s (Fig. 2 – supplement 1), and 5 s 175 

(Fig. 2O to Z) stimulation protocols – no differences were detected in 3 M-old mice, but 176 

a blunted increases in blood flow, increased latency, and decreased rise rate and decay 177 

rate was detected for 12 M-old Col4a1+/G394V mice compared with controls. In addition, 178 

the duration of the blood flow increase was reduced in 12-M old mutant mice compared 179 

with controls in the 5 s stimulation protocol. Stimulation of ipsilateral whiskers failed to 180 

produce any change in the blood flow (Fig. 2 – supplement 2). These results 181 

demonstrate that loss of brain EC Kir2.1 channel activity and capillary-to-arteriole 182 
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dilation is associated with impaired functional hyperemia in 12 M-old Col4a1+/G394V mice 183 

in vivo. 184 

Age-dependent memory deficits in Col4a1+/G394V mice. 185 

Impaired NVC is associated with deficiencies in spatial working and recognition 186 

memory 35,36. Here, the spontaneous alternation behavioral assay was used to 187 

determine if Col4a1+/G394V mice develop memory deficits. Mice were freely allowed to 188 

explore all three arms of a Y-shaped maze for 10 minutes, and their consecutive entries 189 

into each of the arms were recorded and reported as % alternation (Fig. 3A) 37,38.  190 

Spontaneous alternation, the maximum number of alternations, and the total distance 191 

moved did not differ between 3 M-old Col4a1+/G394V and control mice (Fig. 3B to D). 192 

However, spontaneous alternation was significantly diminished for 12 M-old 193 

Col4a1+/G394V mice compared with age-matched controls (Fig. 3E), suggesting deficits in 194 

spatial working memory. The maximum alternation and total distance moved did not 195 

differ between 12 M-old mutant and control mice, indicating that impaired mobility does 196 

not account for reduced alternation (Fig. 3F and G).  197 

A second behavioral assay, the novel arm test, was also used to evaluate 198 

recognition memory function in mutant mice. This task is driven by the innate curiosity of 199 

mice to explore previously unvisited areas 39,40. Initially, mice were allowed to explore a 200 

Y-maze for 10 minutes with one arm of the maze blocked. After 24 hours, the mice were 201 

allowed to explore the maze for 10 minutes with all arms open (Fig. 3H). Mice with 202 

normal recognition memory spend more time exploring the novel arm than those 203 

explored on the previous day. The dwell time and the number of entries in the novel arm 204 

did not differ between 3 M-old Col4a1+/G394V and control mice (Fig. 3I to K). In contrast, 205 
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12 M-old Col4a1+/G394V mice spent significantly less time and had fewer entries into the 206 

novel arm compared with age-matched controls (Fig. 3L to N). These data provide 207 

further evidence of age-dependent memory deficits in Col4a1+/G394V mice.  208 

PIP2 depletion reduces Kir2.1 currents in 12 M-old Col4a1+/G394V mice.  209 

Kir2.1 channels require PIP2 for activity 23,24, and prior studies reported that 210 

pathogenic loss of PIP2 diminished Kir2.1 channel activity in brain capillary ECs from 211 

CADASIL cSVD mice and 5xFAD familial Alzheimer’s disease mice 22,41. Therefore, we 212 

investigated the possibility that PIP2 depletion also reduces Kir2.1 current density in 213 

ECs from 12 M-old Col4a1+/G394V mice. When exogenous diC8-PIP2 (10 µM) was 214 

included in the intracellular solution during whole-cell patch-clamp experiments, Kir2.1 215 

current density in arteriolar ECs (Fig. 4A) and brain capillary EC (Fig. 4B) did not differ 216 

between 12 M-old control and age-matched Col4a1+/G394V mice, suggesting that PIP2 217 

depletion is responsible for Kir2.1 current deficiencies in the mutant mice. The steady-218 

state amount of PIP2 present in the inner leaflet of the plasma membrane is determined 219 

by the relative rates of PIP2 synthesis and degradation. PIP2 is synthesized by the 220 

sequential action of phosphatidylinositol 4-kinase (PI4K), an enzyme that converts 221 

phosphatidylinositol (PI) to phosphatidylinositol 4-phosphate (PIP), and 222 

phosphatidylinositol 4-phosphate 5-kinase (PIP5K), which converts PIP to PIP2. PI4K 223 

and PIP5K activity require high levels of ATP (i.e., the KM of PI4K for ATP is ~0.4 to 1 224 

mM) (Fig. 4 – supplement 1A) 42-44. PIP2 deficiency in capillary ECs from CADASIL mice 225 

was attributed to reduced ATP levels and diminished synthesis 22. We measured ATP in 226 

isolated brain capillaries using a luciferase-based assay and found that ATP levels did 227 

not differ between 12 M-old Col4a1+/G394V and control mice (Fig. 4 – supplement 1B), 228 
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suggesting that PIP2 synthesis is not impaired by lack of ATP in Col4a1 mutants. 229 

Hydrolysis of PIP2 by phospholipase C (PLC) to form inositol trisphosphate (IP3) and 230 

diacylglycerol (DAG) diminishes steady-state PIP2 levels (Fig. 4 – supplement 1C) 45. 231 

However, blocking PLC activity with U73122 (10 µM) did not restore Kir2.1 currents in 232 

capillary ECs from 12 M-old Col4a1+/G394V mice, suggesting that PIP2 depletion does not 233 

result from elevated levels of PLC activity (Fig. 4 – supplement 1D). PIP2 bioavailability 234 

is reduced when the enzyme PI3K phosphorylates it to PIP3 (Fig. 4C). When PI3K was 235 

blocked using the selective inhibitor GSK1059615 (10 nM), Kir2.1 currents in capillary 236 

ECs from 12 M-old Col4a1+/G394V mice were restored to control levels (Fig. 4D), 237 

suggesting that PIP2 depletion in mutant mice results from elevated PI3K activity.  238 

To determine if elevated PI3K activity is also responsible for cerebral 239 

microvascular dysfunction in mutant mice, capillary-to-arteriole dilation was assessed 240 

before and after treatment with GSK1059615 (10 nM, 30 min). This treatment had no 241 

effect on preparations from 12 M-old control animals (Fig. 4E and F). In contrast, PI3K 242 

block fully restored K+-induced dilation of upstream arterioles from 12 M-old 243 

Col4a1+/G394V mice (Fig. 4G and H). In control studies, we found that the vehicle for 244 

GSK1059615 (0.01% v/v DMSO) did not affect capillary-to-arteriole dilation (Fig. 4 – 245 

supplement 2A to D) or maximal vasodilation in response to SNP (Fig. 4 – supplement 246 

2E and F). These data suggest that elevated PI3K activity is responsible for the loss of 247 

capillary-mediated dilation in Col4a1 mutant mice.  248 
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Chronic PI3K inhibition restores Kir2.1 currents, K+-induced dilation, functional 249 

hyperemia, and memory deficits in 12 M-old Col4a1+/G394V mice. 250 

To determine if chronic inhibition of PI3K could resolve deficits in functional 251 

hyperemia and memory in mutant mice, 12 M-old Col4a1+/G394V and control mice were 252 

injected subcutaneously with GSK1059615 (10 mg/kg) or vehicle each day for 28 days 253 

(Fig. 5A). At the end of the treatment, we found that Kir2.1 currents in brain capillary 254 

ECs from Col4a1+/G394V mice injected with GSK1059615 were fully restored to control 255 

levels, whereas vehicle treatment had no effect (Fig. 5B). GSK1059615 treatment fully 256 

restored capillary-to-arteriole dilation in ex vivo microvascular preparations from 257 

Col4a1+/G394V mice (Fig. 5C and D). These data demonstrate that defects in brain 258 

capillary EC Kir2.1 channel function and associated microvascular vasomotor 259 

dysfunction can be restored by chronic PI3K blockade. 260 

GSK1059615 treatment also increased the magnitude of blood flow increases in 261 

the somatosensory cortex induced whisker stimulation (1 s) in Col4a1+/G394V mice 262 

compared to vehicle-treated animals (Fig. 5E and F). The latency and rise rates of the 263 

blood flow response were also improved (Fig. 5G to J). Similar outcomes were 264 

observed for 2 s and 5 s stimulation protocols (Fig. 5 – supplement 1). In control 265 

studies, stimulation of ipsilateral whiskers failed to produce any change in the blood flow 266 

(Fig. 5 – supplement 2). These data demonstrate that chronic PI3K inhibition can 267 

restore functional hyperemia in Col4a1+/G394V mice.  268 

In a longitudinal study, we found that GSK1059615 treatment significantly 269 

improved the Y-maze spontaneous alternation behavior of 12 M-old Col4a1+/G394V, 270 

whereases vehicle-treated mutant mice did not improve. The performance of 271 
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GSK1059615-treated Col4a1+/G394V mice did not differ from that of age-matched control 272 

animals (Fig. 5K). Interestingly, GSK1059615 treatment reduced the maximum number 273 

of alternations (Fig. 5L) and the total distance moved (Fig. 5M) for control and mutant 274 

mice. This unexpected side effect of prolonged GSK1059615 administration may be 275 

related to fatigue symptoms reported by cancer patients treated with PI3K inhibitors 46. 276 

Despite this potential limitation, our data identify PI3K inhibition as a novel therapeutic 277 

strategy for treating cognitive impairment associated with some forms of cSVD. 278 

Discussion 279 

Brain injuries and loss of fundamental blood flow control mechanisms due to 280 

cSVDs are significant causes of adult dementia. The brain pathology of Col4a1+/G394V 281 

cSVD mice used in this investigation was mild compared to other models, but NVC and 282 

functional hyperemia were significantly impaired. Thus, these animals allow the effects 283 

of impaired vascular control to be investigated independently of severe brain damage. 284 

Aged mutants performed worse than control mice in behavioral tests of working and 285 

recognition memory, suggesting that defects in cerebral blood flow control mechanisms 286 

are a primary cause of cognitive impairment in these animals. The fundamental defect 287 

leading to impaired NVC was the loss of Kir2.1 channel activity in brain capillary and 288 

arterial ECs due to PIP2 depletion. Accordingly, chronic PI3K blockade rescued Kir2.1 289 

currents, NVC, functional hyperemia, and improved memory function in mutant mice, 290 

providing evidence that cognitive impairment associated with cSVD can be resolved by 291 

improving blood flow regulation in the brain.  292 

Missense mutations in COL4A1 and COL4A2 that alter G residues in collagen 293 

triple helices are the most common cause of Gould syndrome 47-49. Such mutations 294 
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prevent the proper assembly of collagen α1α1α2(IV) heterotrimers, potentially leading to 295 

intracellular retention, ER stress, and/or disrupting basement membranes to cause 296 

cSVD and other pathologies 50. The impact of specific disease-causing point mutations 297 

is highly variable and position dependent. Notably, spontaneous ICH is less severe for 298 

mutations nearer to the amino terminus, such as the Col4a1G394V mutation, and more 299 

severe for mutations closer to the carboxyl terminus 31,51. Consistent with this finding, 300 

Col4a1+/G394V mice did not show overt cerebral pathology in MRI scans. However, 301 

capillary-mediated NVC and functional hyperemia were impaired in an age-dependent 302 

manner.  The age dependence of this pathology may be related to the unique properties 303 

of collagen.  Collagens are extraordinarily durable - the in vivo half-life of collagen I, 304 

present in ligaments and tendons, is more than 100 years 52. The turnover rate of 305 

collagen α1α1α2(IV) is not precisely known, but an early study reported that the half-life 306 

of “vascular collagen” in rat aorta and mesenteric arteries was ~70 days 53. Further, 307 

collagen synthesis peaks during late embryonic development and growth as basement 308 

membranes form and then markedly decreases with age 54,55. Our data suggest that 309 

Col4a1+/G394V mice successfully develop and maintain functional basement membranes 310 

early in life when collagen production is maximal. We propose that diminishing collagen 311 

production and increasing degradation during aging result in a slow diminution of 312 

basement membranes over time, eventually leading to defects by middle age.  It is 313 

conceivable that a similar process could contribute to idiopathic forms of age-related 314 

cSVD in humans.  315 

Elevated TGF-β signaling has been recently described in Col4a1 mutant mice. 316 

Genetic knockdown of TGF-β ligand and blocking TGF-β signaling using neutralizing 317 
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antibodies or pharmacological inhibitors improved ocular and cerebrovascular 318 

pathogenesis associated with Col4a1 mutations32,56,57. Activation of TGF-β receptors 319 

can stimulate PI3K activity through a non-canonical signaling pathway involving the 320 

TRAF6 ubiquitin ligase 58,59, suggesting that enhanced TGF-β signaling contributes to 321 

PIP2 insufficiency in Col4a1+/G394V mice. Further, disinhibition of TGF-β signaling causes 322 

CARASIL (cerebral autosomal recessive arteriopathy with subcortical infarcts and 323 

leukoencephalopathy), a rare genetic form of cSVD 60, suggesting that disturbances in 324 

the TGF-β pathway may be a generalized mechanism of cerebral vascular dysfunction.  325 

Altered PIP2 metabolism has emerged as a central pathogenic mechanism in 326 

multiple forms of cerebral microvascular disease. Prior reports show that PIP2 327 

insufficiency diminishes Kir2.1 channel activity in brain capillary ECs in mouse models 328 

of CADASIL cSVD 22 and familial Alzheimer’s disease 41. The current data show that the 329 

same defect underlies impaired functional hyperemia and memory deficits in 330 

Col4a1+/G394V mutant mice. Prior studies provide evidence that reduced levels of ATP in 331 

brain capillary ECs diminished the production of PIP2 22, whereases our findings indicate 332 

that increased activity of PI3K decreased PIP2 bioavailability in Col4a1+/G394V mice. We 333 

also show that PIP2 levels and Kir2.1 channel activity are diminished in cerebral 334 

arteriolar ECs from 12 M-old Col4a1 mutant mice. In contrast, these cells are unaffected 335 

in CADASIL and 5xFAD animals, demonstrating cellular heterogeneity of PIP2 depletion 336 

mechanisms among the different disease models. Despite these differences, we 337 

propose that repairing defective NVC by increasing PIP2 levels in brain capillary ECs is 338 

a viable therapeutic strategy for multiple forms of cerebrovascular disease. We provide 339 

proof-of-concept by targeting the PI3K pathway to preserve PIP2, thereby restoring 340 
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functional hyperemia and improving memory function in Col4a1 mutant mice. Several 341 

types of PI3K inhibitors are approved by the FDA for use against advanced cancers 46 342 

and could rapidly advance to clinical trials for the treatment of cSVDs.   343 
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Materials and methods 344 

Chemical and reagents  345 

Chemicals and other reagents were obtained from Sigma-Aldrich, Inc. (St. Louis, 346 

MO, USA) unless otherwise specified. 347 

Animals  348 

Young adult (3 M-old) and middle-aged (12 M-old) male and female littermate 349 

Col4a1+/+ and Col4a1+/G394V mice were used in this study 25,61. Animals were maintained 350 

in individually ventilated cages (<5 mice/cage) with ad libitum access to food and water 351 

in a room with controlled 12-hour light and dark cycles. All animal care procedures and 352 

experimental protocols involving animals complied with the NIH Guide for the Care and 353 

Use of Laboratory Animals and were approved by the Institutional Animal Care and Use 354 

Committees at the University of Nevada, Reno, and the University of California, San 355 

Francisco. Arteries for ex vivo experimentation were harvested from mice anesthetized 356 

with isoflurane (Baxter Healthcare, Deerfield, IL, USA) and euthanized by decapitation 357 

and exsanguination. Brains were isolated and placed in ice-cold Ca2+-free physiological 358 

saline solution (Mg-PSS; 134 mM NaCl, 5 mM KCl, 2 mM MgCl2, 10 mM HEPES, 10 359 

mM glucose, 0.5% bovine serum albumin, pH 7.4 with NaOH).  360 

In vivo magnetic resonance imaging  361 

All in vivo magnetic resonance (MR) experiments were conducted on a 14.1 362 

Tesla vertical MR system (Agilent Technologies, Palo-Alto, CA, USA) equipped with 363 

100G/cm gradients and a single tuned millipede 1H proton coil (ØI = 40mm). For each 364 

imaging session, mice were anesthetized using isoflurane (1-1.5% in O2) and 365 
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positioned in a dedicated cradle maintaining constant anesthesia and placed in the MR 366 

bore; respiration and temperature were continuously monitored during all acquisitions to 367 

ensure animal well-being and data reproducibility. Susceptibility Weighted Imaging 368 

(SWI) was performed to detect the potential presence of hemorrhagic lesions, using the 369 

following parameters: gradient-echo scheme, field of view (FOV) = 20 x 20 mm2, matrix 370 

= 256 x 256, 16 slices, 0.4 mm slice thickness, 0.1 mm interslice gap, number of 371 

averages = 16, echo time (TE)/ repetition time (TR) = 4.60 / 140 ms, flip angle = 10 372 

degrees. T2-weighted (T2W) images were also acquired in a fast-spin-echo scheme to 373 

calculate brain and ventricle volumes, using the same FOV geometry as SWI and the 374 

following parameters: number of averages = 8, TE/TR = 21.38 / 2500 ms, flip angle = 90 375 

degrees. For each animal, total brain and ventricles were manually delineated on the 376 

T2W images, their volumes calculated, and the ventricle/brain ratio computed.  377 

Isolation of native brain capillary ECs 378 

Individual brain capillary ECs were obtained as previously described 18,19. Brains 379 

were denuded of surface vessels, and two 1 mm-thick were excised and homogenized 380 

in artificial cerebrospinal fluid (aCSF; 124 mM NaCl, 3 mM KCl, 2 mM MgCl2, 2 mM 381 

CaCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 4 mM glucose) using a Dounce 382 

homogenizer. The homogenate was filtered through a 70 µM filter, and capillary 383 

networks captured on the filter were transferred to a new tube. Individual cells were 384 

isolated by enzymatic digestion with 0.5 mg/ml neutral protease and 0.5 mg/ml elastase 385 

(Worthington Biochemical Corporation) in endothelial cell (EC) isolation solution (55 mM 386 

NaCl, 80 mM Na-glutamate, 6 mM KCl, 2 mM MgCl2, 10 mM glucose, 0.1 mM CaCl2,10 387 

mM HEPES, pH 7.3) for 45 min at 37°C. Following this, 0.5 mg/ml collagenase type I 388 
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(Worthington Biochemical Corporation) was added, and a second 2-min incubation at 389 

37°C was performed. Digested networks were washed in ice-cold EC isolation solution, 390 

then triturated with a fire-polished glass Pasteur pipette to produce individual ECs. All 391 

cells used for this study were freshly dissociated on the day of experimentation.   392 

Isolation of cerebral arteriolar ECs 393 

Single arterial ECs were isolated as previously described 18. Cerebral arteries 394 

were dissected from mouse brains and washed in Mg-PSS. Arteries were transferred to 395 

EC isolation solution supplemented with 0.5 mg/mL neutral protease and 0.5 mg/mL 396 

elastase (Worthington Biochemical Corporation, Lakewood, NJ, USA), and incubated 397 

for 40 min at 37°C. Following this, 0.5 mg/mL collagenase type I (Worthington 398 

Biochemical Corporation) was added for an additional 2 min incubation at 37°C. A 399 

single-cell suspension was prepared by washing digested arteries three times with EC 400 

isolation solution to remove enzymes and triturating with a fire-polished glass pipette to 401 

dissociate cells. All cells used for this study were freshly dissociated on the day of 402 

experimentation.   403 

Whole-cell patch-clamp electrophysiology  404 

Enzymatically isolated native ECs were transferred to a recording chamber 405 

(Warner Instruments, Hamden, CT, USA) and allowed to adhere to glass coverslips for 406 

15 minutes at room temperature. Pipettes were fabricated from borosilicate glass (1.5 407 

mm outer diameter, 1.17 mm inner diameter; Sutter Instruments, Novato, CA, USA), 408 

fire-polished to yield a tip resistance of 3–6 MΩ. Currents were recorded at room 409 

temperature using an Axopatch 200B amplifier (Molecular Devices, San Jose, CA, USA) 410 
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equipped with an Axon CV 203BU headstage and Digidata 1440A digitizer (Molecular 411 

Devices) for all patch-clamp electrophysiology experiments. Currents were filtered at 1 412 

kHz and digitized at 10 kHz. Kir2.1 currents were recorded using the conventional 413 

whole-cell configuration at a holding potential of -50 mV, with 400 ms ramps from -100 414 

to +40 mV. The external bathing solution was composed of 134 mM NaCl, 6 mM KCl, 1 415 

mM MgCl2, 2 mM CaCl2, 10 mM glucose, and 10 mM HEPES. The composition of the 416 

pipette solution was 10 mM NaCl, 30 mM KCl, 10 mM HEPES, 110 mM K+ aspartate, 417 

and 1 mM MgCl2 (pH 7.2). Kir2.1 currents were activated by increasing extracellular [K+] 418 

concentration from 6 to 60 mM ([NaCl] adjusted to maintain isotonic solution) and 419 

blocked using BaCl2 (10 µM). All recordings were performed at room temperature. 420 

Clampex and Clampfit software (pClamp version 10.2; Molecular Devices) were used 421 

for data acquisition and analysis, respectively.  422 

Pressure myography  423 

The current best practices guidelines for pressure myography experiments were 424 

followed 30. Pressure myograph experiments were performed on cerebral arteries and 425 

parenchymal arteriole-capillary preparations 19.  426 

Surface cerebral arteries were carefully isolated and mounted between two glass 427 

cannulas (approximate outer diameter 40–50 μm) in a pressure myograph chamber 428 

(Living Systems Instrumentation, St Albans City, VT, USA) and secured by a nylon 429 

thread. Intraluminal pressure was controlled using a servo-controlled peristaltic pump 430 

(Living Systems Instrumentation), and preparations were visualized with an inverted 431 

microscope (Accu-Scope Inc., Commack, NY, USA) coupled to a USB camera (The 432 
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Imaging Source LLC, Charlotte, NC, USA). Changes in luminal diameter were assessed 433 

using IonWizard software (version 7.2.7.138; IonOptix LLC, Westwood, MA, USA). 434 

Arteries were bathed in warmed (37°C), oxygenated (21% O2, 6% CO2, 73% N2) PSS 435 

(119 mM NaCl, 4.7 mM KCl, 21 mM NaHCO3, 1.17 mM MgSO4, 1.8 mM CaCl2, 1.18 436 

mM KH2PO4, 5 mM glucose, 0.03 mM EDTA) at an intraluminal pressure of 5 mmHg. 437 

Following equilibration for 15 min, intraluminal pressure was increased to 110 mmHg, 438 

and vessels were stretched to their approximate in vivo length, after which pressure was 439 

reduced back to 5 mmHg for an additional 15 min. Vessel viability was assessed for 440 

each preparation by evaluating vasoconstrictor responses to high extracellular [K+] PSS, 441 

made isotonic by adjusting the [NaCl] (60 mM KCl, 63.7 mM NaCl). Arteries that 442 

showed less than 10% constriction in response to elevated extracellular [K+] were 443 

excluded from further investigation. Changes in lumen diameter were recorded at 444 

different concentrations of extracellular [K+] (8 to 60 mM, [NaCl] adjusted to maintain 445 

isotonic solution). Arteries were pressurized to 20 mmHg and superfused with 10 nM 446 

endothelin-1 to induce vasoconstriction. Passive lumen diameter was determined by 447 

superfusing vessels Ca2+-free PSS supplemented with EGTA (2 mM) and the voltage-448 

dependent Ca2+ channel blocker diltiazem (10 μM) to inhibit SMC contraction. Change 449 

in diameter was calculated at each [K+] concentration as the change in diameter (%) = 450 

(change in lumen diameter / passive diameter) × 100. 451 

Parenchymal arterioles with intact capillary segments deriving from the middle 452 

cerebral artery were carefully dissected, cannulated, and secured onto a pressure 453 

myograph chamber using the same method described above 19. Preparations were 454 

bathed in a warmed, oxygenated aCSF solution at an intraluminal pressure of 5 mmHg. 455 
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Following equilibration for 15 min, intraluminal pressure was increased to 20 mmHg and 456 

superfused with 10 nM endothelin-1 to induce vasoconstriction. Localized application of 457 

drugs onto the capillary extremities was achieved by placing a micropipette attached to 458 

a Picospritzer III (Parker Hannifin, Cleveland, OH, USA) adjacent to capillary segments. 459 

Capillaries were stimulated by locally applying a 7 s pulse of aCSF containing elevated 460 

[K+] (10 mM, [NaCl] adjusted to maintain isotonic solution) onto capillary extremities. To 461 

determine preparation viability, SNP (10 µM) was superfused into the circulating aCSF. 462 

Changes in lumen diameter were calculated as vasodilation (%) = (change in lumen 463 

diameter / baseline diameter) × 100. 464 

Assessment of functional hyperemia in the brain using laser Doppler flowmetry  465 

Functional hyperemia in the brain was assessed as previously described 19. Mice 466 

were anesthetized with isoflurane (5% induction, 2% maintenance), the head was 467 

immobilized in a stereotaxic frame, and the skull was exposed. The skull of the right 468 

hemisphere was carefully thinned using a drill to visualize the surface vasculature of the 469 

somatosensory cortex. Isoflurane anesthesia was replaced with combined α-chloralose 470 

(50 mg/kg, i.p.) and urethane (750 mg/kg, i.p.) to eliminate confounding vasodilatory 471 

effects of isoflurane. Changes in perfusion were assessed via a laser-Doppler flowmetry 472 

probe (PeriFlux System PF5000, Perimed AB, Jakobsberg, Sweden) positioned directly 473 

above the somatosensory cortex. The contralateral whiskers were stimulated for either 474 

1, 2, or 5 s, and changes in perfusion were recorded. Contralateral whiskers were 475 

stimulated three times at 2 min intervals. Ipsilateral whiskers were also stimulated as a 476 

control for potential vibration artifacts. Changes in perfusion were calculated as %Δ 477 

Blood flow = (perfusion during stimulus / baseline perfusion) × 100. Kinetics of the 478 
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response, including latency, duration, rise rate, and decay rate, were also obtained and 479 

analyzed. 480 

Y-Maze behavioral assay 481 

Memory function was assessed using the Y-maze (Maze Engineers, Skokie, IL, 482 

USA) using two different configurations.  483 

The spontaneous alternation behavioral assay was used to assess short-term 484 

spatial working memory 36. Mice were placed into one of the three arms of the maze 485 

(start arm) and were allowed to explore all three arms for 10 minutes. Session videos 486 

were recorded and analyzed using Ethovision XT software (version 16.0.1536, Noldus 487 

Information Technology, Leesburg, VA, USA). Spontaneous alternation was evaluated 488 

by scoring the order of entries into each arm during the 10-minute recording period. 489 

Spontaneous alternation was calculated as alternation index (%) = (number of 490 

spontaneous alternations/max alternation) × 100, where the spontaneous alternation is 491 

defined as the number of consecutive entries into each arm of the maze in any order 492 

without any repeats, and the max alternation is the total number of alternations possible 493 

(max alternation = total number of arm entries – 2).  494 

The novel arm configuration was used to evaluate longer-term spatial reference 495 

memory 36. This test was performed across 2 days. On day one, mice were placed into 496 

one of the three arms of the maze (start arm) and allowed to explore only two arms for 497 

10 minutes (training trial). On day two, the test trial was conducted with the closed arm 498 

opened, which served as the novel arm. Mice were returned to the maze via the same 499 

start arm and were allowed to explore all three arms for 10 minutes. Session videos 500 
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were recorded and analyzed using Ethovision XT software, and the time spent in the 501 

novel arm and entries into the novel arm were measured and analyzed. 502 

Measurement of [ATP] in brain capillary ECs  503 

The intracellular [ATP] was determined by lysing brain capillary ECs and 504 

quantifying luminescence produced by luciferase-induced conversion of ATP to light 505 

using the CellTiter-Glo Assay 3D (Promega, Madison, WI, USA). Approximately ~500 506 

ECs were added to each reaction. To further ensure equal input of ECs, the CellTiter-507 

Glo 3D Assay was multiplexed with CellTox Green Assay (Promega), a fluorescent dye 508 

that selectively and quantitatively binds double-stranded DNA. Dye fluorescence is 509 

directly proportional to DNA concentration and the number of cells in each assay. ATP 510 

concentration (luminescence) was normalized to the number of cells (fluorescence) to 511 

determine intracellular ATP per cell. Luminescence and fluorescence (485Ex/538Em) 512 

were measured using a FlexStation 3 (Molecular Devices). A serial tenfold dilution of 513 

ATP (1 nM to 1 uM; 80 µl contains 8-14 to 8-11 moles of ATP, respectively) was 514 

measured to calibrate the linear working range of ATP detection. Data were expressed 515 

as the ratio of ATP luminescence/DNA fluorescence. 516 

Statistical analysis  517 

All summary data are presented as means ± SEM. Statistical analyses and 518 

graphical presentations were performed using GraphPad Prism software (version 9.4.1, 519 

GraphPad Software, Inc, USA). The value of n refers to the number of cells for patch-520 

clamp electrophysiology experiments and measurement of [ATP], vessel preparations 521 

for myography experiments, and animals used for MRI acquisition, the Y-maze 522 
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behavioral assays and functional hyperemia assessment. Statistical analyses were 523 

performed using Student's paired or unpaired two-tailed t-test, or repeated measures or 524 

non-repeated measures two-way analysis of variance (ANOVA) with a Šidák correction 525 

for multiple comparisons. A value of p<0.05 was considered statistically significant.  526 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 6, 2023. ; https://doi.org/10.1101/2023.03.03.531032doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.03.531032


26 

Funding 527 

This study was supported by grants from the National Institutes of Health (NHLBI 528 

R35155008 and NIGMS P20GM130459 to S.E.; NINDS R01NS096173 to D.B.G.; and 529 

NINDS RF1NS110044 and R33NS115132 to D.B.G and S.E.). The Transgenic 530 

Genotyping and Phenotyping Core and the High Spatial and Temporal Resolution 531 

Imaging Core at the COBRE Center for Molecular and Cellular Signaling in the 532 

Cardiovascular System, University of Nevada, Reno are maintained by grants from 533 

NIH/NIGMS (P20GM130459 Sub#5451 and P20GM130459 Sub#5452). The University 534 

of California, San Francisco Department of Ophthalmology is supported by a Vision 535 

Core grant NEI P30EY002162 and an unrestricted grant from Research to Prevent 536 

Blindness, New York, NY. 537 

Author contributions  538 

S.E. and D.B.G. initiated and supervised the project. S.E. designed the 539 

experiments. X.G. and M.M.C. performed in vivo MRI experiments. S.A., E.Y., and 540 

A.S.S. performed patch-clamp electrophysiology experiments. E.Y. and P.T. performed 541 

myography experiments. P.T. conducted in vivo functional hyperemia experiments and 542 

performed Y-maze behavioral tests. E.Y. conducted luciferase assay for the 543 

measurement of the cellular level of ATP. P.T., E.Y., S.A., and S.E. analyzed the data. 544 

P.T. and S.E. wrote the manuscript and prepared the figures. P.T., E.Y., C.L.D., D.B.G., 545 

and S.E. revised the manuscript. 546 

Competing interests  547 

The authors declare that they have no competing interests.  548 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 6, 2023. ; https://doi.org/10.1101/2023.03.03.531032doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.03.531032


27 

Data and materials availability   549 

All data needed to evaluate the conclusions are present in the paper or the 550 

Supplementary Materials.   551 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 6, 2023. ; https://doi.org/10.1101/2023.03.03.531032doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.03.531032


28 

Figure legends  552 

Fig. 1. Age-dependent loss of Kir2.1 channel activity and capillary-to-arteriole 553 

dilation in Col4a1+/G394V mice. (A) Illustration of the brain capillary EC isolation 554 

procedure. Scale bar = 10 µm. (B) Representative I-V traces and summary data 555 

showing Kir2.1 current densities in freshly isolated capillary ECs from 3 M-old Col4a1+/+ 556 

and Col4a1+/G394V mice (n = 4–5 cells from 4 to 5 animals per group, ns = not significant, 557 

unpaired t-test). (C) Representative I-V traces and summary data showing Kir2.1 558 

current densities in freshly isolated capillary ECs from 12 M-old Col4a1+/+ and 559 

Col4a1+/G394V mice (n = 7–8 cells from 4 animals per group; *p<0.05, unpaired t-test). 560 

(D) Illustration of the microvascular preparation. Parenchymal arterioles with intact 561 

capillaries were carefully dissected and cannulated onto a pressure myograph chamber, 562 

and compounds of interest were focally applied to capillary extremities. Scale bar = 50 563 

µm. (E and F) Representative traces (E) and summary data (F) showing K+ (10 mM, 564 

blue box)-induced dilation of upstream arterioles in preparations from 3 M-old Col4a1+/+ 565 

and Col4a1+/G394V mice (n = 6 preparations from 3 animals per group, ns = not 566 

significant, unpaired t-test). (G) The dilation produced by superfusing SNP (10 µM) in 567 

preparations from 3 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 6 preparations from 3 568 

animals per group, ns = not significant, unpaired t-test). (H and I) Representative traces 569 

(H) and summary data (I) showing K+ (10 mM, blue box)-induced dilation of upstream 570 

arterioles in preparations from 12 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 11 571 

preparations from 6 to 7 animals per group, *p<0.05, unpaired t-test). (J) The dilation 572 

produced by superfusing SNP (10 µM) in preparations from 12 M-old Col4a1+/+ and 573 
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Col4a1+/G394V mice (n = 6–8 preparations from 3 to 5 animals per group, ns = not 574 

significant, unpaired t-test). 575 

Fig. 2. Age-dependent impairment of functional hyperemia in Col4a1+/G394V mice. 576 

(A) Illustration demonstrating the functional hyperemia assessment procedure in the 577 

mouse somatosensory cortex. (B) Illustration demonstrating the parameters that were 578 

analyzed. (C and D) Representative traces (C) and summary data (D) showing the 579 

increase in blood flow following 1 s contralateral whisker stimulation (WS) in 3 M-old 580 

Col4a1+/+ and Col4a1+/G394V mice (n = 6 animals per group, ns = not significant, unpaired 581 

t-test). (E to H) Latency (E), duration (F), rise rate (G), and decay rate (H) were also 582 

analyzed (n= 6 animals per group, ns = not significant, unpaired t-test). (I and J) 583 

Representative traces (I) and summary data (J) showing the increase in blood flow 584 

following 1 s contralateral WS in 12 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 6 585 

animals per group, *p<0.05, unpaired t-test). (K to N) Latency (K), duration (L), rise rate 586 

(M), and decay rate (N) were also analyzed (n = 6 animals per group, *p<0.05, ns = not 587 

significant, unpaired t-test). (O and P) Representative traces (O) and summary data (P) 588 

showing the increase in blood flow following 5 s contralateral WS in 3 M-old Col4a1+/+ 589 

and Col4a1+/G394V mice (n = 6 animals per group, ns = not significant, unpaired t-test). 590 

(Q to T) Latency (Q), duration (R), rise rate (S), and decay rate (T) were also analyzed 591 

(n= 6 animals per group, ns = not significant, unpaired t-test). (U and V) Representative 592 

traces (U) and summary data (V) showing the increase in blood flow following 5 s 593 

contralateral WS in 12 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 6 animals per group, 594 
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*p<0.05, unpaired t-test). (W to Z) Latency (W), duration (X), rise rate (Y), and decay 595 

rate (Z) were also analyzed (n = 6 animals per group, *p<0.05, unpaired t-test). 596 

Fig. 3. Age-dependent memory deficits in Col4a1+/G394V mice. (A) Illustration of the 597 

Y-maze spontaneous alternation behavior assay showing examples of a spontaneous 598 

(top) and nonspontaneous (bottom) alternation. (B) Summary data showing alternation 599 

index, an indicator spatial working memory, in 3 M-old Col4a1+/+ and Col4a1+/G394V mice 600 

(n = 10 animals per group, ns = not significant, unpaired t-test). (C and D) Summary 601 

data showing max alternation (C) and distance moved (D), indicative of exploratory 602 

activity, in 3 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 10 animals per group, ns = not 603 

significant, unpaired t-test). (E) Summary data showing the alternation index of 12 M-old 604 

Col4a1+/+ and Col4a1+/G394V mice (n = 10 animals per group, *p<0.05, unpaired t-test). 605 

(F and G) Summary data showing max alternation (F) and distance moved (G) in 12 M-606 

old Col4a1+/+ and Col4a1+/G394V mice (n = 10 animals per group, ns = not significant, 607 

unpaired t-test). (H) Illustration demonstrating typical and impaired Y-maze novel arm 608 

behavior. (I) Representative heatmaps showing the time (s) 3 M-old Col4a1+/+ and 609 

Col4a1+/G394V mice spent in areas of the Y-maze during the novel arm test. (J and K) 610 

Summary data showing the time spent (J) and entries (K) into the novel arm (n = 8–9 611 

animals per group, ns = not significant, unpaired t-test). (L) Representative heatmaps 612 

showing the time (s) 12 M-old Col4a1+/+ and Col4a1+/G394V mice spent in areas of the Y-613 

maze during the novel arm test. (M and N) Summary data showing the time spent (M) 614 

and entries (N) into the novel arm (n = 10 animals per group, *p<0.05, unpaired t-test). 615 

Fig. 4. PIP2 depletion reduces Kir2.1 currents in 12 M-old Col4a1+/G394V mice. (A) 616 

Representative I-V traces and summary data showing Kir2.1 current densities in freshly 617 
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isolated cerebral artery ECs from 12 M-old Col4a1+/+ and Col4a1+/G394V mice with 618 

internal solution supplemented with diC8-PIP2 (10 µM) (n = 6 cells from 4 animals per 619 

group, ns = not significant, unpaired t-test). (B) Representative I-V traces and summary 620 

data showing Kir2.1 current densities in freshly isolated brain capillary ECs from 12 M-621 

old Col4a1+/+ and Col4a1+/G394V mice with internal solution supplemented with diC8-PIP2 622 

(10 µM) (n = 5–6 cells from 4 to 5 animals per group, ns = not significant, unpaired t-623 

test). (C) PIP2 depletion pathway. (D) Representative I-V traces and summary data 624 

showing Kir2.1 current densities in freshly isolated brain capillary ECs from 12 M-old 625 

Col4a1+/+ and Col4a1+/G394V mice treated with the PI3K blocker GSK1059615 (10 nM) (n 626 

= 4–8 cells from 3 to 6 animals per group, ns = not significant, unpaired t-test). (E and 627 

F) Representative trace (E) and summary data (F) showing K+ (10 mM, blue box)-628 

induced dilation of upstream arterioles in preparations from 12 M-old Col4a1+/+ mice 629 

before and after superfusing the PI3K blocker GSK1059615 (10 nM, 30 min) (n = 6 630 

preparations from 5 animals per group, ns = not significant, paired t-test). (G and H) 631 

Representative trace (G) and summary data (H) showing K+ (10 mM, blue box)-induced 632 

dilation of upstream arterioles in preparations from 12 M-old Col4a1+/G394V mice before 633 

and after superfusing the PI3K blocker GSK1059615 (10 nM, 30 min) (n = 6 634 

preparations from 5 animals per group, *p<0.05, paired t-test).  635 

Fig. 5. Chronic PI3K inhibition restores Kir2.1 currents, K+-induced dilation, 636 

functional hyperemia, and memory deficits in 12 M-old Col4a1+/G394V mice. (A) 637 

Illustration showing GSK1059615 treatment plan. (B) Representative I-V traces and 638 

summary data showing Kir2.1 current densities in freshly isolated capillary ECs from 12 639 

M-old Col4a1+/+ and Col4a1+/G394V mice treated with vehicle (saline) or GSK1059615 (10 640 
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mg/kg) for 28 days, s.c. (n = 5–8 cells from 3 to 4 animals per group, *p<0.05, ns = not 641 

significant, non-repeated measures two-way ANOVA). (C and D) Representative traces 642 

(C) and summary data (D) showing K+ (10 mM, blue box)-induced dilation of upstream 643 

arterioles in preparations from 12 M-old Col4a1+/+ and Col4a1+/G394V mice treated with 644 

vehicle (saline) or GSK1059615 (10 mg/kg) for 28 days, s.c. (n = 6–7 preparations from 645 

3 animals per group, *p<0.05, ns = not significant, non-repeated measures two-way 646 

ANOVA). (E and F) Representative traces (E) and summary data (F) showing the 647 

increase in blood flow following 1 s contralateral whisker stimulation (WS) in 12 M-old 648 

Col4a1+/+ and Col4a1+/G394V mice treated with vehicle (saline) or GSK1059615 (10 649 

mg/kg) for 28 days, s.c. (n = 5 animals per group, *p<0.05, ns = not significant, non-650 

repeated measures two-way ANOVA). (G to J) Latency (G), duration (H), rise rate (I), 651 

and decay rate (J) were also analyzed (n= 5 animals per group, *p<0.05, ns = not 652 

significant, non-repeated measures two-way ANOVA). (K) Summary data showing 653 

alternation index, an indicator spatial working memory, of 12 M-old Col4a1+/+ and 654 

Col4a1+/G394V mice before and after treatment with vehicle (saline) or GSK1059615 (10 655 

mg/kg) for 28 days, s.c. (n = 8–9 animals per group, *p<0.05, ns = not significant, 656 

repeated measures two-way ANOVA). (L and M) Summary data showing max 657 

alternation (L) and distance moved (M), indicative of exploratory activity, in 12 M-old 658 

Col4a1+/+ and Col4a1+/G394V mice before and after treatment with vehicle (saline) or 659 

GSK1059615 (10 mg/kg) for 28 days, s.c. (n = 8–9 animals per group, *p<0.05, ns = not 660 

significant, repeated measures two-way ANOVA).  661 
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Supplemental figure legends  662 

Fig. 1 – supplement 1. Kir2.1 currents in cerebral artery ECs. (A) Illustration of the 663 

cerebral artery EC isolation procedure. Scale bar = 10 µm. (B) Representative I-V 664 

traces and summary data showing Kir2.1 current densities in freshly isolated cerebral 665 

artery ECs from 3 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 5–6 cells from 5 animals 666 

per group, ns = not significant, unpaired t-test). (C) Representative I-V traces and 667 

summary data showing Kir2.1 current densities in freshly isolated cerebral artery ECs 668 

from 12 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 6–10 cells from 3 to 4 animals per 669 

group; *p<0.05, unpaired t-test). (D and E) Representative traces (D) and summary data 670 

(E) demonstrating the vasodilator response to raising extracellular [K+] in cerebral 671 

arteries from 12 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 9–13 preparations from 6 672 

to 10 animals per group, *p<0.05, non-repeated measures two-way ANOVA). (F) 673 

Summary data showing the contractile response to 30 and 60 mM [K+] in cerebral 674 

arteries from 12 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 7–12 preparations from 5 675 

to 10 animals per group, ns = not significant, unpaired t-test). 676 

Fig. 1 – supplement 2. High field magnetic resonance imaging. (A) Representative 677 

susceptibility weighted (SWI) and T2 weighted (T2W) MRI images from 12 M-old 678 

Col4a1+/+ and Col4a1+/G394V mice. (B) Quantification of ventricle/brain ratio for 12 M-old 679 

Col4a1+/+ and Col4a1+/G394V mice (n = 7 animals per group, ns = not significant, unpaired 680 

t-test). 681 

Fig. 2 – supplement 1. Functional hyperemic response following 2 s whisker 682 

stimulation. (A and B) Representative traces (A) and summary data (B) showing the 683 

increase in blood flow following 2 s contralateral whisker stimulation (WS) in 3 M-old 684 
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Col4a1+/+ and Col4a1+/G394V mice (n = 6 animals per group, ns = not significant, unpaired 685 

t-test). (C to F) Latency (C), duration (D), rise rate (E) and decay rate (F) were also 686 

analyzed (n= 6 animals per group, ns = not significant, unpaired t-test). (G and H) 687 

Representative traces (G) and summary data (H) showing the increase in blood flow 688 

following 2 s contralateral WS in 12 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 6 689 

animals per group, *p<0.05, unpaired t-test). (I to L) Latency (I), duration (J), rise rate 690 

(K) and decay rate (L) were also analyzed (n = 6 animals per group, *p<0.05, ns = not 691 

significant, unpaired t-test). 692 

Fig. 2 – supplement 2. Ipsilateral whisker stimulation. (A to C) Summary data 693 

showing no change in blood flow following ipsilateral whisker stimulation for 1 s (A), 2 s 694 

(B), and 5 s (C) in 3 M- and 12 M-old Col4a1+/+ and Col4a1+/G394V mice (n = 6 animals 695 

per group, ns = not significant, unpaired t-test).  696 

Fig. 4 – supplement 1. ATP levels in brain capillary ECs. (A) PIP2 synthesis 697 

pathway. (B) Summary data showing normalized [ATP] in brain capillary ECs from 12 698 

M-old Col4a1+/+ and Col4a1+/G394V mice. (n = 9 sets of ~500 cells from three mice per 699 

group, ns = not significant, unpaired t-test). (C) PIP2 depletion pathway. (D) 700 

Representative I-V traces and summary data showing Kir2.1 current densities in freshly 701 

isolated brain capillary ECs treated with the PLC inhibitor U73122 (10 µM) from 12 M-702 

old Col4a1+/+ and Col4a1+/G394V mice (n = 4 cells from 3 animals per group, *p<0.05, 703 

unpaired t-test).  704 

Fig. 4 – supplement 2. GSK1059615 vehicle and SNP response. (A and B) 705 

Representative trace (A) and summary data (B) showing K+ (10 mM, blue box)-induced 706 

dilation of upstream arterioles in preparations before and after superfusing the vehicle 707 
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(0.01% v/v DMSO, 30 min) from 12 M-old Col4a1+/+ mice (n = 6 preparations from 4 708 

animals per group, ns = not significant, paired t-test). (C and D) Representative trace 709 

(C) and summary data (D) showing K+ (10 mM, blue box)-induced dilation of upstream 710 

arterioles in preparations before and after superfusing the vehicle (0.01% v/v DMSO, 30 711 

min) from 12 M-old Col4a1+/G394V mice (n = 6 preparations from 4 animals per group, ns 712 

= not significant, paired t-test). (E and F) Summary data showing that the dilation 713 

produced by superfusing SNP (10 µM) in the presence of GSK1059615 (10 nM, 30 min) 714 

(E), and vehicle (0.01% v/v DMSO, 30 min) (F) in preparations from 12 M-old Col4a1+/+ 715 

and Col4a1+/G394V mice (n = 6 preparations from 3 to 5 animals per group, ns = not 716 

significant, unpaired t-test). 717 

Fig. 5 – supplement 1. Functional hyperemic response following 2 s and 5 s 718 

whisker stimulation in GSK1059615-treated animals. (A and B) Representative 719 

traces (A) and summary data (B) showing the increase in blood flow following 2 s 720 

contralateral whisker stimulation (WS) in 12 M-old Col4a1+/+ and Col4a1+/G394V mice 721 

treated with vehicle (saline) or GSK1059615 (10 mg/kg) for 28 days, s.c. (n = 5 animals 722 

per group, *p<0.05, ns = not significant, non-repeated measures two-way ANOVA). (C 723 

to F) Latency (C), duration (D), rise rate (E) and decay rate (F) were also analyzed (n= 5 724 

animals per group, *p<0.05, ns = not significant, non-repeated measures two-way 725 

ANOVA). (G and H) Representative traces (G) and summary data (H) showing the 726 

increase in blood flow following 5 s contralateral WS in 12 M-old Col4a1+/+ and 727 

Col4a1+/G394V mice treated with vehicle (saline) or GSK1059615 (10 mg/kg) for 28 days, 728 

s.c. (n = 5 animals per group, *p<0.05, ns = not significant, non-repeated measures two-729 

way ANOVA). (I to L) Latency (I), duration (J), rise rate (K) and decay rate (L) were also 730 
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analyzed (n= 5 animals per group, *p<0.05, ns = not significant, non-repeated measures 731 

two-way ANOVA). 732 

Fig. 5 – supplement 2. Ipsilateral whisker stimulation in GSK1059615 treated 733 

animals. (A to C) Summary data showing no change in blood flow following ipsilateral 734 

whisker stimulation for 1 s (A), 2 s (B), and 5 s (C) in 12 M-old Col4a1+/+ and 735 

Col4a1+/G394V mice treated with vehicle (saline) or GSK1059615 (10 mg/kg) for 28 days, 736 

s.c. (n = 5 animals per group, ns = not significant, non-repeated measures two-way 737 

ANOVA).   738 
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