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Abstract

Leptomeningeal anastomoses (LMAs) are pial collaterals that perfuse the penumbra and important 

for stroke outcome. We previously showed LMAs from spontaneously hypertensive rats (SHRs) 

were vasoconstricted compared to normotensive Wistar rats. Here, we investigated mechanisms by 

which hypertension causes LMA vasoconstriction. SHRs were treated with the angiotensin 

converting enzyme (ACE) inhibitor captopril, an Ang II-independent antihypertensive agent 

hydralazine, or vehicle for five weeks in drinking water (n=8/group). A group of Wistar rats (n=8) 

had regular drinking water served as controls. Blood pressure (BP) was measured twice weekly by 

tail cuff. LMAs were isolated and studied under pressurized conditions. Vasoreactivity of LMAs, 

including myogenic responses, reactivity to Rho-kinase inhibitor Y-27632 and nitric oxide (NO) 

were measured. Both captopril and hydralazine lowered BP in SHRs similar to Wistar. However, 

only captopril normalized LMA increased tone compared to untreated SHRs (15±2% vs. 50±3%, 

P<0.01) that was similar to Wistar (16±2%), but not hydralazine (38±6%, P>0.05). Vasodilatory 

response of LMAs to Y-27632 was impaired in SHRs compared to Wistar (28±3% vs. 81±4%, 

P<0.01) that was restored by captopril (84±5%, P<0.01) and partially hydralazine (59±4%). LMAs 

from all groups constricted similarly to NO synthase inhibition; however, the vasodilatory 

response of LMAs to the NO donor sodium nitroprusside was impaired in SHRs compared to 

Wistar rats (29±4% vs. 80±2%, P<0.01) that was restored by captopril (84±4%, P<0.01), not 
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Summary
This study explains the underlying mechanisms of hyperconstriction and vascular dysfunction of LMAs during hypertension. 
Additionally, lowering BP alone without inhibiting Ang II may not provide same protective effects of pial collaterals.
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hydralazine (38±8%, P>0.05). These results suggest that ACE inhibition during chronic 

hypertension reversed vascular dysfunction and hyperconstriction of LMAs that could improve 

stroke outcome by increasing collateral perfusion.
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Introduction

Stroke is the second leading cause of death worldwide and the leading cause of devastating 

disability.1 Ischemic stroke accounts for ~87% of all strokes and results from a thrombotic 

or embolic occlusion of large extra- and intracranial arteries.1,2 Corresponding to the severe 

drop of cerebral blood flow (CBF) in the brain downstream from the occlusion, the cerebral 

tissue develops irreversible injury and is known as infarct.3 The infarct is adjacent to 

moderately ischemic tissue with metabolic impairment but maintained neuronal integrity, 

which is called penumbra.4 The penumbra is perfused by leptomeningeal anastomoses 

(LMAs), which are pial collaterals in the brain that connect distal branches of major cerebral 

arteries.5 Good LMA circulation is associated with a larger baseline of penumbral flow, 

limited infarct expansion and better clinical outcomes in patients with acute ischemic stroke.
6

LMAs experience unique hemodynamic forces, including low shear stress and bidirectional 

flow, and lack perivascular innervation.7,8 Zhang et al. reported that endothelial and smooth 

muscle cells of LMAs have distinct features compared to similarly-sized nonanastomotic 

pial arterioles, such as fewer cilia and higher expression of pro- and anti-inflammatory 

genes.9 Our lab has identified that LMAs have less basal tone compared to similarly-sized 

nonanastomotic arterioles in normotensive rats.8 The influence of this unique vascular 

environment appears to be associated with distinct vascular functions that could 

considerably impact collateral perfusion, penumbral flow and ischemic stroke outcome.

Hypertension is one of the strongest risk factors for stroke,10 and other cardiovascular 

diseases.11 Though the pathogenesis of hypertension is multifactorial and highly complex,12 

the renin-angiotensin system is a major cause in the development and maintenance of 
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hypertension.13 Ang II is generated from angiotensin I by ACE, and elevated Ang II is 

involved in the pathogenesis of hypertension.14 Increased Ang II promotes vasoconstriction, 

vascular remodeling and increased expression of proinflammatory factors, as well as 

inhibiting endothelium-dependent relaxation via activating Ang II type 1 receptor (AT1R).
15–17 In addition, local Ang II produces superoxide-mediated vascular dysfunction in 

cerebral arterioles.18 Treatment with an ACE inhibitor or AT1R blocker has beneficial 

effects including, normalizing cerebrovascular autoregulation,19,20 increasing cerebral 

cortical angiogenesis,21 reversing vascular hypertrophy and inward remodeling in cerebral 

arteries,22 and attenuating brain superoxide levels and inflammation22 that together reduces 

ischemic injury.20 We previously showed that LMAs from chronically hypertensive rats 

were significantly vasoconstricted compared to LMAs from normotensive rats that likely 

limits the amount of salvageable tissue (penumbra) when stroke occurs in chronic 

hypertension.8,23 In the current study, we investigated the underlying mechanisms by which 

hypertension causes LMA vasoconstriction. We hypothesized that increased vasoreactivity 

of LMAs from hypertensive rats is Ang II-dependent that chronic ACE inhibition would 

reverse the increased vasoreactivity of LMAs.

Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Animals

Experiments were conducted using adult male SHRs (21–25 weeks) and age-matched male 

Wistar rats (21–25 weeks, n=8) from Charles River (Wilmington, MA, USA). Sex 

differences were not studied because we previously showed that LMAs from male and 

female Wistar rats had similar myogenic tone, structural, and vascular function, and numbers 

of LMAs.24 All animal procedures were approved by the Institutional Animal Care and Use 

Committee at University of Vermont and complied with National Institutes of Health 

guidelines for care and usage of laboratory animals.

SHRs were divided into three groups and treated for five weeks as follows: one group of 

SHRs were treated with the ACE inhibitor captopril in the drinking water (SHR-Capto, 100 

mg/kg/day; n=8), a second group of SHRs were treated with hydralazine in the drinking 

water (SHR-Hydral, 20 mg/kg/day; n=8) to lower BP without inhibiting Ang II as a control 

for the BP lowering effects of captopril, a third group of SHRs had regular drinking water 

thus served as a vehicle control (SHR-Veh; n=8). A group of Wistar rats were included as a 

normotensive control. The order of treatment groups was randomized using an online 

randomization tool (https://www.random.org/lists/).

Blood Pressure Measurements

All rats were handled for three days prior to the treatment to acclimate to BP measurements. 

BP was measured twice every week by a tail-cuff method using the CODA 8 System (Kent 

Scientific, Torrington, CT, USA).25
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Experimental Protocols

LMAs were isolated and studied pressurized as we previously reported.8 Isolated LMAs 

were equilibrated at 40 mmHg for 1 hour to allow the development of spontaneously 

myogenic tone, after which intravascular pressure was increased step-wise in 20 mmHg 

increments to 100 mmHg to measure myogenic reactivity. Lumen diameter and wall 

thickness were recorded once stable. Then LMA reactivity to various pharmacological 

reagents were measured: paxilline (10−6 M), a large-conductance Ca2+-activated K+ (BK) 

channel inhibitor; Y-27632 (10−8 - 10−5 M), a Rho-kinase inhibitor; NG-nitro-L-arginine 

methyl ester (L-NAME, 10−3 M), a nitric oxide (NO) synthase (NOS) inhibitor; and sodium 

nitroprusside (SNP, 10−8 - 10−5 M), a NO donor. If myogenic tone did not develop after the 

wash, a thromboxane A2 agonist U46619 (10−7 M) was given to preconstrict the LMAs in 

preparation for subsequent dilation.26 Passive structural measurements were obtained in 

fully relaxed conditions at the end of experiments in zero calcium PSS and the presence of 

diltiazem and papaverine. To investigate the regional differences of vascular function in 

chronic hypertension, the MCAs were also isolated and mounted in the arteriograph and 

myogenic responses and structural characteristics were studied. See the online-only Data 

Supplement for details.

Expression of AT1R on LMAs and Vasoactivity to Ang II.

To determine whether LMAs had AT1R expression on smooth muscle and/or endothelial 

cells, cross sections LMAs were immunohistochemically stained with primary antibodies 

against AT1R, α-smooth muscle Actin (αSMA), a vascular smooth muscle marker, and von 

Willebrand factor (vWF), an endothelial marker. In another set of experiments, the 

vasoactivity of isolated and pressurized LMAs to Ang II and AT1R blocker candesartan 

were done to further confirm the presence of AT1R on LMAs. Please see online-only Data 

Supplement for details.

Drugs and Solutions

Details on Drugs and Solutions are available in the online-only Data Supplement.

Data Calculations and Statistical Analysis

Data are presented as mean ± SEM. Data were analyzed using one-way analysis of variance 

(ANOVA), or mixed model repeated measures ANOVA. For the mixed model repeated 

measures ANOVA, non-normally distributed data were transformed using Natural 

Logarithm. The D’Agostino-Pearson omnibus normality test and ANOVA were performed 

using GraphPad Prism (version 8.0, San Diego, CA, USA); mixed model repeated measures 

ANOVA was conducted using SAS (SAS Institute, Inc.; Cary, NC, USA). Differences were 

considered statistically significant at P<0.05. Please see online-only Data Supplement for all 

data calculations. See figure legends for detailed statistical analysis.
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Results

Hydralazine and Captopril Treatment Both Lowered Systolic and Diastolic Blood Pressure 
in Hypertensive Rats

As shown in Figure 1A, after five weeks of treatment, both hydralazine and captopril 

decreased systolic BP significantly compared to SHRs with vehicle treatment (SHR-Hydral: 

122±3 mmHg, SHR-Capto: 131±3 mmHg vs. SHR-Veh: 197±6 mmHg, P<0.01), and 

showed no difference compared to Wistar rats (125±3 mmHg, P>0.05). After five weeks of 

treatment, both hydralazine and captopril significantly decreased diastolic BP (Figure 1B) in 

comparison to SHRs with vehicle treatment (SHR-Hydral: 85±3 mmHg, SHR-Capto: 93±3 

mmHg vs. SHR-Veh: 150±7 mmHg, P<0.01), and showed no difference with Wistar rats 

(89±1 mmHg, P>0.05). A significant decrease in both systolic and diastolic BP were 

detected as early as the first day after hydralazine and captopril treatment.

Captopril, Not Hydralazine, Lowered Myogenic Reactivity and Tone of LMAs in 
Hypertensive Rats

Figure 2A shows the change in active lumen diameter of LMAs to increased intravascular 

pressure. LMAs from SHR-Veh and SHR-Hydral constricted significantly [F(3, 81)=13.67, 

F(3, 81)=17.57; P<0.01] with increasing intravascular pressure, indicating considerable 

myogenic response. In contrast, this pressure effect was absent in LMAs from Wistar and 

SHR-Capto rats [F(3, 81)=0.05, F(3, 81)=0.18; P>0.05], demonstrating pressure had less 

effect on LMAs from those groups. Thus, only captopril treatment prevented 

vasoconstriction in response to pressure in SHR. However, LMAs from SHR-Veh and SHR-

Capto rats both had significantly smaller lumen diameters compared to LMAs from Wistar 

rats (P<0.01).

Figure 2B shows the myogenic tone of LMAs at different pressures. LMAs from SHR-Veh 

had significantly more myogenic tone compared to all other groups (P<0.01). Captopril 

treatment prevented the increased myogenic tone in LMAs that had similar tone as from 

Wistar rats (P>0.05). However, SHR-Hydral rats had LMAs with significantly increased 

myogenic tone compared to Wistar rats (P<0.01). Thus, only captopril treatment reversed the 

increased LMA myogenic tone in SHRs.

Figure S1A shows the active lumen diameter of MCAs from the same animals. MCAs from 

Wistar rats had significantly larger lumen diameter compared to MCAs from SHR-Hydral, 

SHR-Capto and SHR-Veh (P<0.01 for all groups). MCAs from SHR-Veh maintained lumen 

diameter with increased intravascular pressure (P>0.05); however, MCAs from Wistar rats, 

SHR-Hydral and SHR-Capto increased lumen diameter with the increasing of intravascular 

pressure (P<0.01 for all groups). Figure S1B shows myogenic tone of MCAs at various 

pressures. MCAs from SHR-Veh (P<0.05) and SHR-Hydral (P<0.05) had significantly more 

myogenic tone compared to MCAs from Wistar rats; MCAs from SHR-Capto showed 

similar tone compared to Wistar rats (P>0.05). These results indicate that only captopril 

treatment lowered MCA myogenic tone that was similar to Wistar rats.
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Captopril Did Not Restore Structural Properties of LMAs

To understand if chronic hypertension changed LMA structural properties, and if changes 

were modified by captopril or hydralazine, we measured inner diameter and wall thickness 

of LMAs under passive conditions and calculated outer diameter and distensibility. As 

shown in Figure 3A and 3B, passive inner and outer diameters of LMAs from SHR-veh were 

structurally smaller than Wistar, but this did not reach statistical significance (P=0.07). 

Treatment with hydralazine reversed these structural changes and showed similar inner 

(P>0.05) and outer (P>0.05) diameters compared to Wistar rats. Interestingly, captopril did 

not prevent inward remodeling and showed similar inner (P>0.05) and outer (P>0.05) 

diameters compared to SHR-veh rats. Thus, while captopril prevented hypertension-induced 

vasoconstriction in response to pressure, it did not prevent structural inward remodeling 

whereas hydralazine had the opposite effect and prevented remodeling but not 

vasoconstriction. In addition, LMAs from all groups had similar wall thickness and percent 

distensibility (Figures 3C and 3D, P>0.05), demonstrating wall thickness and distensibility 

were not changed during chronic hypertension, and neither captopril nor hydralazine 

treatment modified that.

Figure S2A and S2B show the passive inner and outer diameters of MCAs in response to 

increases in intravascular pressures. MCAs from Wistar rats had significantly larger inner 

(P<0.01) and outer (P<0.05) diameters than MCAs from all other SHR groups, suggesting 

MCAs from SHR-Veh were structurally smaller, and neither captopril nor hydralazine 

treatment reversed the inward remodeling. As shown in Figure S2C, MCAs from Wistar rats 

had smaller wall thickness compared to MCAs from SHR-Veh (P=0.06), SHR-Hydral 

(P<0.01) and SHR-Capto (P<0.01). Additionally, distensibility of MCAs was similar 

between groups (Figure S2D).

Increased Vasoreactivity of LMAs in Hypertensive Rats Is Ang II-dependent

To better understand the effects of Ang II and chronic hypertension on LMA vasoreactivity, 

we investigated the LMA lumen diameter change to vasoconstrictive and vasodilatory 

stimuli using pharmacological approaches. Figure 4A shows the vasoconstrictive response of 

LMAs to BK channel inhibitor paxilline. LMAs from Wistar rats constricted 21±2% to 

paxilline, demonstrating the presence of BK channels on LMAs and these channels are 

involved in opposing basal myogenic tone of LMAs.27 Additionally, LMAs from SHR-Veh 

showed significantly less vasoconstriction compared to Wistar rats, suggesting modified BK 

channel function in LMAs from hypertensive rats. Both hydralazine and captopril treatment 

increased the vasoconstrictive response which was similar to Wistar rats.

The small G protein Rho and its target Rho-kinase have been shown to contribute to cerebral 

artery tone via the inhibition of myosin light chain phosphatase, and this effect is augmented 

in the cerebral circulation during hypertension.28 Thus, we studied if Rho-kinase regulated 

myogenic tone and if the function of Rho-kinase changes during hypertension. Figure 4B 

shows the percent reactivity of LMAs to increased concentration of Y-27632, a Rho-kinase 

inhibitor. LMAs from Wistar rats had 81±4% dilatory response at the maximum 

concentration (10−5 M); however, the dilatory response was significantly reduced in SHR-

Veh (P<0.01). Captopril treatment completely restored the impaired dilatory response 
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compared to Wistar rats. The mean dilatory response of LMAs from SHR-Hydral was larger 

than SHR-Veh (P<0.01), but less than LMAs from Wistar rats (P=0.057), indicating that 

hydralazine only partially restored the impaired dilatory response.

Next, we studied effect of hypertension and Ang II on LMA response to NO. Figure 5A 

shows that LMAs from all groups constricted to NO synthase inhibition with L-NAME that 

was not different between groups. Figure 5B shows the dilatory response to the NO donor 

SNP. LMAs from SHR-Veh had significantly impaired dilatory response compared to LMAs 

from Wistar rats (P<0.01), and this was restored by captopril, but not hydralazine.

AT1R Expression on LMAs

Although LMAs from SHRs responded to ACE inhibitors, it is not known if LMAs 

expressed AT1R in endothelial or smooth muscle cells. As shown in Figure 6A, positive 

AT1R staining was detected on LMAs, the co-expression of AT1R to endothelial and 

vascular smooth muscle cells were also observed in the images. In addition, isolated and 

perfused LMAs constricted significantly to increased concentration of Ang II (Figure 6B). 

With the presence of Ang II in the bath, an AT1R blocker candesartan (10−5 M) was added 

to the bath and caused 22±6% vasodilation. Together, these results indicate the expression of 

AT1R on both endothelial and smooth muscle cells of LMAs.

Discussion

In the present study, we found that LMAs from hypertensive rats had smaller lumens that 

was due to a combination of increased myogenic tone and inward remodeling. Though 

captopril and hydralazine lowered both systolic and diastolic BP in hypertensive rats that 

was similar to normotensive rats, only captopril treatment normalized the increased 

myogenic tone of LMAs. Interestingly, captopril did not normalize inward remodeling, but 

the effect was selective for functional changes. Maximum vasodilatory response of LMAs to 

Rho-kinase inhibitor was impaired during chronic hypertension that was completely restored 

by captopril, and only partially by hydralazine treatment. In addition, LMAs from all groups 

constricted similarly to the NOS inhibition. However, the maximum vasodilation to SNP was 

impaired in hypertensive rats in comparison to normotensive rats that was reversed only by 

captopril treatment, not hydralazine. In addition, we showed that AT1R was expressed on 

both endothelial and vascular smooth muscle cells, suggesting the underlying mechanisms 

by which ACE inhibition regulated LMA vasoreactivity and structural remodeling was likely 

via AT1R.

One of the most important considerations when treating acute ischemic stroke patients is to 

identify the extent of salvageable tissue, i.e. the penumbra. The penumbral tissue receives 

limited blood supply after onset of stroke to maintain neuronal integrity and thus is only 

salvageable within a limited time window. McCabe et al. showed that within one hour of 

stroke, hypertensive rats had significantly more ischemic damage and a smaller penumbra 

compared to Wistar rats.29 Letourneur et al. also reported that hypertensive rats had 

significantly smaller penumbra compared to normotensive rats after ischemia which 

progressed quickly to infarction,30 suggesting that hypertension shortens the duration of 

ischemic penumbra and thus the time window of therapeutic treatment. Collateral enhancing 
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strategies therefore have been studied to restore blood flow and maintain penumbra during 

acute ischemia, particularly in patients who are not eligible for endovascular therapies or are 

outside the therapeutic window for intravenous thrombolysis. Several approaches have been 

used to increase collateral blood flow during or after ischemia, including induced 

hypertension, lying-flat head position (0°), partial aortic obstruction diverting splanchnic 

blood flow to the brain, remote ischemic perconditioning, and sphenopalatine ganglion 

stimulation.31,32 The efficacy of those approaches may be due to the passive response and 

larger lumens of LMAs from normotensive animals that provides less vascular resistance 

and hence increased collateral flow. However, the effect may not be the same in patients with 

chronic hypertension in which LMAs are vasoconstricted that increases with increased 

intravascular pressure. Our results show that ACE inhibition could reverse the increased 

myogenic tone of LMAs and this effect was independent of BP, suggesting that hypertensive 

patients prescribed with ACE inhibitors or AT1R blockers may respond better to collateral 

enhancing therapies than those taking other antihypertensive agents. Similarly, inhaled NO 

and Rho-kinase inhibitor Y-27632 have been shown to increase collateral blood flow during 

ischemia, reduce infarct size and improve neurologic outcome in mouse models.33,34 

However, our results demonstrate the impaired dilatory responses of LMAs to SNP and 

Y-27632 were completely reversed by ACE inhibition treatment, again indicating that 

hypertensive patients with ACE inhibitors and AT1R blockers may benefit more from those 

therapies.

Though the cause of hypertension varies, it is well-established that chronic hypertension is 

associated with cerebral vascular wall hypertrophy and reduced vasodilatory responses.35 

Chronic hypertension has a number of effects on the cerebral circulation, including 

increased stiffness of the large cerebral pial vessels, making them more resistant to passive 

dilation.36 Consistent with these findings, our study showed that MCAs from SHR-Veh had 

significantly smaller passive inner and outer diameters, and increased wall thickness 

compared to Wistar normotensive rats. Additionally, neither hydralazine nor captopril 

treatment changed the structural remodeling. In contrast, LMAs from SHR-Veh showed 

smaller passive inner and outer diameters but wall thickness remained similar compared to 

LMAs from Wistar rats. Interestingly, hydralazine not captopril treatment reversed the 

structural remodeling. LMAs have unique hemodynamics. Under normal physiological 

conditions, LMAs are relatively passive compared to similar-sized pial arterioles that do not 

anastomose and LMAs dilate in response to increased intravascular pressure.8 However, in 

the current study we showed that LMAs from hypertensive rats developed considerable 

myogenic tone and constricted significantly to increased pressure, an effect that could limit 

retrograde blood flow during an occlusion. Consistent with our findings in vitro, studies 

have reported poor collateral recruitment and flow during permanent MCAO in stroke-prone 

SHR, that was associated with less penumbra and significantly more ischemic damage 

compared to normotensive rats.29,37 Our lab also showed that selectively increasing pial 

collateral flow using pharmacological agents can decrease infarction in SHRs.23

During chronic hypertension, Ang II has emerged as a critical factor in the detrimental 

cerebrovascular effects, including remodeling, shifting the CBF autoregulatory curve, 

promoting vascular inflammation and oxidative stress, and inhibiting endothelium-

dependent relaxation.38–42 Thus, interventions targeting the renin-angiotensin system are 
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predicted to have substantial influence on cerebral circulation and BP and reverse the 

deleterious cerebrovascular effects induced by Ang II. The ACE inhibitor captopril was the 

first drug shown to maintain CBF while reducing both the lower and upper limits of 

autoregulation of hypertensive rats,43 and increasing lumen diameter of large arteries.44 

More interestingly, captopril preserved collateral blood supply in the lower limb of 

hypertensive patients via the lack of Ang II-induced vasoconstriction or reducing breakdown 

of bradykinin.45 In addition, ACE inhibitors have been shown to increase regional CBF in 

the frontoparietal regions46 and normalize CBF reserve via decreasing thickness of medial 

layer of carotid artery, MCAs and larger pial arteries.47 These results indicate that ACE 

inhibition provides beneficial effects on the cerebral circulation that are particularly 

important during ischemic conditions. Our current study adds to the knowledge of the effects 

of Ang II on LMA function and reactivity during chronic hypertension.

The beneficial effects of antihypertensive medications on collateral flow were recently 

confirmed by Fujita et al. who reported a significantly positive association between chronic 

hypertension and poor collateral status in patients with acute ischemic stroke.48 The 

proportion of patients with poor collateral status increased in a stepwise manner in patients 

without chronic hypertension having the best collateral flow, hypertensive patients without 

antihypertensive medications having the worst, and hypertensive patients treated with 

antihypertensive medications were in between. Though the antihypertensive agents also 

included calcium channel blockers and β blockers that are Ang II-independent, 60% of 

patients had ACE inhibitors or AT1R blockers and rank as the most commonly prescribed 

antihypertensive agents. Similar to animal studies, this clinical study demonstrated that 

chronic hypertension has a detrimental effect on pial collateral flow in patients with large-

vessel occlusion. This is consistent with our current findings of increased vasoconstriction 

and impaired dilatory capacity of LMAs during chronic hypertension. For the preexisting 

LMAs to be fully recruited and function as collateral vessels during ischemia, the 

improvement of vasodilatory responses involving both endothelial and vascular smooth 

muscle cells are critical. Thus, the goal of daily BP control may have gone beyond what has 

been addressed so far, which is not only to reduce the increased risks of cardiovascular and 

cerebrovascular morbidity and mortality that are associated with elevated BP, but also to 

prepare the brain with healthy pial collaterals.

One interesting finding in the current study was that LMA vasodilatory response to Y-27632 

was significantly impaired from SHRs compared to normotensive Wistar rats. In contrast, 

Chrissobolis et al. showed that Y-27632 caused significantly greater cerebral vasodilatory 

response in basilar artery from hypertensive rats compared to normotensive rats.28 Enhanced 

vasoconstrictive responses can occur via multiple mechanisms, including Ca2+ sensitization, 

increased phosphorylation of myosin light chain kinase by protein kinase C,49 decreased 

myosin phosphatase activity and increased Rho-associated kinase activity.50 Raina et al. 

showed that Y-27632 caused increased Ca2+ sensitization; however, had little effect on 

intracellular Ca2+ or myosin light chain kinase activation in mouse mesenteric arteries.51 

Thus, decreased LMA vasodilation to Rho kinase inhibition might be relevant to modified 

Ca2+ sensitization during chronic hypertension. Additionally, LMAs are unique pial vessels 

and the regulation of Rho kinase during chronic hypertension might be distinct from other 

cerebral vessels. Our study also has several limitations. First, we did not study the presence 
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or expression of AT2R on LMAs that could have been involved in vascular remodeling. 

AT2R is responsible for mediating Ang II-induced vasodilation in cerebral pial arterioles52 

and cerebral parenchymal vessels.53 However, due to the lack of evidence that AT2R 

expression is affected by captopril treatment in SHRs,54 we did not study AT2R expression 

on LMAs. Second, the AT1R antibody used lacks verification of specificity and was not 

tested in AT1R knockout tissue. Thus, we confirmed AT1R presence using isolated LMAs 

and showed Ang II treatment induced vasoconstriction.

In summary, LMAs from hypertensive animals had considerable myogenic tone and 

impaired vasodilatory responses that were Ang II-dependent. Chronic ACE inhibition 

completely reversed the increased vasoconstriction and impaired vasodilation, suggesting the 

restored and improved collateral circulation in the presence of occlusion. These results 

suggest that chronic ACE inhibition may be beneficial to collateral flow when stroke occurs 

in the setting of chronic hypertension.

Perspectives

Our results show that the increased vasoconstriction and impaired vasodilation of LMAs are 

Ang II-dependent and impaired LMA function during chronic hypertension can be 

ameliorated with ACE inhibitor treatment. Thus ACE inhibitors or AT1R blockers should be 

preferable to other Ang II-independent antihypertensive agents, such as hydralazine or 

calcium channel blockers to improve cerebrovascular health. It was recently reported that 

stroke patients with good pial collaterals were associated with reduced ischemic core growth 

but not improved neurologic outcome, and that pial collateral status did not impact the 

treatment effect of endovascular thrombectomy.55 This suggests that LMA function may be 

impacted by ischemia and reperfusion over time. Therefore, further studies are required to 

understand LMA function and structure changes after ischemia and reperfusion, as well as 

after reperfusion therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

This study demonstrates that increased vasoconstriction and impaired vasodilation of pial 

collaterals during chronic hypertension are Ang II-dependent.

What Is Relevant?

Our results suggest that ACE inhibition during chronic hypertension restores 

hyperconstriction and vascular dysfunction of pial collaterals that could improve stroke 

outcome by increasing collateral perfusion. This study contributes to the ongoing efforts 

to understand collateral function with the intent to improve outcome from acute ischemic 

stroke.

Li et al. Page 15

Hypertension. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Blood pressure measured in conscious rats before and during treatment. A, Systolic BP of 

rats before and during treatment. B, Diastolic BP of rats before and during treatment. Values 

are mean ± SEM for groups of 8 animals each. *P<0.05, **P<0.01 vs. all groups by one-

way ANOVA with post-hoc Bonferroni correction for multiple comparisons.
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Figure 2. 
Myogenic reactivity and percent myogenic tone to increased intravascular pressure in LMAs 

isolated from Wistar rats, and SHRs with or without treatment. A, Change in active lumen 

diameter in response to increased intravascular pressure of LMAs from Wistar rats, SHRs 

treated with hydralazine, captopril or vehicle. There was a significant group by pressure 

interaction, a group effect and pressure effect [F(9, 81)=5.71, F(3, 27)=9.07, F(3, 81)=15.46; 

P<0.01)]. ^^P<0.01, indicating significant pressure effect in SHR-Veh and SHR-Hydral 

groups; **P<0.01 vs. all groups, #P<0.05 vs. Wistar rats by mixed model repeated measures 

ANOVA. B, Percent myogenic tone at different intravascular pressures of LMAs from 

Wistar rats, SHRs treated with hydralazine, captopril or vehicle. There was a significant 

group by pressure interaction, as well as a group effect and pressure effect [F(9, 81)=4.75, 

F(3, 27)=23.71, F(3, 81)=27.17; P<0.01]. ^^P<0.01, indicating significant pressure effect in 

SHR-Veh and SHR-Hydral groups; **P<0.01 vs. all groups, ## P<0.01 vs. Wistar and SHR-

Capto by mixed model repeated measures ANOVA. Wistar: n=8; SHR-Hydral: n=7; SHR-

Capto: n=8; SHR-Veh: n=8.
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Figure 3. 
Passive structural measurements of LMAs from Wistar rats, SHRs treated with hydralazine, 

captopril or vehicle. A, Changes in passive inner diameter in response to increased 

intravascular pressure. There was a significant pressure effect [F(1, 213)=500.10, P<0.01], 

but no significance in pressure by group interaction or group effect [F(3, 213)=0.39, F(3, 

27)=2.87; P>0.05]. *P<0.05 vs. Wistar and SHR-Hydral rats by pairwise group 

comparisons. B, Changes in passive outer diameter in response to increased intravascular 

pressure. There was a significant pressure effect [F(1, 213)=289.87, P<0.01], but no 

significance in pressure by group interaction or group effect [F(3, 213)=0.96, F(3, 27)=2.82; 

P>0.05]. *P<0.05 vs. SHR-Hydral rats by pairwise group comparisons. C, Changes in wall 

thickness in response to increased intravascular pressure. There was a significant pressure 

effect [F(1, 213)=115.50, P<0.01], but no significance in group by pressure interaction or 

group effect [F(3, 213)=1.68, F(3, 27)=0.90, P>0.05]. D, percent distensibility in response to 

increased intravascular pressure. There was a significant pressure effect [F(1, 213)=534.31, 

P<0.01], but no significance in pressure by group interaction or group effect [F(3, 

213)=0.55, F(3, 27)=0.03; P>0.05]. Wistar: n=8; SHR-Hydral: n=7; SHR-Capto: n=8; SHR-

Veh: n=8. Data were analyzed by mixed model repeated measures ANOVA.
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Figure 4. 
Reactivity of LMAs isolated from Wistar rats, and SHRs with or without treatment. A, 

Percent constriction to the BK channel inhibitor paxilline (10−6 M) in LMAs isolated from 

Wistar rats, and SHRs treated with hydralazine, captopril or vehicle. LMAs from SHR-Veh 

showed significantly less constrictive response compared to LMAs from Wistar rats. 

*P<0.05 vs. Wistar by one-way ANOVA with post-hoc Bonferroni test for multiple 

comparisons. B, Percent reactivity of LMAs to increasing concentrations of Y-27632 

(10−8-10−5 M), a Rho-kinase inhibitor. The concentration by group interaction was not 

significant [F(3, 182)=0.74, P>0.05], however, there were significant concentration effect 

and group effect [F(1, 182)=217.11, F(3, 27)=22.27; P<0.01]. **P<0.01 vs. all groups, 

#P<0.05 vs. SHR-Capto and Wistar (P=0.056) by mixed model repeated measures ANOVA, 

square root transformation was used for reactivity outcomes. Wistar: n=8; SHR-Hydral: n=7; 

SHR-Capto: n=8; SHR-Veh: n=8.
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Figure 5. 
Reactivity of LMAs from Wistar rats and SHRs with or without treatment to NOS inhibition 

with L-NAME and dilation to SNP. A, Percent constriction to the NO synthase inhibitor L-

NAME (10−3 M) in LMAs isolated from Wistar rats, SHRs treated with hydralazine, 

captopril or vehicle. LMAs from all groups had similar vasoconstriction to L-NAME, data 

were analyzed by Kruskal-Wallis and Dunn’s test for multiple comparisons. Wistar: n=7; 

SHR-Hydral: n=6; SHR-Capto: n=7; SHR-Veh: n=8. B, Percent reactivity to the NO donor 

SNP in LMAs isolated from Wistar rats, and SHRs treated with hydralazine, captopril or 

vehicle. The concentration by group interaction was not significant [F(3, 170)=1.69, 

P>0.05], however, there were significant concentration effect and group effect [F(1, 

170)=161.05, F(3, 25)=18.32; P<0.01]. **P<0.01 vs. All; ^^P<0.01 vs. Wistar and SHR-

Capto by mixed model repeated measures ANOVA. Wistar: n=7; SHR-Hydral: n=6; SHR-

Capto: n=8; SHR-Veh: n=8.
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Figure 6. 
Expression of AT1R and vasoactivity of LMAs to Ang II and captopril. A, Representative 

immunohistochemical images of cross section of LMAs stained with vWF (green), αSMA 

(white) and AT1R (Red). AT1R: Ang II type 1 receptor; vWF: von Willebrand factor, an 

endothelial marker; αSMA: α-smooth muscle actin, a vascular smooth muscle marker. 

AT1R presented red, vWF was conjugated to ALEXA FLUOR 488 and presented green, 

αSMA was conjugated to Cy3 and presented white. Scale bar: 20 μm. B, Change in lumen 

diameter in response to increased concentration of Ang II in LMAs isolated from Wistar rats 

(n=5). Ang II caused concentration-dependent vasoconstriction. *P<0.05, **P<0.01 vs. 

Baseline by repeated measures ANOVA with post-hoc Bonferroni correction for multiple 

comparisons.
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