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Abstract

One of the hallmarks of vascular aging is increased pulse pressure. This elevated pulse pressure 

is associated with deleterious effects on cerebral vascular function; however, it is unknown if 

age modulates the susceptibility to high pulse pressure. To examine the effects of age on the 

cerebral artery response to pulse pressure, we studied isolated cerebral arteries collected from 

young (6.1±0.2 mo) and old (26.7±0.5 mo) male C57BL/6 mice. Isolated cerebral arteries were 

exposed ex vivo to static pressure, low pulse pressure (25 mmHg), and high pulse pressure 

(50 mmHg). In cerebral arteries from young mice, endothelium-dependent dilation was similar 

between the static and low pulse pressure conditions. Exposure to high pulse pressure impaired 

endothelium-dependent dilation in cerebral arteries from young mice, mediated by less nitric 

oxide bioavailability and greater oxidative stress. Cerebral arteries from old mice had impaired 

cerebral artery endothelium-dependent dilation at static pressure compared with young cerebral 

arteries. However, exposure to low or high pulse pressure did not cause any further impairments 

to endothelium-dependent dilation in old cerebral arteries compared with static pressure. The 

old cerebral arteries had less distension during exposure to high pulse pressure and greater 

stiffness compared with young cerebral arteries. These results indicate that acute exposure to high 

pulse pressure impairs endothelium-dependent dilation in young, but not old, cerebral arteries. 

The greater stiffness of cerebral arteries from old mice potentially protects against the negative 

consequences of high pulse pressure.
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1. Introduction

Vascular aging is characterized by an increased large artery stiffness that is associated 

with higher pulse pressure (PP)(Mitchell 2018). Higher PP, as well as higher blood flow 

pulsatility, are associated with neurodegenerative diseases and cognitive impairments (Qiu 

et al. 2003; Tsao et al. 2013; Weigand et al. 2022). Higher PP is also related to cerebral 

microvascular damage (Tarumi et al. 2019; Tsao et al. 2013), suggesting that high PP leads 

to cerebrovascular impairments. It is crucial to understand the mechanisms that underlie 

this relation between high PP and cerebrovascular impairment because these may provide a 

better understanding of the etiology of cerebrovascular and neurodegenerative diseases.

Elevated PP is known to be associated with endothelial cell dysfunction (McEniery et al. 

2006) (Beigel et al. 2010; Ceravolo et al. 2003). Ex vivo exposure to high PP impairs 

endothelial function in cerebral arteries from young mice (Raignault et al. 2017). At the 

same time, old age is associated with cerebral artery endothelial cell dysfunction (Mayhan 

et al. 1990; Toth et al. 2014; Walker et al. 2014). However, the effect of high PP on old 

cerebral artery endothelial function is unknown. Advancing age is often associated with 

a loss of resiliency to damage (Ferrucci et al. 2020), suggesting that old arteries may be 

more vulnerable to the damage caused by high PP. For example, high PP also reduces the 

myogenic response of cerebral arteries, and this impairment occurs in arteries from only old 

mice, and not from young mice (Springo et al. 2015). Thus, it is important to understand the 

effects of high PP on endothelial function in aged cerebral arteries.

One of the hallmarks of advancing age is an increase in oxidative stress that plays a key 

role in attenuating arterial endothelial function (Donato et al. 2015; Taddei et al. 2001). 

Age-related increases in superoxide production inhibit vasodilation through the reaction with 

nitric oxide (NO), thereby limiting NO bioavailability (Donato et al. 2015). However, not 

all reactive oxygen species (ROS) have similarly deleterious effects on endothelial function. 

There is evidence that hydrogen peroxide mediates endothelium-dependent vasodilation 

in cerebral arteries during static pressure, but is more harmful during pulsatile pressure 

(Raignault et al. 2017). Importantly, the contributions of NO vs. hydrogen peroxide to 

cerebral artery vasodilation is not only modulated by PP, but also dependent on the 

vasodilatory stimulus (Katusic et al. 1989; Modrick et al. 2009a). Thus, the role of ROS 

in facilitating endothelium-dependent dilation is complex and may be affected by the 

interaction of PP and age.

Advancing age is also associated with changes to arterial structure. Increased PP leads 

to greater mechanical stretch on endothelial cells and vascular smooth muscle cells. 

Mechanical stretch causes endothelial cells to release signaling proteins, like platelet-derived 

growth factor, that stimulate smooth muscle cell proliferation (Hu et al. 1998). In response 

to increased mechanical stretch, vascular smooth muscle cells stimulate collagen production 

(Durante et al. 2000; Solan et al. 2009). Together, smooth muscle cell proliferation and 
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collagen deposition increase arterial stiffness and protect the artery from the chronic wall 

strain induced by elevated PP. However, increased cerebral artery stiffness will also lead to 

transmission of the elevated PP further into the cerebral circulation, potentially damaging 

the more fragile arterioles and capillaries (Mitchell 2018). Thus, age-related increases 

in PP may induce arterial remodeling that has both physiologic and pathophysiologic 

consequences.

The goal of this project was to examine the interaction of age and PP on cerebral artery 

endothelial function. We hypothesized that high PP would cause a larger impairment 

in endothelium-dependent dilation in posterior cerebral arteries (PCAs) from old mice 

compared with young mice. We further hypothesized that exposure to high PP would result 

in lower NO-mediated vasodilation, measured by the change in endothelium-dependent 

vasodilation after inhibition of NO synthase (NOS) by N(ω)-nitro-L-arginine methyl ester 

(L-NAME). We also examined the role of hydrogen peroxide in the endothelium-dependent 

vasodilation response by incubation with catalase. Additionally, we hypothesized old 

cerebral arteries would be more stiff and distend less to high PP compared with young 

cerebral arteries. To test these hypotheses, we collected PCAs from young and old male 

C57BL/6 mice. The isolated PCAs were exposed ex vivo to static pressure, low PP, and high 

PP, followed by measurement of endothelial function.

2. Materials and methods

2.1 Animals

Young (n=37, 5–10 months) and old (n=25, 24–30 months) male C57BL/6 mice were 

housed at the University of Oregon. Mice were obtained from the National Institute on 

Aging colony at Charles River (old) or purchased from Charles River (young). All mice 

were housed under a 12/12-hour light-dark cycle at 24°C and provided food ad-libitum. 

Mice were euthanized via exsanguination under inhaled isoflurane. All protocols were 

undertaken in compliance with the University of Oregon Institutional Animal Care and Use 

Committee regulations.

2.2 Ex vivo pulse pressure application

PCA endothelium-dependent dilation was assessed following exposure to pulsation ex vivo. 

After euthanasia, the PCA was dissected from the brain and placed in a 112PP pulsatile 

pressure myograph chamber (Danish Myo Technology, Hinnerup, Denmark) containing a 

physiological salt solution with 145 mM NaCl, 4.7 mM KCl, 2 mM CaCl2, 1.17 mM 

MgSO4, 1.2 mM NaH2PO4, 5.0 mM glucose, 2.0 mM pyruvate, 0.02 mM EDTA, 3.0 mM 

MOPS buffer, 10 g/L BSA, 7.4 pH at 37°C. The artery was then fitted over two glass 

micropipette tips and held in place by nylon suture and perfused with physiological salt 

solution before being slowly pressurized to 50 mmHg. To measure the effect of pulsation, 

arteries were pulsed at a frequency of 400 beats per minute at a 50% duty cycle for 30 

minutes. The “low PP” condition cycled between 50 and 75 mmHg and the “high PP” 

condition cycled between 37.5 and 87.5 mmHg, such that mean arterial pressure was similar 

between conditions (62.5 mm Hg). As the exact PP in the PCA is unknown, we estimated 
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these pressures based on the carotid artery PP in a mouse model of higher large artery 

stiffness (Walker et al. 2015).

2.3 Endothelial function

Endothelium-dependent dilation was assessed as previously described (Walker et al. 2015). 

Briefly, the PCA was pre-constricted with phenylephrine (2–8 μM to achieve <80% of 

baseline lumen diameter) and the change in lumen diameter was measured in response to 

increasing concentrations of acetylcholine (ACh, 10−9 to 10−4 M). The dose response to 

ACh was measured during static pressure (50 mmHg) and immediately following the low 

or high PP conditions. Measurement of NO-dependent dilation was achieved by incubation 

of the artery in L-NAME (0.1 mM) 30 minutes prior to an ACh dose response. To measure 

the effect of the removal of hydrogen peroxide, arteries were incubated with PEG-catalase 

(100 U/ml) for 1 hour prior to a dose response. Dose-dependent responses to incubation 

with the endothelium-independent dilator sodium nitroprusside (SNP, 10−9 to 10−3 M) were 

measured in old and young arteries after exposure to high PP.

2.4 Arterial distension with pulsatile pressure application

To assess the change in PCA lumen diameter during the application of pulsatile pressure, 

30-second, high frame rate video recordings were acquired with MyoView software 

(Danish Myo Technology, Hinnerup, Denmark) following 30 minutes of pulsation. Frame-

by-frame diameters were measured and averaged across five distinct arterial sections with 

VasoTracker Image Analyzer (open source). To exclude anomalies in the diameter tracking, 

the reported maximum and minimum diameters had to occur in greater than 10% of the 

total frames. Absolute distension was calculated as Dmax-Dmin, and percent distension as 

(Dmax-Dmin)/Dmax *100, where Dmax is the maximum lumen diameter and Dmin is the 

minimum lumen diameter.

2.5 Arterial stiffness calculation

Using the artery distension during the application of pulsatile pressure, PCA stiffness was 

calculated. β stiffness index was calculated as ln(Phigh/Plow)/(Dmax− Dmin)/Dmin, where 

Phigh is the highest pressure and Plow is the lowest pressure during the pulse application 

(Flamant et al. 2007). Peterson modulus of elasticity (Ep) was calculated as Dmin*(Phigh – 

Plow)/(Dmax-Dmin)(Leloup et al. 2016).

2.6 Statistical analysis

Statistical analyses were performed with R (version 4.0.5), IBM SPSS (version 24, Armonk, 

NY) or SAS 9.4 version (SAS Institute Inc., Cary, NC, USA). Data were checked for 

normality with a Shapiro-Wilk test. For dose responses to ACh and ACh+LNAME, to 

address the change of the outcome variable (vasodilation), we employed a mixed effects 

model of which repeated ANOVA is a special case. In this model, we included dose and 

pulse as our fixed main effects, and their interaction term dose*pulse as well. A subject-

specificity was treated as a random effect in the model, to capture the correlation within a 

subject over the dose response. Overall F-test statistics for each main effect and interaction 

are reported. Post-hoc comparisons were further examined with Tukey multiple comparison 
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procedure, controlled with a family-wise error rate of 0.05. For the dose response to SNP, a 

similar mixed effects repeated ANOVA analysis was conducted, but with the two fixed main 

effects of group (young vs. old) and dose condition. To compare the maximal response to 

ACh between young and old for pulse conditions, a similar mixed effects repeated ANOVA 

analysis was conducted, but with the two fixed main effects of group (young vs. old) and 

pulse condition. The effect of catalase on vasodilation was assessed by independent t-tests 

comparing maximal ACh vs. ACh+catalase conditions within an age and pulse condition, 

as these data are not matched between conditions. Comparisons of distension, stiffness, 

pre-constriction and spontaneous tone between age groups were performed by t-tests for 

independent samples, except for β-stiffness and Ep which were assessed by Mann-Whitney 

U test as these data were not normally distributed. . EC50’s were calculated by fitting each 

dose response to a 4-parameter logistic equation, and the comparison of young vs. old was 

made by independent samples t-test. Significance was set at P<0.05. Values are presented as 

mean ± SD.

3. Results

3.1 Cerebral artery endothelial function after pulsatile pressure exposure

In PCAs from young mice, the vasodilation to ACh was significantly different with dose 

(p<0.0001), pulse condition (p<0.0001), and the interaction of dose × pulse condition was 

significant (p=0.023, Figure 1A). In young PCAs, there was no significant difference in 

the response to ACh between the low PP and the static pressure conditions (dose-response 

RM-ANOVA post-hoc: p=0.43, maximal response RM-ANOVA post-hoc: p=0.99, Figure 

1A,E). However, when exposed to a high PP, young PCAs had a lower response to ACh 

compared with the static pressure condition (dose-response RM-ANOVA post-hoc: p<0.001, 

maximal response RM-ANOVA post-hoc: p=0.003) and low PP condition (dose-response 

RM-ANOVA post-hoc: p<0.001, maximal response RM-ANOVA post-hoc: p=0.006, Figure 

1A,E). These results indicate that high PP impairs the vasodilatory response to ACh in 

young cerebral arteries.

In PCAs from old mice, there was no significant interaction of dose × pulse condition 

(p=0.19) for dose-dependent vasodilation responses to ACh (Figure 1B). Thus, the pulse 

pressure conditions did not affect the response to ACh in old cerebral arteries. In the old 

PCAs, there was a significant effect of pulse condition for the ACh response (p=0.02) that 

appears to be driven by the lower doses, as there is no difference in maximal ACh response 

between pulse condition (p=0.14). In old PCAs, there was no significant difference in 

the response to ACh between static pressure and low PP (dose-response RM-ANOVA post-

hoc: p=0.19, maximal response RM-ANOVA post-hoc: p=0.99) or high PP (dose-response 

RM-ANOVA post-hoc: p=0.44, maximal response RM-ANOVA post-hoc: p=0.92, Figure 

1B,E). There was a significant difference in the between low PP and high PP for the dose 

response, but not the maximal response (dose-response RM-ANOVA post-hoc: p=0.02, 

maximal response RM-ANOVA post-hoc: p=0.99, Figure 1B,E). When comparing the 

maximal vasodilation to ACh between age groups, there was a significant effect of both 

age (p=0.004) and pulse condition (p=0.007), but no interaction of age × pulse condition 

(p=0.14, Figure 1E).
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Endothelium-independent dilation, measured by the dose-dependent vasodilation response 

to SNP, was not different between young and old PCAs (interaction dose × group: p=0.99, 

Figure 1F). For ACh and SNP dose responses, there was no difference in sensitivity (EC50), 

spontaneous tone, or preconstriction between young and old for each treatment condition, 

nor differences in maximal artery diameters (all p>0.05, Supplemental Tables 1–3). To 

summarize, exposure to a high PP resulted in impaired endothelium-dependent dilation in 

young cerebral arteries, but not old cerebral arteries.

3.2 NO-mediated vasodilation

In both young and old PCAs after incubation with L-NAME, the vasodilation to ACh was 

not significantly affected by dose (young: p=0.89, old: p=0.71) or the interaction of dose × 

pulse condition (young: p=0.95, old: p=0.93, Figure 1C,D). There was a significant effect of 

the pulse condition in the PCAs after L-NAME incubation (young: p=0.01, old: p=0.02), 

but no significant difference in maximal ACh response (young: p=0.63, old: p=0.60). 

Furthermore, within each age and pulse condition, the maximal response to ACh was lower 

in the presence compared with the absence of L-NAME (p<0.05), with vasodilation in 

response to ACh being nearly absent in the presence of L-NAME in most cases. These 

results indicate that NO was the major mediator of endothelium-dependent vasodilation, and 

the bioavailability of NO is reduced with exposure to high PP in young cerebral arteries.

3.3 Effect of catalase on endothelial function after pulsatile pressure exposure

In young PCAs under static pressure, incubation with PEG-catalase did not alter the 

maximal vasodilation to ACh (p=0.19). In contrast, following low PP in young PCAs, the 

maximal vasodilation to ACh was lower in the presence of PEG-catalase compared to the 

absence of PEG-catalase (p<0.001). After exposure to high PP in young PCAs, there was 

a greater maximal response to ACh with PEG-catalase compared to without PEG-catalase 

(p=0.01, Figure 2A). These results demonstrate that catalase impairs endothelium-dependent 

vasodilation during low PP and augments endothelium-dependent vasodilation during high 

PP in young cerebral arteries.

In old PCAs under static and high PP conditions, incubation with PEG-catalase did not alter 

the maximal ACh response (static: p=0.21, high PP: p=0.28). In contrast, in old PCAs after 

exposure to low PP, PEG-catalase resulted in a greater maximal ACh response compared 

to the response without PEG-catalase (p=0.04, Figure 2B). Thus, in contrast to the young 

cerebral arteries, catalase augments endothelium-dependent vasodilation during low PP in 

old cerebral arteries.

3.4 Cerebral artery distension and stiffness during pulsatile pressure exposure

At low PP, there was no significant difference in distension between young and old PCAs, 

when expressed as either an absolute change in diameter (p=0.42) or percent change 

in diameter (p=0.30). In contrast, PCAs from young mice displayed greater distension 

compared with old mice at high PP (absolute change in diameter, p=0.02; percent change 

in diameter, p=0.02; Figure 3A, Supplemental Table 4). At low PP, there was no significant 

difference in PCA stiffness between young and old, when measured either as β-stiffness 

index (p=0.18) or Ep (p=0.18). In contrast, at high PP, old PCAs were stiffer than young 
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PCAs for both β-stiffness index (p=0.032) and Ep (p=0.032, Figure 3B, Supplemental Table 

4). Differences in arterial tone do not appear to contribute to the age-related difference in 

distension as spontaneous tone was not significantly different between age groups following 

exposure to low and high PP, or at static pressure (p>0.05, Supplemental Table 1).

4. Discussion

The results of this study demonstrate, for the first time, that there are age-related differences 

in the cerebral artery endothelial cell response to acute high PP. We hypothesized that old 

cerebral arteries would be more vulnerable to the negative effects of high PP, but we found 

the opposite. We find that ex vivo exposure to high PP impairs endothelium-dependent 

dilation in young cerebral arteries, but does not affect old cerebral arteries. Our results 

further indicate that reduced NO bioavailability and increased ROS are mechanisms for 

impaired endothelial function at high PP in young cerebral arteries. We also found that old 

cerebral arteries have less distension during exposure to high pulse pressure and greater 

stiffness. The higher stiffness of the old cerebral arteries is a possible mechanism for the 

protection against high PP-induced endothelial dysfunction. These results are important as 

they suggest that cerebral arteries adapt to increases in PP with advancing age, but the 

potentially harmful consequences of this adaptation need further exploration.

4.1 Impaired cerebral artery endothelial function with advancing age

Our observations at static pressure indicate impaired cerebral artery endothelial function 

with advancing age, similar to previous studies (Modrick et al. 2009b; Toth et al. 2014; 

Walker et al. 2014). The age-related decline in vasodilation to ACh arises from endothelial 

cell dysfunction as there was no difference in endothelium-independent dilation between age 

groups. We found that PCA vasodilation to ACh is almost completely mediated by NOS 

as nearly all vasodilation was inhibited by L-NAME for both young and old, similar to 

previous findings (Modrick et al. 2009a; Walker et al. 2014). These results indicate that 

NO is the major mediator of cerebral artery endothelium-dependent dilation, and decreased 

bioavailability of NO is the primary mediator of impaired cerebral artery endothelial 

function with advancing age. Previous studies suggest that superoxide and Rho kinase 

contribute to the reduced cerebral artery NO bioavailability with advancing age (De Silva 

et al. 2018; Walker et al. 2014). Similar to aging, mouse models of greater large artery 

stiffness also have impaired resistance artery endothelial function due to excess superoxide 

(Walker et al. 2015) and increased resistance artery vasoconstriction due to the Rho kinase 

pathway (Osei-Owusu et al. 2014). Thus, advanced age and greater large artery stiffness 

are associated with a decline in cerebral artery endothelial function that is attributable to 

decreased NO bioavailability and excess superoxide.

4.2 High pulse pressure and cerebral artery endothelial dysfunction

The cerebrovascular impairments associated with greater large artery stiffness are assumed 

to be mediated by increases in PP (Thorin-Trescases et al. 2018). Pulsatile blood pressure or 

flow at low amounts have generally favorable effects on endothelial cells (Raignault et al. 

2017; Thacher et al. 2010). In agreement with a previous study, we find that young cerebral 

arteries have impaired endothelial function after exposure to high PP (Raignault et al. 2017). 
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Yet, there was no decline in endothelium-dependent dilation in the old cerebral arteries 

with high PP. We do not believe the results in the old cerebral arteries are attributable to a 

“floor effect” as at high PP these arteries have reduced vasodilation to ACh in the presence 

of L-NAME, suggesting that there remains some NO-mediated dilation after exposure to 

high PP. Also of note, we did not find an improvement in endothelial function with low PP 

compared with static pressure, unlike previous studies (Raignault et al. 2017; Thacher et al. 

2010), perhaps due to the short duration of our pulse exposure. The value we chose for the 

low PP condition is similar to the PP measured in vivo in young C57BL6 mice (Kawarazaki 

et al. 2020; Wirth et al. 2016). While we based our values for the high PP condition on 

the in vivo PP in a mouse model of elevated large artery stiffness (Walker et al. 2015), 

we acknowledge that our high PP condition is higher than that of an old C57BL6 mouse 

(DuPont et al. 2016; Kawarazaki et al. 2020; Wirth et al. 2016). Furthermore, this was a 

very acute exposure to high PP, and future studies should examine the impact of longer-term 

exposures. Our results imply that young cerebral arteries are susceptible to the negative 

effects of a high PP, while old cerebral arteries are protected against these effects.

4.3 Mechanisms for impaired endothelial function with high pulse pressure

Our results indicate distinct mechanisms for endothelium-dependent dilation under different 

pressure conditions. Increases in PP augment the circumferential stretch on the arterial cells 

(Anwar et al. 2012) and ROS production is increased when stretch is applied to cultured 

endothelial cells (Cheng et al. 2011). Previous research by Raignault, et al. described 

differing mechanisms for endothelium-dependent dilation under static and pulsatile pressure 

conditions in cerebral arteries from young mice. Their findings suggest that hydrogen 

peroxide contributes to both cerebral artery flow-mediated dilation and ACh-mediated 

dilation at static pressure as these responses are attenuated by catalase (Raignault et al. 

2017). They further demonstrate that exposure to pulsatile pressure impairs flow-mediated 

dilation and ACh-mediated dilation, a response mediated by ROS as indicated by an 

improvement in the responses with catalase present (Raignault et al. 2017). Our results differ 

from this previous study in that catalase did not reduce vasodilation in the static pressure 

condition. Conversely, we find that catalase impairs endothelium-dependent dilation after 

exposure to low PP in young cerebral arteries. We also find that after exposure to high 

PP, endothelium-dependent dilation of young cerebral arteries is impaired by ROS as 

suggested by an improvement with catalase. The discrepancy in these findings could be 

due to differing PP magnitude and/or delivery, or differences in oxygen tension that are 

known to alter the contribution of hydrogen peroxide to vasodilation (Drouin et al. 2007). 

Our results at static pressure also agree with previous findings that found hydrogen peroxide 

does not mediate cerebral artery vasodilation to acetylcholine (Modrick et al. 2009a). A 

novel aspect of our study is the inclusion of old mice. We find slight improvements with 

catalase in the old cerebral arteries after exposure to low PP, and this may indicate increased 

ROS production in this condition, but this area needs further investigation. Thus, our results 

suggest that hydrogen peroxide contributes to endothelium-dependent dilation after low PP 

in young but not old cerebral arteries, and that ROS impairs endothelium-dependent dilation 

at high PP in cerebral arteries from young mice.
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4.4 Age-related changes to cerebral artery stiffness

The lack of an effect of high PP on cerebral arteries from old mice suggests that there are 

potential age-related changes to arteries that are protective. Increased stiffness will protect 

the wall against added stretch at high PP. Indeed, we find that at high PP, old cerebral 

arteries distend less and are more stiff than the young cerebral arteries. With the measures 

in our study, we cannot determine the contributions of active vs. passive factors to the age-

related increase in cerebral artery stiffness. Previous studies have reported greater passive 

stiffness in old cerebral arteries compared with young (Diaz-Otero et al. 2016). Active 

contributors to stiffness could be reduced vasodilator tone (e.g., less NO bioavailability) or 

increased vasoconstrictor tone. We find no difference in spontaneous tone after exposure 

to pulsatile pressure between young and old cerebral arteries in this study, and this may 

indicate no difference in the active contributors to stiffness but is not definitive proof. 

Relatedly, old cerebral arteries have a decline in the myogenic response when exposed to 

cyclic pulsatile pressure (Springo et al. 2015). Taken together, these findings suggest that 

passive factors contribute to the age-related increase in cerebral artery stiffness.

This increased cerebral artery stiffness with age could have devasting consequences on 

the brain. First, the greater stiffness of the major cerebral arteries delivers the elevated PP 

further into the cerebrovascular tree, potentially damaging the microvasculature (Mitchell 

2018). Second, extension of this greater stiffness into the cerebral arterioles, resulting in 

reduced distension, could lead to less clearance of interstitial fluid along the paravascular 

pathway (Iliff et al. 2013). For example, old mice have less distension of cortical 

arterioles and an impaired clearance of parenchymal amyloid-β (Kress et al. 2014). If these 

adaptations of the cerebral vasculature to high PP with aging are irreversible, then this may 

explain why mid-life hypertension is more predictive of cognitive impairment than late-life 

hypertension (Iadecola et al. 2016). Thus, age-related increases in cerebral artery stiffness 

may protect those arteries from further damage by elevated PP, but potentially impairs the 

cerebral microvasculature and decreases the clearance of amyloid-β, increasing the risk 

factors for dementia.

4.5 Pulsatile flow and endothelial cell function

In addition to changing circumferential stress on the artery wall, increases in PP will also 

result in increases in blood flow pulsatility (Mitchell 2018). In general, pulsatile flow is 

beneficial for endothelial cells compared with non-pulsatile (steady) flow, with pulsatile 

flow leading to more NO production (Nakano et al. 2000; Noris et al. 1995). However, high 

amounts of flow pulsatility appear detrimental and increase endothelial cell inflammatory 

signaling and ROS production (Li et al. 2013; Silacci et al. 2001). Old age is associated 

with a reduced mechanosensing of wall shear stress (Tian et al. 2022), and this potentially 

leads to the lack of a negative impact of high PP in old arteries in this study. Counter to 

this hypothesis, we previously demonstrated that age does not affect the arterial response to 

blood flow oscillations, demonstrated by young and old mice having similar pro-atherogenic 

responses to increased oscillatory blood flow (Walker et al. 2019). A limitation of our 

method for the present study is that fluid movement into and out of the artery is needed 

in order to create pulsatile intraluminal pressure. Thus, in this study we cannot disentangle 

the contributions of pulsatile pressure and flow. Given the relationship between pressure and 
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flow, most studies (including ours) are not able to determine the respective contributions of 

pulsatile pressure compared with pulsatile flow on endothelial dysfunction or disease.

4.6 Limitations

There are a few limitations of this study. First, only male mice were studied. There are 

sex differences in the relations of PP with brain outcomes, as well as with the relation 

of cerebral artery dysfunction to biological aging (Cole et al. 2021; Kehmeier and Walker 

2021). Thus, it will be important to examine the effects of elevated PP on cerebral arteries 

from females in future studies. We also studied only two age groups, and therefore, do not 

know the trajectory of these changes in middle-age (The Journal of Neuroscience 2019). 

While the low PP condition we chose is similar to the PP in a young wildtype mouse, 

our high PP condition is above that found with normal aging in mice (DuPont et al. 2016; 

Kawarazaki et al. 2020; Wirth et al. 2016). In addition, the mean pressure for the pulse 

and static conditions may be lower than in vivo mouse cerebral artery pressures (Mayhan et 

al. 1986). We also used phenylephrine to pre-constrict the arteries before performing dose 

responses to vasodilators. The use of phenylephrine, rather than relying on spontaneous 

tone, could have introduced changes to the cellular signaling. Lastly, we chose a pulse rate 

of 400 beats per minute. While this chosen pulse rate matches the heart rate of thermoneutral 

unrestrained C57BL6 mice, the mice in this study were housed at 21°C and thus the in vivo 

exposure to heart rate was likely about 200 beats per minute higher than our ex vivo pulse 

rate (Axsom et al. 2020).

5. Conclusions

The results of this study provide important new insights into the effects of PP on 

cerebrovascular function, and the mediating effects of age on this interaction. We find that 

an acute exposure to a high PP impairs endothelial function in cerebral arteries from young 

mice. In contrast, old cerebral arteries are protected from the damaging effects of acute 

exposure to high PP. An age-related increase in stiffness likely protects the old cerebral 

arteries from the negative consequences of exposure to high PP. However, this protection 

potentially comes at the expense of downstream damage due to a greater transmission of 

elevated PP to the cerebral microvasculature. Ultimately, these results support that more 

attention is needed to the benefits of preventing the age-related increases in PP.
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Highlights

• High pulse pressure impairs cerebral artery endothelial function in young 

mice.

• Old cerebral arteries are protected against damage by high pulse pressure.

• Old cerebral arteries are stiffer and distend less at high pulse pressure.
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Figure 1. High pulse pressure impairs endothelial function in cerebral arteries from young mice, 
but not old mice.
The dose-dependent dilation in (A) young and (B) old posterior cerebral arteries (PCAs) 

to increasing concentrations of acetylcholine following exposure to static pressure, low 

pulse pressure (PP), and high PP. In young PCAs, there was a significant ACh dose × PP 

interaction (p=0.02). There was no ACh dose × PP interaction in the old PCAs. n=6–20/

group *p<0.05 high PP vs. static, †p<0.05 high PP vs. low PP, Tukey post-hoc test following 

significant dose × pulse interaction with RM-ANOVA.. In the presence of nitric oxide 

synthase inhibitor L-NAME, the dose-dependent dilation in (C) young and (D) old PCAs 

to increasing concentrations of acetylcholine. n=5–8/group, no interaction of dose × pulse 

by RM-ANOVA. (C). Maximal dilation to acetylcholine in young and old PCAs following 

static pressure, low PP, and high PP. n=6–20/group. (D). The dose-dependent dilation of 
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young and old PCAs to increasing concentrations of sodium nitroprusside in PCAs. n=10–

11/group, no interaction of dose × age by RM-ANOVA. Values are mean ± SD.
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Figure 2. Age and pulse pressure modulate the contribution of reactive oxygen species to 
endothelium-dependent dilation.
In (A) young and (B) old posterior cerebral arteries (PCAs) the maximal response to 

acetylcholine in the absence and presence of PEG-catalase following static pressure, low 

pulse pressure (PP), and high PP exposure. n=6–20/group, *p<0.05, **p<0.01, ***p<0.001 

with vs. without PEG-catalase assessed by independent samples t-tests within same pressure 

condition. Values are mean ± SD.
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Figure 3. Lower distension and greater stiffness in cerebral arteries with advanced age.
(A) Distension of the posterior cerebral artery (PCA) from young and old mice expressed as 

the percent change in diameter during low pulse pressure (PP) and high PP application. (B) 

β-stiffness index in PCAs from young and old mice during low PP and high PP application. 

n=10–16/group. *p<0.05 young vs. old within pulse condition, assessed by independent 

samples t-tests. Values are mean ± SD.
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