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Abstract

The cardiac cycle imposes a mechanical stress that dilates elastic carotid arteries, while shear 

stress largely contributes to the endothelium-dependent dilation of downstream cerebral arteries. In 

the presence of dyslipidemia, carotid arteries stiffen while the endothelial function declines. We 

reasoned that stiffening of carotid arteries would be prevented by reducing resting heart rate (HR), 

while improving the endothelial function would regulate cerebral artery compliance and function. 

Thus we treated or not 3-mo-old male atherosclerotic mice (ATX; LDLr−/−: hApoB+/+) for 3 mo 

with the sinoatrial pacemaker current inhibitor ivabradine (IVA), the β-blocker metoprolol 

(METO), or subjected mice to voluntary physical training (PT). Arterial (carotid and cerebral 

artery) compliance and endothelium-dependent flow-mediated cerebral dilation were measured in 

isolated pressurized arteries. IVA and METO similarly reduced (P < 0.05) 24-h HR by ≈15%, 

while PT had no impact. As expected, carotid artery stiffness increased (P < 0.05) in ATX mice 

compared with wild-type mice, while cerebral artery stiffness decreased (P < 0.05); this 
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paradoxical increase in cerebrovascular compliance was associated with endothelial dysfunction 

and an augmented metalloproteinase-9 (MMP-9) activity (P < 0.05), without changing the lipid 

composition of the wall. Reducing HR (IVA and METO) limited carotid artery stiffening, but 

plaque progression was prevented by IVA only. In contrast, IVA maintained and PT improved 

cerebral endothelial nitric oxide synthase-dependent flow-mediated dilation and wall compliance, 

and both interventions reduced MMP-9 activity (P < 0.05); METO worsened endothelial 

dysfunction and compliance and did not reduce MMP-9 activity. In conclusion, HR-dependent 

mechanical stress contributes to carotid artery wall stiffening in severely dyslipidemic mice while 

cerebrovascular compliance is mostly regulated by the endothelium.
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Large elastic artery stiffness and endothelial dysfunction are hallmarks of aging and 

premature atherosclerosis (51, 58). It is postulated that these changes are, at least partly, the 

consequence of the accumulation of damage associated with the repeated mechanical stress 

imposed by the heart rate (HR), a process magnified by risk factors for cardiovascular 

diseases (19, 51, 58). Although never directly tested, endothelial dysfunction and arterial 

stiffening have been suggested to be closely associated in peripheral elastic arteries (46, 50, 

57, 60) and to feed each other’s deterioration in a vicious cycle (14, 56). Because of the 

cyclic mechanical stress imposed by each heartbeat on the vasculature (19, 58), elevated 

resting HR >80 beats/min in humans is a known risk factor for cardiovascular events and 

premature death (8, 19, 21, 28). Accordingly, the stiffening of the carotid artery is an 

excellent predictor of cardiovascular (1, 36), peripheral, and also cerebral vascular diseases 

(42, 52, 61). On the other hand, regular exercise is beneficial to the cardiovascular system 

and is associated with an augmented life expectancy by reducing all causes of mortality (8, 

33, 39). Both a reduction in resting HR and an improved endothelium-dependent endothelial 

nitric oxide synthase (eNOS) function are associated with these beneficial effects (26, 29, 

33, 38).

The effects of a reduction in resting HR and exercise on the cerebral circulation are, 

however, unknown. Severe dyslipidemia induces endothelial dysfunction in cerebral arteries 

(22), but its effects on cerebral artery wall compliance are unknown. Few studies have 

shown that in rat and mouse models of hypertension (4, 5), of inhibition of peroxisome 

proliferator-activated receptor-γ signaling (13, 32), and of ischemia/reperfusion (35), 

cerebral endothelial dysfunction is consistently associated with a paradoxical increase in 

cerebral arterial and arteriolar compliance, suggestive of cerebral wall weakening rather than 

wall stiffening. Thus the mechanisms by which chronic mechanical stress alters arterial wall 

compliance may be different in carotid and cerebral arteries. We reasoned that if the 

compliance of elastic carotid arteries is directly affected by the pulsatile mechanical forces, 

the compliance of muscular cerebral arteries is essentially controlled by the endothelium. To 

validate this hypothesis, we modulated HR for 3 mo in atherosclerotic mice displaying 

endothelial dysfunction (31), using three different indirect approaches, all relevant to the 

clinical setting and in prevention. First, mice were treated with the sinoatrial pacemaker 
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current inhibitor ivabradine (IVA); it selectively reduces HR without affecting cardiac 

function (43) and consequently decreases the chronic mechanical stress and has been shown 

to maintain the endothelial function (17, 18, 23). Second, mice were treated with metoprolol 

(METO) that reduces HR but does not preserve the cerebral endothelial function, likely by 

interfering with endothelial β-adrenergic receptor (AR)-nitric oxide (NO) production (12, 

18, 23). The third approach was nonpharmacological, using voluntary physical training (PT), 

proven to improve endothelial function in both humans and animals (33, 48). While exercise 

training reduces resting HR in humans, its effects in mice are not known, although forced 

exercise has been shown to decrease HR at rest (9). Our data demonstrate that, in contrast to 

the carotid arteries, cerebral artery compliance increases with severe dyslipidemia and that, 

in agreement with our hypothesis, the repeated mechanical stress imposed by the cardiac 

cycle directly regulates carotid artery stiffening while the endothelium is central to maintain 

compliance of cerebral arteries. In the cerebral circulation, the mechanical stress only 

amplifies endothelial dysfunction, favoring functional remodeling.

METHODS

The procedures and protocols were approved by the Montréal Heart Institute Animal Ethical 

Committee and performed in accordance with the Guide for the Care and Use of Laboratory 
Animals of Canada and the Guide for the Care and Use of Laboratory Animals published by 

the US National Institutes of Health (NIH Publication No. 85–23, revised 1996).

Experiments were conducted on cerebral arteries from the circle of Willis and carotid 

arteries isolated from 3- and 6-mo-old (mo) male C57Bl/6 control wild-type and 

atherosclerotic (ATX) mice (22, 31). These ATX mice are severely dyslipidemic (Table 1) 

and develop, under a normal diet, atherosclerotic plaque in large conductance arteries such 

as the aorta, the renal arteries, and the carotids but not in the cerebral arteries. ATX mice are 

knockout for the LDL receptor but express the human apolipoprotein B-100 (LDLr
−/−:hApoB+/+) (31). ATX mice were randomly assigned to receive a 3-mo treatment (from 3 

to 6 mo) with ivabradine (18, 23) (15 mg·kg−1·day−1; ATX + IVA; n = 11) or metoprolol 

(23) (80 mg·kg−1·day−1; ATX + METO; n = 11) in the drinking water. In another set of 

experiments, ATX mice (n = 9) were subjected to 3 mo of voluntary training and compared 

with sedentary ATX and WT mice. Each mouse was kept in a cage with free access to a 

running wheel (Lafayette Instruments, Lafayette, IN), without reward. The mice ran for 9.0 

± 0.7 h/24 h, mostly during the night (6,160 ± 619 m/day at an average speed of 13 ± 1 m/

min; Fig. 1).

Heart rate was monitored from 3 to 6 mo after implantation of open-heart radiofrequency 

transmitters under isoflurane (2.5% in O2, 0.5 l/min for induction and 1.5% for maintenance) 

anesthesia (Data Sciences International, Arden Hills, MN) (11, 23). Analgesia was 

maintained by buprenorphine (0.05 mg/kg before surgery and every 8 h for 48 h). 

Electrocardiogram leads were placed in lead II position. Data were analyzed with ECG Auto 

(version 2.4.6; EMKA Technologies, Paris, France). In voluntary trained mice, HR was 

monitored by telemetry for a week before death (n = 3) to avoid physical interferences 

between the implantable telemetry probe and the exercise capacities of the mice. Telemetry 

data were confirmed by a weekly monitoring of HR using a tail-cuff device during the 3-mo 

Bolduc et al. Page 3

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 July 03.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



training protocol. At 3 and 6 mo, mice were anesthetized (44 mg/kg ketamine and 2.2 mg/kg 

xylazine) and blood was collected; the plasma was frozen at −80°C. The thoracic aorta was 

dissected and frozen at −80°C. The brain was removed from the cranial cavity and frozen at 

−80°C or placed in ice-cold physiological salt solution (PSS, pH 7.4, mmol/l: 130 NaCl, 4.7 

KCl, 1.18 KH2PO4, 1.17 MgSO4, 14.9 NaHCO3, 1.6 CaCl2, 0.023 EDTA, and 10 glucose) 

to isolate cerebral arteries for reactivity (24) and compliance studies. The left carotid arteries 

were removed and placed in ice-cold PSS for compliance studies.

Isolated arteries were cannulated at both ends and pressurized as previously described (24). 

Flow-mediated dilations (FMD) were induced on phenyleprine precontracted cerebral 

arteries (24). A single cumulative curve (from 0 to 25 μl/min, with 2 μl/min steps between 0 

and 10 μl/min, followed by three 5 μl/min steps, at constant pressure of 60 mmHg) was 

performed on each segment. Shear stress (t; dyn/cm2) was calculated according to [τ = 4ηQ/

πr3], where represents the viscosity (0.009 P), Q the flow rate through the lumen (ml/s), and 

r the inside radius (cm). The applied calculated shear stress was in the physiological range 

(≈0 –25 dyn/cm2; Refs. 47, 53). Data are presented as the percentage of dilatation for a 

given average value of shear stress. The average shear stress represents the average of each 

shear stress obtained for each data set presented on the same graph that was in a ±1.0 

dyn/cm2 interval.

Reactivity and compliance studies were performed on different arterial segments. Passive 

pressure-diameter curves were conducted in a Ca2+-free PSS containing 1 mM of EGTA to 

abolish myogenic tone and to assess the mechanical properties of the arteries. Internal and 

external diameter changes were measured after each increment of intraluminal pressure 

(from 10 –120 mmHg with a first 10-mmHg step followed by 20-mmHg steps for cerebral 

arteries and from 60 to 180 mmHg with 20-mmHg steps for carotid arteries), to calculate 

mechanical parameters. The circumferential wall strain (Strain, %) was calculated according 

to [(D − Dinitial mmHg)/Dinitial mmHg], where D is the internal diameter at a given pressure and 

Dinitial mmHg is the initial diameter at the initial pressure (10 mmHg for cerebral arteries and 

60 mmHg for carotid arteries). The incremental distensibility (ID; %/mmHg), which 

represents the percentage of change of the arterial internal diameter for each mmHg change 

in intraluminal pressure, was calculated according to [(D1 −D0)/(D1 * ΔP) * 100], where D0 

is the internal diameter before the pressure increment, D1 is the internal diameter after the 

pressure increment, and ΔP is the change in pressure (10 or 20 mmHg).

Plasma parameters

Total cholesterol, LDL, HDL, triglycerides, and glucose levels were measured at the 

Montreal Heart Institute Biochemistry Laboratory (Montreal, QC, Canada).

Staining of atherosclerotic lesions and quantification of plaque areas

Thoracic aortas still attached to the heart were removed and dissected from surrounding 

tissues. The aortic arch and the aorta were opened longitudinally from the aortic valve 

through the end of the thoracic aorta, pinned on a Petri dish, fixed in 0.01 M PBS (pH 7.4) 

and 10% paraformaldehyde, and stained for 1 h with 1–2-propandiol 0.5% Oil Red O. 
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Stained aortas were photographed and digitalized. Plaque areas were quantified using Gimp 

2.6 software (www.gimp.org) and expressed in percentage of total aorta area.

Histological Verhoeff-Van Gieson staining

Cerebral arteries were fixed in 10% formalin PBS-buffered solution and processed for 

standard histological procedures and embedded in paraffin. Sections of 6 μm were obtained 

by microtome, deparaffinized in xylene, and hydrated in ethanol. All of the slides obtained 

were stained with Verhoeff’s elastic stain to visualize the elastic fibers and counter-stained 

with Van Gieson’s solution to visualize collagen.

Isolation of cerebral vessels and Western blot

Whole brain vessels were isolated as previously described (45). For Western blot analysis, 

30 μg (for collagen type I/III) or 50 μg (for elastin) of cerebral vessels proteins were mixed 

with a discontinuous Laemmli buffer and loaded on a 10% acrylamide SDS-PAGE gels. 

After 45 min of migration at 200 V, gels were transferred on nitrocellulose. Membranes were 

incubated with an anti-collagen I/III (1:10 000; Calbiochem, Darmstadt, Germany) or with 

an anti-elastin (1: 6,000; Abcam, Cambridge, MA). To enhance elastin detection sensitivity, 

after primary antibody incubation, membranes were incubated with a biotin-conjugated anti-

mouse IgG (1:10,000) followed by incubation with a horseradish peroxidase-conjugated 

with streptavidin (1:10,000). α-Actin was used as a loading control (anti-α-actin 1:100,000; 

Sigma-Aldrich Canada, Oakville, ON, Canada). Quantification was made by densitometric 

analysis using Quantity One software.

Gelatin zymography

Zymography using gelatin-containing gels was performed as described previously (37). 

Briefly, a modified Laemmli buffer without mercaptoethanol was added to the vessel 

proteins samples, without heating, on a 6% SDS-polyacrylamide gel containing 1% gelatin. 

Migration was conducted at 4°C and 10 mA for 1 h, followed by a 90 V migration for 2 h. 

After migration, SDS was removed from the gel by washing 5 × 10 min with 2.5% (v/v) 

Triton X-100 at room temperature. Gels were incubated in a zymography buffer (38 mM 

Tris·HCl pH 7.4, 13 mM CaCl2, 10 μM ZnCl2, 0.02% NaN3, and 0.03% Brij 35) at 37°C for 

72 h and then stained with Coomassie brilliant blue. Gelatinolytic activity was visualized as 

clear bands against the dark background. Samples of purified human pro-MMP-9 (Chemicon 

International) and pro-MMP-2 (Enzo Life Sciences, Plymouth Meeting, PA) were used as a 

positive control. Quantification was made by densitometric analysis using Gimp 2.6 

software. When sample quantity allowed it, experiments were made in duplicate.

Cholesterol composition of cerebral vessels

Lipids extraction was performed by adding 200 μl of chloroform and 1% Triton X-100 to 20 

mg of isolated cerebrals vessels. Samples were sonicated for 20 min and mixed by inversion 

at 4°C overnight. Samples were filtrated through a gaze to remove suspended particles and 

collected in clean tubes in order be air dried and vacuum dried at 50°C for 30 min. Dry 

lipids were redissolved in 200 μl cholesterol reaction buffer from a cholesterol/cholesteryl 
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ester quantitation kit (Calbiochem), and the total cholesterol concentration was calculated 

according to the manufacturer’s instructions.

Fatty acids composition of cerebral vessels

Lipids extraction method was adapted from Ruiz et al. (55). One milliliter of 

chloroform:methanol (2:1) was added to 20 mg of isolated cerebral vessels. Samples were 

sonicated 20 min and mixed by inversion at 4°C overnight. Samples were then filtrated 

through a gaze to remove suspended particles and collected in glass tubes. A N2 evaporation 

was used to concentrate fatty acids that were redissolved in 200 μl of 

hexane:chloroform:methanol (95:3:2) for the column separation step. Dissolved fatty acids 

were loaded on the 0.5-g NH2 bond columns (Varian, Lake Forest, CA). Triglycerides were 

eluted with 4 ml of chloroform, and free fatty acids and phospholipids were eluted in the 

same fraction by 2.5 ml of methanol:chloroform (6:1) followed by 2.5 ml of 

methanol:chloroform (6:1) 0.05 M sodium acetate. Free fatty acid concentration was 

negligible and thus not detectable by gas chromatography coupled with flame ionisation 

detection (GC-FID). An external standard of nonadecanoic acid (C19:0) was added in each 

fraction for relative quantification, and the solvent was evaporated by N2. Fatty acids were 

redissolved in 2 ml of hexane:methanol (1:4) 10% acetyl chloride and heated for 1 h at 80°C 

under agitation for esterification. Then, tubes were cooled down and 5 ml of K2CO3 6% 

were added to neutralize the excess of acetyl chloride. The tubes were agitated by inversion 

and centrifuged 10 min at high speed to accelerate the phase of separation between hexane 

and the aqueous solution. The hexane phase was transferred in vials for analysis by GC-FID 

(Agilent Technologies, Santa Clara, CA). The system is coupled with an Agilent DB-WAX 

capillary column (60 m × 0.25 mm id; 0.25-μm film thickness). The carrier gas was 

hydrogen at a flow rate of 1.9 ml/min. Two microliters of each sample were injected at 40°C 

in the column. Initially, the oven is held at 40°C for 7 min. Then, the temperature is 

increased to 120°C with a 10°C/min rate, to 180°C with a 1°C/min rate, and finally, 218°C is 

reached with a rate of 0.5°C/min. Fatty acid concentrations in the phospholipids fraction 

were calculated based on the concentration of the external standard (C19:0).

Statistics

The n refers to the number of animals used in each protocol. Results are presented as means 

± SE. Unpaired Student’s t-test and one-way ANOVA were used, when adequate. A value of 

P < 0.05 was considered statistically significant.

Materials

METO and phenyleprine were purchased from Sigma-Aldrich Canada. IVA was provided by 

Institut de Recherches Inter-nationales Servier (Courbevoie, France).

RESULTS

Phenotype of WT and ATX mice

Plasma total cholesterol, LDL cholesterol, and triglycerides levels were higher in ATX mice 

compared with WT mice (Table 1). ATX mice (at 6 mo of age) were hypertensive, and blood 

pressure was not normalized by IVA, METO, or PT. IVA and METO similarly reduced HR 

Bolduc et al. Page 6

Am J Physiol Heart Circ Physiol. Author manuscript; available in PMC 2013 July 03.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



(Table 1). In contrast, PT had no impact on 24-h HR compared with sedentary ATX mice 

(Table 1). Trained mice were indeed active for a cumulative time of 9 ± 1 h daily (during 

night time, Fig. 1), running 6.2 ± 0.6 km/day at a speed of 11 ± 1 m/min with an average 

running HR of 623 ± 47 beats/min, which is significantly higher than sedentary 6-mo ATX 

mice (504 ± 15 beats/min, P < 0.05); when mice were not running, HR was 452 ± 20 beats/

min, which tended to be lower than sedentary 6-mo ATX mice (P = 0.086) and which is not 

significantly different from IVA- and METO-treated mice. In the group of trained mice, the 

daily (9 h of running and 15 h of rest) HR, i.e., the mean cumulative HR at rest and during 

running, was therefore not significantly different from sedentary 6-mo ATX mice (Table 1 

and Fig. 1). Weekly HR acquisition by tail-cuff used in parallel during the protocol of PT 

reinforces data obtained by telemetry revealing a 10% reduction in HR at rest in 6-mo-

trained (612 ± 18 beats/min; n = 6; P < 0.05) compared with sedentary ATX mice (678 ± 16 

beats/min; n = 6).

Carotid artery compliance

Compared with 6-mo WT mice, carotid arteries from 6-mo ATX mice were less compliant, 

as illustrated by a decrease of the circumferential strain from 120 to 180 mmHg (Fig. 2A). 

IVA and METO, but not PT, equally reduced carotid stiffness (Fig. 2B).

Cerebral artery compliance and endothelial function

Cerebral artery compliance increased with age in WT mice, a change magnified by 

atherosclerosis in ATX mice (Fig. 3A). The circumferential strain of cerebral arteries from 

3-mo ATX mice was similar to that measured in 6-mo WT mice (Fig. 3A). The increase in 

strain of cerebral arteries of ATX mice was associated with an increase in ID between 20 

and 60 mmHg (Fig. 3B). In parallel, endothelium-dependent flow-mediated FMD was 

significantly reduced in cerebral arteries from 3- and 6-mo ATX mice at 6.7 ± 0.4 and 12.1 

± 0.5 dyn/cm2, compared with age-matched WT mice (Fig. 3C). The effect of Nω-nitro-L-

arginine (L-NNA; 10 μM), an inhibitor of eNOS, was tested on the responses to flow: as 

previously reported (22), in 3- and 6-mo WT mice, FMD is clearly eNOS dependent and 

almost abolished by L-NNA (Fig. 3, D and E). In 3-mo ATX mice, FMD are reduced 

compared with WT mice, but the response is still sensitive to L-NNA (Fig. 3D). In 6-mo 

ATX mice, FMD are very low, in the presence or absence of L-NNA, suggesting major 

eNOS dysfunction (Fig. 3E).

IVA normalized the strain of cerebral arteries at physiological pressures from 60 to 80 

mmHg (Fig. 4A), attributable to the maintenance of the distensibility between 20 and 60 

mmHg. IVA also prevented further decline in endothelial dysfunction in ATX mice, 

illustrated by a greater FMD at 16.3 ± 0.6 dyn/cm2 compared with cerebral arteries isolated 

from 6-mo untreated ATX mice (Fig. 4A) but a similar endothelial dysfunction compared 

with 3-mo ATX sedentary mice (Fig. 3C). In contrast, METO tended to further impair strain 

and ID and significantly worsened FMD (Fig. 4B).

After 3 mo of voluntary exercise (PT), the strain and ID were completely normalized to WT 

values (Fig. 4C) and thus improved compared with 3-mo ATX sedentary mice (Fig. 3C). In 

cerebral arteries from trained ATX mice, FMD induced by shear stresses from 3.2 ± 0.2 to 
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17.0 ± 0.1 dyn/cm2 was increased compared with arteries from 6-mo sedentary ATX (Fig. 

4C), and endothelial function was even normalized to WT values from 7.1 ± 0.4 to 11.6 

± 0.4 dyn/cm2 (Fig. 4C), demonstrating that PT not only stopped but also reversed the 

endothelial dysfunction in ATX mice.

When all groups are considered, there is a negative correlation (P < 0.05; r = 0.824) between 

cerebral FMD obtained at 12.0 ± 0.5 dyn/cm2 (the only physiological shear stress shared 

between the different groups of mice) and the cerebral circumferential strain measured at the 

physiological intraluminal pressure of 60 mmHg (Fig. 5).

Factors modulating cerebrovascular compliance

We tested whether the lipid composition of cerebral vessels could underlie the increase in 

compliance by altering the membrane fluidity of the cells. The content of fatty acids and 

cholesterol in cerebral vessels was, however, similar between WT and severely dyslipidemic 

ATX mice (Table 2).

We also tested whether differences in pulse pressure could contribute to the changes in 

compliance: the pulse pressure, calculated from the systolic and diastolic blood pressure 

measured by tail-cuff, was similar between the groups of mice (Table 1).

Changes in the hemodynamic environment associated with atherosclerosis, such as oxidative 

stress and NO bioavaibility, are known to trigger MMP-dependent remodeling (30). Such 

remodeling could affect cerebrovascular compliance. Accordingly, MMP-9 activity 

increased in cerebral vessels from 3 to 6-mo in WT and ATX mice (Fig. 6); MMP-9 activity 

was, however, higher in 6-mo ATX compared with age-matched WT mice, and this was 

prevented by IVA and PT but not by METO (Fig. 6). MMP-2 activity was very low and 

similar between all groups (data not shown).

We finally tested whether the collagen type I or III content of cerebral blood vessels could 

be modified by severe dyslipidemia and modulated by IVA, METO, and PT. Cerebrovascular 

Col I/III protein expression was similar between WT and ATX mice and was not altered by 

treatments or by PT (Fig. 7, A and B). Collagen type IV and V were not detected. 

Histological analysis of collagen expression (Verhoeff-Van Gieson staining; Fig. 7E) did not 

enable to reveal differences between cerebral arteries isolated from 6-mo WT and ATX mice 

(Fig. 6). Elastin expression was similar between 6-mo WT and ATX mice (Fig. 7, C and D).

Atherosclerotic plaque progression

ATX mice spontaneously develop atherosclerotic plaque in the aorta and the carotid arteries. 

The lesions, hardly noticeable at 3 mo, covered 7.1 ± 1.6% of the total surface of the 

thoracic aorta at 6 mo, including the aortic arch (Fig. 8). IVA significantly slowed plaque 

progession; METO tended to decrease it as well, while PT did not limit plaque progression. 

No atherosclerotic plaques were observed in cerebral arteries.
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DISCUSSION

The results of this study demonstrate for the first time that, in mice, severe dyslipidemia is 

associated with a paradoxical increase in cerebrovascular compliance and that while chronic 

HR-associated mechanical stress directly contributes to carotid artery stiffening, 

cerebrovascular compliance is essentially regulated by the endothelium. These conclusions 

are indirectly validated through the use of three experimental approaches: 1) IVA that 

reduced HR and thus mechanical stress and maintained endothelial function and 

cerebrovascular compliance, 2) METO that also reduced HR but worsened endothelial 

function and did not maintain the compliance, and (3) PT that normalized the endothelial 

function and cerebrovascular compliance without reducing mechanical stress.

Previous studies (3, 7, 15, 59) demonstrated that dyslipidemia has a significant impact on 

conduit artery stiffness. Accordingly, we found that carotid arteries stiffened from the age of 

3 to 6 mo in ATX but not in WT mice. In contrast to the carotids, cerebral arteries isolated 

from ATX mice were more compliant, suggestive of a weakening of the wall. Although 

similar increased cerebrovascular compliance has been previously reported in animal models 

of hypertension (4, 5), PPARγ inhibition (13, 32), and ischemia/reperfusion (35), this is the 

first study to report such a paradoxical cerebrovascular wall weakening in a mouse model of 

severe dyslipidemia and atherosclerosis in the large peripheral conductance arteries.

The beneficial effect of voluntary PT on cerebrovascular compliance indirectly demonstrates 

that the endothelium, but not the mechanical stress, tightly controls wall biomechanics. 

Voluntary running, which did not reduce HR over a 24-h period (Table 1), not only 

maintained but also improved endothelial function (eNOS-dependent FMD; Fig. 4C) and 

normalized both cerebrovascular compliance (Fig. 4C) and MMP-9 activity (Fig. 6). 

Exercise induces acute increases in blood flow and thus shear stress, a stimulus known to 

improve the endothelial function by upregulating eNOS activity (25, 63). There is, however, 

an apparent disconnect between the beneficial effect of PT on the cerebral arteries (Fig. 4C) 

and its lack of effect on both carotid stiffness (Fig. 2) and aortic plaque size (Fig. 8). In 

contrast to PT, HR reduction by IVA and METO (Table 1) equally reduced carotid stiffness 

(Fig. 2), demonstrating that the cyclic mechanical stress is critical for determining carotid 

elasticity, in accordance with previous reports in animal models of atherosclerosis (3, 7). 

Although exercise reduced resting HR 15 h per day, it has been at the expense of a 

significant increase in HR during exercise for a cumulative time of 9 h (Fig. 1): therefore, 

over a 24-h period, HR averaged 516 beats/min in trained ATX mice (Table 1), which is not 

different from sedentary mice. In contrast, HR averaged 435 beats/min in ATX mice treated 

with IVA or METO. This represents a reduction of 80 beats/min in treated mice compared 

with PT mice, i.e., a reduction of 115,200 heartbeats per 24 h (Fig. 1). Therefore, because of 

the supreme importance of HR and accumulated cyclic stress on large elastic stiffness, the 

lack of effect of PT observed on large elastic artery stiffness and plaque formation could be 

explained. In monkeys (62) and humans (34), moderate exercise (<3 h per week) was 

associated with a small reduction in resting HR without preventing plaque progression 

despite improving the endothelial function (62). Only intensive training (>5 h per wk) led to 

a reduction in plaque size in humans (34). Furthermore, it has been reported that 1 h of daily 

forced exercise in high-fat fed LDLr−/− mice slowed plaque progression (48): although in the 
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latter study no hemodynamic data were reported, this experimental approach decreases 

resting HR in rats (9). Hence, voluntary exercise in mice may represent a low to moderate 

exercise activity in humans. Another discrepancy is that METO did not prevent plaque 

progression as well as IVA (Fig. 8) despite equal HR reduction; this may be dependent on 

the deleterious effect of METO on the endothelial function (Fig. 4B). This would therefore 

suggest that if HR is essential for plaque progression, the endothelium could modulate its 

growth. We (31) previously observed that plaque progresses, although not as rapidly, under 

an endothelium with a perfectly normal function in ATX mice treated with the polyphenol 

catechin, which does not reduce HR.

We (23) previously reported that IVA has no direct vascular effects. Therefore, the beneficial 

effects of pure HR reduction by IVA on the cerebral endothelial function in ATX mice (Fig. 

4A) also demonstrate that the cardiac cycle magnifies the endothelial damage induced by 

severe dyslipidemia. While IVA has been previously shown to improve carotid distensibility 

in WKY rats and wall stress in SHR (2), IVA also prevented the decline in aorta endothelial 

relaxant function in dyslipidemic mice and increased brain capillary density (17, 18). 

Because IVA is highly specific for its molecular target, these data suggest that in addition to 

inducing elastic artery fatigue and stiffness, cyclic mechanical stress is responsible for 

magnifying the endothelial damage induced by severe dyslipidemia, which favors cerebral 

artery wall weakening (19, 58).

The molecular mechanism by which a reduction in HR is beneficial to the cardiovascular 

system remains, however, unclear. In large elastic arteries, it is accepted that age-dependent 

stiffness is dependent on wall fatigue (51) and that this process is magnified by risk factors 

for cardiovascular diseases (41). Our data suggest that in muscular cerebral arteries a 

reduction in the mechanical stress will likely tip the balance towards maintenance 

mechanisms allowing for slowing the damages that target the endothelium. The deleterious 

effects of METO on the endothelial function and cerebral compliance (Fig. 4B) suggest that 

β1-adrenergic receptor (β1-AR), expressed on the endothelium (20), could contribute to the 

maintenance of vessel integrity (23). It has been postulated that catecholamines act as 

endothelial cell survival factors (16, 27, 40). Recently, β-AR stimulation during voluntary 

exercise has been shown to be instrumental to the cardiac protection following ischemia in 

mice (12). By extension, circulating catecholamines could protect the cerebral arteries 

during exercise as well as at rest. Our data support this concept, since antagonism of 

cerebrovascular β-AR with METO fully counteracted the beneficial effects of HR lowering 

that were evidenced by IVA in our study (Fig. 4, A and B) and in others (18).

In addition to the catecholamine hypothesis proposed above, MMP-2 and -9 have been 

widely studied for their implication in vascular remodling since they cleave the basal 

membrane, collagens (type III, IV, and V), elastin, and laminin (49). We observed that 

MMP-9 activity was augmented in cerebral vessels from 6-mo ATX mice (Fig. 6). Such an 

increase in MMP-9 activity could reduce arterial stiffness by disturbing the cell-to-cell 

connections and their matrix; this would likely be sufficient to weaken the wall since, like in 

humans, mouse cerebral arteries lack external elastic lamina and adventitia (44). In addition, 

this increase in MMP-9 activity is in accordance with the magnified endothelial dysfunction 

observed in ATX mice (Fig. 3C), since oxidative stress and nitric oxide (NO) bioavaibility 
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are known to trigger MMP-dependent remodeling (30); likewise, in eNOS−/− mice, cerebral 

artery walls are weakened and this is independent of pulse pressure (6). Exercise and IVA, 

but not METO, strongly reduced MMP-9 activity compared with sedentary and untreated 

ATX mice (Fig. 6), which is associated with better eNOS-dependent flow-mediated dilation 

and the normalization of cerebrovascular compliance (Fig. 4). On the other hand, the direct 

impact of MMP activity on the endothelial function remains to be studied. Of interest, 

MMP-9 has been reported to inactivate endothelial β2-AR by cleavage of their extracellular 

domain, reducing endothelium-dependent relaxation (54), providing a mechanism by which 

MMPs could also reduce endothelial function independently of a reduced eNOS function.

Baumbach et al. (5) proposed that the increase in cerebral arteriolar compliance associated 

with hypertension is linked to a reduction in the stiff collagen vs. the compliant elastin 

contained in the arteriolar wall extracellular matrix. Collagen I and III are the most 

prominent types in the vasculature, 60 and 30%, respectively, of total collagen content (10). 

We did not find a significant difference in collagen I and III expression among the different 

groups of mice (Fig. 7, A and B). At 6 mo, elastin content was not altered by severe 

dyslipidemia (Fig. 7, C–E). We also tested whether the lipid composition of cerebral vessels 

could underlie the increase in compliance by altering the membrane fluidity of the cells as 

well as cell mass, but we found that the lipid composition was identical in WT and ATX 

mice (Table 2). This is, however, the first report of vascular wall lipid composition of total 

mouse cerebral vessels. Therefore, neither collagen and elastin expression per se nor lipid 

composition of the arterial wall seems to account for the changes in cerebral compliance 

associated with severe dyslipidemia.

Changes in cerebrovascular wall thickness, such as an increase in vascular smooth muscle, 

one of the most compliant components of the vascular wall, could account for the increase in 

cerebrovascular compliance observed in ATX mice (Fig. 3A). Vessel hypertrophy was not 

evaluated in the present study, but compared with WT mice, lumen diameter decreased in 

cerebral arteries from 6-mo ATX mice, wall thickness increased, and as a result, the wall-to-

lumen ratio increased significantly (data not shown). However, while IVA, METO, and 

exercise significantly increased the inner diameter in cerebral arteries from ATX mice (data 

not shown), only IVA and exercise prevented the rise in compliance (Fig. 4). Therefore, 

changes in passive structure (wall thickness, inner diameter, and wall-to-lumen ratio) may 

contribute to the observed alterations in the vascular compliance, while other pathways, such 

the rise in MMP-9, may be more important.

Limits of the study

While cerebrovascular compliance and endothelial function were assessed in arteries from 

the circle of Willis, all the molecular biology studies (MMPs activity, collagen, and elastin 

protein expression) were conducted in blood vessels extracted from the whole brain 

(including the circle of Willis). Since the cerebral arteries and the whole brain blood vessels 

are of different origin and exposed to different hemodynamic factors, conclusions should be 

made with caution. Another limit of the study is that active MMP-2 activity is also revealed 

while evaluating MMP-9 activity. However, the signal concerning MMP-2 was low 

compared with that of MMP-9. Finally, the conclusion that changes in compliance in 
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cerebral arteries in ATX mice were regulated by endothelial function is based on indirect 

evidence. In the literature, although never directly tested, endothelial function and arterial 

stiffness of large peripheral elastic arteries have been suggested to be closely associated. To 

the best of our knowledge, direct endothelium-dependent regulation of cerebrovascular 

compliance has never been reported, and we are the first to suggest a link between the two 

parameters.

In summary, the stiffening of the carotid arteries observed in atherosclerotic mice is 

predominantly related to HR-associated cyclic stress and independent of the endothelial 

function. In contrast, cerebral arteries from ATX mice are characterized by an increased 

compliance suggestive of a weakening of the wall, a change that can be prevented by 

maintaining or improving cerebral endothelial function by a chronic treatment with IVA or 

by voluntary exercise, respectively. By reducing HR and thus by decreasing the mechanical 

strain stress directly applied onto the cerebral endothelium, IVA maintained cerebral 

endothelial function without improving it, reduced MMP-9 activity, and in turn was able to 

prevent cerebral arterial wall functional remodling. Voluntary exercise training maximized 

these benefits likely through mechanisms involving physiological transient increases in shear 

stress and sympathetic tone. This study has marked clinical relevance since cerebral 

endothelial function and compliance are critical for the ability of cerebral arterioles to 

maintain their autoregulatory functions, which are known to decline with age and 

prematurely in the presence of risk factors for cardiovascular diseases, leading to impaired 

cognitive functions and dementia.
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Fig. 1. 
Time during which exercise occurred and changes in heart rate induced by training. A: 

recording of the running activity of 3 different LDLr−/−:hApoB+/+ (ATX) mice housed in a 

cage with free access to a running wheel. Cumulative duration of the training, which 

occurred mostly during the night, was 9 ± 1 h. B: example of the simultaneous recording of 

the speed of running and of the changes in heart rate (HR) monitored by telemetry in an 

ATX mouse. C: schematization of the heart rate in sedentary, ivabradine (IVA)-, or 

metoprolol (METO)-treated ATX mice and in mice exposed to exercise. Heart rate is 

expressed in beats per minute (bpm) or in beats per 24 h. Difference in heart rate (ΔHR) 

between IVA- or METO-treated ATX mice and trained ATX mice is indicated.
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Fig. 2. 
Effect of aging and atherosclerosis on the compliance of peripheral carotid arteries 

expressed as strain (%) from 3- and 6-mo wild-type (WT) mice and ATX mice (A) and 

following 3-mo exposure to voluntary physical training (PT) or treatment with either IVA or 

METO (B). Results are means ± SE of 7–16 mice. *P < 0.05 vs. 6-mo WT; ϕP < 0.05 IVA 

vs. ATX; αP < 0.05 METO vs. ATX.
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Fig. 3. 
Age and atherosclerosis increase cerebral compliance and alter endothelial function. 

Cerebrovascular compliance expressed as circumferential strain (%; A), distensibility 

expressed as incremental distensibility (ID; %/mmHg; B), and flow-mediated endothelium-

dependent dilation (C) of pressurized cerebral arteries from 3- and 6-mo WT mice and ATX 

mice. Effects of endothelial nitric oxide synthase inhibition by Nω-nitro-L-arginine (L-

NNA) on flow-mediated dilation of cerebral arteries isolated from 3-mo WT and ATX mice 

(D) and 6-mo WT and ATX mice (E). Results are means ± SE of 7 mice. **P < 0.05 vs. 3-

mo WT mice; *P < 0.05 vs. 6-mo WT mice; ωP < 0.05 vs. 3-mo ATX mice.
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Fig. 4. 
Effect of a chronic treatment of 6-mo ATX mice with IVA (A) and METO (B) and exposure 

to voluntary PT (C) on the cerebral compliance expressed as circumferential strain (%), the 

distensibility expressed as ID (%/mmHg), and flow-mediated endothelium-dependent 

dilation of pressurized cerebral arteries. Results are means ± SE of 6 to 10 mice. *P < 0.05 

vs. 6-mo WT mice; φP < 0.05 vs. 6-mo ATX mice.
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Fig. 5. 
Correlation between endothelial flow-mediated dilation (%) observed at 12.0 ± 0.5 dyn/cm2 

and the circumferential strain (%) observed at an intraluminal pressure of 60 mmHg, in 

cerebral arteries isolated from 3- and 6-mo WT mice and ATX mice, and in 6-mo ATX mice 

treated for 3 mo with either IVA or METO, or ATX mice exposed for 3 mo to voluntary PT. 

There is a negative and significant correlation between both parameters (P = 0.0227; r = 

0.824; n = 7). Results are means ± SE.
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Fig. 6. 
A: representative example of zymography illustrating metalloproteinase-9 (MMP-9) 

activities of cerebral vessels from WT and ATX mice. B: effect of a chronic treatment of 6-

mo ATX mice with IVA or METO and after 3-mo exposure to voluntary PT on the gelatinase 

activity of cerebral vessels. Each graph represents the %changes to respective controls. 

Results are means ± SE of 6 mice. **P < 0.05 vs. 3-mo WT mice; *P < 0.05 vs. 6-mo WT 

mice; ωP < 0.05 vs. 3-mo ATX mice; ϕP < 0.05 vs. 6-mo ATX mice.
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Fig. 7. 
A: representative example of Western blot illustrating collagen I and III (Col I/III) protein 

expression of total cerebral vessels from WT and ATX mice. B: effect of a chronic treatment 

of 6-mo ATX mice with IVA or METO and after 3-mo exposure to voluntary exercise (PT) 

on Col I/III protein expression of total cerebral vessels. Each graph represents the protein 

abundancy normalized to its respective internal standard after adjustment for loading with 

Ponceau red. Results are means ΔSE of 4 mice. C: representative example of Western blot 

illustrating elastin expression of total cerebral vessels from 6-mo WT and ATX mice. D: bar 

graph of the elastin abundancy normalized to α-actin. E: representative example of cerebral 

arteries stained with Verhoeff-Van Gieson to reveal elastic fibers in black and collagen in red 

(×100). No differences were detected between cerebral arteries isolated from 6-mo WT and 

ATX mice.
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Fig. 8. 
Effect of 3-mo chronic treatement of ATX mice with IVA or METO and effect of 3-mo 

exposure to voluntary PT on the the progression of atheroclerotic lesions in the aortic arch 

and thoracic aorta. Aortic lesions quantification (A) and representative picture of Oil Red O-

stained aorta (B). Results are means ± SE of 9 –20 mice. *P < 0.05 vs. 6-mo WT mice; ωP < 

0.05 vs. 3-mo ATX mice; ϕP < 0.05 vs. 6-mo ATX mice.
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Table 2

Vessel wall lipid composition of total cerebral vessel from WT and ATX mice

3-mo WT 3-mo ATX 6-mo WT 6-mo ATX

Fatty acids, %

 Palmitic acid (C:16:0) 18.9 ± 0.8 18.8 ± 0.7 18.5 ± 0.4 18.0 ± 1.0

 Palmitoleic acid (C:16:1) 0 0 0 0

 Stearic acid (C:18:0) 19.3 ± 0.7 19.2 ± 0.2 19.7 ± 0.3 19.3 ± 0.4

 Oleic acid Ω 9 (C18:1n9) 31.2 ± 0.9 32.2 ± 0.8 31.7 ± 0.9 32.3 ± 1.4

 Oleic acid Ω 7 (C18:1n7) 5.2 ± 0.3 5.2 ± 0.1 4.9 ± 0.2 5.1 ± 0.2

 Linoleic acid (C18:2) 1.7 ± 0.5 2.2 ± 0.3 1.8 ± 0.5 2.2 ± 0.3

 Linolenic acid Ω 6 (C18:3n6) 0 0 0 0

 Linolenic acid Ω 3 (C18:3n3) 0 0 0 0

 Homo-γ-linoleic acid (C20:3n6) 0 0 0 0

 Arachidonic acid (C20:4) 9.9 ± 0.3 9.7 ± 0.3 9.9 ± 0.2 9.9 ± 0.2

 Eicosapentaneoic acid (C20:5) 0 0 0 0

 Decosahexanoic acid (C22:6) 13.7 ± 0.5 12.8 ± 0.7 13.5 ± 0.4 13.2 ± 0.2

Total cholesterol, μg/mg 7.0 ± 0.3 7.3 ± 0.6 NA NA

Results are means ± SE for n = 4. Fatty acid composition in phospholipids is expressed as the percentage of total fatty acids detected by gas 
chromatography coupled with flame ionisation detection. Total free cholesterol was quantified by colorimetric detection (μg/mg). NA, not 
available.
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