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B6D2F1 Mice Are a Suitable Model of Oxidative
Stress—Mediated Impaired Endothelium-Dependent
Dilation With Aging

Lisa A. Lesniewski, Melanie L. Connell, Jessica R. Durrant, Brian J. Folian, Martin C. Anderson,
Anthony J. Donato, and Douglas R. Seals

Department of Integrative Physiology, University of Colorado at Boulder.

To determine if BOD2F1 mice represent a suitable model of oxidative stress—mediated impaired endothelium-dependent
dilation (EDD) with aging, mice were studied at 6.9 + 0.3 and 31.9 + 0.6 months. EDD to acetylcholine (ACh) was 26%
(p <.001) and 12% (p < .001) lower, respectively, in isolated carotid (n = 10-11) and femoral (n = 10) arteries from older
mice, and reductions in arterial pressure to systemic ACh infusion were smaller in older mice (n = 6-10; p < .01). Nitro-
tyrosine was marked in aorta of older mice (p < .05, n = 4). Superoxide production in carotid arteries was greater (p <
.05), and TEMPOL restored dilation in carotid arteries and systemically in older mice. N9-nitro-L-arginine methyl ester
(L-NAME) reduced carotid artery dilation in young more than older mice, whereas TEMPOL restored the effects of L-
NAME in older mice. Carotid artery stiffness was increased in older compared with young mice (p = .04). Our results
provide the first comprehensive evidence that B6D2F1 mice are a useful model for investigating mechanisms of reduced
nitric oxide—dependent, oxidative stress—associated EDD and increased arterial stiffness with aging.
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MPAIRED endothelium-dependent dilation (EDD) is a

central feature of vascular endothelial dysfunction and is
associated with increased risk of future cardiovascular
events (1-4). EDD is reduced in older adults in the absence
of clinical cardiovascular disease or major risk factors
(1-4), suggesting an independent adverse effect of aging on
endothelial function. The age-associated reduction in EDD
is observed in both peripheral conduit arteries (5) as well as
in central (6) and peripheral (7-10) resistance vessels. It is
not known if this reflects systemic arterial endothelial dys-
function because of the difficulty in studying the latter in
humans.

The mechanisms underlying impaired EDD with aging in
humans are incompletely understood, but several lines of
evidence support a prominent role for oxidative stress.
These include increased vascular endothelial abundance of
nitrotyrosine, a cellular marker of oxidative stress, in healthy
older adults (11), and the ability of acute infusions of anti-
oxidants to restore EDD to normal (i.e, young adult) or
near-normal levels in older adults (5,8). Oxidative stress im-
pairs EDD in older adults, at least in part, by reducing the
bioavailability of nitric oxide (NO), a potent endothelium-
derived signaling molecule (8). The decrease in NO-
mediated dilation with aging is not caused by reduced
vascular smooth muscle sensitivity to NO because dilation
in response to “NO donors” such as sodium nitroprusside
(SNP, i.e, “endothelium-independent dilation”) is preserved
in healthy older adults (5,7,8,12).

The clinical importance of age-associated reductions in
EDD combined with the inherent limitations of studying

mechanistic processes in humans, particularly in healthy
older adults, have lead to the use of animal models to ad-
dress issues on this topic. Much of the work to date has been
performed on the Fischer 344 rat model of aging (13-16).
However, increasing interest in mouse models has resulted
in recent investigations using C57BL/6 mice (17-20), the
most commonly used mouse model of aging (21).

Despite its utility, there are some potential limitations as-
sociated with the use of the C57BL/6 mouse to study
changes in EDD with aging. First, the results of the initial
studies using this model have been inconsistent, with either
reduced (19,20) or unchanged (17,18) EDD observed in ar-
teries of older mice. Second, in 2006 the National Institute
on Aging announced that C57BL/6 mice of various ages
would be available for purchase from their subsidized colo-
nies only by investigators with active grants in which use of
these mice is approved (NOT-AG-06-012 (22)), thus limit-
ing their availability to a small group of specifically funded
investigators. There also may be legitimate concerns about
basing observations solely on this single inbred strain of
mice (23). Collectively, these points suggest that it may be
useful to establish other mouse models of impaired EDD
with aging.

The long-lived B6D2F1 hybrid mouse may represent a
suitable model of vascular endothelial dysfunction with ag-
ing. Older B6D2F1 mice demonstrate increased arterial
stiffness (24), another clinically important expression of
vascular aging that frequently covaries with impaired EDD
in humans (25). Concerns with overuse of inbred strains
like the C57BL/6 mouse also would be lessened with the
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use of this model. However, it is unknown if senescent
B6D2F1 mice demonstrate oxidative stress—dependent re-
ductions in EDD as observed with human aging.

Accordingly, the overall goal of the present study was to
test this hypothesis. Because the B6D2F1 hybrid has a lon-
ger lifespan than the C57BL/6 mouse (10% survival at 39 vs
32 months, respectively), we chose to study the older mice
at approximately 30 months, an age that corresponds to a
50%—75% survival rate. This is a survival rate similar to that
observed in the C57BL/6 mouse at 24-26 months of age
(26). Our first aim was to determine if older B6D2F1 mice
exhibit reduced EDD in central (carotid) and peripheral
(femoral) arteries studied ex vivo compared with young
adult animals. If so, our second aim was to determine if
older B6D2F1 mice also demonstrate reduced systemic ar-
terial EDD in the conscious state in vivo. The third aim was
to determine if these reductions in EDD in older B6D2F1
mice are associated with evidence of oxidative stress and
reduced NO bioavailability. A fourth aim was to determine
if endothelium-independent dilation (EID) is preserved in
older B6D2F1 mice in the face of reductions in EDD, as is
the case with human aging. Finally, given the aforemen-
tioned evidence of arterial stiffness in older B6D2F1 mice
(24), we took the opportunity to determine if the hypothe-
sized age-associated reductions in carotid and femoral
artery EDD in our B6D2F1 mice would be associated
with evidence of increased stiffness in one or both of these
arteries.

METHODS

Animals

Young (6-9 months) and older (29-34 months) male
B6D2F1 mice were obtained from the National Institute on
Aging rodent colony. All mice were housed in an animal
care facility at the University of Colorado at Boulder (UCB)
on a 12:12 light:dark cycle and fed standard rodent chow ad
libitum. All animal procedures conformed to the Guide to
the Care and Use of Laboratory Animals (National Institutes
of Health publication no. 85-23, revised 1996) and were
approved by the UCB Animal Care and Use Committee.

EDD and EID in Isolated Carotid and Femoral Arteries
Studied Ex Vivo: Effects of Oxidative Stress and NO
Bioavailability

Measurements of EDD and EID in isolated vessels studied
ex vivo were performed using a modification of the methods
described previously by d’Uscio and colleagues as well as
Muller-Delp and colleagues (14,27). Mice were euthanized
by exsanguination via cardiac puncture while under isoflu-
rane anesthesia. Both the right and left carotid arteries (n =
7—11 per group) were excised and placed in myograph cham-
bers (DMT Inc., Atlanda, GA) containing EDTA-buffered
physiological saline solution (PSS), cannulated onto glass

micropipettes and secured with nylon (11-0) suture. Both
right and left femoral arteries (n = 5—11 per group) were ex-
cised from the mouse and placed in cold (4°C) PSS until ca-
rotid artery studies were completed. Once cannulated, both
carotid and femoral arteries were warmed to 37°C and pres-
surized to 50 mm Hg intraluminal pressure and allowed to
equilibrate for 1 hour. All arteries then were submaximally pre-
constricted with phenylepherine (2 uM) because the arteries
do not exhibit spontaneous tone. Increases in luminal diame-
ter in response to increasing concentrations of the endotheli-
um-dependent dilator acetylcholine (ACh: 1 x 10 to 1 x
10~* M) and endothelium-independent dilator SNP (1 x 10-1°
to 1 x 10™* M) were determined. We chose to conduct all
follow-up responses solely in the carotid artery because it
displayed a greater degree of dysfunction in the older mice.
Responses to ACh were repeated in the presence of the NO
synthase inhibitor NC-nitro-L-arginine methyl ester (L-NAME,
0.1 mM, 30-minute incubation) to determine the contribution
of NO. To determine the role of oxidative stress in age-related
declines in vascular function, these same responses were re-
peated in the contralateral vessel following a 60-minute
incubation in the presence of the superoxide dismutase (SOD)
mimetic TEMPOL (1 mM) (17,28,29).

Data presentation.—All functional data are presented on
a percent basis. Preconstriction was calculated as percentage
of maximal diameter according to the following formula:

D —-D
Preconstriction (%) = “‘D—b x100.

m

Vasodilator responses were recorded as actual diameters
and expressed as a percentage of maximal response accord-
ing to the following formula:

D —-D
Relaxation (% ) = ———2x100.
D D

m b

where Dy, is maximal inner diameter at 50 mm Hg, Dj is the
steady-state inner diameter recorded after the addition of
drug, and Dy, is the steady-state inner diameter following
preconstriction before the first addition of drug (14).

Systemic EDD and EID in the Conscious In Vivo State:
Effects of Oxidative Stress

Measurements of systemic EDD and EID in the conscious
in vivo state were performed using the model established
previously by Cernadas and colleagues (30). Mice (n = 6-10
per group) were anesthetized (3 mg/kg, intraperitoneally)
with xylazine (1.5 mg/mL), ketamine (7.5 mg/mL), and
acepromazine (0.005 mg/mL), and right carotid artery and
dual left jugular venous catheters were surgically implanted
(microrenthane tubing ID 0.025, Braintree Scientific, Brain-
tree, MA). Heparinized saline-filled catheters (31) were tun-
neled to the dorsal surface of the neck and secured under the
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skin. The following day, catheters were externalized and
mice were placed in a restrainer (Braintree Scientific). Ca-
rotid artery blood pressure was measured using an external
pressure transducer (Becton Dickinson, Franklin Lakes,
NIJ) coupled to a Gould amplifier and Windaq data acquisi-
tion system with mice in the conscious state. Mean arterial
pressure was measured preinfusion and in response to
intravenous infusion of ACh (0.05, 0.1, 0.15, 0.25, 0.5,
and 0.75 mg/kg) and SNP (0.05, 0.1, 0.2, 0.4, 0.6, and
0.8 mg/kg). Doses were administered via jugular catheters
using a Harvard pump (Kd Scientific, Holliston, MA)
(15 pL/min). The magnitude of the reductions in mean ar-
terial pressure from baseline in response to ACh was taken
as a measure of systemic EDD, whereas the reductions in
arterial pressure in response to SNP were used as a mea-
sure of systemic EID (30). Following ACh, TEMPOL was
administered to experimentally reduce superoxide concen-
trations as described above. TEMPOL (100 mg/kg, bolus)
was infused 15 minutes prior to ACh dose responses (32).
All dose responses were repeated three times, and the
mean data for each mouse were used in the analysis. The
effects of NO bioavailability on age-related differences in
EDD could not be determined in this model because doses
of L-NAME sufficient to block NO systemically caused
increases in mean arterial pressure detrimental to the health
of the animal.

Nitrotyrosine

Thoracic aortas were used to determine nitrotyrosine
abundance as a marker of vascular oxidative stress because
the carotid arteries of the mice do not yield sufficient pro-
tein for Western blot analysis (30). The vessels were ex-
cised, cleared of surrounding tissues while maintained in
4°C physiological saline, quickly frozen in liquid nitrogen,
and stored at —80°C. The frozen aortas were pulverized over
liquid nitrogen and homogenized in ice-cold RIPA lysis
buffer (0.5 M Tris—HCI, pH 7.4, 1.5 M NaCl, 2.5% deoxy-
cholic acid, 10% NP-40, 10 mM EDTA, 1 mM NaF, 1 mM
sodium ortovanadate, | mM phenylmethylsulfonylfluoride)
containing protease (Protease Inhibitor Cocktail Tablet,
Roche, Indianapolis, IN) and phosphatase (0.01% phos-
phatase inhibitor cocktail, Sigma, St. Louis, MO) inhibitors
(17,33,34). Protein concentrations of the lysates were deter-
mined by BCA colorimetric protein assay (Pierce, Rock-
ford, IL). Fifteen micrograms of protein containing 1 M
DTT was loaded into polyacrylamide gels, separated by
electrophoresis, and transferred onto a nitrocellulose mem-
brane. The membrane was blocked in 5% nonfat dry milk in
Tris-buffered saline (TBS) with 0.05% Tween (TBST) for 1
hour. Following blocking, the membrane was washed with
TBST and nitrotyrosine expression was measured by stan-
dard western blotting techniques using a monoclonal pri-
mary antibody (Abcam, Cambridge, MA), HRP-conjugated
secondary antibody (Jackson Immunological, West Grove,

PA) and Supersignal ECL (Pierce). Bands were visualized
using a digital acquisition system (ChemiDoc-It, UVP Inc,
Upland, CA), and quantification was performed using Vi-
sionWorks software (UVP Inc). Data are presented normal-
ized to GAPDH protein expression to account for differences
in protein loading (n = 4 aortas per age group). Nitrotyrosine
can have bands at 180, 55, and 25 kDa, and although we did
not see the 180-kDa band in our mouse aortic lysates, the
55- and 25-kDa bands displayed a similar pattern. For analy-
sis, the 55- and 25-kDa bands were quantified and normal-
ized to GAPDH protein expression, and the mean normalized
value for each sample was used in the statistical analysis.
Blots were replicated in triplicate.

Dihydroethidium Staining for Superoxide

Dihydroethidium (DHE) staining was performed on frozen
unfixed vessel sections to evaluate in situ superoxide in ca-
rotid arteries (35,36). Carotid arteries from young and older
mice (n =5 per group) were excised and frozen in optimal
cutting temperature media (Fisher Scientific, Pittsburgh, PA)
in liquid nitrogen—cooled isopentane. Serial sections (7 pm)
were rehydrated with PBS or PBS containing 1 mM TEM-
POL for 10 minutes. A 2 uM DHE solution, with and without
TEMPOL, was then applied to the sections with unaltered
PBS applied to one section as a control. The sections were
then incubated at 37°C in a dark humid chamber for 30 min-
utes. The slides were rinsed and allowed to air-dry in the dark
before 4',6-diamidino-2-phenylindole (DAPI) mounting me-
dium and a cover slip were applied. Images were obtained un-
der light of 550 nm using a Nikon Eclipse E600W microscope
and analyzed using MetaMorph 7.1 imaging software. Be-
cause the background autofluorescence of carotid artery sec-
tions was higher in young compared with older mice (911 +49
vs 390 £ 41 AU), the data are presented normalized to the fluo-
rescence of the DHE sample according to the following for-
mula: [DHEi — (DHE + TEMPOL)i]/DHE:i x 100, where DHE
is the fluorescent intensity of the section incubated in DHE
alone and (DHE + TEMPOL)i is the fluorescent intensity of
the section incubated in DHE following a 10-minute pretreat-
ment with TEMPOL.

Stiffness Measurements in Isolated Carotid and Femoral
Arteries

Carotid (n = 9-11 per group) and femoral (n = 5-10 per
group) arteries were incubated in Ca*-free PSS for 1 hour,
Lumen diameter and medial wall thickness were measured in
response to increases in intraluminal pressure (5 and 20-
200 mm Hg, in 20 mm Hg increments). Passive pressure—
diameter relations were expressed relative to lumen diameter
measured at 100 mm Hg to account for age-associated differ-
ences in baseline diameter. Circumferential stress, stretch, and
incremental stiffness were calculated as previously described
(14). Wall thickness was measured at each pressure increment
and used in the calculation of circumferential stress.
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Statistics

For animal and vessel characteristics and aortic nitroty-
rosine abundance, group differences were determined by one-
way analysis of variance (ANOVA). For all dose responses,
group differences were determined by repeated measures
ANOVA. For variables in which a significant interaction or
main effect for group were found, one-way ANOVA was used
to determine group differences at individual doses or pressures.
Dunnett’s T3 post hoc test for unequal variances was used
where appropriate. Potential bivariate relations of interest be-
tween variables were assessed using Pearson product-moment
correlation analyses. Data are presented as mean + standard
error of the mean. Significance was set at p <.05.

RESULTS

Age, Body Mass, and Resting Arterial Blood Pressure

The mean ages at which mice were studied were 6.9 + 0.3
months (young) and 31.9 + 0.6 months (older). Body mass
was not different between age groups (young: 34.6 + 0.6 vs
older: 33.7 + 0.7 g, p = .34). Conscious mean arterial
pressure was not different in young and older mice (young:
130 £ 1 vs older: 136 + 3 mm Hg, p = .26).

Lumen Diameter and Medial Wall Thickness in Isolated
Carotid and Femoral Arteries

Lumen diameter was greater in the carotid arteries of the
older animals (young: 403 £ 4 vs older: 431 = 8 um, p =.004),
whereas medial wall thickness (young: 39 £ 7 vs older: 41 +
6 um, p =.35) and the medial wall to lumen ratio (wall thick-
ness/lumen diameter x 100) (young: 9.4 + 2.1 vs older: 9.5 £
1.6, p = .35) did not differ between groups. Lumen diameter
was not different in the femoral arteries of the young and older
mice (young: 411 + 5 vs older: 417 £ 11, p = .60), whereas
medial wall thickness (young: 31 £ 5 vs older: 40+ 8, p =.03)
and the medial wall to lumen ratio (young: 7.7 + 1.3 vs older:
10.0 £ 1.8, p = .03) were greater in the older mice.

Isolated Carotid and Femoral Arteries of Older B6D2F 1
Mice Demonstrate Impaired EDD With Preserved EID

Preconstriction, expressed as a percent of maximal diam-
eter, to phenylephrine was not different in the carotid arter-
ies from young and older mice (p = .33). The subsequent
maximal carotid artery dilation in response to ACh was 26%
lower in the older mice (p < .001) (Figure 1A), whereas there
was no significant difference in sensitivity (The half maxi-
mal inhibitory concentration (ICsp); young: 6 x 109 + 3 x
109 vs older: 1.8 x 108 £ 1.2 x 10-8 M, p = .34). There were
no differences in dilation to SNP in the carotid arteries of
young and older mice (p = .51, Figure 1B).

Preconstriction to phenylephrine was not different in
the femoral arteries from young and older mice (p = .83).
The subsequent maximal femoral artery dilation in response

to ACh (1 x 10~ M) was 12% lower in the older mice
(p < .001) (Figure 2A), whereas there was no significant
difference in sensitivity to ACh (ICsy: young: 1 x 1078 +
0.4 x 108 vs older: 4 x 108+ 1 x 10-® M, p = .10). There
were no differences in dilation to SNP in the femoral arteries
of young and older mice (p = .18, Figure 2B).

Collectively, these results demonstrate that EDD is re-
duced in carotid and femoral arteries of older B6D2F1 mice,
whereas EID is preserved.

Older B6D2F 1 Mice Demonstrate Impaired Systemic EDD
With Preserved Systemic EID in the Conscious In Vivo
State

There were no differences in mean arterial pressure be-
tween the young and older mice before infusion (p = .26,
Figure 3A). Incremental intravenous infusion of ACh re-
duced mean arterial pressure in a curvilinear, dose-dependent
manner in both groups with saturation of the response oc-
curring at the higher doses (p = .001, Figure 3A). The re-
ductions in mean arterial pressure from baseline during the
steep portion of the dose—response curve (0.05, 0.10, 0.15,
0.25 mg/kg ACh) were smaller in the older mice (p < .05,
Figure 3A). Older mice were less sensitive to systemic infu-
sion of ACh (ICsp—young: 0.04 + 0.01, older: 0.11 £ 0.02,
p =.03). Pre-ACh infusion, heart rate was lower in the older
compared with young mice (Figure 3B, p = .02). Heart rate
also tended to be lower in older mice during the infusion of
ACh (p = .06, Figure 3B). In contrast, the reductions in
mean arterial pressure in response to incremental infusion
of SNP were similar in the young and older mice (p = .72,
Figure 3C). Pre-SNP infusion, heart rate did not differ be-
tween young and older mice (p = .2, Figure 3D), whereas
during the infusion heart rate was lower in the older mice at
the highest doses of SNP (p < .03, Figure 3D). Prior infu-
sion of ACh reduced heart rate approximately 33% in both
young and older mice, likely due to a prolonged direct ef-
fect of ACh on heart rate (37). Nevertheless, similar differ-
ences (50-60 beats per minute) in preinfusion heart rate
between young and older mice were found for both ACh
and SNP responses. These observations demonstrate that
systemic EDD is reduced in older B6D2F1 mice in vivo in
the conscious state, whereas systemic EID is preserved.

Vascular Oxidative Stress Develops With Increased
Superoxide Production in Older B6D2F1 Mice and
Mediates Impaired EDD via Reduced NO Bioavailability
Abundance of nitrotyrosine in the thoracic aorta was
marked in the older mice, but low in the young mice
(p = .04, Figure 4A). Consistent with this, carotid arteries
from older mice demonstrated a greater relative reduction in
the fluorescent signal elicited by DHE when pretreated with
TEMPOL (p = .02, Figure 4B), indicative of increased su-
peroxide production in older compared with young mice.
These data provide molecular evidence for the development
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Figure 1. Reduced endothelium-dependent dilation, with preserved endothelium-independent dilation in the carotid arteries of older (O, 29-34 months) compared
with young (Y, 6-9 months) B6D2F1 mice. (A) Dose—response dilations to the endothelium-dependent vasodilator, acetylcholine, in isolated carotid arteries from young
(n=10) and older (n = 11) mice. (B) Dose—response dilations to the endothelium-independent vasodilator sodium nitroprusside (Y: n =7, O: n = 10). For dose-response
relations with significant (p < .05) main effects for group or interaction, asterisk denotes significant (p < .05) differences between age groups at particular doses.

of vascular oxidative stress linked to increased superoxide
production with aging in B6D2F1 mice.

To examine the role of vascular oxidative stress in the re-
duced EDD of older B6D2F1 mice, we measured dilation in
response to ACh in the absence versus presence of the SOD
mimetic TEMPOL. TEMPOL did not affect the baseline di-
ameter of the isolated arteries (young: p = 1.0, older: p = 1.0)
or blood pressure (young: p = .5, older: p = .3) in young or
older mice. TEMPOL restored EDD in the isolated carotid
(young vs older: p = .51, Figure 4C) and femoral (young vs
older: p = .78, data not shown) arteries of older mice to levels
observed in young animals, as well as in the intact conscious
animals in vivo (young vs older with TEMPOL: p = 1.0,
Figure 4D). These findings indicate that the reductions in
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EDD in both isolated large conduit arteries and systemically
in the older animals were mediated by oxidative stress.

In young mice, carotid artery dilation in response to
ACh was reduced by 51% after pretreatment with the NO
synthase inhibitor L-NAME compared with ACh alone
(p < .001, Figure 5A). In contrast, the reduction in carotid
artery dilation to ACh after pretreatment with L-NAME was
much less in the older mice and was observed only at selec-
tive doses (108 to 10-° M ACh, p < .03, Figure 5C). Follow-
ing pretreatment with TEMPOL, the L-NAME-associated
reduction of the carotid artery dilatory response to ACh was
only slightly augmented in the young mice (from 51% to
59%, p = .78 with vs without TEMPOL, Figure 5B), whereas
in the older mice TEMPOL administration evoked a much
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Figure 2. Reduced endothelium-dependent dilation, with preserved endothelium-independent dilation in the femoral arteries of older (O, 29-34 months) compared
with young (Y, 6-9 months) B6D2F1 mice. (A) Dose—response dilations to the endothelium-dependent vasodilator, acetylcholine, in isolated femoral arteries from young
(n =10) and older (n = 10) mice. (B) Dose-response dilations to the endothelium-independent vasodilator sodium nitroprusside (Y: n =7, O: n = 8). For dose—response
relations with significant (p < .05) main effects for group or interaction, asterisk denotes significant (p < .05) differences between age groups at particular doses.
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Figure 3. Reduced systemic endothelium-dependent dilation, with preserved systemic endothelium-independent dilation of older (O, 29-34 months) compared
with young (Y, 6-9 months) B6D2F1 mice. (A) Dose—response reductions in mean arterial pressure to intravenous administration of the endothelium-dependent va-
sodilator, acetylcholine (ACh), in young (n = 6) and older (n = 6) mice. (B) Heart rate responses to the intravenous infusion of ACh in young (n = 5) and older (n =
5) mice. (C) Dose-response reductions in mean arterial pressure to intravenous administration of the endothelium-independent vasodilator sodium nitroprusside
(SNP; Y: n =8, O: n = 6). (D) Heart rate responses to the intravenous infusion of SNP in young (n = 12) and older (n = 10) mice. For dose-response relations with
significant (p < .05) main effects for group or interaction, asterisk denotes significant (p < .05) differences between age groups at particular doses.

larger L-NAME-associated reduction in the dilatory response
to ACh (from 22% to 53%, p = .03 with vs without TEMPOL,
Figure 5D).

Collectively, these observations demonstrate that the im-
paired EDD in isolated carotid arteries from older B6D2F1
mice is mediated in part by oxidative stress—associated re-
ductions in NO bioavailability.

Isolated Carotid, but not Femoral, Arteries of Older
B6D2F1 Mice Demonstrate Increased Stiffness

The passive distention of isolated carotid arteries in re-
sponse to the higher intraluminal pressures was less in ca-
rotid arteries of the older mice compared with the young
controls (p < .05, Figure 6A). Circumferential stretch was
greater in the carotid arteries of the older mice at 20—, 40—,
60—, 80—, and 100—mm Hg intraluminal pressures (p < .05,
Figure 6B), whereas there were no differences in circumfer-

ential stress (p = .47, Figure 6B). As a result, incremental
stiffness was 35% greater in the carotid arteries of the older
mice (p = .04, Figure 6C). In contrast to the carotid arteries,
there was no increase in the incremental stiffness in the
femoral arteries of older mice (young: 15.1 = 3.2 vs older:
14.3 £3.7 AUs, p = .84).

Correlations

In the pooled group of young and older animals, isolated
carotid and femoral artery EDD were not significantly
related to lumen diameter, wall thickness, or stiffness
(p > .05). There also were no significant relations within the
groups of young and older animals.

DiscussioN
In the present study we used a combination of ex vivo
and in vivo studies to demonstrate reductions in EDD in



ENDOTHELIAL FUNCTION IN AGED B6D2F1 MICE

>

Thoracic Aorta
40 *

30+

20 4

10 1

Nitrotyrosine (NT) / GAPDH (AUs)

ol ei—

Young Older
Young Older

55 kD
NT
25 kD

C 100
80
g
c 60 =
=]
S
©
S 40+
@
=
20 —e—Y
—0—o0
—»— Y TEMPOL
—4A— O TEMPOL
0 T r

Pe 9 -8 7 -6 5 -4
Acetylcholine [log M]

15

B Carotid Artery

—~ 604 o
£3 ‘I‘
o4
m E
o W
8 = a0

- -
n =
e 2
s o
o 2
T o
»x O
8 g 20 -
2o
s =2
[

0 - T
Young Older
D 160 =
—e—Y
—0—0
— —v— Y TEMPOL
o 1404
T —A— O TEMPOL
£
= 1204
g
3
w
w
L 100 -
o
8
—_
i) 80 -
<
c
@
= 60 -
40

P;e O.EJS 0.l1 0.155 0,I25 075 0.l75
Acetylcholine (mg/kg)

Figure 4. Vascular oxidative stress develops in older B6D2F1 mice and mediates impaired endothelium-dependent dilation. (A) Increased nitrotyrosine abundance
in the thoracic aorta of older mice measured by western blot analysis. Data are normalized to GAPDH protein expression to account for differences in protein loading.
The summary graph represents the mean quantification of the 55- and 25-kDa bands (n = 4 per group). The 55- and 25-kDa bands of a representative blot are shown
below the summary graph. Asterisk denotes a significant group difference (p < .05). (B) Increased superoxide in carotid arteries of older mice indicated by a larger
reduction in dihydroethidium staining in older compared with young mice following inhibition with the superoxide dismutase mimetic, TEMPOL (n = 5 per group).
Asterisk denotes a significant group difference (p < .05). (C) Dose—response dilations to acetylcholine (ACh) in the absence (n = 10 per group) or presence (n =9 per
group) of TEMPOL in isolated carotid arteries of young (Y) and older (O) mice. Asterisk denotes significant (p < .05) differences between TEMPOL-treated and
untreated responses in older mice. (D) Systemic endothelium-dependent dilation to intravenous ACh infusion in the absence (n = 6 per group) or presence (n = 6 per
group) of TEMPOL. Asterisk denotes significant (P < .05) differences between TEMPOL-treated and untreated responses in O mice.

older B6D2F1 mice. Specifically, we showed that EDD, as
determined by responses to the endothelium-dependent di-
lator ACh, was reduced in a large elastic artery (carotid), in
a large muscular artery (femoral), and in the systemic arte-
rial circulation of older animals. We also demonstrated that
the decreased EDD in older B6D2F1 mice is associated

with vascular oxidative stress and increased superoxide
production and that oxidative stress reduces EDD in these
animals by decreasing NO bioavailability. Finally, we
showed that, as is the case with human aging, EID is pre-
served in older B6D2F1 mice in the face of reductions in
EDD. Overall, our results establish the first experimental



16 LESNIEWSKI ET AL.
A Y B
—O— Y L-NAME E ACh
1007 —»— v TEMPOL 100 7 L-NAME
—A— Y TEMPOL+L-NAME
80 8 80
— [$]
S 3 ~
~ c °
c 604 T & 60 *
o < Z
5 S s :
3 40 E g 40
©
S £
20 1 s 20
0 A T T T T T - 0
Pre -9 -8 -7 -6 -5 -4 No Tx TEMPOL
Acetylcholine [log M]
c -0 D
—0— O L-NAME
100 4 —¥— O TEMPOL 100 q
—A— 0 TEMPOL+L NAME . ACh
[ L-NAME
80 ° 80
—~ (&)
S 3 ~
~ c °
c 60 T & 604 *
ke < c
s S s
S 40- E 2 401
©
g £
20 S 20
0 o - - 0
Pre -9 -8 -7 -6 -5 -4 No Tx TEMPOL

Acetylcholine [log M]

Figure 5. Reducing superoxide (oxidative stress) restores endothelium-dependent dilation in carotid arteries of older B6D2F1 mice by improving nitric oxide
(NO) bioavailability. Dose-response dilations of carotid arteries to acetylcholine (ACh) in the absence (n = 10 per group) or presence (n = 7 per group) of the NO
synthase inhibitor NO-nitro-L-arginine methyl ester (L.-NAME) and/or the superoxide dismutase mimetic TEMPOL in (A) young (Y) and (C) older (O) mice. Maximal
dilation to ACh in the carotid arteries of (B) young and (D) older mice following either no treatment (No Tx: n = 10 per group) or pretreatment (n = 7 per group) with
TEMPOL in the absence or presence of L-NAME. Asterisk denotes significant (p < .05) differences in maximal dilation following L-NAME inhibition (p < .05).

support for the idea that B6D2F1 mice, a long-lived mouse
model of aging, represent a useful model for investigating
the mechanisms of age-associated oxidative stress—mediated
impaired EDD.

Aging and EDD in Isolated Arteries

Previous studies of the effects of aging on large central
artery EDD using rodent models, particularly mouse models,
have reported inconsistent results. In the C57BL/6 mice, im-
paired EDD has been observed in older animals in some
cases (19,20), but not others (18). In one study in which im-
paired EDD was observed, an age-associated decrease in
EID (i.e, vascular smooth muscle sensitivity to NO) also was
found in the older animals (19). Age-related reductions in
large elastic artery EDD also have been reported in 129/SvJ
wild-type mice (38) and F344 rats (16). Based on this previ-
ous work, we believe that the dilatory response of the carotid

arteries of older B D2F1 mice to ACh represents an effective
model of reduced large elastic artery EDD with aging.

In the present study, we found a decrease in femoral ar-
tery EDD in older B6D2F1 mice. To our knowledge, this is
the first report of reduced EDD in a large muscular conduit
artery with aging in rodents. An earlier study in female
Ro-Ro Wistar rats found that aortic, but not femoral, rings
of older animals demonstrated reduced EDD compared with
young animals (39). This is of interest because in the pres-
ent study we found a greater % reduction in EDD with
aging in the carotid, compared with the femoral artery.
Together, the observations from these two studies suggest
the possibility of greater age-related declines in EDD
in large elastic arteries than in large muscular arteries, at
least in rodents. The previous study on Wistar rats (39)
postulated that such differences may provide a basis for the
differential anatomical development of atherosclerosis with

aging.
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Figure 6. Increased stiffness in isolated carotid arteries of older B6D2F1
mice. (A) Passive pressure—diameter relations in isolated carotid arteries from
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interaction between group and pressure. Asterisk denotes significant (p < .05)
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group). There was a significant (p < .05) interaction between group and pressure
for circumferential stretch. Asterisk denotes significant (p < .05) differences in
stretch between age groups at particular pressures. No significant differences
were found for circumferential stress. (C) Incremental stiffness is greater in
older B6D2F1 mice compared with young mice (n = 10 per group). Asterisk
denotes significant differences (p < .05).

Aging and EDD In Vivo

In the present investigation, we used the reduction in
mean arterial pressure to intravenous administration of ACh
to demonstrate reductions in systemic arterial EDD in older
B6D2F1 mice, an experimental approach used previously in
young and older F344 rats (30). In the latter study, the hy-
potensive responses to bradykinin, another endothelium-
dependent dilator, also were smaller in the older animals.
Reduced dilatory responses in resistance vessels may be re-
sponsible for our observations of impaired systemic arterial
EDD with aging, although this cannot be directly shown
using the present data. Consistent was this idea, decreased
dilation in response to ACh has been observed in skeletal
muscle and mesenteric arterioles of F344 rats with aging
(14,15,40), as well as in forearm resistance vessels of older
humans (7-10,41).

It is possible that these in vivo responses to ACh infusion
were influenced by arterial baroreflexes, which act to main-
tain mean arterial pressure within proper limits. However,
the reductions in heart rate to ACh and SNP were greater in
older mice, whereas the reductions in blood pressure were
smaller or similar in older and young mice in response to
ACh and SNP, respectively. This dissociation of events sug-
gests that a baroreflex-related heart rate response cannot
explain differences in the blood pressure responses to ACh
and SNP in the young and older animals. Importantly, the
smaller reduction in blood pressure in response to ACh in
the older animals in vivo is consistent with the smaller va-
sodilatory response in the isolated carotid and femoral ar-
teries of the older animals, whereas both the in vivo blood
pressure and isolated artery vasodilatory responses to SNP
were similar in the young and older animals. Indeed, the
observation that the hypotensive response to intravenous
SNP was similar in young and older B6D2F1 mice in the
present investigation, as observed previously in F344 rats
(30), indicates that differences in arterial baroreflexes do
not explain the impaired dilatory response to ACh in the
older animals.

Thus, although we recognize that the experiments are not
definitive, the results of the in vivo studies are consistent
with the idea of age-associated reductions in systemic EDD.
This is important because it would be difficult to study these
responses in humans given the inherent risks associated
with systemic infusions of vasodilators, particularly for
older adults.

It should be noted that the arterial pressures we recorded
in our conscious animals were dampened to a large degree
by the length of tubing that extended from the mouse and
the relatively large volume of fluid in the external pressure
transducer. Although every effort was made to minimize
the length of this fluid column, the dampening of the signal
resulted in an attenuation of the pulse pressure to ~2 to
10 mm Hg compared with pulse pressures of 30-45 mm Hg
recorded in anesthetized B6D2F1 mice using an indwell-
ing pressure transducer (24). As a result, the systolic and
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diastolic pressures recorded likely were not accurate and
we, therefore, reported only the arithmetic mean pressures
recorded at baseline and during the dose responses. Impor-
tantly, we repeated all dose responses three times and found
the measured pressures to be highly reproducible between
trials. As such, we used the mean values from the three
trials.

Aging and EDD: Oxidative Stress and NO Bioavailability

Multiple lines of evidence from ex vivo and in vivo stud-
ies in both humans and experimental animals indicate that
vascular oxidative stress develops with aging and is respon-
sible for the associated reductions in EDD (5,8,16,34,42,43).
We recently demonstrated increased nitrotyrosine, a cellular
marker of oxidative stress, in endothelial cells obtained
from the brachial artery of older compared with young
healthy men (11). The present finding of increased nitroty-
rosine in the aortas of older B6D2F1 mice is consistent with
these observations in humans. Moreover, administration of
antioxidants improves EDD in both conduit arteries and re-
sistance vessels of older humans (5,8). The results of the
present study that TEMPOL, a SOD mimetic, restored EDD
in isolated conduit arteries and in the systemic arterial cir-
culation of our older animals demonstrate that oxidative
stress plays a similar role with aging in B6D2F1 mice. Our
results with TEMPOL administration also are consistent
with observations from the present study (Figure 4B) and
previous investigations (16) that superoxide bioavailability
is increased in arteries of older animals, as well as findings
from studies using pharmacological inhibition of superox-
ide and transgenic models (16,44). Taken together, the re-
sults of the present study indicate that the B6D2F1 mouse is
an appropriate model of oxidative stress—mediated impaired
EDD with aging.

Investigations in humans have demonstrated that oxida-
tive stress impairs the dilatory responses to ACh in part
via a reduction in NO bioavailability (8). Results of some
(43,45), although not all (46), previous investigations in ro-
dents are consistent with these observations in humans. In
the present study, our experiments using L-NAME to inhibit
NO production indicate that reduced NO bioavailability is a
key mechanism by which oxidative stress reduces carotid
artery dilation in response to ACh. As such, our findings
provide support for the idea that the B6D2F1 mouse is a
useful model of oxidative stress—associated reductions in
NO bioavailability and EDD with aging.

Aging and EID

In our experiments on isolated carotid and femoral arter-
ies and the systemic arterial circulation, we found that the
responses to SNP were similar in young and older B6D2F1
mice. These findings suggest that the impaired dilatory re-
sponses to ACh in the older animals were not caused by
differences in the sensitivity of vascular smooth muscle

cells to NO, but rather to a reduced capacity for endothelium-
dependent production or bioavailability of NO. Our results
are consistent with findings of preserved dilatory responses
to SNP in humans despite age-associated impairments in
ACh-mediated EDD (5,9-12,42). Maintained dilatory re-
sponses to SNP with aging also have been observed in some
(14,16,30), but not all (19), previous studies in rodents. The
fact that EID was consistently preserved in our older ani-
mals in both our isolated vessel preparations as well as our
in vivo model despite reductions in EDD in each of these
conditions may represent an advantage of the B6D2F1
mouse.

Aging and Arterial Stiffness

The stiffness of the large elastic arteries in the cardiotho-
racic circulation, including the carotid artery, increases with
aging even in healthy adult humans (47-49). In contrast,
peripheral conduit artery stiffness does not increase with
aging in humans (47,50). Increased stiffness of large elastic
arteries also has been documented ex vivo and in vivo in
older mice (51), including older B6D2F1 mice (24). In the
present study, we found increased stiffness in carotid, but
not femoral, arteries from older B6D2F1 mice. The isolated
arteries were studied under conditions of no vascular smooth
muscle tone, suggesting that although the medial wall thick-
ness and wall to lumen ratio was unaffected by advancing
age, the mechanical properties of the carotid arteries were
altered in our older animals. Interestingly, the opposite ef-
fects were found in the femoral artery, such that medial wall
thickness and the wall to lumen ratio both were increased in
older mice, but incremental stiffness remained similar to the
young mice. Considered together, previous findings (24)
and the present results indicate that the B6D2F1 mouse is
an appropriate model of age-associated increases in large
elastic artery stiffness in the absence of peripheral artery
stiffening.

Physiological and Clinical Significance

We believe that the present findings may have both phys-
iological and clinical implications for arterial aging. Car-
diovascular diseases remain a leading cause of death in
modern societies, and vascular disorders have a key role in
clinical cardiovascular diseases (25). Vascular aging repre-
sents an important risk factor for cardiovascular diseases
(4,25). Impaired EDD is, in turn, a central feature of vas-
cular aging (25). Recently, there has been widespread use
of both wild-type and transgenic mouse models for
the study of the mechanisms of cardiovascular diseases.
The emerging understanding of the important role of vas-
cular aging in these processes (25,52,53) together with re-
strictions related to the current use of C57BL/6 mice
establish the importance of developing additional mouse
models of vascular aging, including impaired EDD. Our
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findings provide the first systematic support for the B6D2F1
mouse in this context.

CONCLUSIONS

In conclusion, the results of the present study indicate
that the B6D2F1 mouse may represent a new and useful
model of impaired EDD with aging. Our results show that
EDD is reduced in isolated carotid and femoral arteries, as
well as in the systemic arterial circulation, of older com-
pared with young adult B6D2F1 mice. Moreover, our find-
ings suggest that older B6D2F1 mice demonstrate vascular
oxidative stress associated with increased superoxide pro-
duction, that this state of oxidative stress causes reductions
in EDD, and that reduced NO bioavailability is an impor-
tant mechanism involved. Finally, our data show that large
elastic artery stiffness is increased in older B6D2F1 mice in
the absence of increases in peripheral artery stiffness. Over-
all, our results suggest that the B6D2F1 mouse can be used
effectively to study key properties of vascular aging ob-
served in humans.
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