
Mechanisms Underlying Hypertrophic Remodeling and
Increased Stiffness of Mesenteric Resistance

Arteries From Aged Rats

Ana M. Briones,1,2 Mercedes Salaices,2 and Elisabet Vila1

1Departament de Farmacologia, Terapèutica i Toxicologı́a, Facultat de Medicina, Universitat Autònoma de Barcelona and
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The mechanisms associated with structural and mechanical alterations of mesenteric resistance
arteries from aged rats were investigated by using pressure myography, confocal microscopy,
immunofluorescence, and picrosirius red staining. Arteries from old rats showed: (i) increased
wall and media thickness, greater number of smooth muscle cell (SMC) layers but decreased
density of SMC; (ii) increased number of adventitial cells; (iii) hypertrophy of nuclei of SMC and
endothelial cells; (iv) increased stiffness associated with increased total collagen content and
collagen I/III deposition in the media; and (v) similar content but changes in elastin structure in
the internal elastic lamina. Hypertrophic outward remodeling in aged rat resistance arteries
involve adventitial cells hyperplasia, reorganization of the same number of hypertrophied SMC in
more SMC layers leading to thickened media and endothelial cell hypertrophy. Fibrosis
associated with collagen deposition and changes in elastin structure might be responsible for the
increased stiffness of resistance arteries from aged rats.

THE process of aging is associated with marked changes
in the cardiovascular system that can lead to the devel-

opment of cardiovascular diseases. With age, the vascular
wall of large peripheral arteries undergoes structural
changes including stiffness, thickening of the media, and
enlargement of the lumen diameter (1–4). However, this
process is heterogeneous along the arterial tree (5–7).

Old individuals with increased arterial stiffness and ele-
vated pulse pressure have higher cardiovascular morbidity
and mortality (8). Moreover, recent evidence suggests a
relationship between pulse pressure and vascular structure in
resistance arteries (6,7). In aged rats, mesenteric resistance
arteries (MRA) show hypertrophic outward remodeling (i.e.,
increased lumen size and cross-sectional area [CSA]) asso-
ciated with stiffness of the wall components (6,7,9).
Nevertheless, the processes underlying these changes in
resistance arteries remain elusive. In aorta from aged rats,
modification in smooth muscle cell (SMC) number, in-
creased collagen deposition, and structural alterations of
elastin are characteristic features (3,4). Thus, most studies
have found that the number of SMC declines with age
(10,11), although unchanged SMC number has also been
described (12). Collagen types I and III are increased in
conductance arteries with age, and several studies suggest
a relative reduction of elastin density (3,4,13). However, an
important aspect not well addressed so far in either large or
small arteries from aged rats is the possible structural
distortion of elastin which might contribute to limit the
function of providing capacitance.

The aim of the present study was to investigate the cel-
lular and extracellular matrix (ECM) alterations underlying
hypertrophy and increased stiffness of resistance arteries

from aged rats. For this purpose, we used confocal mi-
croscopy to analyze the putative contribution of each cell
type (adventitial, smooth muscle, and endothelial) to the
thickened wall of resistance arteries from old rats. More-
over, we have studied changes in collagen and elastin, the
most important ECM proteins responsible for vascular
elasticity, in resistance vessels from these animals.

METHOD

Animals
Male Sprague-Dawley rats (Harlan Ibérica, Barcelona,

Spain) from 3 to 4 (young) and from 22 to 23 (old) months
old were used. The rats were decapitated, and the mesenteric
arcade was removed and placed in Krebs–Henseleit solution
(KHS) of the following composition (in mM): NaCl 112.0,
KCl 4.7, CaCl2 2.5, KH2PO4 1.1, MgSO4 1.2, NaHCO3

25.0, and glucose 11.1; maintained at 48C; and continuously
gassed with 95% O2 and 5% CO2. A third-order branch of
mesenteric artery was isolated from the mesenteric bed and
carefully cleaned of surrounding tissue under a dissecting
microscope.

Diastolic and systolic blood pressure measurements were
taken in rats anesthetized with sodium pentobarbitone (60
mg/Kg, i.p) by means of a Transpack (Abbot, Ireland)
transducer connected to a cannula inserted into the right
carotid artery. Pulse arterial pressure was taken as the dif-
ference between systolic and diastolic pressure. Heart rate
was derived from the arterial pulse. Blood pressure and
heart rate values used for comparison between age groups
were obtained after a 15-minutes stabilization period. The
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investigation conforms to the Guide for the Care and Use
of Laboratory Animals published by the U.S. National
Institutes of Health (NIH Publication No. 85-23, revised
1996) and with current Spanish and European laws (RD
223/88 MAPA and 609/86).

Pressure Myography
The structural and mechanical properties of MRA were

studied with a pressure myograph (Danish Myo Tech,
Model P100; J.P. Trading I/S, Aarhus, Denmark), as pre-
viously described (14). Briefly, the vessel was placed on two
glass microcannulae and secured with surgical nylon suture.
After any small branches were tied off, vessel length was
adjusted so that the vessel walls were parallel without
stretch. Intraluminal pressure was then raised to 140 mmHg,
and the artery was unbuckled by adjusting the cannulae. The
segment was then set to a pressure of 70 mmHg and allowed
to equilibrate for 60 minutes at 378C in calcium-free KHS
(0Ca2þ; omitting calcium and adding 10 mM EGTA) gassed
with a mixture of 95% O2 and 5% CO2. Intraluminal pres-
sure was reduced to 3 mmHg. A pressure-diameter curve
was obtained by increasing intraluminal pressure in 20
mmHg steps between 3 and 140 mmHg. Internal and exter-
nal diameters were continuously measured under passive
conditions (Di0Ca, De0Ca) for 5 minutes at each intraluminal
pressure. The final value used was the mean of the
measurements taken during the last 30 seconds when the
measurements reached a steady state. Finally, the artery was
set to 70 mmHg in 0Ca2þ-KHS, pressure-fixed with 4%
paraformaldehyde (PFA; in 0.2 M phosphate buffer, pH
7.2–7.4) at 378C for 60 minutes, and kept in 4% PFA at 48C
for confocal microscopy studies.

Calculation of Structural and Mechanical Parameters
From internal and external diameter measurements in

passive conditions, the following structural parameters were
calculated:

Wall thickness; WT ¼ ðDe0Ca � Di0CaÞ=2

CSA ¼ ðp=4Þ3 ðD 2
e0Ca � D 2

i0Ca Þ
Wall=lumen ¼ ðDe0Ca � Di0CaÞ=2Di0Ca

Luminal surface area (LSA) was calculated at 70 mmHg
intraluminal pressure according to the formula:

LSA ¼ 2 p L ðDi0Ca=2Þ;

where L is 1 mm length of the vessel.
Incremental distensibility represents the percentage of

change of the arterial internal diameter for each mmHg
change in intraluminal pressure and was calculated accord-
ing to the formula:

Incremental distensibility ¼ �Di0Ca=ðDi0Ca 3 �PÞ3 100:

Circumferential wall strain (�) ¼ (Di0Ca � D00Ca)/D00Ca,
where D00Ca is the internal diameter at 3 mmHg and Di0Ca is
the observed internal diameter for a given intravascular
pressure both measured in 0Ca2þ medium.

Circumferential wall stress (r) ¼ (P 3 Di0Ca)/(2WT),
where P is the intraluminal pressure (1 mmHg¼1.334 3 103

dynes/cm2) and WT is measured at each intraluminal
pressure in 0Ca2þ� KHS.

Arterial stiffness independent of geometry is determined
by Young’s elastic modulus (E ¼ stress/strain). The stress–
strain relationship is nonlinear; therefore, it is more
appropriate to obtain a tangential or incremental elastic
modulus (Einc) by determining the slope of the stress–strain
curve (Einc ¼ dr/de) (14). Einc was obtained by fitting the
stress–strain data from each animal to an exponential curve
using the equation r¼ rorig ebe, where rorig is the stress at
the original diameter (diameter at 3 mmHg). Taking
derivatives on the above equation we see that Einc ¼ br.
For a given r value, Einc is directly proportional to b. An
increase in b implies an increase in Einc, which means an
increase in stiffness.

Nuclei Distribution by Confocal Microscopy
Fixed intact arteries were incubated with the nuclear dye,

propidium iodide (10 lg/mL). After washing, the arteries
were mounted on slides with a well made of silicon spacers
to avoid artery deformation. Arteries were viewed using
a Leica TCS SP2 AOBS (Leica, Heidelberg, Germany)
confocal system fitted with an inverted microscope and
argon and helium–neon laser sources with an oil immersion
lens (363) using the 543 nm line of the microscope. Two
stacks of images of 0.5 lm-thick serial optical slices were
taken from the adventitia to the lumen in different regions
along the artery length. Individual images of the endothelial
layer were also captured. MetaMorph image analysis
software (Universal Imaging Corporation, part of Molecular
Devices Corporation, Sunnyvale, CA) was used for quan-
tification of different parameters in the x�y plane. The
adventitia and media thickness and nuclei number were
measured in the z axis as previously described (15) with
minor modifications.

The number of SMC layers in the media was measured in
orthogonal reconstructions of the arteries. SMC nuclei were
distinguished by their perpendicular orientation in the artery
wall. Several measurements were taken in different zones of
each artery and averaged.

To allow comparison between young and old rats, the
following calculations were performed on the basis of 1
mm-long segments: vessel volume (in mm3); volume¼wall
CSA (mm2) 3 1 mm; adventitial and medial volumes
(volume ¼ respective layer CSA [mm2] 3 1 mm); total
number of cells (adventitial, smooth muscle, or endothelial)
(cell n ¼ n of nuclei per stack 3 n of stacks per vessel
volume); LSA ¼ 2pdiameter/2; endothelial cell (EC)
density ¼ EC/mm2 image area; total number of EC was
calculated per luminal surface of 1 mm-long vessel, total
number EC ¼ EC/mm2 3 LSA.

Elastin Content and Organization by
Confocal Microscopy

The content and organization of elastin in MRA were
studied in maximally relaxed intact segments pressure-fixed
at 70 mmHg by using a confocal microscope as previously
described (14). Briefly, serial optical sections (stacks of
images) from the adventitia to the lumen (z step¼ 0.3 lm)
were captured with a 363oil objective (numeric aperture 1.3)
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using the 488 nm line of the confocal microscope. A
minimum of two stacks of images of different regions was
captured in each arterial segment. All the images were taken
under identical conditions of laser intensity, brightness, and
contrast.

Quantitative analysis was performed with MetaMorph
image analysis software, as described (14). From each stack
of serial images, individual projections of the internal elastic
lamina (IEL) were reconstructed and IEL thickness, total
fenestrae number, fenestra area, and relative area occupied
by elastin were measured. Fluorescence intensity values
were used as estimates of elastin concentration as previously
described (14), based on the assumption that the concentra-
tion of elastin has a linear relationship with fluorescence
intensity (16).

Collagen Determination by Picrosirius Red
Segments of MRA were removed from the mesentery and

immediately fixed in 4% PFA in phosphate buffer for 1
hour, transferred to a cryomold containing OCT embedding
medium (Tissue Tek; Sakura, The Netherlands), and frozen
in liquid nitrogen. Frozen transverse sections (10 lm) were
incubated with picrosirius red (0.1% [wt/vol] sirius red 3FB
in saturated aqueous picric acid) for 30 minutes with gentle
agitation for collagen staining (17). Color images were
captured with a microscope (Nikon Eclipse TE 2000-S, 340
objective) using a digital camera (Nikon DXM 1200F).
Quantitative analysis of collagen content was performed
with MetaMorph image analysis software. Original images
were transformed to grayscale level. Thereafter, collagen
content was estimated by subtracting the background from
the intensity values obtained in each cross-section.

Immunofluorescence
For immunofluorescence, third-order branches of the

mesenteric artery (;3 mm length) from young and old rats
were fixed with 4% phosphate-buffered PFA (in 0.2 M
phosphate buffer, pH 7.2–7.4) for 1 hour. Afterwards,
arteries were washed in three changes of phosphate-buffered
saline (PBS) solution (pH ¼ 7.4). After clearing, arterial
segments were placed in PBS containing 30% sucrose. The
segments were then transferred to a cryomold containing
OCT embedding medium for 20 minutes and frozen in
a beaker of isopentane that had been cooled in liquid
nitrogen. Tissues were kept at �708C until the day of the
experiments. Frozen transverse sections (14 lm) were cut
onto gelatin-coated slides and air-dried for at least 60
minutes. After blockade, sections were incubated with
primary monoclonal antibodies against collagen type I/III
(1:30; Calbiochem, San Diego, CA) in PBS containing 2%
bovine serum albumin for 1 hour at 378C in a humid box.
After washing, rings were incubated with the secondary an-
tibody, a donkey antirabbit immunoglobulin G–conjugated
to Cy3 (Jackson ImmunoResearch Laboratories, West
Grove, PA) at a dilution of 1:200 for an additional 1 hour
at 378C in a humid box. After washing, immunofluorescent
signals were viewed with a confocal microscope (Leica TCS
4D) with a 340oil objective. Images of the natural auto-
fluorescence of the elastic components of the arterial wall
were also taken. Autofluorescence was visualized by

excitation at 488 nm and detection at 490–535 nm. Cy3-
labeled antibody was visualized by excitation at 568 nm and
detection at 600–700 nm.

The specificity of the immunostaining was evaluated by
omission of the primary antibody and processed as above.
Under these conditions, no staining was observed in the
vessel wall of either young or aged rats.

Statistical Analysis
Results are expressed as mean 6 standard error of the

mean (SEM) and n denotes the number of animals used in
each experiment. The dependence of either vascular struc-
ture or mechanics on rat strain and intraluminal pressure was
studied by a two-way analysis of variance (ANOVA). For
specific two means comparisons, Student’s t test was used.
A value of p , .05 was considered significant.

RESULTS

Body weight was greater (p , .001) in old (572 6 10.1
g, n ¼ 15) than in young (386.9 6 5.9 g, n ¼ 15) rats.
Although changes in diastolic and systolic blood pressure
were not statistically different (data not shown), the pulse
pressure increased (p , .05) with age (old: 33.1 6 3.3
mmHg; n¼ 6, young: 22.4 6 0.8 mmHg; n¼ 6). Heart rate
was lower (p , .05) in old (301 6 9.2 beats min�1; n¼ 6)
than in young (352.7 6 16.8 beats min�1; n¼ 6) animals.

Vascular Structure and Passive Vascular Mechanics
Figure 1 shows the morphology data of MRA from young

and old rats under fully relaxed conditions. Internal and
external diameters and CSA were significantly greater in
MRA from old compared to young rats (Figure 1). WT was
also greater in vessels from old than young rats (young:
44.3 6 1.4; old: 50.1 6 2.0 lm; p , .05). Aging had
no influence in the media/lumen ratio of vessels (data not
shown).

Increasing intravascular pressure increased media stress
with no significant difference among groups (Figure 2A).
Incremental distensibility was similar in mesenteric arteries
from both age groups, although at 60 mmHg this parameter
decreased in old rats (Figure 2B). MRA from old animals
showed a decreased elasticity as shown by the larger value
of b (young: 4.03 6 0.12; old: 4.47 6 0.15, p , .05) and
a leftward shift of the stress–strain relationship (Figure 2C).

Morphology of the Vascular Wall
Media and WT were greater in vessels from old than

young rats (Figure 3, A and B). However, adventitia
thickness remained unaffected by age (Figure 3A). The
number of SMC layers was significantly greater in MRA
from old than from young rats (young: 3.75 6 0.14; old:
4.63 6 0.2, p , .05).

Total number of adventitial but not SMC was greater in
old than in young rats (Figure 3C). Density of cells in the
adventitia remained similar in both age groups, whereas in
the media, density of SMC decreased by age (Figure 3D).

As expected, LSA increased with age (Table 1). Total
number of EC in the luminal surface was equal in young and
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old rats. As a consequence, density of EC in the image area
decreased with age (Table 1).

Results of SMC and EC nuclei morphology are shown in
Figure 4. Total area of SMC nuclei was slightly greater in
old than in young rats (Figure 4), indicating some
hypertrophy of SMC from old animals. Similarly, total area
of EC nuclei was greater in old than in young rats (Figure 4).
The observed increase in total area was due to a greater
nuclei length and width (Figure 4).

Collagen and Elastin Distribution
Figure 5 shows collagen distribution in MRA from young

and old rats. Total collagen was greater in old than in young
rats (young: 15.1 6 3.9; old: 31.7 6 1.3 arbitrary units; p ,
.05) (Figure 5A). Immunofluorescence experiments showed
increased collagen I/III deposition in the media of old
compared to young rats (Figure 5B).

Maximal projections of the IEL from both age groups are
displayed in Figure 5C. Elastin is located in an external
elastic lamina formed by isolated elastic fibers in a network
(data not shown) and in a compact fenestrated IEL (Figure
5C) separating endothelium from media layers. IEL thickness
and total fenestrae number were similar in both groups (Table
2). However, the mean fenestrae area was significantly
greater in aged rats. Thus, the total volume of the IEL (elastin
plus fenestrae) was greater in the old rats. However, the
volume occupied by elastin within IEL was similar in both
age groups (Table 2). Average fluorescence intensity per
pixel was not significantly different between young and old
rats, indicating no evidence for a difference in the total
amount of elastin in a 1 mm length of artery (Table 2).

DISCUSSION

MRAs from old rats showed hypertrophic outward
remodeling, characterized by increased lumen and vessel
diameter and CSA. This finding is in accordance with those
from previous reports on the same arteries (6,7,9). The
mechanisms underlying this process seem to involve
different alterations in the wall of resistance arteries. Here

we demonstrate that the increased WT is coupled to a greater
media but unchanged adventitia thickness. The thickened
media is not due to an increase of SMC number, because
this remains unchanged with age, but can be related to
alterations in cell size. Morphology of complete cells is very
difficult to quantify within a whole intact artery because
they make too many contacts with each other (18). There is
evidence that SMC nuclear size correlates with SMC length
(19). Therefore, we quantified SMC nuclei morphology
clearly differentiated by their shape and orientation. In
vessels from old rats, we observed some hypertrophy of
SMC, as suggested by their larger nuclei size. In agreement,
previous reports demonstrated hypertrophy of SMC from
aged rat aorta (10). Our findings indicate that the same
number of hypertrophied SMC reorganizes in a greater
number of SMC layers in resistance arteries from old rats.

The adventitia, traditionally considered a structural sup-
port for the blood vessel, is emerging as an important player
in the pathogenesis of cardiovascular diseases (18). Thus,
some rat models of hypertension show an increased number
of adventitial cells (20,21). Moreover, adventitial cells
participate in collagen synthesis whereas elastin is mainly
produced by SMC (22). Adventitial cell number was
increased in resistance vessels from aged rats. This increase
in adventitial cells is an unknown alteration in vessels from
old individuals. It is therefore possible that adventitial cells
are drivers of remodeling and may initiate other changes
such as alterations in arrangement of SMC and in ECM
production (18).

Endothelium is an important determinant in vivo of the
lumen dimensions and overall vessel structure. In addition,
the endothelium is in contact with circulating substances,
including mitogens, and therefore the endothelium may be the
first to undergo structural changes in abnormal situations.
Aging is associated with a thickened intima or altered size of
ECs (23). Here we found that ECs were also hypertrophied as
shown by the increased nuclei area. This finding correlates
with those of a previous report on tail artery from old rats (24).
Observations obtained from both in vivo and in vitro
experiments indicate that increased pulse pressure affects

Figure 1. Internal diameter–intraluminal pressure (A), external diameter–intraluminal pressure (B), and cross-sectional area–intraluminal pressure (CSA) (C) in

mesenteric resistance arteries from young and old rats incubated in calcium-free Krebs–Henseleit solution (0Ca2þ-KHS; omitting calcium and adding 10 mM EGTA).

Data are expressed as means 6 standard errors. n ¼ 7 for each group. ANOVA, analysis of variance.
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endothelial integrity (25). It is therefore possible that the
increased pulse pressure observed in old rats might participate
in the altered EC morphology. ECs and SMC are inter-
connected by myoendothelial junctions, and endothelial
factors are known to have trophic effects on the underlying
cells. As ECs are greater in size, it is not surprising that SMC
present the same phenotypic alteration. This phenotypic
alteration might contribute to the overall hypertrophy of the
vascular wall in resistance arteries from aged rats.

Changes in large arteries are well recognized with arterial
distensibility showing an inverse association with age. It is
interesting that this arterial ‘‘stiffening’’ seems to be largely
confined to elastic arteries, with the most pronounced

changes seen in the aorta (26–28). However, it becomes
more and more evident that, as a result of increased pulse
pressure owing to increased rigidity of large vascular
conduits, both resistance arteries and capillary networks
are also affected. Thus, resistance arteries from old rats also
showed increased stiffness as shown by the greater b value
(measure of intrinsic stiffness independent of geometry) and
the leftward shift of the stress–strain relationship. There was
no change in incremental distensibility of pressurized
arteries except at 60 mmHg, where distensibility was found
to be lower in old rats. Our findings indicate a moderate loss
of vascular distensibility in resistance arteries from aged
individuals. However, despite significant stiffening of wall

Figure 2. Stress–intraluminal pressure (A), incremental distensibility–intraluminal pressure (B), and stress–strain curves (C) in mesenteric resistance arteries from

young and old rats incubated in calcium-free Krebs–Henseleit solution (0Ca2þ-KHS; omitting calcium and adding 10 mM EGTA). Data are expressed as means 6

standard errors. n ¼ 7 for each group.
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components, geometric adaptation has occurred to maintain
normal in vivo wall stress, protecting the vessel wall from
pressure-induced damage in vessels from old rats. This
finding is in agreement with results recently published on
the same vessels (7,9).

Age-related decreased elasticity seems to be the result of
fragmentation, longitudinal fissures, and transverse breaks

of elastic filaments (4,29,30). Therefore, the age-related
modifications extensively described in the elastic fibers of
all organs and tissues may be largely interpreted as result of
progressive degradation of a protein polymer that has been
produced early in life. In MRA, total elastin content did not
differ among groups. However, the structure of IEL was
qualitatively different, with the size of the fenestra being

Figure 3. A, Effect of aging on width of adventitial (ADV) and media (MED) layers and on total wall thickness (WT) in mesenteric resistance arteries. B,
Orthogonal sections obtained from confocal images of the vascular wall of mesenteric resistance arteries from young and old rats. C and D, Total number and density

of adventitial (AC) and smooth muscle cells (SMC) of mesenteric resistance arteries from young and old rats. Arteries were incubated with Hoechst 33342 at 0.01 mg/

mL to stain cell nuclei. Images were taken from slide-mounted vessels with an 363 oil objective, zoom 3 1 with a laser scanning confocal microscope. n ¼ 7 for

each group.
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significantly greater in arteries from old than from young
rats. This alteration could be explained by diminished
elastin cross-links (31), by an imbalance between elastin
synthesis and degradation in favor of increased elastase
activity, or by both. We have recently demonstrated that
elastin digestion with elastase significantly enlarged fenes-
trae size in the IEL (32). Moreover, it is generally accepted
that matrix metalloproteinase 2 (MMP2; a gelatinase that
exhibits elastase activity) and proteins with elastase-type
endopeptidase activities increase with age (30,33,34). Thus,
it is highly possible that the increased fenestra area in the
IEL from aged resistance arteries is associated with the
higher elastolytic activity in aged rats. Moreover, it is
known that, in the IEL, fenestrae enlarge along with artery
development by fusion of neighboring fenestrae (35). Our
results suggest that this enlargement of fenestra size would
last until late stages of life.

Aging modulates the vascular SMC phenotype towards
the synthetic state, which might participate in the increase in
ECM protein synthesis (36). Stiffening of elastic arteries is
related, among other things, to degenerative changes in the
structure of elastin. However, the amount and type of
collagen is also important. Collagen is increased in large
arteries from both aged animals and humans (3,4,37). In
resistance arteries from young rats, collagen was distributed
along the whole vascular wall, with higher deposition in the
adventitial layer. In vessels from old rats, collagen de-
position increased in the media layer. Among the 26
different collagen types described until now, type I and III
are the major fibrillar collagens detectable in vessels,
representing 60% and 30% of vascular collagens, re-
spectively (3,4). Herein, we show increased collagen I/III
deposition in the media layer from old compared to young
rats. Because the total amount of elastin did not change and
collagen increased in vessels from aged rats, the gradual
shift from elastin- to collagen-dominant state, together with
alterations in the three-dimensional structure of elastin, is
a possible cause of the loss of elasticity and the gain of
stiffness in the aging resistance vessels.

Changes in vascular morphology can be related to body
weight. However, age-related morphological changes can
also be a consequence of changes in blood pressure. Systolic
and diastolic blood pressures were similar but pulse pressure
was increased in old compared to young rats. These findings
are consistent with those observed by other authors both in
rats and in humans (6–8,24,38). There is increasing
evidence suggesting a relationship between pulse pressure
and vascular structure in resistance arteries (6,7). In this
sense, pulsatile stretch has been shown to promote vascular
hypertrophy by increasing vascular SMC proliferation and
matrix synthesis (39,40). Moreover, mechanical strain
induces human vascular matrix synthesis through angioten-
sin II–dependent mechanisms (41). Therefore, we cannot
exclude that, in addition to the aging process, the fibrotic
changes observed in mesenteric arteries from old rats are
linked, at least partially, to elevated pulse pressure. In fact,
in the Framingham Heart Study cohort, Mitchell and
colleagues (42) suggested that increased forward trans-
mission of a larger forward wave in aged individuals may
expose the peripheral small arteries and microvessels to

damaging levels of pressure pulsatility and may contribute
to an emerging spectrum of microvascular disorders that are
common in the elderly population.

Summary
The present study demonstrates that the increased

thickness of the vascular wall of resistance arteries from
aged rats is mainly due to greater media thickness. The same
number of hypertrophied SMC reorganizes in a greater
number of SMC layers leading to a thickened media.
Moreover, the number of adventitial cells and the size of
endothelial nuclei increased with age. We also observed an
increase in collagen I/III in the media. This finding suggests
that fibrosis might occupy cellular gaps left between
vascular SMC, also contributing to the thickened media.
This fibrotic process, together with changes in elastin
structure, might be responsible for the increased stiffness of
resistance arteries from aged rats.

Limitations and Future Perspectives
The small mesenteric arteries have been extensively used

to study the implications of altered vascular structure and
mechanics in age-related cardiovascular diseases such as
hypertension. However, taking into account the reported
heterogeneity of the aged cardiovascular system, specific
studies aimed to analyze the structural and mechanical
alterations of other resistance vascular beds (i.e., coronary
microvessels and/or cerebral vessels) seem necessary. The
knowledge of these alterations and their associated mech-
anisms would add important insights into age-related
vascular alterations. More importantly, despite the fact that
several studies have analyzed the contribution of structural
alterations of resistance arteries to human hypertension
(43–45), very little is known of the impact of the aging
process on human small arteries.

To our knowledge, there are no studies analyzing the
impact of structural and mechanical changes of resistance
arteries on age-associated cardiovascular risk. However,
structural alterations of small artery walls are the most potent
predictors of cardiovascular events in a selected high-risk
population (43). It is well known that small artery
remodeling may lead to complications of cardiovascular
diseases including myocardial ischemia, stroke, and renal
failure. It is therefore possible that these structural alterations
of small vessels might contribute to deleterious consequen-
ces of aging on target organs. Knowledge of these alterations
and their underlying mechanisms seems of particular

Table 1. Laser Scanning Confocal Microscope Measurements of

Endothelial Cell Layer in Mesenteric Arteries From

Young and Old Rats

EC Layer Measurements Young Old

LSA (lm2) 0.793 6 0.04 1.08 6 0.04*

Density EC (EC/mm2) 1905 6 39 1558 6 44*

Total number EC 1510 6 67 1649 6 44

Notes: Data are expressed as mean 6 standard error of the mean (n ¼ 7

animals).

*p , .05 vs young rats.

LSA ¼ luminal surface area; EC ¼ endothelial cells.
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Figure 4. Representative microphotographs of laser scanning confocal microscopy images of nuclei from smooth muscle cells (SMC) and endothelial cells (EC)

from mesenteric resistance arteries from young and old rats (top). Comparison of morphological parameters of SMC and EC nuclei from images of pressure-fixed

mesenteric resistance arteries from young and old rats (bottom). Arteries were incubated with propidium iodide 10 mg/mL to stain cell nuclei. The images were taken

from slide-mounted vessels with a 363 oil objective, zoom 3 1 with a laser scanning confocal microscope. Lines with arrows show the longitudinal axis of the vessel.

Arrowheads point to representative nuclei. Image dimensions: 238 3 238 lm. n ¼ 7 for each group.
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Figure 5. A, Representative images (from five animals) of collagen staining with picrosirius red of transversal sections obtained from mesenteric resistance arteries
from young and old rats. Images were captured with a light microscope (340 objective, zoom 3 1). Image size: 325 3 325 lm. B, Representative photomicrographs
(from four animals) of collagen I/III immunofluorescence in mesenteric resistance arteries from young and old rats. Collagen I/III was labeled with a secondary
antibody conjugated to Alexa 594 (red). Natural autofluorescence of elastin was used to delimitate intima and media layers (green). ADV, adventitia layer; MED,
media layers. Image size: 256 3 256 lm. C, Confocal projections of the internal elastic lamina of mesenteric resistance arteries from young and old rats. Vessels were
pressure-fixed at 70 mmHg and mounted intact on a slide. Projections were obtained from serial optical sections captured with a fluorescence confocal microscope (340
oil immersion objective, zoom 3 1). Image size: 256 3 256 lm. Arrowheads indicate localization of one fenestra. n ¼ 7 for each group.
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importance to assess their contribution in age-associated
cardiovascular damage. As suggested, interactions between
macro- and microcirculation may affect pulsatile forces
acting on large and small arteries all the way to microvessels
resulting in increased cardiovascular risk (46).
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