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Survey of the extracellular matrix architecture across the rat arterial

tree
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ABSTRACT
Objective: To understand arterial remodeling and the pathophysiology of arterial diseases, it is necessary to understand
the baseline qualities and variations in arterial structure. Arteries could differ in wall thickness, laminar structure, and
laminar fenestration depending on their position within the arterial tree. We endeavored to evaluate and compare the
extracellular matrix structure of different arteries throughout the arterial tree, from the aorta to the adductor muscle
arteriole, with a particular focus on the internal elastic lamina (IEL).

Methods: Arterial segments were harvested frommale Sprague-Dawley rats and imaged usingmultiplemodalities. En face
scans by multiphoton microscopy were used to compare native-state adventitial collagen undulation and IEL fenestration.

Results: Collagen undulation was similar across most examined arteries but straighter in the skeletal muscle arterioles (P <

.05). The elastic lamellae showed several differences. The IEL fenestrae were similar in average size among abdominal aorta
and celiac, renal, common iliac, and common femoral arteries (range, 14-24 mm2), with wide within-vessel variance (square
of the standard deviation, 462-1904 mm4). However, they tended to be smaller (9.08 mm2) and less variable (square of the
standard deviation, 88.3 mm4) in the popliteal artery. Fenestrae were greater in number in the superior mesenteric artery
(SMA; 6686/mm2; P < .05) and profunda femoris artery (PFA; 11,042/mm2; P < .05) compared with the other examined
vessels, which ranged in surface density from 3143/mm2 to 4362/mm2. The SMA and PFA also showed greater total
fenestration as a proportion of the IEL surface area (SMA, 15.04%; P < .05; PFA, 24.11%; P < .001) than the other examined
arteries (range of means, 4.7%-9.4%). The arteriolar IEL was structurally distinct, comparable to a low-density wireframe.
Other structural differences were also noted, including differences in the number of medial lamellae along the arterial tree.

Conclusions: We found that vessels at different locations along the arterial tree differ in structure. The SMA, PFA, and
intramuscular arterioles have fundamental differences in the extracellular matrix structure compared with other arteries.
Location-specific features such as the medial lamellae number and elastic laminar structure might have relevance to
physiology and confer vulnerabilities to the development of pathology. (JVSeVascular Science 2022;3:1-14.)

Clinical Relevance: Arterial pathologies affect and depend on elastic fibers and collagen. Medial arterial calcification
involves mineral deposition onto elastic fibers and smooth muscle cell osteogenesis, which can be induced by elastin
degradation. Degradation or remodeling of the extracellular matrix can be a critical component of atherosclerosis and
hypertension. Pathologies can also be site-specific. Aneurysms are most common in the abdominal aorta (Ao), followed
by the popliteal artery, which shows age-related changes to wall properties comparable to those in central elastic ar-
teries. Visceral artery aneurysms, however, are rare. Location differences in arterial extracellular matrix structure could
inform site-specific differences in arterial pathology.
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The extracellular matrix (ECM) accounts for the struc-
tural stability and static mechanical properties of arteries.
Two of the most abundant components of the vascular
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ARTICLE HIGHLIGHTS
d Type of Research: Basic science
d Key Findings: Superior mesenteric and profunda
femoris arteries have more internal elastic lamina fe-
nestrae on average than other arterial locations.
Popliteal arteries have smaller fenestrations with
less size variability. Arterioles demonstrated a low-
density wireframe for elastic structure and straighter
adventitial collagen fibers compared with other
arteries.

d Take Home Message: Vessels at different locations
along the arterial tree differ in their baseline struc-
ture. Features such as medial lamellae quantity and
internal elastic laminar architecture might have
physiologic relevance and confer vulnerabilities to
the development of pathology.
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provide rigid structural support.1 When increasing wall
strain is applied, the adventitia, which is largely
composed of type I collagen, prevents overdistension
and damage to the arterial wall.1 Combined, elastic and
collagen fibers represent w50% of the dry weight of ar-
teries and confer the characteristic “nonlinear elasticity”
that is vital to the function of a closed circulatory
system.2,3

Elastic fibers are composite materials that consist of
peripherally oriented fibrillar proteins and proteoglycans
surrounding a dense, heavily crosslinked core of elastin
protein. Elastic fibers are incredibly durable, with an esti-
mated half-life approaching the human lifespan.4 These
fibers appear to be created predominantly in develop-
ment, with very little new elastin synthesis in adult tis-
sues.5 Elastic fibers are present throughout the arterial
wall but consolidate to form dense, sheet-like lamellae
in the tunica media and internal elastic lamina (IEL),
which borders the tunica intima. In large elastic arteries,
the IEL is a thick sheet of densely packed elastic fibers
oriented parallel to the axis of flow, poised best to sup-
port longitudinal stresses.6 Elastic lamellae such as the
IEL are frequently interrupted by fenestrations, which
serve as windows for small molecule transport and
cellecell communication.7-10 Collagen fibers have a short
half-life compared with that of elastic fibers, especially
under strain, such as occurs in hypertension, and require
continual synthesis for replacement.11 Adventitial
collagen fibers are oriented in a double helical pattern
around the axis of the vessel, with the waviness depen-
dent on the applied tension.12,13 The mechanical proper-
ties, durability, and distribution of elastic and collagen
fibers are important to the function of arteries and have
roles in pathologies such as aneurysmal disease, athero-
sclerosis, andmedial calcification and in physiologic arte-
rial wall remodeling.
Collagen and elastin structures can be differentiated

within vascular tissues using multiphoton microscopy
(MPM).14-17 The method relies on the optical properties
of the fibrillar proteins and does not require tissue stain-
ing or fixation, making it ideal for evaluation of native
structural morphology.18 In the present study, we exam-
ined the collagen and elastic fiber morphology among
healthy rat arteries isolated throughout the arterial tree.
We used MPM to create high-resolution image volumes
of arterial ECM to compare the baseline collagen and
elastic fiber architecture from arteries that exist in
different locations along the arterial tree. We have
included a discussion of the implications of the morpho-
logic distinctions.

METHODS
Animal husbandry. All animal procedures were per-

formed in accordance with the institutional animal
care and use committee of the University of Pittsburgh
(protocol no. 19095696). Forty 340- to 400-g male
Sprague-Dawley rats (Envigo, Indianapolis, Ind), aged 20
to 28 weeks, were housed under pathogen-free condi-
tions. Male rats were chosen to reduce the complications
in husbandry. Rats were used instead of mice given the
larger size, which generally allowed for more reliable
sampling of the smaller derivative arterial branches for
microscopy.

Tissue harvest. The rats were anesthetized with a
mixture of 90 mg/kg of ketamine and 5 mg/kg of xyla-
zine (Covetrus, Dublin, Ohio) and then perfused via an
aortic catheter with phosphate-buffered saline (PBS;
pH ¼ 7.2) containing 200 mM adenosine, 500 mM sodium
nitroprusside, and 500 mM verapamil (Sigma-Aldrich, St
Louis, Mo) to induce maximal arterial vasodilation. The
rats were then perfusion-fixed through the same cath-
eter by infusing 2% paraformaldehyde in PBS (Santa
Cruz Biotechnology, Santa Cruz, Calif). To visualize the
hindlimb microvasculature, some of the animals were
subsequently perfused with a colored silicone casting
agent (MICROFIL MV120; Flow Tech Inc, Carver, Mass)
prepared according to the manufacturer’s specifications
and allowed to cure. Arterial segments 4- to 10-mm long
were carefully extracted for imaging. The extracted ar-
teries included the abdominal aorta (Ao) and common
iliac (CIA), common femoral (CFA), popliteal, renal, su-
perior mesenteric (SMA), celiac, and profunda femoris
(PFA) arteries. In addition, several second and third-order
intramuscular arterioles (MscAs), which branched from
the PFA or saphenous artery and are found within the
substance of the adductor muscle, were extracted (Fig 1).
Human arterial specimens were isolated from dis-

carded lower extremity surgical amputations performed
for clinically advanced ischemic disease. The patients
provided written informed consent to the clinical physi-
cian team for retention and analysis of the de-identified



Fig 1. Diagram of the rat arterial tree. Most major arteries
are labeled, in addition to those examined for our report.
The examined arteries included the aorta, superior
mesenteric, celiac, renal, common iliac, common femoral,
profunda femoris, and popliteal arteries and intramuscular
arterioles, which branched from the profunda femoris.
Adapted from BiologyCorner.com19 under a Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 In-
ternational License.
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discarded clinical specimens. The arterial tissues were
harvested in accordance with the University of Pitts-
burgh institutional guidelines (institutional review board
protocol no. PRO11070041). The arterial specimens were
collected from both transtibial and transfemoral ampu-
tations and represented muscular arterioles or perineural
feeding vessels. These vessels were fixed in 2% parafor-
maldehyde for microscopy.

Tissue processing. For en face and whole vessel imag-
ing, the arterial segments were stored at 4�C in 0.5%
paraformaldehyde after fixation. In preparation for
MPM, loose connective tissue and extraneous skeletal
muscle were carefully removed. For en face imaging, 1-
to 2-mm-long segments were cut from the excised ves-
sels and cut open lengthwise. The opened segments
were splayed flat onto a glass slide and cover slipped
with PBS as the mounting media. The edges of the slides
were sealed with a light brushing of Permount (Fisher
Scientific, Waltham, Mass). The slides were stored at 4�C
before imaging. The small diameter and delicate struc-
ture of the MscAs prevented us from splaying them open
to image en face; thus, all MscA images were obtained
with a whole-vessel preparation. For the whole-vessel
images, the vessel segments were placed in drop slides
with 1- to 4-mm depressions, submerged in PBS, and
transiently cover slipped.
For cross-sectional imaging, the arterial samples were
first cryoprotected by submerging in 30% sucrose for
$24 hours and then frozen by submersion in liquid
nitrogen-cooled 2-methylbutane and stored at �80�C.
The frozen samples were embedded in OCT compound
(Fisher Scientific), and 6- to 9-mm-thick cross sections
were cut using a cryostat at �30� to �25�C and mounted
onto charged microscope slides (Fisher Scientific). The
slides were stored at �80�C before staining and imaging.
The cross sections to be imaged via MPM or confocal mi-
croscopy were mounted on slides using gelvatol.

Histologic examination. As an additional method of
examining the collagen and elastic fiber architecture, a
subset of cross sections was processed with a modifica-
tion of the Verhoeff-van Gieson staining protocol
(HT25A; Sigma-Aldrich). The Verhoeff-van
Giesonestained sections were imaged under bright
field transillumination using RGB (red, green, blue pri-
mary colors of light) color with an Olympus AX70 (Provis)
microscope (Olympus Corp, Tokyo, Japan).
A subset of cross sections was stained with DAPI (40,6-

diamidino-2-phenylindole) for 20 to 30 seconds, cover
slipped using gelvatol as the mounting media, and
allowed to dry at 4�C. Confocal fluorescencemicrographs
(1024 � 1024 pixels) of DAPI (excitation, 405 nm; emission,
461 nm) and elastic fiber (excitation, 473 nm; emission,
520 nm) autofluorescence were obtained at 20� magni-
fication using an Fluoview FV1000 confocal microscope
(Olympus, Tokyo, Japan; purchased with grant
1S10OD019973-01 awarded to Dr Simon C. Watkins)
with a 0.85 NA (numeric aperture) oil immersion
objective.

Multiphoton microscopy. MPM was performed using
an FV1000 MPE microscope (Olympus; purchased with
grant 1S10RR025676-01 awarded to Dr Simon C. Watkins)
with a Chameleon ultra-mode-locked titanium/sapphire
laser (Coherent, Palo Alto, Calif) set to 830 nm, through a
1.05 NA 25� water-immersion objective. The RXD1
channel (350- to 450-nm emission filter) allowed for
visualization of the fibrillar collagen via second harmonic
generation, and the RXD2 channel (500- to 550-nm
emission filter) was used to image the elastic fiber
autofluorescence via two-photon excitation. Image
stacks were acquired at 1024 � 1024 pixels
(508.4 � 508.4 mm) per frame with a 1-mm step-size at 8
to 10 ms/pixel exposure time. For whole vessels, a 3� line
Kalman filter was applied, which uses a recursive algo-
rithm to integrate multiple sweeps of the laser and
reduce stochastic noise. For the en face images and cross
sections, a 4� line Kalman integration filter was applied.

Image analysis of collagen undulation. Analysis of
collagen fiber undulation was performed using ImageJ
(National Institutes of Health, Bethesda, Md; Fig 2, A).
Maximum intensity projections of image stacks of the

http://BiologyCorner.com


Fig 2. Image data processing. A, Collagen undulation. Contiguous collagen fibers were traced on maximum in-
tensity projection of adventitial collagen (red). A ratio of the end-to-end distance, L0 (yellow) to the fiber path
length, L (blue) was used to obtain the undulation index, U. B, Internal elastic lamina (IEL) fenestration analysis.
Using an automated workflow, a sample image stack of the elastin underwent shading correction and then was
collapsed into an extended depth of focus (EDF) projection, de-noised, and sharpened, before the dark spaces
were selected by threshold and manual tracing, as indicated. Scale bars ¼ 50 mm. A,B, Images obtained at 25�
magnification. C, Left, Relative frequency distributions of vessel-pooled fenestrations revealing a right-skewed
distribution. C, Right, Log transformation results in Gaussian distributions, appropriate for one-way analysis of
variance. Ao, Abdominal aorta; Celiac, celiac artery; CFA, common femoral artery; CIA, common iliac artery; PFA,
profunda femoris artery; Popliteal, popliteal artery; Renal, renal artery; SMA, superior mesenteric artery.
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adventitial collagen were produced, and several fibers
were traced freehand (path length [L]). Straight lines
from end to end of the tracing were drawn to give the
point-to-point distance (L0). Finally, a ratio was
computed of the distance to the path length to give an
undulation index, UI (UI ¼ L0/L), as reported previously.12

The UI has a maximum value of 1.0, indicating a
straightened fiber. Twelve to fifteen fibers were used to
compute the average UI from each image, and five to
seven rats at one to two images (258,501 mm2 frame area)
per rat were used to determine the average undulation
value for a given vessel type. The collagen fibers were
traced from the en face images, if possible, but were
obtained from whole-vessel preparations of the MscAs.

Image analysis of IEL fenestrae. Analysis of IEL fenes-
trae was performed using Nikon NIS Elements, version
5.21.01 (Nikon, Tokyo, Japan; Fig 2, B). Analysis was per-
formed on one to two image stacks per vessel segment.
Image stacks were cropped in z to the 6 to 12 frames
depicting the IEL and then in xy to exclude the darker
image periphery, leaving the central 150,000 to
200,000 mm2 space. The shading of the stack was then
corrected to accommodate for brightness variability.
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Extended-depth-of-focus projections were made from
the corrected frames, and the resulting projections were
de-noised and sharpened via unsharp masking. The
processing was partially automated using the general
analysis 3 feature. A binary threshold was defined to
select the dark spots in the image (Fig 2, B). Objects were
manually redrawn, as necessary. One or more regions of
interest (ROIs) were then drawn to select most of the
image area, excluding the low-contrast spaces, visible
wrinkles, and other imaging artifacts. Automated mea-
surements of the object surface area and count, binary
area, ROI area, and binary fraction were performed. The
binary area refers to the total surface area of the selected
objects (fenestrations). The binary fraction indicates the
total fenestrated space as a proportion of the ROI space.
The number of objects was divided by the ROI size to
determine the fenestration density (number of objects/
mm2). Finally, the variance (square of the standard devi-
ation [SD2]) of object surface area for a given image was
used as a measure of fenestration size variability.

Statistical analysis. Five to seven rats were analyzed for
each vessel classification. The collagen tissue UIs were
analyzed via one-way analysis of variance (ANOVA), with
individual comparisons via Tukey’s honestly significant
difference (HSD) with P value correction for multiple
comparisons. The distribution of fenestration sizes (ob-
ject area) for an artery was consistently right-skewed,
with most fenestrations being small. The first-run statis-
tical analyses further indicated that the data did not fit a
Gaussian model. Therefore, the raw fenestration areas,
total fenestration, and density were log-transformed
[Y* ¼ Ln (Y)]. The resulting distributions fit a Gaussian
model and could thus be analyzed using one-way
ANOVA (Fig 2, C). The transformed IEL fenestration area,
density, total fenestrated space, and variance of the
transformed fenestration area were each analyzed using
one-way ANOVA, with individual comparisons via Tukey’s
HSD, with P value correction for multiple comparisons.
The fenestration data are presented untransformed, and
the statistically significant differences are reported
exclusively from the transformed data. All graphs and
stated values are presented as the mean 6 standard er-
ror of the mean. Statistical analyses were performed us-
ing GraphPad Prism 8 (GraphPad, San Diego, Calif).

RESULTS
Structural observations. The most prominent elastic

structure in all arteries observed was the IEL (Fig 3, A-C).
The medial elastic fibers intermittently coalesced into
incomplete fenestrated elastic lamellae, which varied in
number depending on arterial location. Circumferential
cross sections of the Ao showed seven to eight dense
lamellae (n ¼ 4 rats) at our sampling region between the
celiac and renal arteries, including the IEL and external
elastic lamina. In contrast, the CFA had four to five layers
(n ¼ 4 rats). The thoracic aorta is known to decrease in
medial lamellae as it descends, because the medial
lamellae contribute to the formation of the intercostal
branches, although the abdominal aorta does not
decrease in lamellae.20,21 Muscular arterial branches such
as the PFA (cross sections from five rats) have less defined
medial elastic lamellae, and smaller branch vessels
appear to lack a defined external elastic lamina. Instead,
the medial elastic fibers exist in a more filamentous form
compared with the dense sheets of the aorta. We
observed that the IEL wrinkles and elastic fibers orient
parallel to the direction of flow. In contrast, the elastic
fibers in the media are oriented perpendicular to the
direction of flow (Figs 3, D, and 4) for all vessels. Similar
findings have been previously reported from electron
microscopic analysis of aorta specimens.6

Adventitial collagen. Although fibrillar collagen is pre-
sent throughout the arterial wall, it is concentrated in
the adventitia. Adventitial collagen was morphologically
similar as wavy fiber bundles in all arteries examined
(Fig 5, A). The mean UI of adventitial collagen was
0.6423 6 0.002 and ranged from 0.516 to 0.868 for the
individual vessels. The UIs were as follows (mean 6

standard error of the mean): aorta (n ¼ 5), 0.597 6 0.017;
celiac trunk (n ¼ 5), 0.574 6 0.023; SMA (n ¼ 5), 0.569 6

0.015, renal artery (n ¼ 6), 0.671 6 0.005; CIA (n ¼ 5),
0.613 6 0.028; CFA (n ¼ 5), 0.682 6 0.017; popliteal artery
(n ¼ 6), 0.640 6 0.033; PFA (n ¼ 7), 0.672 6 0.014; and
MscA (n ¼ 5), 0.7526 0.043. The UI was similar for most of
the vessels examined, except for the MscAs [one-way
ANOVA, F(8,24) ¼ 2.74; P < .0001], which had a slightly
greater mean UI than did the Ao (P ¼ .002), celiac trunk
(P ¼ .0002), SMA (P ¼ .0002), CIA (P ¼ .007), and popliteal
artery (P ¼ .041; Fig 5).

Internal elastic lamina. The architecture of the IEL was
largely consistent across the arterial tree with some ex-
ceptions. The IEL of the Ao (n ¼ 5), celiac artery (n ¼ 5),
SMA (n ¼ 5), renal artery (n ¼ 5), CIA (n ¼ 6), CFA (n ¼
5), and popliteal artery (n ¼ 5) appeared as dense, fenes-
trated sheets. These sheets generally featured a wrinkled
or folded topology. The IEL of the PFA (n ¼ 6) and
muscular branches (n ¼ 5 rats) was more filamentous
and web-like, with a greater degree of branching from
the aortic “main line” and a smaller size correlating with a
more perforated and web-like appearance (Fig 6, A). The
IEL fenestration characteristics of the various arterial
segments are shown in Fig 6, B to E. On average, the
arterial IEL surface area showed 10.19% 6 1.12% total
fenestration. Most of the examined arteries had a total
fenestration of 5% to 10% of the IEL surface area (Fig 6, B).



Fig 3. Laminar organization of arterial extracellular matrix (ECM). A, Verhoeff-van Gieson (VVG) staining of the
abdominal aorta (Ao), common femoral artery (CFA), and profunda femoris artery (PFA). Elastic fibers were stained
black, collagen fibers were stained red, and other tissue components were stained yellow. B, Maximum intensity
projections of cross-sections of the Ao, CFA, and PFA obtained through multiphoton microscopy (MPM). The
collagen was false-colored red; and the elastic fibers, green. C, Cross sections of the same types of artery using
confocal microscopy stained with DAPI (40 ,6-diamidino-2-phenylindole; blue) and showing the elastic fiber
autofluorescence (green). D, Montage of an image stack of the celiac trunk viewed en face. Numbers indicate
depth from the lumen (mm). Note the inverse distribution of elastic fibers (Top, green) and collagen (Bottom, red)
across the layers. Arrow indicates the flow direction and longitudinal orientation of the artery. A and C, Images
obtained at 20� magnification. B and C, Images obtained at 25� magnification. Scale bars ¼ 50 mm.
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The PFA and SMA, however, had greater fenestration
than the norm [one-way ANOVA of Ln-transformed,
F(7,34) ¼ 16.78; P < .0001]. The total fenestration of the
PFA (24.11% 6 3.67%) was significantly greater than that
of every other artery, except for that of the SMA (Tukey’s
HSD, Ao, 9.43% 6 1.77%; P ¼ .0005; for all others, P <

.0001). The SMA (15.04% 6 1.40%) demonstrated signifi-
cantly greater total fenestration than did the celiac artery
(6.89% 6 0.547%; P ¼ .0098), renal artery (6.84% 6

0.821%; P ¼ .007), CIA (4.70% 6 0.780%; P < .0001), CFA
(7.49% 6 0.789%; P ¼ .026), and popliteal artery (5.65% 6

0.674%; P ¼ .0005) but was not significantly different
from that of the aorta (9.44% 6 1.77%) or PFA. We also
found a small, but statistically significant, difference in
the total fenestration of the Ao compared with the CIA
(P ¼ .014).
The differences in total fenestration resulted predom-

inately from the greater surface densities of the fenes-
trations (Fig 6, C). The PFA had 11,042 6 1104
fenestrations/mm2, and the SMA had 6686 6 796.5/
mm2 compared with a group average of 5476 6

439.8 fenestrations/mm2 [one-way ANOVA of Ln-
transformed, F(7,34) ¼ 15.70; P < .0001]. The PFA had
significantly more fenestrations relative to the IEL



Fig 4. Variability in arterial laminar architecture. Montages of multiphoton image stacks of several example ar-
teries viewed en face, as labeled. Numbers at the bottom indicate the depth in the radial direction from the
lumen in microns. Note the clear visibility of external elastic lamina (EEL) at 40 mm depth in the common femoral
artery (CFA), and the profunda femoris artery (PFA) lacks an EEL entirely. The PFA also has a thinner arterial wall.
The slice intervals varied between vessels. All images were obtained at 25� magnification. Scale bars ¼ 50 mm. Ao,
Abdominal aorta; CIA, common iliac artery; Popliteal, popliteal artery.

JVSeVascular Science McCreary et al 7

Volume 3, Number C
surface area compared with all other examined ar-
teries (PFA vs SMA, P ¼ .03; PFA vs popliteal artery,
6325 6 595.6/mm2; P ¼ .015; PFA vs all others, P <

.0001). The fenestration density of the SMA was signif-
icantly greater than that of celiac artery (3907 6 279.6/
mm2; P ¼ .039), CIA (3143 6 221.8/mm2; P ¼ .0005), and
CFA (3945 6 228.6/mm2; P ¼ .049). The popliteal artery
fenestration density was also significantly greater than
that of the CIA (P ¼ .001). However, neither the popli-
teal artery nor SMA was significantly different from
the renal artery (4016 6 308.2/mm2) or Ao (4362 6

864/mm2).



Fig 5. Undulation indexes (UIs) of adventitial collagen were similar across most of the arterial tree. A, Sample
maximum intensity projections (MIPs) of the adventitial collagen of several rat arteries. Images were obtained at
25� magnification. Scale bars ¼ 50 mm. B, Graph of the collagen UIs showing a small, but significantly, greater UI
for intramuscular arterioles (MscAs) compared with the abdominal aorta (Ao), common iliac artery (CIA; P < .01),
celiac artery, superior mesenteric artery (SMA; P < .001), and popliteal artery (P < .05) but no significant differences
in the UI between other arteries. Open circles represent individual rats. One-way analysis of variance plus Tukey’s
honestly significant difference (HSD; *P < .05).
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The average fenestration size was 18.45 6 1.08 mm2

across all arteries. The popliteal artery demonstrated
somewhat smaller fenestrations (9.086 6 0.940 mm2,
Fig 6, D) than the others, which were significantly smaller
than those of the SMA [23.15 6 2.06 mm2; one-way
ANOVA of Ln-transformed, F(7,34) ¼ 2.66; P ¼ .026;
Tukey’s HSD, P ¼ .027]. The mean fenestration area for
the other arteries were as follows: Ao, 24.49 6 5.35 mm2,
celiac artery, 17.65 6 0.627 mm2; renal artery, 17.58 6

2.95 mm2; CIA, 14.72 6 2.08 mm2; CFA, 18.82 6 0.929
mm2; and PFA, 21.72 6 2.56 mm2. Within a given artery,
the variance (SD2) in fenestration size was, on average,
866.27 6 155.88 mm4 (relating to an average single-
image standard deviation of 26.026 2.12 mm2), indicating
a high degree of within-vessel variability (Fig 6, E). The
popliteal artery showed lower variance (within vessel
SD2, 88.32 6 16.57 mm4), which was significantly different
from that of the PFA (SD2, 1613 6 483 mm4; P ¼ .025). The
other variances were as follows: Ao, 1904 6 984 mm4; ce-
liac artery, 534 6 47.2 mm4; SMA, 1134 6 178 mm4; renal ar-
tery, 553 6 201 mm4; CIA, 462 6 160 mm4, CFA, 645 6

194 mm4. The other arteries were not significantly
different from each other in fenestration characteristics.

Arterioles. The IEL of the smaller second and third-
order MscAs could not be analyzed using the method
as used for the other vessels. Most skeletal muscle arte-
rioles (n ¼ 18 arteriolar segments from six rats) showed an
IEL similar to that of the medium-size veins, with a sparse
web of elastic fibers accounting for the structure (Fig 7).
The web-like structure could not be interpreted as a
fenestrated sheet. The relative elastic fiber content
appeared to decrease with increasing branching orders.
These structures and the IEL organization bear
resemblance to the small nutrient vessels removed from
human lower limb specimens (Supplementary Fig).

DISCUSSION
We found arterial adventitial collagen to be structurally

similar across most of the examined arteries but w10%
straighter in the MscAs, implying a greater applied ten-
sion in these vessels. The IEL structure, however, showed
location-specific differences in fenestration characteris-
tics. The SMA and PFA demonstrated greater fenestra-
tion and a larger density of fenestrae, and popliteal
artery showed marginally smaller fenestrae and less
fenestration variability. The IEL of the MscAs was archi-
tecturally distinct from the fenestrated sheets of the
larger arteries. Although vascular smooth muscle cells
(VSMCs) are prominent in the arterial wall, their elimina-
tion does not significantly change the mechanical prop-
erties of large arteries, suggesting a greater dependence
on ECM components.22 Although elastic laminae were
initially thought to be continuous, amorphous sheets
separated by collagen fibers and smooth muscle cells,23

they were later found to possess a microfibrillar struc-
ture.24,25 The adventitia is composed largely of type I
collagen bundles produced by resident myofibroblasts.
The wavy, ribbon-like configuration is prevalent in a
relaxed state but straightens when increased wall ten-
sion is applied or when load-bearing elastic fibers are dis-
rupted, such as in aneurysmal disease.12,13,26

IEL fenestrae have been shown to be plastic and to un-
dergo significant remodeling during development and
in response to fluid shear-stress conditions.27,28 Also, vari-
ability in the IEL architecture is known between the
different arteries located within the mature arterial tree.
Kirby et al10 showed a significant difference in the total



Fig 6. Analysis of internal elastic lamina (IEL) fenestrae. A, Sample maximum intensity projections of the internal
elastic lamina (IEL) of several rat arteries viewed en face. Images were obtained at 25� magnification. Scale bars ¼
50 mm. B-E, Graphs of fenestration characteristics between arteries. The displayed data are untransformed, and
open circles represent individual rats. Data were log-transformed and then analyzed using one-way analysis of
variance (ANOVA) with Tukey’s honestly significant difference (HSD) post hoc test and P value correction. Sig-
nificant differences were as follows. B, The aorta had greater total fenestration than the common iliac artery (CIA;
P < .05). The profunda femoris artery (PFA) showed greater total fenestration than all other examined arteries
except for the superior mesenteric artery (SMA; abdominal aorta [Ao], P < .001; all others, P < .0001). The SMA
showed greater total fenestration than all vessels, except for the Ao and PFA (vs celiac and renal arteries, P < .01;
common femoral artery [CFA], P < .05; popliteal artery, P < .001; CIA, P < .0001). C, The PFA showed greater
fenestration density than the other vessels (SMA and popliteal artery, P < .05; all others, P < .0001); the density of
the SMA was significantly greater than that for the celiac artery and CFA (P < .05) and CIA (P < .001). The popliteal
artery showed significant differences from the CIA (P ¼ .001). D, The popliteal artery had significantly smaller
fenestrations than did the SMA (P < .05). E, The popliteal artery demonstrated lower variability in fenestration size,
which was significantly different from that of the PFA (P < .05). *P < .05, **P < .01, ***P < .001, and ****P < .0001.

JVSeVascular Science McCreary et al 9

Volume 3, Number C



Fig 7. Skeletal muscle arteriolar internal elastic lamina (IEL) is sparse and variable. A, A diagram and microfil cast
of rat groin arterial system. The common femoral artery (CFA) and profunda femoris artery (PFA) are indicated. The
degree of branching was defined relative to the CFA. The PFA is the first-order (1�) branch; the second-order (2�)
and third-order (3�) branches are indicated by green and yellow arrows, respectively. The dotted black line roughly
demarcates the inguinal ligament. B, Representative multiphotonmicroscopy (MPM)micrograph of the profunda
femoris vein, provided for comparison. C, Representative maximum intensity projections (MIPs) of second-order
intramuscular arteriole (MscA) imaged intact showing the IEL (Below) and wall cross-section (Above) of each
vessel. All cross sections, except for the last, were obtained by reslice of the associated MPM stack. D, Repre-
sentative MIPs of third-order (3�) MscAs imaged intact showing IEL (Below) and cross-sectional reslice (Above).
Green, elastic fiber autofluorescence; red, collagen second harmonic generation. The images were obtained at
25� magnification. All scale bars ¼ 50 mm. The reslice scale is indicated in both X and Z directions.
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fenestration of gastrocnemius muscle arterioles relative
to the popliteal artery upstream and to higher order
mesenteric arteries, which might confer improved endo-
thelial communication with the medial VSMCs in some
vessels.
We found that as arteries branch with greater degrees

of separation from the main elastic conduit vessel and
penetrate the skeletal muscle, the IEL thins and has a
web-like configuration observed in the arterioles. The
arteriolar elastic structure is fundamentally distinct
from that of the larger arteries, such that the IEL is no
longer a fenestrated sheet but, instead, resembles a wire-
frame. At the second-order arteriole level, the IEL be-
comes closer in appearance to that of veins than to
that of the aorta. This difference might be of importance.
Because new elastic fibers are not created in the mature
vertebrate, any arterial wall remodeling would rely on
adjusting the preexisting, finite number of elastic fibers
present.5 In the case of large artery occlusion, arterioles
that could act as bridges between arterial territories
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would remodel into collateral arteries but would simulta-
neously be limited to their preexisting elastic fiber
content.
Both the PFA and the SMA showed, in different forms,

greater total fenestration of the IEL than did the other
major vessels. IEL fenestrations allow for contact and
communication between vascular endothelial cells and
VSMCs and passive diffusion of small molecules through
the highly insoluble elastic tissue of the IEL. In computa-
tional studies, the increased fenestration size can in-
crease IEL permeability to adenosine triphosphate.7

Kirby et al10 showed that the larger IEL fenestrations of
the first-order arterioles coincided with greater staining
of transmembrane proteins involved in endothelium-
dependent hyperpolarization compared with the popli-
teal artery, indicating larger microdomains for myoendo-
thelial Ca2þ signaling at fenestrae. In addition, the
reduction in IEL fenestration as a result of surgically
reduced shear stress can increase the accumulation of
macromolecules in the tunica media.28 Thus, the size
and distribution of fenestrae appear to be important de-
terminants of cellecell communication across lamellae.
We, therefore, speculate that certain arteries, such as
the PFA and SMA, might require more fenestrae because
of a greater need for vascular endothelial celleVSMC
communication.
The arterial system has the capacity for adaptive struc-

tural remodeling, driven largely by hemodynamic vari-
ables. Chronic hypertension leads to excess matrix
deposition, cellular hypertrophy, and contraction of IEL
fenestrations, with an end result of increased arterial
wall thickening and inward luminal remodeling.29-31 IEL
fenestrations are also the sites of luminal expansion
with postnatal arterial growth and outward remodeling
in response to increased fluid shear stress.27,32,33 The
common arterial pathologies primarily affect the elastic
fibers and collagens, such as aneurysmal disease, arterio-
sclerosis, and calcinosis. Atherosclerosis is potentiated by
signaling of elastin degradation products.34 Additionally,
site specificity of the disease could have a complex rela-
tionship with the IEL structure.35 Greater IEL fenestration
could also relate to an increased capacity for remodeling
or to a prior outward diameter expansion. The ECM
remodeling of muscular arteries and arterioles is a
feature of many pathologic conditions, including hyper-
tension.29 It is possible that the differences in fenestrated
elastic lamellar architecture of small arteries contributes
to their structural plasticity.
Among all the arteries examined, except for the MscAs,

adventitial collagen was similarly relaxed and wavy and
maintained a similar organization. The UI correlates
with the arterial flow pressure and, thus, the tension on
the collagen fibers, with a larger proportion of fibers
straightening at higher pressures.13 Their higher UI
showed that MscAs possess adventitial collagen that is
generally under greater tension and might take on
more of the vessel’s wall strain than the larger upstream
arteries. This could result from the relative paucity of the
elastic fibers present in MscAs compared with the more
elastic, axial arteries. Our examination, however, was
limited only to visible differences in an excised sample;
thus, further examination of the forces experienced by
the arterioles and how those forces are distributed
among the ECM components is warranted.
Our investigations might have been affected by the

necessary manipulation of the tissue. Muscular and
elastic arteries were imaged en face from the luminal
surface to obtain high resolution scans, given the overall
vessel thickness. In contrast, the MscAs were imaged
through the intact vessel. Although we were careful to
limit the disturbance of the vessel morphology in all sit-
uations and to image portions of the artery distant
from the edges or flexes in the tissue, the necessary ma-
nipulations could have resulted in some distortion. The
examinations we have reported represent only a limited
subset of locations along the arterial tree and under
reduced tension from native conditions. The residual ten-
sion from elastic tissues in fixed arterial tissue could have
affected the restingmorphology and, thus, might explain
the increased straightening of adventitial collagen fibers
in vessels relatively deficient in elastic tissue, such as the
arterioles. Nevertheless, our findings indicate some clear
location-specific differences in the arterial ECM
architecture.
One limitation of the present study was that we did not

have access to normal human arterial samples to
compare at similar locations. Numerous studies have
documented that the elastic architecture is fairly consis-
tent across mammalian species, with thick fenestrated
elastic sheets exemplifying the IEL of larger, elastic ar-
teries.6,36-38 Another report demonstrated the similarity
of small human pericardial vessels to porcine pericardial
arteries.39 In our observation, small nutrient arteries
removed from the sciatic artery in the amputation spec-
imens demonstrated an elastic fiber organization that
bears resemblance to that of the rat MscAs
(Supplementary Fig). The IEL organization appeared
similar despite the rat artery being multiple times
smaller in size (5-10 times smaller in diameter). A notable
difference was the thickness of the IEL elastic fibers, with
thicker fibers visible in the human specimens and finer
fibers in the rat MscAs. The architecture of the arterial
IEL might then be related to the branch point position,
rather than to the raw arterial size.
The present study was limited to the analysis of arterial

tissues harvested from male rats. It could be of interest
for further studies to investigate whether sex-related
structural differences exist in baseline arterial tissues.
Additionally, it is known that the fenestration size and
number can change during development.27,32 However,
the tissue samples collected for the present study were
all acquired from rats across the range of ages used;
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thus, no systematic variations were present in age or size
between the groups.

CONCLUSIONS
Arteries of different sizes and locations along the rat

arterial tree displayed significantly different ECM
morphology, especially in the elastic lamellae. The base-
line morphologies of the ECM might confer susceptibility
to the development of pathologies that primarily affect
ECM components, such as aneurysmal degeneration or
calcification, but also affect adaptive processes, such as
outward or inward remodeling. Given elastic fiber vulner-
ability to calcification, the main line arterial structures
with greater elastic tissue content might be more prone
to intimal and medial calcification compared with the
derivative muscular branches. Also, the more mesh-like
or filamentous IEL structure in the muscular branches
might result in greater adaptive remodeling capability,
such as outward remodeling to form collateral arteries.
A clear understanding of the baseline ECM structure
might inform our understanding of the pathologic risk
associated with different vessels. It is our intent that our
findings could offer a baseline to inform further physio-
logic and pathologic research in the vascular system.
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Supplementary Fig. Human small nutrient artery to deep peroneal nerve (1) and sciatic nerve (2) sampled from
lower limb amputation specimens and imaged via multiphoton microscopy (MPM). These vessels have similar
structural organizations (filamentous internal elastic lamina [IEL]; wavy collagen morphology) to the small
intramuscular arterioles (MscAs) harvested from rats. Green, Elastic fiber autofluorescence; Red, collagen second
harmonic generation. Images were obtained at 25� magnification. Scale bar ¼ 50 mm.
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