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Abstract

Thoracic aortic aneurysm is characterized by dilation of the aortic diameter by greater than 50%, which can lead to dissection or
rupture. Common histopathology includes extracellular matrix remodeling that may affect transmural mass transport, defined as
the movement of fluids and solutes across the wall. We measured in vitro ascending thoracic aorta mass transport in a mouse
model with partial aneurysm phenotype penetration due to a mutation in the extracellular matrix protein fibulin-4 [Fbln4E57K/E57K,
referred to as MU-A (aneurysm) or MU-NA (no aneurysm)]. To push the aneurysm phenotype, we also included MU mice with
reduced levels of lysyl oxidase [Fbln4E57K/E57K;Loxþ /�, referred to as MU-XA (extreme aneurysm)] and compared all groups to
wild-type (WT) littermates. The phenotype variation allows investigation of how aneurysm severity correlates with mass transport
parameters and extracellular matrix organization. We found that MU-NA ascending thoracic aortae have similar hydraulic con-
ductance (Lp) to WT, but 397% higher solute permeability (x) for 4 kDa FITC-dextran. In contrast, MU-A and MU-XA ascending
thoracic aortae have 44–68% lower Lp and similar x to WT. The results suggest that ascending thoracic aortic aneurysm pro-
gression involves an initial increase in x, followed by a decrease in Lp after the aneurysm has formed. All MU ascending thoracic
aortae are longer and have increased elastic fiber fragmentation in the extracellular matrix. There is a negative correlation
between diameter and Lp or x in MU ascending thoracic aortae. Changes in mass transport due to elastic fiber fragmentation
could contribute to aneurysm progression or be leveraged for treatment.

NEW & NOTEWORTHY Transmural mass transport is quantified in the ascending thoracic aorta of mice with a mutation in fibu-
lin-4 that is associated with thoracic aortic aneurysms. Fluid and solute transport depend on aneurysm severity, correlate with
elastic fiber fragmentation, and may be affected by proteoglycan deposition. Transport properties of the ascending thoracic
aorta are provided and can be used in computational models. The changes in mass transport may contribute to aneurysm pro-
gression or be leveraged for aneurysm treatment.

aneurysm; ascending thoracic aortic aneurysm; convection; diffusion; extracellular matrix; transport

INTRODUCTION

Thoracic aortic aneurysms (TAAs) are characterized by a
focal dilation causing at least a 50% increase in aortic diame-
ter (1). Described as “silent killers,” TAAs can go undiag-
nosed until rupture occurs, which is often fatal (2). More
than 20% of TAAs are linked to genetic mutations (3). These
mutations can be associated with genes involved in the as-
sembly or cross linking of elastic fibers in the aortic extracel-
lular matrix. Elastic fibers are concentrated in the medial
(middle) layer of elastic arteries, such as the aorta, where
they are arranged in dense, fibrous sheets called elastic lami-
nae. The elastic laminae are essential for mechanical recoil

during the cardiac cycle. Beyond their mechanical func-
tion, the elastic laminae also form a physical barrier
between layers of smooth muscle cells within the aortic
media and have been hypothesized to provide immune
privilege to this region (4) and modulate mass transport
(5). TAA histopathology is associated with increased
elastic fiber fragmentation or disorganization (6) and
increased proteoglycan content (7), but how these
changes in extracellular matrix organization are related
to TAA progression is not fully understood. We are inter-
ested in the role that changes in transmural mass trans-
port, due to changes in the aortic extracellular matrix,
may play in TAA pathology.

Correspondence: J. E. Wagenseil (jessica.wagenseil@wustl.edu).
Submitted 23 January 2023 / Revised 22 May 2023 / Accepted 25 May 2023

http://www.ajpheart.org 0363-6135/23 Copyright © 2023 the American Physiological Society. H113

Am J Physiol Heart Circ Physiol 325: H113–H124, 2023.
First published June 2, 2023; doi:10.1152/ajpheart.00036.2023

Downloaded from journals.physiology.org/journal/ajpheart at Washington Univ (128.252.014.100) on June 29, 2023.

https://orcid.org/0000-0003-1848-4165
https://orcid.org/0000-0003-4889-8131
https://orcid.org/0000-0001-7972-448X
mailto:jessica.wagenseil@wustl.edu
https://crossmark.crossref.org/dialog/?doi=10.1152/ajpheart.00036.2023&domain=pdf&date_stamp=2023-6-2
http://www.ajpheart.org
https://doi.org/10.1152/ajpheart.00036.2023


The endothelial cell layer at the arterial lumen is the ini-
tial and most prominent barrier to transmural mass trans-
port; however, TAA is often associated with endothelial
dysfunction and impaired barrier capabilities (8). Hence,
mass transport through the medial and adventitial (outer)
layers of the aortic wall may be especially important in TAA.
Fenestrations or holes in the elastic laminae, particularly in
the inner elastic lamina (IEL), are thought to facilitate trans-
mural mass transport (9). Mouse models of TAA caused by
mutations in elastic fiber-associated genes have increased
IEL fenestration number and size (10). Fragmented elastic
laminae, due to genetic mutations or enzymatic degradation,
increase fluid and solute transport in mouse carotid arteries
(11); however, carotid arteries do not typically develop aneur-
ysms. Mass transport has been studied in the ascending tho-
racic aorta (ATA) of mice with a heterozygous missense
mutation in lysyl oxidase (LoxM292R/þ ), an enzyme critical to
cross linking of collagen and elastic fibers that is associated
with TAA in humans (12). LoxM292R/þ mice have a greater
number of elastic fiber breaks and increased fluid and solute
mass transport in the presence of an osmotic pressure gradi-
ent, yet do not have differences in IEL fenestration number
or size (13) and do not develop TAAwithout an additional he-
modynamic stressor, such as increased blood pressure (14).

Here, we use a mouse model with a homozygous knockin
mutation of fibulin-4 (Fbln4E57K/E57K), which recapitulates a
genetic mutation associated with TAA in humans (15).
Fibulin-4 is essential for proper elastic fiber assembly (16)
and interacts with lysyl oxidase to assist in collagen and elas-
tic fiber cross linking (17). Fbln4E57K/E57K mice develop ATA
aneurysms with �50% penetrance and have hypertension in
addition to elongated, tortuous arteries (18). We found that
breeding Fbln4E57K/E57Kmice with lysyl oxidase haploinsuffi-
cient mice (Loxþ /�) (19) induces ATA aneurysms with 100%
penetrance. In the current study, we measured mass trans-
port properties in the ATA of Fbln4E57K/E57KLoxþ /þ ,
Fbln4E57K/E57KLoxþ /�, and Fbln4þ /þLoxþ /þ (wild type, WT)
mice. We hypothesized that extracellular matrix defects due
to the genetic mutations primarily affecting elastic fibers in
these TAA models would alter transmural mass transport
and that changes in mass transport may correlate with aneu-
rysm severity. In vitro fluid and solute flux weremeasured in
both solute-absent and solute-present conditions with the
ATA axially stretched and pressurized to physiological val-
ues. Material parameters of hydraulic conductance and
solute permeability were calculated using one-dimensional
(1-D) advection-diffusion equations. To quantify extracellu-
lar matrix organization, we stained and imaged ATA cross
sections and en face preparations using light and/or electron
microscopy.

METHODS

Mice

Mice with a homozygous missense mutation in fibulin-4
(Fbln4E57K/E57K) were used as a genetic TAA model.
Fbln4E57K/E57K mice have cutis laxa, or loose skin, and elon-
gated ATAs with 50% penetrance of the aneurysm phenotype
(15). To increase ATA aneurysm incidence and/or severity, we
bred Fbln4E57K/E57K mice to lysyl oxidase haploinsufficient

mice (Loxþ /�) (19). Lox�/� mice die at birth, and Loxþ /� mice
have reduced lysyl oxidase expression, but no obvious cardio-
vascular phenotype. Because of the interactions between fibu-
lin-4 and lysyl oxidase during elastic fiber assembly, we
hypothesized that the effect of the fibulin-4 mutation on ATA
aneurysms would be exacerbated in an environment of
reduced lysyl oxidase. Indeed, Fbln4E57K/E57K;Loxþ /� mice
(termed MU-XA for mutant, extreme aneurysm) had 100%
ATA aneurysm penetrance. For the regular fibulin-4 mutant
mice (Fbln4E57K/E57KLoxþ /þ ), we divided them into two
groups (termed MU-A for mutant, aneurysm and MU-NA for
mutant, no aneurysm) depending on whether or not they
met the clinical criteria for an aneurysm of 50% larger ATA
diameter than wild-type control (Fbln4þ /þLoxþ /þ , termed
WT). WT, MU-NA, and MU-A groups had an n = 14, 11, and 9,
respectively, and were approximately half male and half
female. Because of poor survival rates, only n = 8 were
included for the MU-XA group, with five male and three
female mice. Males and females were combined for all analy-
ses as we were not powered to investigate sex differences,
and previous studies do not suggest significant sex differ-
ences in aortic mass transport (13). Mice were euthanized
between 3 and 4 mo of age by carbon dioxide inhalation.
All animal procedures were approved by Washington
University’s Institutional Animal Care and Use Committee.
ATAs were dissected, isolating the region from the base of
the heart to the innominate artery, and kept at 4�C in
phosphate-buffered saline (PBS) for up to 3 days before
experimentation.

Transport Measurements

A fluid column of PBS was attached to the inlet of a pres-
sure myograph (110P, Danish Myo Technology) and adjusted
to pressurize the entire fluid system at 100 mmHg for 12þ h
before the experiment (Fig. 1A). ATAs were mounted on can-
nulae using 7-0 sutures and placed into a bath of PBS at
37�C. An air bubble was passed through the lumen to disrupt
the endothelial cell layer. The ATA was stretched to an ap-
proximate in vivo axial stretch ratio of 1.1� (20) and exposed
to the 100-mmHg static pressure column. An image of the
loaded ATAwas taken using a digital camera (Fig. 1B). A bub-
ble was introduced into the lead tubing and its displacement
was recorded over time to measure fluid flow velocity (Fig.
1A). After 30 min, the intraluminal PBS was replaced with a
solution of 5 mg/mL of 4-kDa FITC-dextran (Sigma-Aldrich)
in PBS. A new bubble was introduced into the lead tubing,
and the system was equilibrated at 100 mmHg for 30 min.
The outer surface of the ATA was then rinsed, the bath was
refilled with 7 mL of fresh PBS, and both the bubble move-
ment and concentration of the bath were recorded for 70
min. Fluid flux was calculated using measurements of the
change in displacement over time (dx/dt) from the bubble
tracking for both solute-absent (Jv) and solute-present (Jvs)
experiments. Solute flux (Js) was calculated from the change
in concentration of the bath over time (dc/dt) (11). Both val-
ues were normalized by ATA outer surface area using a
membrane approximation. Outer surface area was calculated
from two-dimensional (2-D) images of mounted and loaded
ATAs using Matlab software (Mathworks). The right and left
sides of each ATA were identified in the images and rotated
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about the longitudinal axis to approximate the outer surface
area (Fig. 1B).

Transport Theory

We used a 1-D advection-diffusion mass transport equa-
tion to describe the transmural fluid flux in response to a
pressure (DP) and solute gradient (Dc). Transmural flow was
assumed to only be in the radial direction. To calculate hy-
draulic conductance (Lp), a material parameter describing
fluid transport through a semipermeable membrane, we
used (21)

Lp ¼ Jv
DP� rRTDc

; ð1Þ

where r is a reflection coefficient, R is the gas constant, and
T is the absolute temperature. When solute was absent (Dc =
0), Lp in Eq. 1 was calculated from our measured experimen-
tal quantities (DP, Jv). When solute was present (Dc = 0), Lp

in Eq. 1 was calculated from our measured experimental
quantities (DP, Jvs, Dc) and an assumed value for r. When
solute was present, we also calculated the solute permeabil-
ity (x), a material parameter describing solute transport
through a semipermeable membrane, from the solute-

present fluid flux (JvsÞ and solute flux (Js) due to diffusive
movement and an average solute concentration (cs) moved
by advection,

x ¼ Js � 1� r
0ð ÞcsJvs

RTDc;
ð2Þ

where r0 is another reflection coefficient. The reflection coef-
ficients must lie between 1 (impermeable to solute) and 0
(equally permeable to solvent and solute) (22). Values of r <
0.99 produced x < 0 for our experimental measurements,
yet r < 1 must be true for solute transport. Hence, we
assumed that r = r 0 = 0.99 (23) and calculated solute-absent
(Lp) and solute-present (Lps) hydraulic conductance and sol-
ute permeability (x) for each ATA.

Electron Microscopy Imaging

Additional WT, MU-NA, MU-A, and MU-XA mice (1–2/
group) were euthanized, and ATAs were dissected after pres-
sure fixation, as previously described (18). Briefly, ATAs were
fixed in 10% neutral-buffered formalin (Sigma-Aldrich) for 1
wk and then in 2.5% glutaraldehyde (EMS) for 2–3 wk at 4�C.
Samples were then washed in PBS, postfixed with 1.25% os-
mium tetroxide (EMS), and stained sequentially with 2% tan-
nic acid (Sigma-Aldrich) and 6% uranyl acetate (EMS).
Samples were washed again and dehydrated in a graded se-
ries of ethanol. Samples were then infiltrated in a graded se-
ries of resin and propylene oxide (PolySciences) before
embedding in fresh resin. Blocks were sectioned at 60 nm
thickness, collected on formvar-coated grids, poststained
with 6% uranyl acetate, and imaged on a JEOL 1400 electron
microscope with an AMT XR111 digital camera at the
Washington University Center for Cellular Imaging.

Light Microscopy Imaging

Postexperimentation, ATAs were fixed in 4% paraformal-
dehyde (Sigma-Aldrich) while pressurized at 100 mmHg for
12–20 h. ATAs were then sequentially dehydrated and stored
in 70% ethanol before use. To prepare for multiphoton imag-
ing, ATAs were rehydrated and n = 3/group were halved
where the inferior half was sliced along the longitudinal axis
and butterflied open for en face imaging. The superior halves
and an additional n = 2–3/group of ATAs were flash frozen in
optimal cutting temperature (OCT) compound for cryosec-
tioning. Cross sections (10 lm) were placed onto frosted-plus
microscope slides and stored at �20�C before multiphoton
imaging.

En face samples and cross sections were imaged using a
Leica Sp-8 DIVE multiphoton microscope with a �40 objec-
tive. Collagen and elastin were excited at 880 nmand imaged
using second-harmonic generation (emission, 420–460 nm)
and autofluorescence (emission, 495–540 nm), respectively.
Quantification of elastic-laminae fragmentation was per-
formed on the elastin images. For cross-sectional images, a
144 � 192-lm region was isolated in ImageJ software (NIH),
and a threshold was applied to create a binary mask. The
skeletonize function was then used to quantify image fea-
tures (24). Junctions are defined as any pixel that has greater
than two neighboring pixels of the same color, end points
are any pixels with less than two neighbors, and slabs are the
rest of the connected pixels. Z-stacks were taken of the en

Figure 1. Experimental set-up. A: ascending thoracic aorta (ATA) was
mounted in a pressure myograph and secured with 7-0 sutures. It was
stretched to 1.1 axial stretch ratio and pressurized to 100 mmHg by a static
fluid pressure column of phosphate-buffered saline (PBS). Axial length (L)
and outer diameter (Do) were recorded. An air bubble was inserted into
the tubing to track fluid flux through the wall. Both solute-absent (Clum =
Cbath = 0) and solute-present (Clum = 5 mg/mL 4-kDa FITC-dextran and
Cbath = measured Ct) experiments were performed for each ATA. B: repre-
sentative images of mounted ATAs from wild-type (WT) and mutant (MU;
Fbln4E57K/E57K) groups at 1.1 axial stretch and 100 mmHg. The longitudinal
axis is traced with a yellow line, and left/right edges are shown in red/blue
dots. Scale bars = 0.5 mm. MU-A, Fbln4E57K/E57K, aneurysm; MU-NA,
Fbln4E57K/E57K, nonaneurysm; MU-XA, Fbln4E57K/E57K;Loxþ /�, extreme
aneurysm.
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face images to capture the entire IEL. Regions of the IEL
were isolated in a maximum z-projection and a 192 � 192-lm
in-plane region was isolated for feature analysis. A binary
mask was created by thresholding and then uploaded into
Matlab software to calculate the number of holes and the ra-
tio of white (hole) to black (IEL) area.

Additional fixed ATA samples (n = 3/group) were proc-
essed for histological staining. Samples were embedded in
paraffin, 5-lm cross sections were cut, and stained with
Movat’s pentachrome that highlights elastic fibers (black),
collagen (yellow), cell cytoplasm (red), and proteoglycans
(blue). Stained sections were imaged on an Olympus DP80
microscope using a�40 objective.

Statistical Analysis

All statistical analyses were conducted using GraphPad
Prism. Two and one outliers were removed using the
ROUT test for the solute-absent and solute-present experi-
mental data, respectively. The four experimental groups
were compared using an ordinary one-way ANOVA. If sig-
nificant (P < 0.05), Sidak’s post hoc test was used for mul-
tiple comparison testing. Data are presented with means
and standard deviations. Correlations were analyzed using
the Pearson correlation coefficient, r. Correlation strength
(r), goodness of fit (R2), and statistical significance (P) are
reported.

RESULTS

Geometry and Aneurysm Characterization

Images of the loaded (1.1� axial stretch and 100 mmHg in-
ternal pressure) ATAs (Fig. 1B) were analyzed to determine
maximum outer diameter, longitudinal axis length (suture-
to-suture distance), and outer surface area (Fig. 2). MU-NA
and MU-A samples were separated by comparing each ATA
outer diameter to the average WT outer diameter (1,308 lm)
and using the clinical criteria that an aneurysm is >50% di-
ameter dilation. When compared with WT, MU-NA ATAs
have similar outer diameters, whereas MU-A have 87% larger
outer diameters andMU-XA have 93% larger outer diameters
(Fig. 2A). All MU ATAs are 100–160% longer than WT (Fig.

2B). Outer surface area increases 129, 329, and 378%, respec-
tively, for MU-NA, MU-A, and MU-XA ATAs, compared with
WT (Fig. 2C). No significant differences in geometry are
found comparing MU-A to MU-XA ATAs. These data illus-
trate the geometric variations in aneurysm phenotype across
groups.

Mass Transport

Bubble displacement was recorded for 30 min and used to
calculate the fluid flux. This was done in both solute-absent
(Fig. 3, A and B) and solute-present (Fig. 3, C and D) condi-
tions. Bubble displacement trends higher in MU ATAs but
fluid flux, which is normalized by the outer surface area, is
lower. MU-A and MU-XA ATAs have 59–67% lower fluid flux
with solute absent and 44–68% lower fluid flux with solute
present, compared with WT. The change in bath concentra-
tion over 70 min was used to calculate the solute flux (Fig. 3,
E and F). The change in bath concentration is highest in the
MU-NA and lowest in the WT ATAs. This pattern remains for
the solute flux, which is normalized by outer surface area.
MU-NA values of solute flux are 394, 109, and 436% higher
than WT, MU-A, and MU-XA ATAs, respectively. There are
no significant differences in solute flux for the MU-A and
MU-XA ATAs compared withWT.

Hydraulic conductance was calculated from Eq. 1. Like the
fluid flux, MU-A and MU-XA ATAs have 59–67% lower hy-
draulic conductance with solute absent and 44–68% lower
hydraulic conductance with solute present, compared with
WT (Fig. 4, A and B). Solute permeability was calculated
from Eq. 2. Like the solute flux, MU-NA solute permeability
is 397, 109, and 436% higher than WT, MU-A, and MU-XA
ATAs, respectively. These data show changes in fluid and
solute transport properties that depend on aneurysm
phenotype.

Extracellular Matrix Organization

Electron microscopy images of the ATA wall for the four
groups are shown in Fig. 5 to demonstrate the ultrastructural
effects of the genetic mutations. Most notably, elastic lami-
nae in MU ATAs are fragmented and discontinuous com-
pared with WT (Fig. 5A). MU ATAs have a very thin, sparse
IEL near the lumen (Fig. 5B). Although not quantitative, the

Figure 2. Maximum outer diameter (A), axial
length (B), and outer surface area (C) of
ascending thoracic aortas (ATAs) were
measured from pictures taken of mounted
ATAs at 1.1� axial stretch ratio and pres-
surized to 100 mmHg. Significant P values
are shown for a one-way ANOVA with
Sidak’s multiple comparisons. n = 5–10/
group. MU-A, Fbln4E57K/E57K, aneurysm;
MU-NA, Fbln4E57K/E57K, nonaneurysm; MU-
XA, Fbln4E57K/E57K;Loxþ /�, extreme aneu-
rysm; WT, wild type.
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electronmicroscopy images suggest increased elastic-laminae
fragmentation and thinning in MU-XA ATAs compared with
MU-A andMU-NA ATAs.

As electron microscopy requires extensive tissue processing
and only shows a small segment of the ATAwall, we usedmul-
tiphoton microscopy to further investigate structural changes

in the extracellular matrix, with a focus on elastic-laminae or-
ganization. Representative cross-sectional images of elastin
and collagen are shown for each experimental group (Fig. 6A).
The elastic laminae in the MU ATAs are less distinct, and elas-
tin layers extend into the adventitia, interspersing with the
collagen. The elastin images were quantified, and structural

Figure 3. Plots of bubble displacement vs. time and the calculated fluid flux for solute-absent (A and B) and solute-present (C and D) conditions. Plots of
the change in concentration of the surrounding bath vs. time (E) and the calculated solute flux (F) of the 4-kDa FITC-dextran solute. All three measure-
ments were normalized to begin at 0. Significant P values are shown for a one-way ANOVA with Sidak’s multiple comparisons. n = 5–10/group. MU-A,
Fbln4E57K/E57K, aneurysm; MU-NA, Fbln4E57K/E57K, nonaneurysm; MU-XA, Fbln4E57K/E57K;Loxþ /�, extreme aneurysm; WT, wild type.

Figure 4. Calculated values of solute-absent hydraulic conductance (A), solute-present hydraulic conductance (B), and solute permeability (C) from one-
dimensional (1-D) advection diffusion equation. Significant P values are shown for a one-way ANOVA with Sidak’s multiple comparisons. n = 5–10/group.
MU-A, Fbln4E57K/E57K, aneurysm; MU-NA, Fbln4E57K/E57K, nonaneurysm; MU-XA, Fbln4E57K/E57K;Loxþ /�, extreme aneurysm; WT, wild type.
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comparisons were made across groups. MU-XA has 54%
thicker walls compared with WT (Fig. 6C). Junctions (Fig. 6D),
slab size (Fig. 6E), and end points (Fig. 6F) of the elastic lami-
nae were identified using the skeletonize function in ImageJ
(Fig. 6B) and were normalized to the wall area of each image.

Junctions are 164% higher only in MU-NA ATA compared
with WT; however, MU-A and MU-XA ATAs show similar
trends to MU-NA. Average slab size is no different between
groups but tends to be higher in the MU-ATAs. End points are
more frequent in MU-NA, MU-A, and MU-XA ATAs compared

Figure 5. Representative electron microscopy images of ascending thoracic aorta (ATA) cross sections from the four experimental groups. The lumen is
marked (�), and elastic laminae are stained black/dark gray. Arrows in A indicate fragmented elastic laminae. Arrowheads in B indicate locations of frag-
mented and/or thin internal elastic lamina (IEL). Images are representative of n = 1–2/group. MU-A, Fbln4E57K/E57K, aneurysm; MU-NA, Fbln4E57K/E57K, non-
aneurysm; MU-XA, Fbln4E57K/E57K;Loxþ /�, extreme aneurysm; WT, wild type.

Figure 6. Representative cross-sectional multiphoton images of the ascending thoracic aorta (ATA) from the four experimental groups (A). Elastin is
green, collagen is red, and scale bars = 20 lm. The lumen is on the left. Elastin images were skeletonized [B shows wild type (WT) example] to quantify
elastic-laminae structure. Thickness of the ATA wall was quantified, as well as the elastic-laminae junctions, average slab size, and end points (C–F).
Significant P values are shown for a one-way ANOVA with Sidak’s multiple comparisons. n = 5–7/group. MU-A, Fbln4E57K/E57K, aneurysm; MU-NA,
Fbln4E57K/E57K, nonaneurysm; MU-XA, Fbln4E57K/E57K;Loxþ /�, extreme aneurysm.
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with WT by 81, 76, and 71%, respectively. These data show
increased fragmentation of the elastic laminae in MU ATAs
that appear consistent regardless of the aneurysm phenotype.

We also performed en face multiphoton imaging to visual-
ize the IEL density. Representative en face images for each
group are shown (Fig. 7A) and paired with the respective bi-
nary masks (Fig. 7B), used for quantification. Although small
holes, or fenestrations, are expected in the IEL, MU ATAs
have a looser network of elastic fibers that results in some
round fenestrations, as well as larger gaps or holes. We quan-
tified the total number of holes (Fig. 7C) and the ratio of total
hole area to elastin area for the region (Fig. 7D). The number
of holes is increased in MU-NA, MU-A, and MU-XA ATAs
compared with WT by 15.4�, 12.9�, and 17.0�, respectively.
There is also a greater ratio of hole to elastin area for MU-
NA, MU-A, and MU-XA ATAs compared with WT (107�,
108�, and 110�, respectively). These data show increased
holes and decreased overall elastin density of the IEL in the
MUATA regardless of the aneurysm phenotype.

To further investigate extracellular matrix and cellular or-
ganization in the ATA wall, we used Movat’s pentachrome
histological staining (Fig. 8). Consistent with Figs. 5 and 6,
MU ATAs have more elastic laminae throughout the wall
that are less distinctive, especially toward the adventitia.
Collagen is in the adventitia of all ATAs but is interspersed
with thin elastin layers in the MU ATAs (particularly in the
MU-A and MU-XA samples). Cell layers are present between
the medial elastic laminae in all ATAs. MU-XA ATAs have
local proteoglycan deposits in the media that were also seen
in some MU-A ATAs but were not clearly observed in WT or

MU-NA ATAs. The low proteoglycan content overall, small
sample size, and high sample variability precludedmeaning-
ful quantification of proteoglycan amounts.

Correlations

Correlations between ATA geometry andmass transport pa-
rameters (Fig. 9) and ATA geometry, mass transport parame-
ters, and cross-sectional elastic-laminae organization (Fig. 10)
were examined. Only data from theMUATAs were considered
to better understand how the genetic mutation and resulting
aneurysm phenotypemay be related to changes inmass trans-
port and/or elastic-laminae organization. Pearson r values are
reported in a correlation matrix containing different metrics
of mass transport compared with ATA outer diameters and
lengths (Fig. 9A). ATA outer diameter is negatively correlated
with the three metrics of mass transport (Lp, Lps, and x, P �
0.0001–0.001) and positively correlated with axial length (P <
0.0001). Length is negatively correlated with Lp and Lps (P =
0.004, 0.02), but not x. Overall, hydraulic conductance corre-
lations are stronger than solute permeability, as shown in the
individual plots of hydraulic conductance and solute perme-
ability versus outer diameter (Fig. 9, B and C). A subset of the
complete data set was used to compare geometry, mass trans-
port metrics, and cross-sectional elastic-laminae organization
for the MU ATAs. From these data, outer diameter is similarly
negatively correlated with mass transport metrics but is only
significant for the hydraulic conductance values (P = 0.02,
0.003 for Lp and Lps, respectively) (Fig. 10A). When we com-
pare elastic-laminae organization to mass transport parame-
ters, end points and slab size are positively correlated with Lp

Figure 7. Representative en face multiphoton images of the ascending thoracic aorta (ATA) internal elastic lamina (IEL) (A). Associated binary masks are
used for quantification of IEL structure (B). Fenestrations (þ ) and larger gaps (�) were all considered holes. Scale bars = 20 lm. The number of holes per
image area was quantified and averaged for each ATA (C), as were the ratios of white/black pixels (holes/elastin area) from the binary masks (D).
Significant P values are shown for a one-way ANOVA with Sidak’s multiple comparisons. n = 3/group. MU-A, Fbln4E57K/E57K, aneurysm; MU-NA,
Fbln4E57K/E57K, nonaneurysm; MU-XA, Fbln4E57K/E57K;Loxþ /�, extreme aneurysm; WT, wild type.
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(P = 0.0007, 0.01) and Lps (P = 0.006, 0.01) (Fig. 10, A and B),
and slab size is negatively correlated with diameter and thick-
ness (P = 0.009, 0.012) (Fig. 10C). These data show that mass
transport parameters correlate with elastic-laminae fragmen-
tation and aneurysm severity, as measured by aortic diameter,
and suggest that alterations in mass transport could be linked
to aneurysm progression.

DISCUSSION

We measured transmural mass transport in a mouse
model of TAA caused by a missense mutation in fibulin-4,
which is critical for proper assembly of the aortic extracellu-
lar matrix. Using the clinical TAA definition of >50% diame-
ter dilation, we found that the aneurysm phenotype is �50%
penetrant in Fbln4E57K/E57K mice, but 100% penetrant if the
mice are also heterozygous for lysyl oxidase, an enzyme
needed for cross linking of major extracellular matrix com-
ponents including collagen and elastin. The phenotype vari-
ability allowed us to investigate how changes in mass
transport and extracellular matrix organization correlate

with aneurysm severity, as measured by maximum outer di-
ameter. We speculate how these changes in mass transport
may contribute to aneurysm progression or be leveraged for
aneurysm treatment.

Mass Transport and Aneurysm Phenotype

Mice with TAA (MU-A and MU-XA) have lower ATA
hydraulic conductance and no difference in solute per-
meability compared with WT. Conversely, mice without
TAA (MU-NA) have no difference in ATA hydraulic con-
ductance and higher solute permeability compared with
WT. These results suggest that solute permeability may
be indicative of early changes in wall structure that pre-
cede aneurysm formation, whereas differences in hy-
draulic conductance occur after or concurrently with
aneurysm formation. Our solute is 4-kDa FITC-dextran,
chosen because previous modeling efforts suggested
that solute flux of small molecules (<70 kDa) was most
affected by extracellular matrix organization and elas-
tic-laminae fragmentation in particular (25). Dextran (4
and 70 kDa) probes accumulate in vivo in the thoracic

Figure 8. Representative cross-sectional histological images
of the ascending thoracic aorta (ATA) from the four experi-
mental groups were stained with Movat’s pentachrome that
highlights elastic fibers (black), collagen (yellow), cell cyto-
plasm (red), and proteoglycans (blue). The arrow indicates
local proteoglycan deposits in the Fbln4E57K/E57K;Loxþ /�,
extreme aneurysm (MU-XA) ATA. The lumen is on the left, and
scale bars = 20 lm. Images are representative of n = 3/group.
MU-A, Fbln4E57K/E57K, aneurysm; MU-NA, Fbln4E57K/E57K, nona-
neurysm;WT, wild type.

Figure 9. Analyzed relationships of data from Fbln4E57K/E57K, nonaneurysm (MU-NA), Fbln4E57K/E57K, aneurysm (MU-A), and Fbln4E57K/E57K;Loxþ /�,
extreme aneurysm (MU-XA) ascending thoracic aortas (ATAs) (n = 21). A full correlation matrix of mass transport metrics, length, and diameter of MU
groups (A) presented as a heat map to show positive (1.0) and negative (�1.0) Pearson r values. Specific linear correlations of hydraulic conductances vs.
diameter (B) have R2 as shown and P = 0.0018, 0.002, for Lp and Lps, respectively. Solute permeability vs. diameter (C) has R2 as shown and P = 0.0093.
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aorta of a mouse model of TAA caused by treatment with
b-aminopropionitrile (BAPN), a lysyl oxidase inhibitor
that reduces cross linking of collagen and elastin.
Accumulation of the dextran probes at early time points
was predictive of aneurysm location (26), suggesting
that solute permeability may be an indicator of wall
defects leading to aneurysm formation. Small cytokines,
such as monocyte chemoattractant protein-1 (12 kDa)
and TGF-b (25 kDa), which can play a role in TAA pathogene-
sis (27), may experience differential transport because of
early structural changes in the aortic wall allowing them
to act on smooth muscle cells that are typically isolated
within a dense extracellular matrix in the medial layer (5).
Small molecule pharmaceuticals (<1 kDa) for TAA treat-
ment may be designed to take advantage of the early alter-
ations in solute transport for facilitated delivery to the aortic
wall.

Hydraulic conductance, or fluid transport, is reduced in
mice with TAA, which could lead to hypoxia within the
aortic media and exacerbate aneurysm progression. Cells
in the intima and inner media of the aorta are supplied
with oxygen from blood flowing through the lumen. In the
aorta of large animals, the adventitia and outer media are
supplied with oxygen by capillaries in the vasa vasorum.
Small animals, such as mice, do not have a vasa vasorum
and rely on luminal blood or outer capillaries for oxygen
delivery throughout the aortic wall (28). The concentration
of oxygen in the mouse aortic wall depends on the oxygen
consumption rate and the Sherwood number (29), which is
the ratio of convective to diffusive oxygen transfer and
will be affected by the hydraulic conductance. Although
the adventitia and outer media in humans with TAA would

likely not be affected by changes in hydraulic conduct-
ance, the inner media would be affected, and there is evi-
dence of medial hypoxia in human TAA (30).

Previously, we investigated transmural mass transport in
the ATA of LoxM292R/þ mice (13), which have fragmented
elastic laminae, but no TAA (12), and hence are similar in an-
eurysm phenotype to our MU-NA mice in the current study.
Both LoxM292R/þ and MU-NA ATA have large, significant
increases in solute permeability and no (MU-NA) or slight
increases (LoxM292R/þ ) in hydraulic conductance (13). These
results indicate mass transport changes that correlate with
extracellular matrix defects and a tendency toward aneu-
rysm formation with additional stressors, such as lysyl oxi-
dase insufficiency in the current study and increased blood
pressure in LoxM292R/þ mice (14). Hydraulic conductance
and solute permeability values for the mouse ATA are com-
parable between the two studies. Hydraulic conductance val-
ues for the mouse ATA are consistent with our previous
values for the mouse carotid artery (11) but are an order of
magnitude higher than those observed for rabbit (31) and rat
(32) aorta and two orders of magnitude higher than that cal-
culated for cells (33). This suggests there are species-specific
differences that must be further investigated. This also indi-
cates that solute is likely moving around and not through
the cells and highlights the importance of the extracellular
matrix for small molecule transport.

Extracellular Matrix Organization

All MU mice (with and without TAA) have increased elas-
tic-laminae fragmentation and decreased elastin density in
the IEL, indicating significant extracellular matrix disruption.
We hypothesized that extracellular matrix defects would lead

Figure 10. Analyzed relationships of data from Fbln4E57K/E57K, nonaneurysm (MU-NA), Fbln4E57K/E57K, aneurysm (MU-A), and Fbln4E57K/E57K;Loxþ /�,
extreme aneurysm (MU-XA) ascending thoracic aortas (ATAs) that had associated cross-sectional images of elastic-laminae structure (n = 8–9). A full cor-
relation matrix of mass transport metrics, thickness, diameter, and elastic-laminae fragmentation metrics with a heat map to show positive (1.0) and nega-
tive (�1.0) Pearson r values (A). Specific linear correlations of end points and slab size vs. hydraulic conductance (Lp) (B) have R2 as shown and P =
0.0007 and 0.0106, respectively. Diameter and thickness vs. slab size (C) have R2 as shown and P = 0.0119 and 0.0095, respectively.
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to mass transport differences that may be linked to aneurysm
phenotype. However, the elastic fiber defects appear consist-
ent across groups and do not explain the dependence of mass
transport parameters on aneurysm phenotype. We did find
hydraulic conductance to positively correlate with elastic-
fiber end points and average slab size. The elastic-fiber layers
extend into the adventitia in the MU ATAs. Because there is a
trend toward an increase in slab size for MU-NA compared
with other groups, there may be aberrant formation of addi-
tional elastic laminae that later break down and contribute to
diameter dilation, which could explain why slab size is nega-
tively correlatedwith diameter and thickness. Increased num-
bers of elastic laminae are found in arteries of elastin
heterozygous mice (34). Although additional ATAs must be
imaged and differences quantified, the electron microscopy
images suggest subtle changes in extracellular matrix organi-
zation between MU ATA with 50% aneurysm penetrance and
MU-XA ATA with 100% aneurysm penetrance that may cause
molecular level changes in mass transport resulting in the
observed differences in hydraulic conductance and solute
permeability formice with andwithout TAA. These data dem-
onstrate possible linkages between extracellular matrix
remodeling, mass transport, and diameter dilation.

Although limited samples were examined, medial proteo-
glycan deposits were observed more often in MU-XA and MU-
A ATAs than in MU-NA and WT ATAs. Proteoglycan deposits
appear in areas of disrupted elastic laminae in human TAA
(6). There is accumulation of the large aggregating proteogly-
cans aggrecan and versican in human and mouse TAA (7).
Loss of functionmutations in the small leucine-rich proteogly-
can biglycan have been linked to TAA, but its functional role
in the disease is still being investigated (35). Proteoglycans are
proteins with covalently attached chains of glycosaminogly-
cans that are highly negatively charged, allowing them to
sequester water and solutes (36). Hydraulic conductivity, or
the hydraulic conductance normalized for the microscopic
path length, is inversely related to glycosaminoglycan concen-
tration in a tissue (37). Increased proteoglycan content could
lead to increased fluid sequestration and decreased hydraulic
conductance, as observed in the MU-XA and MU-A ATAs.
Increased fluid sequestration by proteoglycans is postulated to
lead to stress concentrations and swelling pressures between
elastic laminae that contribute to TAA dissection (38).

Increased elastic-laminae fragmentation and decreased
elastin density in the IEL suggest there may be less resistance
to fluid and solute transport through the aortic wall. This is
what we observed in our previous studies with genetically
modified mice using carotid arteries (11) and ATA (13) with
elastic-laminae fragmentation but no diameter dilation. This
is also what we observe in the MU-NA ATA in the current
study. However, despite fragmented elastic laminae and
larger/more holes in the IEL, solute permeability is similar to
and hydraulic conductance is decreased in MU-A andMU-XA
ATA compared with WT. Like the decreased hydraulic con-
ductance, the similar solute permeability despite the lack of
intact elastic laminae may be related to the proteoglycan con-
tent of the wall. The 4-kDa FITC-dextran molecule is mini-
mally charged, but its movement may still be retarded by the
presence of negatively charged proteoglycans in the wall.
Aggrecan concentration negatively correlates with local diffu-
sivity of a 150-kDa antibody in cartilage samples, suggesting

that it acts as a barrier to macromolecular transport (39).
Although the solute permeability is unchanged in MU-A and
MU-XA ATA compared with WT, solute uptake (not meas-
ured) may be increased as solute passes through the sparse
elastin network and then is retained by proteoglycan pools.

Mass Transport and TAA Pathology

Genetic mutations causing TAA have been linked to the
elastin-smooth muscle cell contractile unit [which includes
elastic fibers, smooth muscle cell contractile machinery, focal
adhesions, nuclear positioning, and other extracellular matrix
(ECM) components] and the TGF-b signaling pathway (3).
Regardless of the initial genetic mutation, aneurysm progres-
sion is influenced by a host of intrinsic and extrinsic factors,
of which fluid and solute transport across and within the aor-
tic wall may be a contributor. TAA severity, and hence the
guideline for surgical treatment, is currently determined by
the aortic diameter or diameter growth rate. We show that
ATA diameter in MU mice with a genetic mutation causing
TAA susceptibility negatively correlates with solute perme-
ability and hydraulic conductance. For hydraulic conduct-
ance, values start near WT and then decrease with aneurysm
severity. For solute permeability, values start above WT and
then decrease back toward WT with aneurysm severity. The
trends suggest that variations in mass transport properties
may contribute to the progression of, be used to determine se-
verity of, and/or be leveraged for treatment of TAA.

Limitations

Weused a geneticmousemodel of TAA (15) that has inher-
ent limitations. The mouse ATA has less elastic laminae (8–
10) than human (55–60) (40) and has no vasa vasorum,
which may lead to differences in mass transport properties.
Despite these differences, the changes in extracellular matrix
organization in the MU ATA are consistent with those
observed in human TAA and may help explain the associ-
ated changes in mass transport and aneurysm severity.
Because of the small size of the mouse ATA, our mass trans-
port experiments do not have sufficient resolution to directly
calculate the reflection coefficients. We assume that the
reflection coefficients are constant and unaffected by the
extracellular matrix changes, which must be confirmed in
future work. In the current study, we assume 1-D, homogene-
ous mass transport. Future experimental and/or computa-
tional work is needed to investigate the influence of
multidirectional and/or localized mass transport in TAA,
whichmay involve more detailed tracking of fluid and solute
movement. Because of the experimental design, we had a
smaller number of samples for quantification of the extracel-
lular matrix organization than for the mass transport proper-
ties, and so correlations were not possible on the full data
set. Movat’s pentachrome staining that highlighted local pro-
teoglycan deposits was performed on a limited number of
samples. Further investigation is needed to determine the
role of specific proteoglycans (i.e., aggrecan, biglycan) in
transmural mass transport and TAA.

Conclusions

To our knowledge, this is the first report of ATA trans-
mural mass transport properties, hydraulic conductance,

MASS TRANSPORT ACROSS ANEURYSMAL WALLS

H122 AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00036.2023 � www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at Washington Univ (128.252.014.100) on June 29, 2023.

http://www.ajpheart.org


and solute permeability for a mouse model with clinically
defined TAA of >50% diameter dilation. We show an
increase in solute permeability for the MU-NA ATA with no
TAA, despite measurable elastic-laminae fragmentation and
a decrease in hydraulic conductance for MU-A and MU-XA
ATAs with TAA, measurable elastic-laminae fragmentation,
and observed proteoglycan deposits. Our results show that
elastic-laminae fragmentation is associated with an increase
in solute permeability of the aortic wall that precedes aneu-
rysm formation. Following aneurysm formation, the aortic
wall has decreased hydraulic conductance that may be
related to water sequestration by proteoglycans that could
alter transmural oxygen concentrations. The reported trans-
port properties can be used in computational models for a
more sophisticated understanding of aortic wall mass trans-
port behavior in TAA. Overall, our results suggest relationships
between extracellular matrix organization, mass transport
properties, and TAA severity, as measured by maximum di-
ameter, which may be used to guide future studies for TAA
prevention and/or treatment.
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