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Aortic Disease

Aortic Strain Correlates With Elastin Fragmentation in
Fibrillin-1 Hypomorphic Mice

Jeff Z. Chen, BSc; Hisashi Sawada, MD, PhD; Jessica J. Moorleghen, BSc;
Mackenzie Weiland, BSc; Alan Daugherty, PhD; Mary B. Sheppard, MD

Background: High-frequency ultrasound has facilitated in vivo measurement of murine ascending aorta, allowing aortic strain to be
determined from 2-D imaging. Thoracic aortic aneurysms associated with mutations in fibrillin-1 (FBN7) display elastin fragmentation,
which may affect aortic strain. In this study, we determined the relationship between elastin fragmentation and aortic circumferential
strain in wild-type (WT) and fibrillin-1 hypomorphic (FBN1mR/mgR) mice.

Methods and Results: Luminal diameter of the ascending aorta from WT and FBN71m3"mgR mice was measured in systole and
diastole. Expansion of the ascending aorta during systole in male and female WT mice was 0.21£0.02mm (16.3%) and 0.21£0.01 mm
(17.0%), respectively, while expansion in male and female FBN1m3"maR mice was 0.11+0.04 mm (4.9%) and 0.07£0.02mm (4.5%),
respectively. Reduced circumferential strain was observed in FBN1m3"mdR mice compared with WT littermates. Elastin fragmentation
was inversely correlated to circumferential strain (R2=0.628, P=0.004) and significantly correlated with aortic diameter (systole,
R2=0.397, P=0.038; diastole, R2=0.515, P=0.013).

Conclusions: FBN1m3?*mdR mice had increased aortic diameter, reduced circumferential strain, and increased elastin fragmentation.

Elastin fragmentation in FBN1m3”R™gR and their WT littermates was correlated with reduced circumferential strain.
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dilations of the aorta associated with increased risk

of life-threatening aortic dissection and rupture.!
Although the majority of TAA have not yet been associated
with a specific mutation, TAA often occur in the context
of inherited genetic disorders such as Marfan syndrome.
TAA tissues from patients with Marfan syndrome display
decreased aortic elasticity.2 Measurement of aortic diameter
is a critical prognostic indicator because larger diameter is
associated with higher risk of rupture.!

Mouse models of spontaneous TAA can be generated by
systemic use of chemicals such as angiotensin II (AngIl) or
B-aminopropionitrile.3* Mouse models of heritable TAA
can be generated by manipulation of genes responsible for
extracellular matrix integrity or smooth muscle cell function
such as fibrillin-1 (FBN1), fibulin-4, and ACTA-2.5® In this
study we used the fibrillin-1 hypomorphic (FBN[msR/meR)
mouse model, in which TAA develops aggressively early in
life. Previous studies in these mice have indicated decreased
elastin expression and increased elastin fragmentation in
aneurysmal tissue.>1%-13 This elastin fragmentation may
influence aortic circumferential strain. We hypothesized
that vascular strain in the ascending aorta, measured on

T horacic aortic aneurysms (TAA) are abnormal

2-D high-frequency ultrasound, correlated with elastin
fragmentation. To test this hypothesis, we compared
circumferential aortic strains in the FBNImeR/meR mijce,
which naturally develop elastin fragmentation, vs. sex-
matched wild-type (WT) littermates.

Aortic diameter measurement is the primary endpoint
for quantification of TAA severity in disease models.
Previously, ascending aorta measurements in mice were
limited to terminal endpoints.!#!5 This included measure-
ment of aortic elasticity and sheer strain in ex vivo tissues.1?
Development of high-frequency ultrasound, in the range
40-50 MHz, has enabled resolution that distinguishes small
changes of aortic dimension over sequential measure-
ments.!¢ This resolution allows measurements of circum-
ferential strain from 2-D images captured in vivo and
enables investigation of the impact of elastin fragmentation
on aortic strain.

This study used 2-D, trans-thoracic ascending aortic
ultrasound measurements of the ascending aorta in WT
mice and their FBNI™eR/meR ]ittermates to measure circum-
ferential strain in vivo. When standardized, the 2-D, trans-
thoracic ascending aortic ultrasound measurement correlates
closely with traditional ex vivo measurement and has low
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Table. Characteristics of WT and FBN1m9R/maR Mice

Sex / n Age at ultrasound Body
Genotype (days) weight (g)

Male

WT 8 74.8+1.0 25.7+0.5

FBN1mgR/mgR 8 74.8+1.0 26.2+0.8
Female

WT 5 74.7+1.3 20.5+0.7

FBN1mgR/mgR 7 75.2+1.2 20.8+0.8

139+18

SBP Pulse rate AoDs AoDd AoDs—-AoDd
(mmHg) (beats/min) (mm)t (mm)t (mm)#*
1477 506+23 1.50+0.05 1.29+0.05*** 0.21+0.02
524+31 2.35+0.13 2.24+0.15** 0.11+0.04*
137+9 547+58 1.42+0.03 1.23+0.04*** 0.21+0.01
443+23 1.64+0.07 1.57+0.08** 0.07+0.02*

125+13

Data given as mean+SEM. P>0.05 between WT vs. FBN71m9RmgR by Student’s t-test. *P<0.05 WT vs. FBNT1meR/mgR_ **P<(0.01, ***P<0.001,
AoDs vs. AoDd. Male and female FBN7 WT and FBN71™9"maR mice were aged to 11 weeks. Body weight was measured before ultrasonography.
SBP and pulse rate were measured for 3 consecutive days using a tail cuff-based technique. No measurements were significantly different
between WT and FBN1meR/mgR within sex. tMale mice: WT P<0.001, FBN1mg*/mgR P=0.004; female mice: WT P<0.001, FBN1myR'mgR P=0.009.
*WT vs. FBN1m9R/maR: male mice, P=0.03; female mice, P=0.01. AoDd, aortic diameter in diastole; AoDs, aortic diameter in systole; FBN1,

fibrillin-1; SBP, systolic blood pressure; WT, wild type.

interobserver variability.!” Finally, we assessed the correla-
tion of these findings with elastin fragmentation.

Methods

Mice

Male and female WT C57BL/6J and FBNI™eR/meR litter-
mates were generated at the Jackson Laboratory (Bar
Harbor, ME, USA) from stock 005704. Heterozygous
FBNI™R* male mice were bred with FBNI™eR/* female
mice to generate mice of desired genotypes. Mice were
fed standard laboratory diet and water ad libitum and
maintained on a 14:10-h light:dark cycle. Mice were trans-
ferred to a barrier facility at the University of Kentucky.
All protocols were approved by the University of Kentucky
IACUC.

Non-Invasive Blood Pressure Measurement

Systolic blood pressure (SBP) was measured by tail cuff
using a Kent Scientific Coda 8 as described previously.!8
All measurements were performed at the beginning of the
light cycle. Briefly, mice were restrained and placed on a
warming platform. Twenty cycles of blood pressure mea-
surements were obtained for each mouse. Measurements
<50mmHg and >220mmHg were excluded. Pulse rate
<400beats/min was excluded from calculation. SBP was
measured on 3 consecutive days at the same time of day.
Measurements represent the mean of 3 days.

Ultrasound Measurement

Ultrasound was carried out in WT and FBNI™eR/meR mice
at 11 weeks of age. Mice were anesthetized using isoflurane;
dose was titrated at 2-3% wt/vol isoflurane with 2 L/min O2
to maintain heart rate 400-500 beats/min as monitored on
concurrent 3-lead electrocardiogram. Ultrasound cine-loops
were captured using a Vevo 2100 system with a MicroScan
MS550 40-MHz transducer (VisualSonics, Toronto, ON,
Canada). Frame rate was >300frames/s, and 300 frames
were stored per cine-loop. Aortic images were acquired
from a modified right parasternal long axis view (1-2 ribs
caudal to the right parasternal long axis view; Supplementary
Figure 1). The probe was angled 45° relative to the chest
to avoid sternum artefacts. Images were standardized to
include visualization of 2 anatomical landmarks: the innom-
inate artery and aortic valve (Supplementary Figure 2A).
The ascending aorta was defined as the region between the
sinotubular junction and the innominate artery. The largest

ascending aortic diameter was measured in both systole
and diastole of 3 separate cardiac cycles for each mouse.
To facilitate measurements, a center line was drawn on the
acquired image at the midpoint between the aortic walls.
Aortic diameter (AoD) was measured at the largest
diameter perpendicular to the center line of the aorta
(Supplementary Figure 2B). AoD in systole (AoDs) was
measured at physiologic systole: when the aorta was
maximally dilated. AoD in diastole (AoDd) was measured
at the end of diastole: defined as during the R wave
(Supplementary Figure 2C). Aortic images were analyzed
by 2 independent observers blinded to the experimental
groups. Circumferential strain was calculated as previously
described using Equation 1.1

2
sl(A9Ds | 1k 100% (1)
AoDd

Ex Vivo Aorta Measurements

Mice were killed by overdose of ketamine:xylazine at 11
weeks of age followed by exsanguination via cardiac punc-
ture and saline perfusion. The aorta was dissected away
from surrounding tissue, and Optimal Cutting Temperature
(OCT) Compound (Sakura Finetek, Torrance, CA, USA)
was slowly introduced via the left ventricle to maintain
aortic patency. A black plastic sheet was inserted behind the
aorta and heart to increase contrast and facilitate visual-
ization of aortic borders. The aorta was immediately
imaged using a Nikon SMZ800 stereoscope and measure-
ments were recorded using NIS-Elements AR 4.51 (Nikon
Instruments, Melville, NY, USA). Fluid OCT maintained
aortic patency to facilitate ex vivo and histologic analyses.
Ascending aortic diameters were measured at the largest
width perpendicular to the vessel.

Quantification of Elastin Fragmentation

Three proximal thoracic aortas per group were selected
randomly and >9 tissue sections per aorta were generated
using a cryostat. Tissue sections (10um) were generated
from the aortic root to the aortic arch at 100-ym intervals.
Three sections corresponding to the region of largest dila-
tion between the sinotubular junction and the arch were
analyzed. Briefly, elastin was visualized on auto-fluores-
cence at an excitation spectrum of 460-500nm. Multiple
high-magnification images were acquired of each section
that were subsequently aggregated to a single image of the
entire section using ImageJ.?’ Fragmentation was defined
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Effect of cardiac cycle on ascending aortic diameters. (A-D) Representative B-mode imaging of ascending aortas from
11-week-old wild-type (WT) and fibrillin-1 (FBN1)me?'ma? mice. (E,F) Quantification of aortic diameters in systole and diastole of
(E) male and (F) female littermates. There were significant differences in aortic diameters between systole and diastole within
both sex and genotype. Red line, region measured; green bar, 1mm. Male, n=8 WT and 8 FBN1m9R/maR; female, n=5 WT and 7
FBN 1meRimaR; ***P<0.001, *P<0.05 between groups (paired Student’s t-test).
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as the presence of discernable breaks of continuous elastin
fiber. The number of elastin breaks was counted by 2 inde-
pendent investigators blinded to the sample identification.
Individual data are represented as the mean number of
elastin breaks per aortic section calculated by 2 independent
investigators.

Statistical Analysis

Data are reported as mean+SEM. Statistical analysis was
performed using SigmaPlot (Systat Software; San Jose, CA,
USA). For 2-group comparisons, all data passed normality
and equal variance tests. Paired Student’s t-test was used
to compare systole and diastole from the same mouse, and
unpaired Student’s t-test was used between groups. P<0.05

was considered statistically significant. Regression was
calculated using Pearson’s coefficient of correlation. Bland-
Altman analysis was performed by plotting the mean of
aortic diameter measured ex vivo and on ultrasound vs. the
difference of aortic diameter measured ex vivo and on
ultrasound, with negative values indicating that ex vivo
measurements are smaller than ultrasound measurements
(Equation 2). Bias and limits of agreement calculated for
Bland-Altman analysis were used to compare measurements
of the same biological variable obtained using 2 different
measurement methods.

Difference Aortic Diameter
= ex vivo diameter — ultrasound diameter (2)
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Figure 2. Circumferential Green-Lagrange strain of the aorta during cardiac cycle in wild-type (WT) and fibrillin-1 (FBN 1)meR/imgR
mice. Percent expansion was calculated by comparing aortic measurements between systole and diastole in a cardiac cycle. (A)
Male and (B) female WT mice had greater percent expansion during the cardiac cycle compared with their FBN 1m9R/maR |ittermates.
Male, n=8 WT and 8 FBN 1m¢fimaR; female, n=5 WT and 7 FBN 1mefimaR: **P<0.01 between groups (Student’s t-test).

Results

Body Weight and SBP

The SBP and diastolic blood pressure were measured by
tail cuff at 11 weeks of mice for 3 consecutive days before
death at similar times of the day. Blood pressure was not
significantly different in WT and FBN™eR/meR sex-matched
littermates. In addition, body weight was not different
between WT and FBNImeR/meR gex-matched littermates
(Table). During ultrasonography, anesthesia was titrated
to maintain a heart rate 400-500beats/min. Therefore,
heart rate was not significantly different between groups
during ultrasonography (heart rate: WT, 453127 beats/min;
FBN[meR/meR - 439+26 beats/min; P=0.86). Heart rate was
also not different between groups during non-invasive blood
pressure measurements (Table).

2-D Ultrasound Ascending Aorta Measurements
Ultrasound measurements of ascending aortas of 11-week-
old male and female WT mice and their FBN]meR/megR
littermates in systole and diastole were measured via the
standardized protocol described herein (Figure 1A-D).
Ascending aortic diameter measured in systole was signifi-
cantly greater than that measured in diastole (Figure 1E,F)
in both male and female mice (Table). The difference
between systole and diastole in WT mice was larger than
in FBNI™eR/meR sex-matched littermates.

Circumferential Strain in Ascending Aorta During Systole
Fibrillin-1 hypomorphic mice had significantly less circum-
ferential expansion during systole compared with their WT
littermates. Green-Lagrange strain was calculated using
aortic diameter on B-mode imaging during systole and
diastole for each individual mouse, according to equation
1. Increased circumferential strain was observed in WT
ascending aortas compared with aortas from FBN[meR/meR
mice (Figure 2). This effect was seen in both male and
female mice. For male mice: mean percent strain WT,
18.241.8%; FBNImeR/meR 5 9+2 4% (P=0.001). For female
mice: mean percent strain WT, 17.4+1.9%; FBNmeR/meR
5.4+1.8% (P=0.001).

Elastin Fragmentation: Circumferential Strain and Aortic
Diameter Correlations

As expected, aortic sections from FBNI™RmeR mice had
significantly greater elastin fragmentation compared with
their WT counterparts (Figure 3A—C). Elastin fragmenta-
tion was also significantly inversely correlated with in vivo
circumferential strain (R?=0.628, P=0.004) and positively
correlated with both systolic and diastolic aortic diameters
(systole, R?=0.397, P=0.038; diastole, R?=0.515, P=0.013;
Figure 3D-F). On multiple linear regression modeling, we
also determined that the FBNI genotype contributed
significantly to differences in elastin fragmentation (P=0.001)
and that elastin fragmentation did not correlate with sex
(P=0.414).

Discussion

Previously, our group reported aortic diameters in aneu-
rysm studies without specifying the cardiac phase during
which these in vivo measurements were taken.!6-21-23 In this
study, we have demonstrated that in vivo 2-D ultrasound
measurements are accurate and correlate with in situ
measurements of exposed aortas (Supplementary Figure 3).
Furthermore, we quantified the difference between mea-
surements taken in systole and diastole in the thoracic
aorta (Figure 1). This suggested that 2-D trans-thoracic
ultrasound can be used to calculate circumferential aortic
strain, despite the fact that the thoracic aorta experiences
increased longitudinal displacement due to its proximity
to the beating heart.!®?* Using a mouse model of elastin
fragmentation, we further investigated whether differences
in aortic strain between FBNI™RmR mice and their WT
littermates correlated with elastin fragmentation.
Previously, circumferential strain has been characterized
in the Angll-induced mouse model of aortic aneurysms.2s
These analyses, however, have not been performed for
mouse models of heritable thoracic aortic aneurysms, such
as FBN[meR/meR mice. FBNI™eR/meR mice were used in this
study because of the rapid development of pronounced
thoracic aneurysms.526 Mouse models with mutations in
FBNI1 exhibit decreased aortic elastin expression, elastin
fragmentation, and TAA.1® Aortas from WT mice experi-
enced greater circumferential strain during systole compared
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Figure 3. Elastin fragmentation of wild-type (WT) and fibrillin-1 (FBN1)meRmaR correlated with ascending aortic diameter. (A,B)
Representative elastin autofluorescence imaging of elastin fragmentation from WT and FBN 1m9”*maR mice at the largest ascending
aortic diameter. Green line, 100um. (C) Elastin fragmentation quantified. (D) Elastin fragmentation vs. circumferential strain
(R2=0.628, P=0.004). (E,F) Elastin breaks vs. aortic diameter in (E) systole (R2=0.397, P=0.038) and (F) diastole (R2=0.515,
P=0.013). n=3, male WT, male mgR, female WT. n=2, female mgR.
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with aortas from FBNI™eR/meR mice. In this study, SBP was
acquired using a standardized protocol on a system that
measures the variance in tail volume in conjunction with a
pressure cuff.!® We have demonstrated previously that there
is good correlation between blood pressure measurements
obtained using this process and those obtained using
telemetry.?’” Although absolute blood pressure measure-
ments can differ between instruments, there were no differ-
ences detected in SBP between WT and FBNI™eR/meR mijce.
There was also no significant difference in heart rate mea-

sured while conscious or under anesthesia. The correlation
between blood pressure and circumferential strain was not
significant. Blood pressures, however, were not measured
during ultrasound. We cannot assume that blood pressure
in the awake state is equal to blood pressure during ultra-
sound in the anesthetized state. Although this suggests that
the increase in aortic stiffness is a function of intrinsic
aortic tissue mechanics, this point merits further study.
Indeed, this increase in aortic stiffness has been measured
in other mouse models of spontaneous thoracic and
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abdominal aortic aneurysm and dissection. Circumferential
aortic strain in the Angll-induced mouse model of abdom-
inal aortic aneurysms is approximately 15% in control mice
and 5% in Angll-infused mice.? These strains are consistent
when measured using speckle tracking technology.?8 Inter-
estingly, Angll-induced thoracic aortic aneurysms also had
reduced circumferential strain. Circumferential strains in
this model decrease from 20% before infusion to 10%
after Angll infusion.?? Data from Angll-induced aortic
aneurysms are in agreement with the present results in a
heritable model of thoracic aortic aneurysm.

Strains have been measured ex vivo in the FBN/meR/meR
mouse model. Previously, Lee et al demonstrated that
compressive forces, measured using atomic force micros-
copy acting on aortas from FBNImeR/meR mice, produced
greater deformation under stress.!® This was attributed to
the loss of elasticity in FBNI™R/meR aortas as evidenced by
reduced area fraction of elastic fibers. We quantified elastin
fragmentation as a proxy of aortic elastic behavior. While
elastin fragmentation was correlated with reduced circum-
ferential strain in response to circumferential tensile forces
in vivo, this analysis is limited by the assumption that loss
of continuous elastin layers leads to loss of elasticity.
Paradoxically, loss of elasticity can explain both the loss of
resistance to compressive forces outlined by Lee et al'® and
the increased resistance to circumferential tensile forces
shown in the present study via the Poisson effect. Together,
these observations imply that increased elastin fragmenta-
tion in FBNI™RmeR aortic tissue may be responsible for
reduced aortic strain observed during systole in FBN[meR/meR
mouse.

The primary purpose of this study was to determine the
relationship between circumferential aortic strain measured
in vivo and elastin fragmentation. We additionally quanti-
fied aortic diameter increases during systole compared with
diastole in both WT and FBNImeR/meR mice. The significant
size differences indicate that cardiac cycle influences inter-
pretation of murine studies that report thoracic aortic
diameters. Based on the present data, the excursion of the
aorta in systole can be as great as 0.2mm in WT aortas and
0.1 mm in aneurysmal aortas. This difference is larger than
error attributable to interobserver variability in the present
dataset, where bias between observers was 0.08+0.08 mm
in systole and —0.07£0.06 mm in diastole (Supplementary
Figure 4). Thus, specifying whether ascending aortic diam-
eter was measured in either systole or diastole is especially
important in order to detect small differences, ensure
accuracy, and increase study power. Accounting for this
phenomenon is important when ascending aortic diameter
is measured across different studies. This discrepancy occurs
because studies have reported aortic diameters in systole,
diastole, both, or omit reporting cardiac cycle.!¢2-32 In lieu
of these data, a correction factor of approximately 17% in
C57BL/6J WT aortas and 5% in FBNI™eR/meR aneurysmal
aortas may be taken to approximate measurements taken
in systole compared with diastole.

Conclusions

In mice that spontaneously develop elastin fragmentation,
reduced circumferential strain is correlated with increased
elastin fragmentation, and 2-D ultrasound data can be
used to measure circumferential strain in vivo.
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