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Abstract

Purpose—Decreased expression of elastin results in smaller, less compliant arteries and high
blood pressure. In mice, these differences become more significant with postnatal development. It
is known that arterial size and compliance directly affect cardiac function, but the temporal
changes in cardiac function have not been investigated in elastin insufficient mice. The aim of this
study is to correlate changes in arterial size and compliance with cardiac function in wildtype
(WT) and elastin haploinsufficient (£/7%/~) mice from birth to adulthood.

Methods—UItrasound scans were performed at the ages of 3, 7, 14, 21, 30, 60, and 90 days on
male and female WT and £/7*/~ mice. 2-D ultrasound and pulse wave Doppler images were used
to measure the dimensions and function of the left ventricle (LV), ascending aorta and carotid
arteries.

Results—E/n*/~ arteries are smaller and less compliant at most ages, with significant differences
from WT as early as 3 days old. Surprisingly, there are no correlations (R? < 0.2) between arterial
size and compliance with measures of LV hypertrophy or systolic function. There are weak
correlations (0.2 < R? < 0.5) between arterial size and compliance with measures of LV diastolic
function.

Conclusions—£/n*’~ mice have similar cardiac function to WT throughout postnatal
development, demonstrating the remarkable ability of the developing cardiovascular system to
adapt to mechanical and hemodynamic changes. Correlations between arterial size and compliance
with diastolic function show that these measures may be useful indicators of early diastolic
dysfunction.
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Introduction

Elastin is an extracellular matrix (ECM) protein important for elasticity in organs that
undergo large deformations, such as the lungs and blood vessels. In the large arteries, elastin
is deposited in the media by smooth muscle cells (SMCs) and cross-linked to form
concentric sheets called elastic lamellae. Elastin deposition occurs from mid-gestation
through postnatal development and is essentially nonexistent in adult animals [1]. In adult
animals, elastic lamellae are degraded and fragmented with age, leading to increased
stiffness of the arterial wall [2]. Arterial compliance is an inverse measure of arterial
stiffness. Decreased compliance of the large arteries in humans is correlated with impaired
left ventricular (LV) subendocardial function [3], concentric LV hypertrophy [4], impaired
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LV diastolic function [5], and is an important predictor of cardiovascular mortality [6].
However, there has been limited investigation into the temporal relationship between
decreased arterial compliance and cardiac function in animal models.

Williams Syndrome (WS) and Supravalvular Aortic Stenosis (SVAS) are two human
diseases associated with elastin deficiency [7-8]. WS and SVAS are characterized by aortic
stenoses and hypertension that can lead to eventual cardiac failure. Several varieties of
genetically-modified mice have been developed to facilitate the study of these diseases, and
the results show that as elastin amounts decrease, arterial diameter and compliance decrease
and blood pressure increases [9-11]. These changes become more significant with postnatal
development [12]. Elastin null mice (£/n-/-) die shortly after birth, with tortuous blood
vessels occluded by overproliferating SMCs [13-14], in a process that may mimic aortic
stenosis in SVAS and WS. Interestingly, mice with only small amounts of elastin (30 —
50%) are able to adapt to the mechanical and hemodynamic changes in the developing
cardiovascular system and live a relatively normal lifespan.

In previous work on mice with reduced elastin amounts, comprehensive studies of cardiac
function were not performed and the mechanical data were obtained from ex vivo arterial
segments. Hence, the objective of this study is to quantify in vivo cardiovascular and cardiac
parameters in wildtype (WT) and £/7"/~ mice from birth to adulthood using
echocardiography. We hypothesize that reduced arterial size and compliance in £/n+/-mice
will affect cardiac function during postnatal growth and development. Changes may include
cardiac hypertrophy (chamber dilation and wall thickening), systolic dysfunction (reduced
contractility and ejection), or diastolic dysfunction (reduced relaxation and filling).
Elucidation of the relationships between arterial size, compliance and cardiac function in an
animal model may help inform diagnostic and treatment protocols for humans with cardiac
and cardiovascular disease.

Eln*/~and WT littermates in the C57BL6 background [14] were bred in the institutional
animal facility. Mice were used at the ages of 3, 7, 14, 21 — 24 (21), 30 — 34 (30), 60 — 64
(60) and 90 — 94 (90) days (d) for cardiac and cardiovascular ultrasound examination. Some
mice were used at multiple time points, while others were sacrificed after scanning for other
studies [15-17]. Both male and female mice were used in the study. All protocols were
approved by the Saint Louis University Institutional Animal Care and Use Committee.

All mice were weighed prior to the ultrasound examination. The mice were placed in an
induction chamber with 2.5% isoflurane, and then transferred to a table, where they
continued to receive 2.5% isoflurane via nose cone. Petroleum-based lubricant was applied
to their eyes to prevent desiccation. A chemical hair remover was used to depilate the chests
of mice from 14 — 90d, and warm water was used to rinse off the hair remover. The mice
were then transferred to the ultrasound imaging platform, where they received 1.5%
isoflurane for the duration of the 10 — 15 minute examination. The mice were secured at
their extremities to the ultrasound platform with surgical tape. The hands and feet of mice
from 21 — 90d were coupled to ECG contacts on the platform. Younger animals were too
small for the ECG contacts. Body temperature in 14 — 90d animals was maintained at 37.5 C
with a heat lamp combined with the heated platform of the Integrated Rail System
(VisualSonics, Toronto, Canada) and monitored using a digital rectal probe. 3 and 7d mice
were examined quickly after separation from their mothers. Their temperature could not be
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monitored due to rectal probe size limitations. Examinations of 3 and 7d mice were
performed with a heat lamp, the heated platform set at 40 C and a gauze pad placed between
the pups and platform. Following examination, 3 — 14d pups were cleaned and returned to
their mothers.

Echo Machine

Examinations were performed with the Vevo 770 High Resolution Imaging System
(VisualSonics, Toronto, Canada). The transducers used are outlined in Online Resource 1.
Measurements were performed manually using VisualSonics software. All data points were
averaged from measurements made in triplicate by a user blinded to the genotype using
mouse echocardiography conventions [18].

Echocardiographic Examination

Statistics

Examinations were performed on mice secured in the supine position. Pre-warmed coupling
gel (Parker Aquasonic 100) was used. The imaging views, abbreviations, sources of
dimensional measurements and calculations are outlined in Table 1, which is based on a
previously-published protocol [19]. LV mass (LVM) was calculated using the Penn
algorithm: LVM = 1.05*[(IVST + LVIDd + PWT)3 - (LVIDd)3], where VST is the
interventricular septum thickness, LVIDd is the LV inner diameter at end-diastole, and PWT
is the posterior wall thickness [20]. Because of the irregular shape of the £/n*/~ ascending
aorta, it was difficult to obtain views of the aorta in £/7%/~ animals from the traditional
aortic arch view. When the aorta could not be visualized from the traditional view, an
alternate image was obtained by tilting the platform such that the animal’s head was pointed
down and approaching the animal’s ascending aorta with the scanhead held vertically, the
notch pointed at the animal’s head. This view is termed the modified parasternal long axis
(MPSLAX) in Table 1 and was used for both WT and £/7*/~ mice whenever a satisfactory
M-mode image of the aortic arch could not be obtained. Preliminary comparisons did not
show any significant differences between the measurements taken from this view or the
traditional aortic arch view. Mitral valve inflow measurements were taken using an angle of
interrogation that ranged from 8 to 14 degrees. Velocity Time Integral (VTI) and mean
velocity of the aortic valve were measured from pulse wave Doppler readings taken at the
aortic root. Aortic valve diameter measurements were taken at the supra-aortic ridge.
Cardiac output (CO) was calculated from the following formula: CO = LV outflow tract VTI
x (diameter/2)? x 3.14 x heart rate, to avoid making assumptions about the LV geometry
[21].

Data are presented as mean * standard deviation. Because it was not possible to examine all
mice at every age, each mouse at each time point was treated as a separate data point and
repeated measures or paired comparisons were not taken into account in the statistical
analysis. A general linear model (GLM) was used to determine the effects of age, sex, and
genotype, and all interactions between these factors on the measured parameters. WT and
Eln+/- mice were divided into groups by age, as age always had a significant effect in the
GLM, and by sex only if sex had a significant effect in the GLM. Because genotype
differences are the primary focus of the study, two-tailed t-tests assuming unequal variance
were used to further investigate significant differences between WT and £/7*/~ mice when
genotype had a significant effect in the GLM. Additionally, linear regression analyses were
performed to determine correlations between independent measures of arterial size or
compliance and measures of cardiac function. All analyses were performed with SPSS
software (IBM). P < 0.05 was considered significant, R2 > 0.7 was considered a strong
correlation, 0.7 > R2 > 0.5 was considered a correlation, 0.5 > R? > 0.2 was considered a
weak correlation, and R? < 0.2 was considered no correlation.
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All results for the significant effects of age, sex, genotype, and the interactions between
factors are shown in Table 2 and discussed briefly below. The number of mice used for each
measurement is given in Online Resource 2. The groups were divided by sex only if sex had
a significant effect in the GLM. Additional results for significant differences between
genotypes are discussed below and shown in the referenced figures. All figures show results
for each genotype at every age, but only show separate results for male and female mice if
sex had a significant effect in the GLM.

Body weight (BW) and left ventricular mass (LVM)

BW is significantly affected by age and sex, while LVM is significantly affected by age,
sex, and genotype (Table 2). From 3 to 90d, BW increases about 12-fold (Fig. 1A), while
LVM increases about 25-fold (Fig. 1B). Normalized LV mass (LVM/BW) is significantly
affected by age and genotype, but not by sex (Table 2). LVM/BW increases in early
postnatal development (3 — 14d) and declines in early adulthood (21 — 90d), so that 3 and
90d values are approximately equal (Fig. 1C). Although the GLM shows a significant effect
of genotype on both LVM and LVM/BW, there are no significant differences between
genotypes at any age when compared using a t-test.

Left ventricular dimensions

Left ventricular inner diameter (LVID) at diastole and systole and fractional shortening (FS)
are significantly affected by age, but not by sex or genotype (Table 2). LVID increases about
2.5-fold (Fig. 2A) and FS remains approximately constant around 30% from 3 to 90d (Fig.
2B). Fig 2C shows a representative LV short axis m-mode image for a 14d WT mouse.

Arterial dimensions and compliance

The ascending aorta inner diameter (ASID) at diastole and systole are significantly affected
by age and genotype, but not by sex (Table 2). ASID is 7 — 15% smaller in £/n*/~ mice than
WT starting at age 7d (p < .001 —.018) (Fig 3A). The percent increase in diameter from
diastole to systole (ASID % increase), which is a non-traditional measure of aortic
compliance, is significantly affected by age and genotype, but not by sex (Table 2). ASID %
increase is reduced 17 — 46% in £/17*/~ mice at age 3d and above, except for ages 14 and 21d
(p <.001 - .034) (Fig 3B). Aortic compliance is traditionally defined as the change in
diameter divided by the change in pressure. Blood pressure was not measured in this study,
but was measured previously at similar ages for WT and £/n7/~ mice [16]. The previous
results show that £/7*/~ mice have increased pulse pressure at age 21d and above, which
would increase the compliance differences between genotypes in Fig. 3B. Example m-mode
images of 3d aortas are shown in Fig 3C-D. The branches of the £/7*/~ aortic arch extend at
angles that are noticeably different from those of WT animals (Fig. 3E-F for 14d animals,
see also the video in Online Resource 3). The angle differences were not quantified due to
the difficulty in obtaining clear images of the branches in all mice.

Carotid artery inner diameter (CAID) at diastole and systole are significantly affected by age
and genotype, but not by sex (Table 2). CAID is 8 — 16% smaller in £/7*/~ mice than WT at
age 7d and above (p < .001 - .03) (Fig 4A). The percent increase in diameter from diastole
to systole (CAID % increase), which is a non-traditional measure of arterial compliance, is
significantly affected by age and genotype, but not by sex (Table 2). CAID % increase is
reduced 13 — 33% in £/n"/~ mice at age 14d and above, except for age 60d (p < .001 — .023)
(Fig 4B). As with the aortic compliance, including the published pressure differences [16] in
the carotid compliance calculations would increase the compliance differences between
genotypes. Example m-mode images of 3d carotids are shown in Fig 4C-D.
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Cardiac output

Aortic valve diameter at systole (AVDs) is significantly affected by age, sex, and genotype
(Table 2). AVDs is about 10% smaller in male and female £/n*/~ mice compared to WT at
30 and 60d (p = .004 — .049). Female £/n+/-mice at 90d have 14% smaller AVDs than WT
(p <.001) (Fig 5A). Heart rate is significantly affected by age and sex, but not by genotype
(Table 2). Heart rate increases about 1.5-fold between 3 and 90d (Fig 5B). Cardiac output
(CO) is significantly affected by age, sex, and genotype (Table 2). CO is 18 — 27% lower in
Eln*/~ compared to WT mice for females at 60d and 90d and males at 60d (p = .009 — .035)
(Fig. 5C). An example aortic valve VTI tracing for a 3d mouse is shown in Fig. 5D and
example aortic valves diameters taken at the supra-aortic ridge for 30d mice are shown in
Fig. 5E - F.

Stroke volume (SV) and ejection fraction (EF)

LV volume at diastole (LVVd) is significantly affected by age and sex, but not by genotype
(Table 2). LVVd increases about 15-fold in male mice and 10-fold in female mice between 3
and 90d (Fig. 6A). LVV at systole (LVVs) is significantly affected by age, sex, and
genotype (Table 2). LVVs is 28% lower in male £/7*/~ mice compared to WT at 7d (p = .
003) and 26-29% lower in female £/n+/-mice compared to WT at 14 and 21d (p =.019
and .001, respectively) (Fig. 6B). SV is significantly affected by age and sex, but not by
genotype (Table 3). SV increases about 12-fold in male mice and 8-fold in female mice
between 3 and 90d (Fig 6C). EF is significantly affected by age and genotype, but not by sex
(Table 2). EF is increased 17% in £/n*/~ mice compared to WT at 14d (p = .001) (Fig. 6D).
Example LV tracings for a 3d WT mouse are shown in Fig. 6E — F.

Diastolic filling

The peak mitral valve velocities of early rapid filling (MV E) and atrial filling (MV A) are
significantly affected by age, but not by sex or genotype (Table 2). Both velocities increase
about 2-fold between 3 and 30d and then remain approximately constant (Fig. 7A-B). The
E/A ratio is significantly affected by age and genotype, but not by sex (Table 2). The E/A
ratio is 10-14% lower in £/n*/~ mice compared to WT at 14 and 21d (p = .015 and .035,
respectively) (Fig. 7C). Isovolumic relaxation time (IVRT) is significantly affected by age,
but not by sex or genotype (Table 2). IVRT decreases about 35% between 3 and 14d before
remaining approximately constant (Fig 7D). Example measurements for MV E, MV A and
IVRT in a 3d WT mouse are shown in Fig 7E.

Regression analyses

Linear regression analyses were used to investigate correlations between measures of arterial
size and compliance and measures of cardiac function for all of the data combined. The
possible measures of arterial size and compliance include: ASIDdias, ASIDsyst, ASID %
increase, CAlDdias, CAIDsyst, CAID % increase and AVDs. There are significant
correlations between most of these variables, therefore AVDs and CAID % increase were
investigated as independent, uncorrelated (R? = .000) measures of arterial size and
compliance, respectively. For cardiac function, LVM/BW was chosen as a measure of
cardiac hypertrophy, FS and EF were chosen as measures of systolic function and E/A ratio
and IVRT were chosen as measures of diastolic function. AVDs and CAID % increase have
no correlation (R2 < 0.2) with LVM/BW, FS or EF. AVDs has no correlation with E/A ratio,
although CAID % increase has a weak correlation (R2 = .265) (Fig. 8A). CAID % increase
has no correlation with IVRT, but AVDs has a weak correlation (R? = .243) (Fig. 8B).
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Discussion

Elastin and cardiac/cardiovascular growth

The size and performance of the cardiac and cardiovascular system in WT and £/7*/~ mice
was examined throughout postnatal development using ultrasound. During this period, the
mouse and its organs, including the heart and arteries, grow in size. Measures of size,
including BW, LVM, LVID, ASID, CAID, AVD, and LVV, increase with age. By 30d, both
genotypes have reached a growth plateau with minimal changes in LV size or arterial
dimensions, although there are still some changes in BW. In comparing genotypes, there are
no significant differences in BW or measures of cardiac size, but as early as 7d there are
significant differences in arterial dimensions. From 3 — 30d, £/1*/~ arteries grow at a slower
rate to produce smaller arteries for every age at 7d and above. The measurements in WT
mice are consistent with previous in vivo and ex vivo measurements on young mice [22, 12,
23-24, 19-20]. The growth trends are qualitatively similar to humans [25-26].

The arterial wall is composed of ECM proteins and SMCs. In the £/7%/~ mouse, the SMCs
can only produce half as much elastin [27], but still need to produce an ECM with the
necessary mechanical properties for normal cardiovascular function. One strategy to
accommodate less elastin is to decrease the total wall volume to maintain the ratio of elastin
to other proteins in the wall. The wall volume cannot be decreased so much that the wall
thickness is too small to withstand the internal pressures or the inner diameter is too small to
allow normal cardiac output and distribute blood to distal tissues. The smaller size of £/r7*/~
arteries may represent the optimal balance between maintaining wall properties and blood
distribution.

Elastin and cardiac/cardiovascular function

Measures of cardiac hypertrophy, systolic and diastolic function were determined for WT
and £/r7*/~ mice at different postnatal ages. Cardiac hypertrophy was determined by LVM/
BW measurements using the Penn algorithm [20], which includes measures of both the LV
chamber and wall dimensions. Systolic function was investigated through EF and FS
calculations, which measure how efficiently the LV contracts to eject blood. Diastolic
function was examined through E/A ratio and IVRT, which are related to how efficiently the
LV relaxes to fill with blood. While systolic dysfunction is generally defined as a decrease
in EF, diastolic dysfunction is more complicated to define. Early stage (grade 1) diastolic
dysfunction is characterized by reduced E/A ratio, however late stage (grade 3) is
characterized by an increased E/A ratio, hence moderate stage (grade 2) is characterized by a
pseudonormal E/A ratio [28]. IVRT will increase with diastolic dysfunction, but is
significantly affected by preload which may be independent of changes in LV relaxation
[29]. The functional measurements in WT mice are consistent with previous ultrasound
studies on young mice [19, 24, 22, 20]. Most of the measures, including LVM/BW, FS, HR,
SV, and IVRT are significantly affected by age, but not by genotype. Despite significant
changes in arterial size and compliance, there are limited effects on cardiac function in
young £/n*/~ mice. These results demonstrate the remarkable ability of the developing
cardiovascular system to adapt to changes in hemodynamics and mechanics.

Three of the measures, CO, EF, and E/A ratio, are significantly affected by age and
genotype. CO was calculated from the aortic valve VTI and dimensions and is directly
affected by the smaller arterial size in £/n"/~ mice. EF was calculated from LV volume
measurements, which assume an ellipsoidal geometry. CO can also be calculated by SV x
HR, which depends directly on the LV volume measurements. When CO is calculated this
way, similar trends with age as Fig. 5C are obtained, but there are no longer significant
differences between WT and £/7*/~ mice at the older ages. Hence, uncertainties in
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ultrasound data measurements and assumptions can skew the statistical conclusions, but it is
clear that CO is maintained near WT levels in £/7*/~ mice throughout most of postnatal
development. EF is significantly greater in £/7"/~ mice at 14d, indicating that systolic
cardiac function is not compromised by the arterial changes, and may even be enhanced. E/
A ratio is significantly lower in £/7*/~ mice compared to WT at 14 and 21d and is caused by
slight, opposite changes in the magnitude of the E and A wave velocity, because MV E and
MV A individually are not affected by genotype. A decrease in E/A ratio indicates early
diastolic dysfunction [29]. The LV myocardium itself contains elastin and alterations in
elastin amount or elastin to collagen ratio may independently affect diastolic function [30].
It is difficult to study the effects of elastin deficiency on the heart without considering
secondary effects from the arteries. Cardiac specific reduction of elastin in genetically-
modified mice may help determine the direct role of elastin in cardiac function [31].

Avrterial function was examined by determining the percent change from diastole to systole
of the inner diameters of the ascending aorta and carotid artery. This is a non-traditional
measure of arterial compliance and an inverse measure of arterial stiffness. The percent
increase in both arteries is significantly affected by age and genotype. The compliance
increases after birth, peaking around 21d in the aorta and 14 — 21d in the carotid for both
genotypes. The arterial compliance differences with postnatal age follow a very similar
pattern to elastin gene expression. In the WT mouse thoracic aorta, elastin expression begins
approximately nine days before birth, increases dramatically after birth until about 14d, then
decreases to baseline levels throughout adulthood [1]. Protein quantification data confirm
that elastin amounts peak around 21 — 30d in WT and E/n+/- aorta [32], soon after elastin
expression begins to decline. It is possible that elastin deposition drives the large increase in
compliance during the early postnatal period. The compliance then returns to baseline levels
around 21d as the wall continues to thicken and grow without additional elastin deposition.
Differences in elastin amounts between WT and £/n+/-aorta are not significant until 21d
[32], while differences in compliance are significant between genotypes as early as 3d in the
aorta and 14d in the carotid. Functional differences may be measurable earlier than protein
amounts due to the difficulty in measuring small elastin amounts in newborn mouse aorta.
The timing of the significant reductions in compliance for each artery are consistent with
previous ex vivo data [12]. The timing suggests that lower levels of elastin affect the
mechanics first in arteries with the highest elastin content, since elastin amounts decrease
with distance from the heart [33].

Correlations between arterial size or compliance and cardiac function

Reduced arterial compliance, or increased arterial stiffness, is correlated with LV
hypertrophy and decreased systolic and/or diastolic function in humans [4, 3, 5]. Reduced
arterial size is also correlated with changes in LV function in humans, particularly in
extreme cases such as aortic stenoses [34—36]. The changes in arterial compliance and size
with postnatal development and genotype in this study offer a unique opportunity to
examine correlations between these parameters and different measures of cardiac function in
an animal model. It was expected that as arterial size or compliance decreased, LVM/BW
would increase indicating LV hypertrophy, EF and FS would decrease indicating systolic
dysfunction, while E/A ratio would decrease and IVRT would increase indicating early
diastolic dysfunction. Surprisingly, LVM/BW, EF and FS have no correlation with either
arterial size or compliance. These results imply that reduced arterial size and compliance
have no negative effects on LV hypertrophy and systolic function in WT and £/7* mice.
Importantly, when viewed in light of normal development, they may even have positive
effects, stimulating remodeling to adapt to arterial changes and maintain cardiac function.

Although the finding that decreased arterial compliance does not correlate with LV
hypertrophy is unexpected, there is evidence that LV wall thickness does not correlate with
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arterial compliance in young humans, but only in older individuals [37]. This implies that
young individuals may be better able to adapt to cardiovascular changes than older
individuals. Decreased arterial compliance is often related to LV hypertrophy through its
relationship with high blood pressure. In growing children and young adults, LV mass is
most strongly correlated with body weight, and only weakly affected by systolic blood
pressure [25, 38-39]. It has been argued that growth due to increases in body weight
represent a greater physiologic stress on the heart than increases in blood pressure in a
young, healthy population. Determining the time period and limits of this hypothesized
adaptation process will be important in making treatment decisions for younger individuals
with cardiovascular disease.

Our finding that decreased arterial compliance does not correlate with changes in systolic
function is less surprising. There are examples of individuals with decreased arterial
compliance and high blood pressure, but with normal systolic function (as defined by
preserved EF). These individuals often have evidence of diastolic dysfunction at various
stages [40-42]. The combination of decreased E/A ratio and increased IVRT in this study
suggest that decreased arterial size and compliance correlate with early diastolic dysfunction
[29, 43]. In a study of human subjects without known cardiovascular disease, E/A ratio was
also significantly correlated with carotid artery compliance [5]. The authors suggest a
continuum relationship between arterial compliance and LV diastolic function and this study
shows that both normal and genetically-modified mice operate on a similar continuum
during postnatal development and may be useful models for further investigating the
relationships between arterial size and compliance and diastolic dysfunction.

Differences between humans and mice

Limitations

While £/n*/~ mice allow detailed temporal studies that are difficult to perform in humans,
important differences must be pointed out. The small size, rapid heart rate, and orientation of
the mouse heart make echocardiography challenging. Systolic function measurements have
been correlated with physiologic changes in the heart, but the physiologic relevance of many
diastolic function measurements in the mouse remains unclear [44]. Humans and mice with
elastin haploinsufficiency develop hypertension and smaller, less compliant arteries with an
increased number of elastic lamellae. The number of lamellae increases about 2.5 times in
the human aorta and about 1.3 times in the mouse aorta [27], and may be a remodeling
response to maintain the tension/lamellar unit [45]. The difference in the number of added
units and the fact that £/7%~ mice do not develop aortic stenoses, suggest a fundamental
difference in the extent of the remodeling response and this may affect remodeling of the
cardiac and cardiovascular system in general. Other mouse models with alterations in
arterial size and/or compliance, such as mice lacking fibulin 5, which have decreased arterial
compliance, but no changes in the number of lamellar units [46-47], can be used to provide
further support for the current studies. Of course, all results in animals must eventually be
confirmed in clinical studies.

This study was limited to ages from birth to adulthood in mice. Aged mice [48] may provide
additional data for comparison to complications in human aging. Seven different age groups
were examined in this study, and it was not possible to collect optimal images for every
mouse. The images for some age groups were more difficult to obtain than others, for
example clear AVDs images were difficult to get in 3 and 7d old pups. Power analyses were
conducted to estimate the minimum required mouse numbers for each measurement without
taking sex into account. For some measurements, males and females were separated based
on the results of the GLM, decreasing the number of animals per group, and reducing
statistical power, but this is usually only for one group per measurement. Ultrasound probes
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of differing focal depths and resolutions were used for each age group. However, the probes
have approximately the same percent resolution based on the changing size of the LV with
age and the probes were consistent at specific ages between genotypes. The percent change
in diameter was used as a non-traditional measure of arterial compliance and an inverse
measure of arterial stiffness instead of more traditional methods, such as pulse wave velocity
(PWV) or compliance calculations that involve pressure measurements. Blood pressures
have previously been measured in WT and £/7%/~ mice at similar ages [12] and the results
indicate that including pressure differences would magnify the compliance differences in the
current study. The study results highlight early diastolic function differences, but diastolic
dysfunction is a complicated disease with changes in numerous cardiac parameters [49].
Future work must include additional measures of diastolic function, such as pulse wave
Doppler tissue imaging (TDI) [50].

Conclusions

Reduced elastin amounts lead to significantly reduced arterial size and compliance in £/r7*/~
mice compared to WT as early as 3d of age. Despite these cardiovascular differences,
measures of LV hypertrophy and most measures of LV systolic function are not significantly
different between WT and £/n*/~ mice, highlighting the capacity of the developing
cardiovascular system to adapt to mechanical and hemodynamic changes. In contrast, LV
diastolic function, as measured by E/A ratio, is significantly affected by genotype and the
differences are highest during the same period that carotid artery compliance differences are
the highest, suggesting that the developing cardiovascular system may not be able to adapt
LV diastolic function as well as systolic function when challenged. There is a weak
correlation between arterial compliance and E/A ratio and between arterial size and IVRT,
another measure of diastolic function. The correlations suggest that reduced arterial size and
compliance may be an early predictor of impaired LV diastolic function in mice.
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Fig. 1. Body weight (BW) and left ventricular mass (LVM)
BW (a) significantly depends on age and sex. LVM (b) significantly depends on age, sex,

and genotype. The ratio of LVM/BW (c) significantly depends on age and genotype. n=5 —
17 males/group, n= 4 — 24 females/group, n= 10 — 26 total/group.
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Fig. 2. Left ventricular inner diameter (LVID) and fractional shortening (FS)

LVID at diastole and systole (a) and FS (b) depend significantly on age, but not sex or
genotype. Representative m-mode image and measurement in the parasternal short axis view
of the LV at the mid-papillary level in a 14d WT mouse (c). d or diast = diastole; s or syst =
systole. 7= 10-26/group.
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Fig. 3. Dimensions and mor phology of the ascending aorta

The ascending aorta inner diameter (ASID) at diastole and systole (a) significantly depends
on age and genotype, but not sex, and is 7-15% smaller in £/n*/~ mice from age 7d and
above. The percent increase from diastole to systole (b) is 17-46% less in £/n*/~ ascending
aorta from age 3d and above, except for ages 14 and 21d. Representative m-mode images
and measurements of the ascending aorta in 3d WT (c) and £/n*/~ (d) mice. Representative
b-mode images of the ascending aorta at end systole for 14d WT (e) and £/n*/~ (f) mice. d or
diast = diastole; s or syst = systole; AS = ascending aorta; AV = aortic valve; I1A =
innominate artery; LCC = left common carotid artery; LSA = left subclavian artery. n= 13-
24/group. *P < .05 between genotypes.
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Fig. 4. Dimensions of the common carotid artery

The carotid artery inner diameter (CAID) at diastole and systole (a) significantly depends on
age and genotype, but not sex, and is 8-16% smaller in £/n+/-mice at age 7d and above.
The percent increase from diastole to systole (b) significantly depends on age and genotype,
but not sex, and is 13-33% less in the carotid artery from age 14d and above, except for age
60d. Representative m-mode images and measurements of the carotid artery in 3d WT (c)
and £/7*/~ (d) mice. d or diast = diastole; s or syst = systole. 7= 6 — 29/group. *P < .05
between genotypes.
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Fig. 5. Dimensions and calculationsfor cardiac output (CO)
The aortic valve diameter at systole (AVDs) (a) significantly depends on age, sex, and
genotype, and is 10% smaller in £/7*/~ mice at age 30 and 60d. The heart rate (HR) (b)
significantly depends on age and sex, but not genotype. CO (c) significantly depends on age,
sex, and genotype, and is 18 — 27% lower in £/n*/~ mice at age 60d. Representative Doppler
image, velocity time integral (VTI) trace and time measurement of the flow immediately
distal to the aortic valve in a 3d £/7*/~ mouse (d). Representative b-mode images and
diameter measurement of the aortic valve in 30d WT (e) and £/n*/~ (f) mice. n= 2-10
males/group, 7= 2-15 females/group.
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Fig. 6. Dimensions and calculationsfor gection fraction (EF)

Left ventricle volume at diastole (LV'Vd) (a) significantly depends on age and sex, but not
genotype. Left ventricular volume at systole (LVVs) (b) significantly depends on age, sex,
and genotype. Stroke volume (SV) (c) significantly depends on age and sex, but not
genotype. EF (d) significantly depends on age and genotype, but not sex, and is similar
between genotypes at all ages except 14d. Representative LV traces at end diastole (e) and
end systole (f) for a 3d WT mouse. 7= 6 — 12 males/group, n = 2 — 17 females/group, n=9
— 29 total/group. *P < .05 between genotypes.
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Fig. 7. Mitral valve blood velocities

Mitral valve E wave peak velocity (MV E) (a) and mitral valve A wave peak velocity (MV
A) (b) significantly depend on age, but not sex or genotype. E/A ratio (c) significantly
depends on age and genotype, but not sex, and is 10-14% lower in £/n+/-mice at 14 and
21d. IVRT (d) significantly depends on age, but not sex or genotype. Representative
Doppler image with MV E and MV A peak velocity traces, and IVRT measurements for a
mitral valve in a 3d WT mouse (). 7= 5-24/group.
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Fig. 8. Correlations between arterial size or compliance and measures of LV diastolic function
for all data combined

A measure of arterial compliance (CAID % increase) has a weak, positive correlation with
E/A ratio (a). A measure of arterial size (AVDs) has a weak, negative correlation with IVRT
(b). Measures of cardiac hypertrophy (LVM/BW) and systolic function (EF and FS) had no
correlation with CAID % increase or AVDs.
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Table 1
I maging protocol

Imaging views, abbreviations and calculations used for all results. Adapted from Bose et al. [19].

Parasternal long axis (PSLAX)

B-mode LV diastolic volume in microliters Lvvd (pL)
B-mode LV systolic volume in microliters LVVs (uL)
B-mode stroke volume in microliters, calculated SV (uL)
B-mode ejection fraction, calculated EF (%)
Paraster nal short axisat mid-pap level (PSSAX)
M-mode LV diastolic inner diameter in millimeters LVIDd (mm)
M-mode LV systolic inner diameter in millimeters LVIDs (mm)
M-mode LV diastolic posterior wall thickness in millimeters LVPWd (mm)
M-mode LV systolic posterior wall thickness in millimeters LVPWSs (mm)
M-mode fractional shortening, calculated FS (%)
M-mode LV mass in milligrams, calculated - Penn Algorithm [20] LVM (mg)
Aortic arch view
B-mode aortic valve systolic diameter in millimeters AVDs (mm)
M-mode ascending aorta diastolic diameter in millimeters ASIDd (mm)
M-mode ascending aorta systolic diameter in millimeters ASIDs (mm)

M-mode ascending aorta diameter percent increase from diastole to systole, calculated

ASID % inc (%)

Modified Parasternal long axis (MPSLAX — alter native)

B-mode aortic valve systolic diameter in millimeters AVDs (mm)
M-mode ascending aorta diastolic diameter in millimeters ASIDd (mm)
M-mode ascending aorta systolic diameter in millimeters ASIDs (mm)

M-mode ascending aorta diameter percent increase from diastole to systole, calculated

ASID % inc (%)

Suprasternal Notch

Doppler ascending aorta velocity time integral in centimeters AS VTI (cm)

Doppler cardiac output in milliliters per minute, calculated [21] CO (mL/min)
Carotid View

M-mode common carotid diastolic inner diameter in millimeters CAIDd (mm)

M-mode common carotid systolic inner diameter in millimeters CAIDs (mm)

M-mode carotid artery diameter percent increase from systole to diastole, calculated

CAID % inc (%)

Mitral Valve
Doppler mitral inflow E wave peak velocity in millimeters per second MV E (mm/s)
Doppler mitral inflow A wave peak velocity in millimeters per second MV A (mm/s)
E/A ratio, calculated E/A
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