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Numerous diseases have been linked to genetic mutations that lead to reduced
amounts or disorganization of arterial elastic fibres. Previous work has shown
that mice with reduced amounts of elastin (Eln+/—) are able to live a normal
lifespan through cardiovascular adaptations, including changes in haemo-
dynamic stresses, arterial geometry and arterial wall mechanics. It is not
known if the timeline and presence of these adaptations are consistent in
other mouse models of elastic fibre disease, such as those caused by the absence
of fibulin-5 expression (Fbln5—/—). Adult Fbln5—/— mice have disorganized
elastic fibres, decreased arterial compliance and high blood pressure. We exam-
ined mechanical behaviour of the aorta in Fbin5—/— mice through early
maturation when the elastic fibres are being assembled. We found that the
physiologic circumferential stretch, stress and modulus of Fbln5—/— aorta are
maintained near wild-type levels. Constitutive modelling suggests that elastin
contributions to the total stress are decreased, whereas collagen contributions
are increased. Understanding how collagen fibre structure and mechanics com-
pensate for defective elastic fibres to meet the mechanical requirements of the
maturing aorta may help to better understand arterial remodelling in human
elastinopathies.

1. Introduction

Numerous diseases, including supravalvular aortic stenosis [1], Marfan syn-
drome [2] and cutis laxa [3] have been linked to genetic mutations in elastin
or elastic fibre proteins (i.e. fibrillin-1, fibulin-5) that lead to decreased amounts
or disorganization of elastic fibres in the arterial wall. We have shown that mice
with about 60% of normal elastin levels (Eln+/—) are able to adapt to develop
suitable cardiovascular function for a normal lifespan. The adaptations include
increased blood pressure, decreased arterial diameter and wall thickness,
increased arterial length, increased lamellar units, decreased arterial compli-
ance and similar arterial stress—strain relationships [4-6]. Many of the
adaptations occur early in maturation and are measurable by postnatal day
(P) 7 [7,8]. The adaptations demonstrate that a combination of changes in
haemodynamic stresses (i.e. blood pressure), arterial geometry (i.e. diameter,
thickness and length) and arterial mechanics (i.e. compliance and modulus)
occur during early maturation and may be required to maintain normal
cardiovascular function despite reduced amounts of elastin in the arterial wall.

Mature elastic fibres are composed of elastin and up to 30 different elastic
fibre proteins [9]. Although the process is not completely understood, a model
of elastic fibre assembly has been constructed from in vitro and in vivo data
[10]. In this model, soluble tropoelastin is secreted from cells and interacts with
an extracellular microfibril scaffold primarily composed of fibrillins and
associated glycoproteins. Tropoelastin self-aggregates in a process called coacer-
vation, which may be the first step in forming micro-assemblies of elastin that are
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visible by electron microscopy in developing arteries. The fibu-
lins regulate maturation of the coacervates and facilitate
interaction between tropoelastin and the lysyl oxidase proteins
necessary for cross-linking into insoluble elastin. Mice lacking
fibulin-5 (Fbln5—/—) have disorganized elastic fibres with
large elastin aggregates instead of continuous elastic laminae
in the arterial wall [11,12]. Adult Fbln5—/— mice have a
normal lifespan and show some of the same cardiovascular
adaptations observed in Eln+/— mice, including increased
blood pressure, increased arterial length and decreased arterial
compliance [13]. Many of the cardiovascular adaptations are
measurable by P21 [14], but have not been investigated at
younger ages while the elastic fibres are still being assembled.

Elastic fibre assembly occurs during late embryonic and
early postnatal development [15]. During this same time
period, there are large changes in the haemodynamic stresses
on the arterial wall in mice [16,17]. We know that a collection
of arterial remodelling behaviours occurs early in maturation
when elastin amounts are reduced, but we do not know if
the remodelling timeline and behaviours are similar if elastic
fibres are compromised through a different genetic mechan-
ism, such as the loss of fibulin-5. Elucidating a pattern of
remodelling in mouse models of elastic fibre disease may
help us to better understand how physiologic and pathologic
arterial remodelling occurs in human elastinopathies. We
hypothesize that there is a pattern of arterial remodelling
that leads to a set of optimized mechanical properties (i.e. cir-
cumferential or axial wall stress, strain or modulus) that must
be maintained throughout maturation for Fbln5—/— mice to
live a normal lifespan despite having disorganized elastic
fibres. We investigate this hypothesis through ex vivo biaxial
mechanical testing on ascending aortae from wild-type (WT)
and Fbln5—/— mice at P7, soon after the elastic laminae are
complete [18], at P21, which is near the peak of elastic
fibre protein expression [15], and at P60, when the mouse
is considered a young adult and the growth and blood
pressure have plateaued [17]. We also use a microstructurally
motivated constitutive model to investigate remodelling
mechanisms that may be used to maintain the optimized
mechanical properties.

2. Material and methods
2.1. Animals and aortic dissection

Male and female Fbln5—/— [19] and WT littermate mice nomin-
ally at P7, 21 and 60 were used for all studies. The actual ages
ranged from P 7 to 8, 21 to 24 and 60 to 64. Male mice were
used for mechanical testing, whereas female mice were used for
protein quantification and histology. The sexes were separated
because male mice have slightly bigger arteries due to an
increased body weight, which affects the pressure—diameter be-
haviour in mechanical testing. Preliminary results showed that
genotype had a consistent effect in both sexes for mechanical test-
ing, protein amounts and structural appearance. The mice were
sacrificed by thoracotomy under 2% isoflurane after invasive
blood pressure measurements for another study [20]. The chest
was opened and images of the ascending aorta in male mice
before and after excision were taken with a digital camera attached
to a dissecting microscope. The aortic length from the base of the
heart to the innominate artery was measured from the in vivo and
ex vivo images using IMAGE] software (NIH). The male aortae were
placed in physiologic saline solution (PSS) and stored in the
refrigerator for up to 3 days before mechanical testing [21]. The
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Figure 1. P21 fbin5—/— aorta mounted in the mechanical test system
(Danish Myotechnology), stretched to its approximate in vivo length and
inflated with lumen pressures of 0 mmHg (a) and 65 mmHg (b).
65 mmHg is the mean physiologic pressure for P21 mice [20]. The aorta
is slipped over custom stainless steel cannulae and secured with 7—0 silk
suture. Scale bar, 1 mm. (Online version in colour.)

female aortae were stored dry at —20°C for protein quantification
or fixed in 10% formalin for histology. Additional male and female
aortas were used for fluorescent imaging.

2.2. Biaxial mechanical testing

Inflation—extension tests were performed as previously
described [7,22,23]. Briefly, each aorta was mounted on a
pressure myograph system (Danish Myotechnology) in PSS at
37°C, secured with 7-0 silk suture on custom stainless steel
cannulae, and stretched to its approximate in vivo length
(figure 1). The aorta was preconditioned for three cycles in
the circumferential and axial direction to the maximum
pressure and stretch. The maximum pressures for P7, 21 and
60 aortae were 120, 160 and 175 mmHg, which represent two
to three times the expected mean physiologic pressure for
each age [7]. The maximum axial stretch ratio was determined
by the in vivo axial stretch ratio and pressure—force behaviour
of each aorta and ranged from 1.2 to 1.9. After preconditioning,
each aorta was subjected to three constant-length circumferen-
tial inflation cycles at different axial stretches to the maximum
pressure and three constant-pressure axial extension cycles at
different pressures to the maximum axial stretch ratio. The cir-
cumferential inflation cycles were automatically programmed in
the pressure myograph to increase the pressure in discrete
increments and then hold for 8-12 s for the diameter to stabil-
ize, while the axial extension cycles consisted of manual
rotation of the micrometre attached to one end of the aorta.
The overall circumferential inflation rate was 1-2 mmHgs !
and the axial extension rate was approximately 20 pms '
Lumen pressure, outer diameter, axial force and calculated
axial stretch ratio were recorded at 1Hz for each test cycle.
Custom Matlab scripts were used to isolate the third loading
cycle for further analyses. Compliance was calculated as the
change in diameter divided by the previous diameter and the
size of the pressure step. After testing, three rings
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approximately 0.2 mm thick were cut from each aorta. Care was
taken to avoid the region near the sutures used to secure the
aorta during testing. The rings were imaged to determine the
average unloaded dimensions. A total of 8-13 animals were
used for the mechanical testing data at each age and genotype.

The pressure range used for mechanical testing varied for
each age group and was determined by the mean physiologic
blood pressure at each age. We believe that the mechanical be-
haviour with reference to the in vivo pressure is the most
relevant for comparison across age groups, so in the results we
normalized the applied experimental pressures to the mean
blood pressures for Fbln5—/— and WT mice from our previous
study [20]. Mean blood pressures at P7 were not measured, so
we assumed that the ratio between the systolic and mean
pressures for each genotype at P7 was the average of the ratios
for each genotype at P21 and 60. Since there were no significant
differences in the mean blood pressures between genotypes, we
used the following mean blood pressures at each age:
38.5 mmHg at P7, 64.5 mmHg at P21 and 82.0 mmHg at P60
to normalize the results. These values are consistent with
previous data for mean arterial blood pressures in maturing
mice [17]. A normalized pressure equal to one in the results
corresponds to the mean blood pressure and mechanical behav-
iour above and below this value can be easily compared across
age groups.

2.3. Experimental stress calculations

The aorta was treated as an incompressible cylinder with no
shear deformations. The mean circumferential (Ag) and axial
(A,) stretch were defined as,

_ Tmid )

and A, =— (2.1)

A, = s
" Rmid L

where 7miq is the loaded mid-wall radius, R,,iq is the unloaded
mid-wall radius, [ is the loaded length and L is the unloaded
length. For an incompressible material, the stretch ratio in the
radial direction is A, = 1/(AgA;). The mean experimental stresses
in the circumferential (07geyp) and axial (o eyp) directions were
calculated by

Pr; f + mPr?

and O exp =52,
fo —Ti w(r2 — 12)

Tpexp = (2.2)
where P is the measured lumen pressure, #; is the loaded internal
radius (calculated by incompressibility from the unloaded dimen-
sions, loaded outer radius and axial stretch), r, is the measured
loaded outer radius, and f is the measured axial force. The stresses
in the radial direction (o;) are small compared with the circumfer-
ential and axial directions, but can be calculated by equilibrium of
forces on the cylinder wall. The incremental circumferential elastic
modulus was calculated as the change in circumferential stress
divided by the change in circumferential stretch ratio for each
pressure step at the in vivo length.

2.4. Constitutive modelling

The inflation and extension of the aorta were described by
the deformation gradient tensor (F) and the right Cauchy-
Green tensor (C). For an axisymmetric cylinder with no shear
deformations, these are defined as

F = diag[A;, Ag, A:], (2.3)
and
C = diag[A?, A3, A%]. (2.4)
The calculated, passive Cauchy stress is defined by
Ocalc = ZFZ_E\/FT - PI/ (25)

where p is the Lagrange multiplier and W is the strain energy
density function [24]. We used a microstructurally motivated
strain energy function originally proposed by Holzapfel et al.
[25] for describing arterial mechanics. The model includes an iso-
tropic, neo-Hookean matrix (dominated mechanically by the
elastic fibres) embedded with two symmetric families of diag-
onal collagen fibres. We assumed that the contribution of the
smooth muscle cells (SMCs) to the passive stress is negligible
in the aorta [26]. The total strain energy is represented
by the sum of the elastic fibre (W°) and collagen fibre (W°)

contributions,

W= We + W¢, (2.6)
We — %1(11 _3) 2.7)
and
“ C2 (1 1)2
(I e a0l — _
We = ; 1@ 1), 2.8)

where ¢, ¢; and c3 are material parameters, I; is the first invariant
defined by I = trC = A> + A2 + A2, I, is the fourth invariant for
the kth fibre family defined by I = A3cos?® + A2sin®a* and «
represents the angle of the two families of collagen fibres in the
unloaded configuration with respect to the circumferential
direction.

Based on previous results from maturing WT and Eln+/—
aorta [22], additional constraints were imposed on the circumfer-
ential stress contributions from elastin (¢) and collagen (c) to
ensure physiologically relevant results. A penalty function was
used to ensure that elastin contributes at least 30% of the total cir-
cumferential stress in the mid-pressure, linear region and
collagen contributes at least 75% of the total circumferential
stress in the high-pressure region. The penalty function is

% for P;, < P(t) < Py and % <03
o)) 4]

penalty(i) = 0.3 —

penalty(i) = 0.75 — % for P(i) > Py and % <0.75
(o] T

for all other cases.

penalty(i) = 0
(2.9)

The beginning/low (Pr) and end/high (Py) pressures for the
mid-pressure, linear region were defined by inspection of the
average pressure—diameter curve for each age and genotype at
the in vivo stretch ratio. Py, values were the same for each geno-
type and were equal to 12, 20 and 25 mmHg for P7, P14 and
P60, respectively. Py values were higher for WT than
Fbln5—/— aorta and were 60 (WT) and 48 (Fbin5—/-),
120 (WT) and 100 (Fbin5—/—), and 125 (WT) and 100
(Fbln5—/—) mmHg for P7, P14 and P60 WT/Fbln5—/— aorta,
respectively. These values are similar to those determined
by Cheng et al. [22] by calculating the second derivative of an
empirical equation fitted to the pressure—diameter data for WT
and Eln+/— aorta at the same ages. Application of these con-
straints does not force the stress contributions to be equal to
these values (30% elastin; 75% collagen) and similar results are
obtained with a range of constraints from 10-40% elastin
contribution and 55-85% collagen contribution.

The penalty function was added to an error function to
provide a minimum error for fitting the model constants

min error = error + Z penalty(i)z, (2.10)
where
Z (0’9, exp(t) — Oy, calc(t))2
z (U'Br exp(t)2)

Z (0’9, exp(t) — Oy, calc(t))2
Z (0'0/ exp(t)z)

error =

+ @.11)
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Constants (cy, ¢, c3 and «) were fitted using the Matlab function
fmincon to minimize equation (2.10). The material constants were
constrained to the positive domain and « was limited between 0
and 90°. Multiple initial guesses were used to ensure a global
minimum was obtained. Only those aortae with six successful
mechanical testing protocols were included in the constitutive
modelling, which provides five to eight animals per group.

The linearized circumferential modulus () [27] was calcu-
lated for comparison to the experimental incremental modulus.
The linearized axial ({;) modulus was also calculated to compare
properties in each direction

oW 92w
=402 — At 2.12
g@ Gaco ] 8C% ( )
and
2
L= 22OV +4x! ow (2.13)
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where Ay and A, are the stretch ratios at the mean physiologic
blood pressure and in vivo axial stretch ratio.

2.5. Protein quantification

Elastin, collagen and total protein were quantified to compare
the amounts of each component to the stress predictions from
the constitutive model. The methods were modified from
Long & Tranquillo [28] and Wu et al. [29]. Aortae were stored
at —20°C until processed in one batch for all ages and geno-
types. Standards for elastin (Elastin Soluble, Elastin Products
Company) and hydroxyproline (Trans-4-Hydroxy-Lproline,
Sigma-Aldrich) were processed along with the aortae. Aortae
were placed in glass vials and digested in 0.1 M NaOH. The inso-
luble elastin pellet was transferred to a new vial and the remaining
supernatant was evaporated in a speedvac. The pellet and super-
natant were hydrolysed in 6 N HCI, then dried in a speedvac.
A ninhydrin assay was used to quantify total protein in the
pellet (elastin) and supernatant samples (total protein—elastin)
[30]. Hydroxyproline, a major constituent of collagen, was
measured through a reaction of the supernatant with Chloramine
T [31]. It was assumed that hydroxyproline constitutes 13.4% of
mammalian collagen [32]. Absorbance of the standards and the
samples for each assay at 570 nm was determined with a micro-
plate reader (SpectraMax). A total of 7-10 animals per group
were used for the protein quantification assays.

2.6. Histology and fluorescent imaging

Histology was used to investigate microstructural changes in the
aortic wall that may correlate with changes in the mechanical
properties. After fixation for 24 h, aortic samples were dehy-
drated in a graded series of ethanol, embedded in paraffin and
sectioned. Sections were stained with H&E to view overall mor-
phology, Verhoeff Van Gieson (VVG) to examine elastic fibres,
and picrosirius red (PSR) to visualize collagen organization.
Images were taken at 40x magnification. Sections from four to
six animals were examined in each group. Number, thickness
and spacing of elastic laminae were quantified by converting
the VVG image to greyscale, thresholding the image to identify
the black staining elastic laminae and white spaces in between,
drawing five user-defined lines radially through the wall and
using custom Matlab scripts to detect the change in pixel
colour from black to white. Results were averaged across
the wall and for all radial lines drawn for each cross-section.
Intensity of the elastic laminae was quantified by converting the
VVG image to greyscale, drawing eight user-defined 45 x 45 pm
regions within the media only and creating a greyscale histogram
ranging from 0= black to 255 = white using custom Matlab
scripts. The darkest quartile [0-63] of the pixels was binned as

‘black” and the next quartile (64-127) were binned as ‘dark
grey’. The images were analysed by users blind to the age and
genotype of the mouse.

Fluorescence microscopy was used to further investigate the
structure of elastic laminae and collagen fibres in fresh aortic
cross-sections from three to five animals per group. Ascending
aortas were frozen in optimal cutting temperature media and a
cryostat was used to cut 30 um thick sections. The sections were
incubated for 20 min to stain for elastin and collagen, followed
by a 5 min incubation to stain the cell nuclei. For elastin, Alexa
Fluor 633 Hydrazide (Life Technologies) was used at a concen-
tration of 0.6 pM [33,34]. For collagen, CNA35 (kindly provided
by Magnus Hook, Texas A&M) was labelled with Oregon Green
488 (Life Technologies) according to the manufacturer’s protocol
and used at a concentration of 5 uM [35]. The nuclei were stained
with Hoechst 34580 (Life Technologies) at a concentration of 5 WM.
Imaging was performed using a Zeiss 40x oil immersion objective
lens (NA 1.3) mounted on a Zeiss LSM 710 confocal microscope.
Images were acquired on separate tracks for each dye. To reduce
low-frequency noise, line averaging (2 scans) was performed.
Post image acquisition processing was performed using IMAGEJ
(NIH) and Zen 2012 (Zeiss).

2.7. Statistics

Data are presented as mean =+ s.e.m. The effects of age and gen-
otype were determined using a general linear model (GLM).
Two-tailed t-tests with unequal variance between genotypes at
each age were performed when genotype had a significant
effect in the GLM. All analyses were performed with SPSS
software (IBM) and p < 0.05 was considered significant.

3. Results

3.1. Aortic dimensions and in vivo axial stretch

The unloaded diameter, thickness and length of the ascend-
ing aorta increase with age, as expected with growth of the
animal (table 1). The diameter and thickness are similar
between WT and Fbln5—/— aorta at all ages. The unloaded
length of the Fbln5—/— aorta is 24—-48% greater than WT at
all ages. The in vivo axial stretch ratio is reduced 10% in
Fbln5—/— aorta at P60.

3.2. Biaxial mechanical testing

The normalized pressure—diameter, pressure—force and
pressure—compliance curves for each aorta at the in vivo
axial stretch ratio are shown in figure 2. The diameters and
forces increase with age. Fbln5—/— aortic diameters are simi-
lar to WT at low pressures, but diverge at high pressures to
become about 10% smaller in P21 and P60 mice (figure 2a).
The axial forces are 40-100% lower than WT in P21 and
P60 Fbln5—/— aortae (figure 2b). There is a reduction in over-
all compliance of Fbln5—/— aorta at high pressures, as well as
a shift in the compliance peak to lower pressures (figure 2c).
Owing to the shift in the peak of the curve, the compliance of
P7 Fbln5—/— aorta is 40-90% higher than WT at low press-
ures and 30-40% lower than WT at high pressures. For P21
and P60 mice, the compliance of Fbln5—/— aorta is 40-70%
lower than WT at normalized pressures greater than one.
Interestingly, the peak compliance remains at about the
same normalized pressure throughout maturation for each
genotype (normalized pressure approx. 0.8 for Fbln5—/—
and approx. 1.3 for WT).
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Figure 2. Normalized (norm) pressure versus outer diameter (a), axial force (b) and compliance (c) of the ascending aorta in WT and Fbin5—/— aorta throughout
early maturation. A normalized pressure = 1 represents the mean physiologic pressure for each age and genotype [20]. Data were obtained from ex vivo mechanical
tests with the aorta held near the in vivo axial stretch ratio. N = 8—13 for each group. ‘S’ denotes p < 0.05 at P7, *" denotes p < 0.05 at P21 and ‘#' denotes

p < 0.05 at P60 for Fbin5—/— compared to WT.

Table 1. Unloaded dimensions and in vivo (IV) axial stretch ratio of the
ascending aorta in WT and Fbin5—/— mice throughout early maturation.
The outer diameter and thickness were measured from cut rings of arterial
sections after mechanical testing, whereas the length and stretch ratio were
measured from images of the aorta before and after dissection. Data are
presented as mean + s.e.m. N = 8—13 for each group.

7 21 60

WT 0.61 + 0.02 0.85 £+ 0.01 0.97 £ 0.01

Ps—/— 0594001  085+001 05+

genotype thickness (pm)

WT 85 +3 99 +2 M2 +2

Fbin5—/— 85+ 2 95 +3 109 + 4

WT 18 £ 0.1 22401 23401

WT 1.11 + 0.06 1.25 + 0.04 141 + 0.05
BS—/—  1ME0® MO0 12700

*p < 0.05 for FbIn5—/— compared to WT.

The experimental circumferential stretch ratio, circumferen-
tial modulus, and circumferential and axial stresses at the in
vivo axial stretch ratio are plotted versus normalized pressure
to determine whether there are consistent values across ages
and/or genotypes (figure 3). For the circumferential stretch,
modulus and stress (figure 3a—c), there is an increasing
trend with age, but similar values across genotypes up to
and just beyond the physiologic pressure values (normalized
pressure = 1). The physiologic axial stress increases with age
and is higher in WT compared with Fbln5—/— aorta at P21
and P60 at all pressure values (figure 3d).

3.3. Constitutive modelling
Example fits for the calculated circumferential and axial stres-
ses for all six mechanical testing protocols for a P21 WT and

Fbln5—/— aorta are shown in figure 4. The fitted material
parameters are shown in figure 5. The material constant for
elastin, ¢;, increases with age as expected since elastic fibres
are assembled during early maturation. At P7 and 60, c; is
25-30% lower in Fbin5—/— aorta compared with WT
(figure 5a), consistent with the idea that disorganized elastic
fibres contribute less to the aortic wall stress. The first
material constant for collagen, c,, increases with age and
there are no differences between genotypes at each age
(figure 5b). The second material constant for collagen, cs,
which is in the exponential term and contributes to the non-
linearity of the collagen mechanical behaviour, decreases
with age and is three to seven times larger in Fbln5—/—
aorta compared with WT at all ages (figure 5c). The ratio of
Co/cs, which is the linear multiplier for the collagen strain
energy function, increases with age as expected since col-
lagen fibres are also laid down during maturation. The c,/c3
ratio is six to eight times larger in WT compared with
Fbln5—/— aorta at P7 and P21 (figure 5d), showing that the
contributions of the linear collagen term are increased in
WT aorta. There are no significant differences in the collagen
fibre angle between genotypes and a remains around 40° at
all ages (figure 5e¢). The model fits the experimental data
reasonably well with an average R* of 0.79 + 0.08 for all
ages and genotypes (figure 5f ).

The total calculated circumferential and axial stresses for
the model (table 2) at the mean physiologic pressure for
each age are similar between genotypes and to the exper-
imental values in figure 3c,d. There is a trend towards the
axial stresses being lower than the circumferential stresses
in Fbln5—/— aorta, but not in WT aorta. This is consistent
with the reduced in vivo axial stretch of the Fblnb—/—
aorta, which would presumably unload the aorta in the
axial direction and reduce the axial stresses. The total physio-
logic strain energy, which represents the energy stored in the
aorta and available for return upon unloading, is similar
between genotypes (table 2). The linearized circumferential
and axial moduli, as calculated from the model, increase
with age, but plateau in adulthood (table 2). The moduli
are similar across genotypes and are in the range of
200-500 kPa and 100-300 kPa for the circumferential and
axial directions, respectively. The linearized circumferen-
tial modulus is similar to the incremental elastic modulus
calculated from the experimental data. The modulus values
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Figure 3. Normalized pressure (norm press) versus experimental (exp)
circumferential (circ) stretch ratio (a), incremental modulus (mod) (b),
stress () and axial stress (d). A normalized pressure =1 represents the
mean physiologic pressure for each age and genotype [20]. Stresses and
the stretch ratio were calculated from the mechanical test data and unloaded
dimensions. The incremental modulus in the circumferential direction was cal-
culated as the local slope of the stress—stretch ratio curve. N = 8—13 for
each group. ‘9" denotes p < 0.05 at P7, *' denotes p < 0.05 at P21 and
‘# denotes p < 0.05 at P60 for Fbin5—/— compared to WT.

lie within a narrow range for all ages and despite the
disorganized elastic fibre in Fbln5—/— aorta.

Although the total calculated stresses and strain energies
are similar, the stresses and strain energies contributed by the
elastin and collagen components vary between genotypes
(figure 6). At P60, the ratio of elastin/total circumferential
stress is 20% lower (figure 6a), while the ratio of collagen/
total circumferential stress is 15% higher (figure 6d) in
Fbin5—/— aorta compared with WT. The elastin/total and
collagen/total axial stress ratios are similar between geno-
types (figure 6b,e). The elastin/total strain energy ratio is
10-80% higher, while the collagen/total strain energy ratio
is 3-13 times lower in WT aorta compared with Fbln5—/—.
Note that the elastin and collagen stress and strain energy
ratios must add up to one, so they are not independent
variables. However, the model suggests that the equivalent
total stresses and strain energies between WT and
Fbln5—/— aorta are made possible by a shift in the stress
applied and the strain energy stored in the individual elastin
and collagen components.

3.4. Protein content

The ratios of elastin and collagen to total protein in the aortic
wall are shown in figure 7. There are no significant differ-
ences between the ratios for any age or genotype, although
there is a trend towards a reduced elastin ratio in P60
Fbln5—/— aorta compared with WT (p = 0.065). The shape
of the elastin/total protein ratio (figure 7a) is similar to the

elastin/total ~circumferential stress ratio (figure 6a),

suggesting that the circumferential stress contribution of elas-
tin in the constitutive model is related to elastin protein
fraction. The collagen/total protein ratio (figure 7b) does
not have the same shape as the collagen/total circumferential
stress ratio (figure 6d), suggesting that the circumferential
stress contribution of collagen in the constitutive model
cannot be directly related to the collagen protein fraction.
The nonlinear mechanical behaviour of the collagen fibres
complicates direct correlations between protein amount and
stress contributions.

3.5. Imaging

Fbln5—/— aorta shows less distinct elastic laminae than WT,
with pink collagen and brown SMCs staining appearing
within the black elastic laminae (figure 8a,b). The VVG
images were converted to greyscale and a histogram of
pixel values was determined (figure 8a and b, inset). The his-
togram was binned into quartiles of the darkest pixels
(black = 0-63) and the next darkest pixels (dark grey = 64—
127) (table 3). The Fbin5—/— aortae have 71% and 39% less
black staining pixels at P21 and P60 and 31% more dark
grey staining pixels at P60 compared with WT. The black
staining pixels represent mostly intact elastic laminae (i.e.
figure 8a), while the dark grey pixels represent mostly SMCs,
collagen and disrupted elastic laminae (i.e. figure 8b). Our
data are consistent with disruptions in the elastic laminae
in Fbln5—/— aorta that can be seen at higher magnification
with electron microscopy [12]. The number, thickness and spa-
cing of elastic laminae were quantified from thresholded
greyscale VVG images and there are no significant differences
between genotypes (table 3). This method does not highlight
differences in intensity or quality of the elastic laminae, as the
threshold was individually varied for each aorta to obtain com-
plete black and white layers through the wall thickness. The
laminae thickness significantly increases with age, but the
number and spacing do not. PSR images show red collagen
staining outlining yellow areas where the elastic laminae are
located in P60 WT aorta (figure 8c). In P60 Fbln5—/— aorta,
the red collagen staining is more diffuse and the outline of
the yellow elastic laminae is not as clear (figure 84 ), consistent
with the VVG images. There are no obvious differences in the
size or organization of the SMC nuclei in the H&E images
(figure 8e and f).

To better understand the alterations in elastic laminae and
collagen fibre structure in Fbln5—/— aorta compared with
WT, we imaged fresh frozen sections stained with fluorescent
probes for elastin, collagen and cell nuclei. The frozen sec-
tions show collagen fibres outlining the elastic laminae in
WT aorta, while they appear integrated within the elastic
laminae in Fbln5—/— aorta at all ages. Representative
images for P7 aorta are shown in figure 9.

4. Discussion
4.1. Unloaded dimensions and compliance of Fbin5—/—
aorta

There are no differences in the aortic geometry in the circum-
ferential (diameter) or radial (thickness) direction in response
to the lack of fibulin-5 expression and the subsequent defects
in elastic fibre assembly. This is consistent with previous
data on Fbin5—/— carotid arteries [13,14] and in contrast to
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Figure 4. Experimental (exp) and calculated (calc) circumferential (circ) (a,c) and axial (b,d) stresses plotted against the circumferential and axial stretch ratios for a
representative P21 WT (a,b) and Fbin5—/— (¢,d) aorta. The experimental data were collected from ex vivo biaxial mechanical tests. The calculated data were
determined from the constitutive model using the experimental stretch ratios and the best-fit material parameters.
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Figure 5. Average fitted constants (a—e) and goodness of fit (R)) (f) for the constitutive model used to describe biaxial mechanical behaviour of WT and
Fbin5—/— aorta throughout early maturation. Only those aortae with six successful mechanical test protocols (three inflation protocols at constant axial stretch
and three axial stretch protocols at constant pressure) were included in the constitutive modelling. Note that (d) is plotted on a log scale. N = 5—8 per group.

‘# denotes p < 0.05 for Fbin5—/— compared to WT.

dimensional differences observed in other mouse models of
elastic fibre defects, including Eln+/— arteries (smaller diam-
eter and thickness) [4], arteries from elastin knockout mice
rescued by expression of human elastin (1 BACmNull) (smaller
diameter and increased wall thickness) [36], and fibulin-4
smooth muscle cell-deficient aorta (Fbln4SMKO) (aneurysm
development) [37]. Although the dimensions do not change
in the circumferential and radial direction, the Fbln5—/—
aorta is longer than WT at all time points. This is consistent

with lengthening observed in Eln+/— mice [7] and
Fbln4SMKO mice [38] and with the reduced axial stretch
ratios observed in fibrillin-1 insufficient mice (mgR) [39]
and adult Fbin5—/— mice [13,14]. Because reduced axial
stretch affects both circumferential and axial stress, it has
been speculated that this may be a mechanism to maintain
stress values despite changing material properties [40].

The compliance above physiologic pressure is reduced at
all ages in Fbln5—/— aorta compared with WT. Wan et al.
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Table 2. Total stresses, strain energies and linearized (lin) moduli
calculated from the constitutive model for WT and Fbin5—/— aorta
throughout early maturation. The values were determined using the fitted
material constants and the stretch ratios corresponding to the mean
physiologic blood pressure and the in vivo axial stretch for each artery. The
trends for the stresses and the circumferential (circ) modulus are consistent
with the experimental data in figure 3. Data are presented as mean +
s.e.m. N = 5-8 per group.

7 21 60
WT 28+ 4 63 +3 101+ 9
E I —
WT 24+ 6 64 + 8 100 + 16
I —
WT 441 942 18+3
WT 160 + 20 280 + 13 a1+ 22
E T
WT M2+ 19 292 + 30 355 + 31
CRbS—/— W6+l 6+ WET2

[13,14] also found reduced compliance in Fbin5—/— carotid
arteries. Elastin and collagen are added to the arterial wall
[15] and blood pressures are increasing [17] throughout the
P7-60 maturation period. The WT compliance data suggest
that the mix of matrix proteins is adjusted to maintain the
peak compliance just above the mean physiologic pressure
at all ages. When the elastic fibres are disrupted by the loss
of fibulin-5, the peak compliance shifts to just below the
mean physiologic pressure but is maintained at this point
throughout maturation. Similar results have been described
for WT and Eln+/— aorta (7).

4.2. Homeostatic stress and universal elastic modulus
From experimental results and model predictions, the cir-
cumferential stresses at mean physiologic pressure are
similar across genotypes. Wan et al. [13,14] found the circum-
ferential stress to be reduced in Fbln5—/— carotid artery
compared with WT from four tol3 weeks of age, but not at
three weeks of age. However, the stresses in Wan ef al.
[13,14] were calculated based on mean adult pressure
values of 110 mmHg [12] for all ages, while our values are
calculated from mean pressures at each age [20]. In figure
3c, the circumferential stresses diverge between genotypes
just above the physiologic values for P21 and P60 aorta, high-
lighting the importance of determining the physiologic
loading environment for relevant comparisons. Our data on
maturing WT and Fbin5—/— aorta support the assertion of
a ’'homeostatic circumferential stress’ in adult arteries

[41,42]. The physiologic circumferential stress changes with
maturation, showing that the value of the homeostatic
stress state depends on age. Previous results on WT and
Eln+/— aorta also showed an increase in circumferential
stress with age and similar stresses across genotypes at
most ages; however, there was a 60% increase in Eln+/— cir-
cumferential stress by P60 [7]. Hence, the aorta may remodel
towards a homeostatic circumferential stress state, but limit-
ations on matrix production and SMC plasticity in
adulthood may preclude maintenance of precise values.

The experimental axial stresses at physiologic pressure
diverge between genotypes at P21 and 60 and show a trend
towards lower model predicted values, implying that main-
tenance of the homeostatic stress in the axial direction is
less important than the circumferential direction. This is con-
sistent with data from Wan et al. [13,14] for Fbin5—/— carotid
arteries. Although Wan et al. [13,14] used different physio-
logic blood pressures for calculating the stresses, our data
(figure 3d) show that axial stresses in the aorta are lower in
Fbln5—/— aorta at P21 and 60, regardless of pressure. Carotid
arteries from fibrillin-1 insufficient mice (mgR) also show
similar circumferential stresses to WT, but decreased axial
stresses. It is hypothesized that this may represent an over-
compensation in the mechanically mediated reorganization
of the wall components [39]. Assuming that SMCs are aligned
mostly in the circumferential direction, it is reasonable that
circumferential stress would be a driving factor for remodel-
ling. The axial stresses change with age but are similar in
value to the circumferential stresses. An isotropic stress
state may be preferred for the ascending aortic wall.

The physiologic incremental modulus is within a small
range of values for all ages and genotypes, with divergence
occurring at higher pressure values. This supports previous
observations by Shadwick [43] that aortae from a wide range
of animals (from lobsters to rats) have a physiologic elastic
modulus around 400 kPa. Matsumoto & Hayashi [42] found
that the modulus was maintained after hypertensive remodel-
ling in the rat aorta. We previously found that WT and Eln+/—
aorta also have physiologic elastic moduli in this range and
term it a ‘universal elastic modulus’ [44]. Our data on
Eln+/— and Fbln5—/— aorta show that the universal modulus
can be maintained despite decreased amounts or disorganiz-
ation of elastic fibres and suggest that this is a critical
parameter for mechanically induced aortic remodelling.

4.3. Predictions of the constitutive model

Our microstructurally motivated constitutive model provides
mechanistic explanations for how the physiologic circumferen-
tial stresses and moduli can be maintained despite defects in
elastic fibre assembly. The elastic modulus calculated from
the constitutive model confirms that the modulus values
remain in a narrow range (200-500 kPa) across ages, genotypes
and directions. In the model, the fitted material constant associ-
ated with the elastin contribution is reduced in P60 Fbin5—/—
mice, which results in a reduction of the elastin circumferential
stress ratio at P60 and total elastin strain energy at all ages.
Hence, the defective elastic fibres do not contribute as much
as normal elastic fibres to the circumferential stress or stored
energy of the deformed aortic wall. The decrease in circumfer-
ential stress contribution of the elastic fibres is similar to the
decrease in elastin protein ratio and is supported by less intense
staining and disruptions in the elastic fibres in Fbln5—/—.
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Figure 6. Elastin/total (a—c) and collagen/total (d-f) ratios for the circumferential stress (a,d), axial stress (b,e) and strain energy (c,f) calculated from the
constitutive model for WT and Fbin5—/— aorta throughout early maturation. The elastin contribution to the total strain energy is decreased and the collagen
contribution is increased in FbIn5—/— aorta compared with WT. N = 5—8 per group. ‘#’ denotes p < 0.05 for Fbin5—/— compared to WT.
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Figure 7. Elastin/total (a) and collagen/total (b) protein ratios for WT and
Fbin5—/— aorta throughout early maturation. Aortae were digested with
0.1 M NaOH to separate insoluble elastin from soluble collagen and other pro-
teins. Elastin and total protein were quantified by a ninhydrin assay, while
collagen was quantified by a reaction with Chloramine T. N = 7-10/group.

Wan et al. [14] also found a trend towards reduced elastin mass
fractions in Fbln5—/— carotid arteries compared with WT.
Yanagisawa et al. [12] found a decrease in desmosine, an elas-
tin-specific cross-link, in three-month-old Fbln5—/— aorta
compared with WT and show electron micrographs with elas-
tin aggregates in Fbln5—/— aorta, compared to complete elastic
laminae in WT, that are consistent with our imaging results.
Because elastin mechanical contributions are decreased in
Fbln5—[— aorta, the collagen contribution must be increased

to maintain the homeostatic circumferential stress and

universal modulus. Our model shows that this can be accom-
plished through an increase in the exponential constant in the
collagen strain energy function, so that collagen fibres have
more nonlinear mechanical behaviour in Fbin5—/— aorta
compared with WT. This increases the collagen circumferen-
tial stress contribution at P60 and increases the total collagen
strain energy at all ages. The circumferential stress contri-
bution of the collagen fibres does not mirror the changes in
collagen protein ratio, indicating that altered collagen
amount is not responsible for the mechanical differences,
but that collagen fibre structure and organization may be
important. Imaging of collagen fibres in aortic cross-sections
does not show any obvious differences in collagen amount
and structure between genotypes, but suggests that collagen
localization (whether outside of or integrated with the elastic
laminae) may be altered. Future work must focus on
additional microstructural characterization, such as collagen
fibre orientation [45], fibre recruitment [46], cross-link density
[47] and overall organization within the three-dimensional
wall under physiologic loading conditions. Previous work
has shown that chemical degradation of elastic fibres [48,49]
or alterations to the elastic fibres through the loss of fibulin-5
expression [13,14], reduced levels of fibrillin-1 [50] or
mutations in the fibrillin-1 gene [51] affect collagen fibre
orientation and recruitment. Understanding how collagen
fibre structure and mechanics compensate for defective elastic
fibres to meet the design constraints of the maturing aortic
wall may help to manipulate this process in disease
treatments and duplicate the process in tissue engineering.
Previous constitutive modelling of mouse arteries with
elastic fibre defects have generally used a four-fibre model to
fit carotid artery data [13,14,39,50], which is an extension of
the two-fibre model [25] used here. Using a four-fibre model,
Wan et al. [13] showed similar trends to this study with a
decrease in the isotropic, elastin-associated parameter and an
increase in the exponential terms associated with the collagen
fibre families in Fbln5—/— carotids compared with WT. The
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Figure 8. Representative histology sections of P60 WT (ace) and
Fbin5—/— (b,d,f) aorta stained with VVG (a,b) to highlight elastic fibres
(black), PSR (c,d) to highlight collagen fibres (red) and H&E (e,f) to show
overall wall morphology (cell nuclei in dark purple). Intensity of the black
staining elastic laminae was quantified (table 3) using histograms of the
pixel values for greyscale VVG images on a scale of 0 = black to 255 =
white (insets). Fbin5—/— aorta shows less intense black staining of the
elastic laminae with collagen (pink) appearing within the elastin layers
(black arrow in b). Consistent with this observation, clear boundaries are vis-
ible between layers of collagen (red) and non-collagenous tissue (yellow) in
WT aorta (white arrow in ¢), while the boundaries are less distinct in
Fbin5—/— aorta (d). Four to six sections were examined in each group.
Scale bar, 20 pum.

authors discuss the large variability in the parameter values
and the fact that some values are zero. We have found that
the current two-fibre model with constraints on the elastin
and collagen stress contributions reduces both the variability
and the occurrence of zero values for the parameters. While
the two-fibre model is sufficient for capturing the behaviour
of mouse ascending aorta, a four-fibre model is necessary to
fit mouse carotid artery data (JE Wagenseil 2014, unpublished
results). Differences in the model fitting may be due to
increased anisotropy of the carotid artery compared with the
ascending aorta. The current constitutive model is similar to
that used by Cheng et al. [22] to compare material properties
of WT and Eln+/— aorta throughout maturation, except that

(b)

P7 Fbin5—/—

Figure 9. Representative frozen sections of P7 WT (a) and Fbin5—/—
(b) aorta stained with Alexa Fluor 633 Hydrazide for elastin (red) [33,34],
Oregon Green 488 conjugated CNA35 [35] for collagen (green) and Hoescht
34580 for cell nuclei (blue). In WT aorta, the elastic laminae are outlined
with collagen fibres. In Fbin5—/— aorta the collagen fibres appear inte-
grated within the elastic laminae, suggesting that collagen may fill in the
disruptions in the laminae observed in histology sections (figure 8) and elec-
tron microscopy images [12]. In both genotypes, cell nuclei can be seen
oriented circumferentially between elastin layers. Three to five sections
were examined for each group. Scale bar, 10 m.

Table 3. Number, thickness, spacing and intensity of elastic laminae
quantified from VVG stained histology slides of aortic cross-sections from WT
and Fbin5—/— mice. The number, thickness and spacing were determined
by calculating the average number and spacing of white and black pixels
crossed in user-defined radial lines on thresholded images. The intensity was
determined from a greyscale histogram (figure 8a,b inset) calculated from
user-defined regions in the media. The darkest quartile of the pixels (0—63)
was binned as ‘black’ and represent mostly the intact elastic laminae. The
next quartile (64—127) was binned as ‘dark grey’ and represent mostly the
SMGs, collagen and disrupted elastic laminae. Data are presented as mean +
sem. N = 4-6 per group.

age (days)

7 21 60

WT 74+ 04 74+ 04 74+ 05

WT 40 + 02 38 +02 6.1 +03
Sl 47i02 ............. 38i01 .............. 56i06

WT 49 4+ 05 6.1 + 0.6 56 + 05
Sl 53105 ............. 59105 .............. 62105

WT 63 + 3 45+ 4 64+ 4

genotype dark grey pixels (%)

WT 31 +1 39+2 3“5+4
Sl B is ................. 55i5 ................. 50i4* .....

*p < 0.05 for Fbin5—/— compared to WT.

we have eliminated the circumferentially aligned group of
fibres that represent passive SMCs, because the fitted constants
were near zero in that model.
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4.4. Limitations

Although mice serve as useful models for human disease, arterial
remodelling mechanisms may be different in mice and humans.
Physiologic values were determined through ex vivo mechanical
tests and measured blood pressures with the mice in an anaesthe-
tized state [20]. There may be errors between these calculated
values and the actual in vivo values. We anticipate the errors to
be consistent in all groups however, so that the observed
trends would hold. The constitutive model is microstructurally
motivated, but does not provide specific explanations for how
physical changes in the collagen fibres produce the observed
changes in mechanical behaviour. Constitutive models that
include collagen fibre waviness and dispersion, coupled with
experimental measurement of the collagen fibre structure, may
provide further insight [45,46,52,53]. Our model shows how
trade-offs in the mechanical behaviour of elastin and collagen
can produce equivalent circumferential stresses and incremental
moduli in the composite aortic wall, but does not address
molecular mechanisms for how these changes occur.

5. Condlusion

Biaxial mechanical data on maturing Fbln5—/— mouse aorta
demonstrate a pattern of remodelling that leads to
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