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Abstract

Elastic fibers in the extracellular matrix provide compliance and distensibility to soft biological
tissues, such as the uterus. The uterus grows and remodels during processes such as gestation and
menstruation. Preterm birth may be associated with uterine overdistention, which can be
exacerbated in females with underdeveloped elastic fibers. Desmosine crosslinks form between
mature elastic fibers and can be used to infer the mature fiber content. Fibulin-5 (Fb/n5) is
expressed in tissues abundant in elastic fibers, and mice deficient in Fb/n5 develop pelvic floor
disorders similar to females with genetic disorders that negatively impact elastic fiber formation.
Prior work has quantified desmosine content to study elastic fiber turnover in the vagina of Fb/n5
deficient mice. However, the presence of mature elastic fibers in uterine tissue with varying Fb/n5
expression is unknown. Further, the influence of desmosine content on passive uterine mechanics
is unknown. Therefore, the objective of this study was to determine the role of F4/»5 insufficiency
on desmosine content and its effect on passive mechanics of the murine uterus. We hypothesize
that Fb6/n5 haploinsufficient and deficient murine uterine tissue will have lower desmosine content
than wildtype tissue. It is further hypothesized that F4/n5 haploinsufficiency or deficiency will
decrease the passive compliance and distensibility of the murine uterus. Characterizing the
desmosine content and passive distensibility of the murine uterus may provide insight into the
influence of elastic fiber deficiency on uterine function, which can be applied to the clinical setting
to assess the etiology of pelvic floor disorders in women with disrupted elastic fiber development.

Introduction

(Adams Waldorf et al., 2015). The incidence

of preterm birth varies around the world,

The female reproductive system is
comprised of the vagina, cervix, uterus,
fallopian tubes, and ovaries. The uterus plays
a critical role in gestation and menstruation,
and one of its main functions is the ability to
expand and remodel to accommodate these
processes (Myers & Elad, 2017). There is a
limit to the extent that the uterus can stretch
in healthy pregnancies, and uterine
overdistention is thought to lead to preterm
labor in women carrying more than one fetus

ranging from 3.6% in Germany to 14.7% in
Egypt, and 35.8% of infant deaths are related
to complications from preterm birth

(Callaghan et al., 2006; Kiserud et al., 2017).
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Figure 1. Structure of the uterine extracellular
matrix around smooth muscle cells, including
fibrillar collagen, elastic fibers, and proteoglycan.

Figure created with Biorender.com

A key structural component of the
extracellular matrix of uterine tissue that
provides its compliance and distensibility are
elastic fibers (Sherratt, 2009) (Leppert & Yu,
1991). For example, decreased elastic fiber
integrity in vasculature results in decreased
distensibility, or ability to radially expand
(Ferruzzi et al., 2016). Genetic disorders such
as Marfan syndrome negatively impact elastic
fiber formation. Females with Marfan
syndrome give birth significantly earlier than
temales without Marfan syndrome, and
babies born to women with Marfan
syndrome are significantly more likely to be
small for gestational age (Curry et al., 2014).
The physiological and mechanical causes of
earlier birth dates and smaller size at birth are
unknown, but deficiencies in elastic fiber
formation in the uterus may contribute.

Figure 2. Elastic fibers permit tissue to stretch
and return (Akintunde et al., 2019) (Matthews
et al., 2014). Figure created in biorender.com.

Multiple proteins, such as fibulin-5
(Fbin5), are responsible for proper elastic
fiber formation by binding elastin to a
microfibril core. Further, elastin contains
hydrophobic amino acids such as desmosine
and intermolecular cross-links which are
highly resistant to proteolytic degradation
(Daamen et al.,, 2003). Desmosine is an
indicator of elastic fiber maturity, and thus its
quantity can be used to infer the amount of
mature elastic fibers present in uterine tissue

(Kielty et al., 2002).
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Figure 3. The biosynthesis of desmosine from
lysine residues (Francis et al., 1973).

The biosynthesis of desmosine
involves three lysine residues, beginning

with oxidative deamination of the e-amino
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groups of two lysine residues into two
molecules of a-aminoadipic 8-
semialdehyde, also known as allysine
(Francis et al., 1973). The two allysine
molecules undergo an aldol condensation.
Then, the aldol condensation product reacts
with a third lysine residue via a Schiff-base
formation to form dehydromerodesmosine,
which goes on to form desmosine via a series
of reactions that is not yet defined.
Desmosine is formed alongside tropoelastin,
the precursor to mature elastin (Gallop et
al., 1972). Tropoelastin contains a large
number of lysine side chains, which allow it
to eventually form mature elastin crosslinked
by desmosine in areas of high alanine
content, as the small side chain allows space
for the presence of these large crosslinks.
This process is catalyzed by lysyl oxidase,
which is the cross-linking enzyme of elastin

and collagen (Halme et al., 1986).

Figure 4. Desmosine is found in crosslinks
between mature elastic fibers (Daamen et al.,
2003). Portions of the figure created in
Biorender.com.

Fbln5 is commonly expressed in
tissues that contain an abundance of elastic
fibers, including large blood vessels and the
uterus. (Kowal et al., 1999). Mice that are
deficient in Fb/n5 develop pelvic floor
disorders similar to females with genetic
disorders such as Marfan syndrome (Carley
& Schaffer, 2000) (Drewes et al., 2007).
Fbin5 global knockout mice have been used

to model wvascular and pelvic organ
pathologies (Clark-Patterson et al., 2021;
Ramachandra et al., 2022). Through
investigation of vaginal desmosine content as
it relates to changes in elastic fiber
homeostasis of Fb/n5 deficient mice, it has
been shown that elastic fiber assembly after
vaginal delivery is critical for reestablishment
of pelvic organ support. (Drewes et al., 2007).
However, the presence of mature elastic
fibers in uterine tissue with differing
expression of Fbin5 is unknown. A need
exists to quantify the amount of desmosine
present in the uterine tissue of mice
sufficient, haploinsufficient, and deficient in
Fbln5 to set a framework for conducting
future investigations to determine how
mature elastic fibers may impact the
mechanical properties of the tissue. Further,
the impact of Fb/n5 insufficiency on the
ability of the uterus to expand is unknown.

Therefore, the objective of this study
was to utilize the Fb/n5 knockout mouse
model to determine the relationship between
Fbln5 genotype and desmosine content and
its effect on passive distensibility of the
murine uterus. Our specific aims were:

Aim 1: Quantify the desmosine
content of Fb/n5 wildtype, haploinsufficient,
and deficient murine uterine tissue. We
hypothesize that F6/n5 haploinsufficiency or
deficiency will contribute to decreased
desmosine content in comparison to wildtype
controls.

Aim 2: Evaluate the passive
mechanics in relation to the desmosine
content of the murine uterus. We will use
outer diameter measurements to calculate the
normalized outer diameter and passive
compliance of the tissue without smooth
muscle contraction when pressurized with

air. We hypothesize that Fa/n5 deficiency
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will decrease the passive compliance and
distensibility of the murine uterus compared
to the wildtype and haploinsufficient uterus.

Aim 3: Evaluate methods
improvement for determining the passive
mechanics of the murine uterus. We will
suggest alterations to the procedure
implemented in this study to increase the
efficacy of measurement and calculation of
the passive mechanics of the murine uterus.

We expect to identify a relationship
between desmosine content and passive
distensibility to elucidate the contribution of
mature elastic fibers to the passive
mechanical properties of uterine tissue. This
study may provide insight into the
reproductive health and etiology of preterm
birth in females with diseases that impact
elastic fiber formation.

Methods
Animal Care

All procedures in this study received
approval by the Institute Animal Care and
Use Committee at Tulane University. This
study performed all procedures in
accordance with the relevant guidelines and
regulations. The fibulin-5 (F&/n5) global
knockout mice were developed by Dr.
Hiromi Yanagisawa (Yanagisawa et al.,
2002). The Fbin5 colony was established at
Tulane University from male and female
breeders supplied by Dr. Jay Humphrey
from Yale University. Female and male
Fbin5 haploinsufficient mice on mixed
background (C57BL/6 x 129SvEv)
generated all female wildtype

(Fbin5+/* WT), haploinsufficient

(Fb/n5+/ —, HET), and deficient (Fbln5‘/ -
KO) mice for use within this study.

Microisolators housed all mice with
littermates (no more than 5 per cage) under
standard conditions with 12-h light and
dark cycles. All mice were genotyped by tail
snips taken during weaning by a commercial
vendor (Transnetyx, Cordova, TN, USA)
using real time PCR. An n = 18 female,
nulliparous mice (6/genotype) were used in
this study. All mice in this study were in the
age range of 4-6 months, which correlates to
approximately 28-35 years of age in humans
(Dutta & Sengupta, 2016). Mice were
euthanized with carbon dioxide and
immediately dissected to extract the thoracic
aorta, vagina, and uterus.

Dissection

A vertical cut using dissection scissors
was made from the pubis to the top of the
sternum. An I-cut was made to expose the
abdominal cavity, and scissors were used to
divide the rib cage and expose the pleural
cavity. Using blunt forceps, the lungs were
moved aside to expose the thoracic aorta. The
thoracic aorta was separated from the spine
using tweezers and blunt forceps, and then
excised with microscissors. The aorta was
maintained in 4°C Hank's Balanced Saline
Solution (HBSS) until dissection and
mechanical testing were complete. In the
abdominal cavity, the intestines were moved
toward the sternum, and the visceral fat
around the uterus was gently snipped away
using microscissors. The left and right
uterine horns were excised by a singular cut
each at the proximal and distal ends of the
horns to separate them from the cervix and
ovaries, respectively. Each extracted organ
was dried and weighed, then placed into 4 °C
HBSS. One uterine horn was randomly
allocated to undergo mechanical testing prior
to storage for biomechanical testing.
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Following mechanical testing, all samples
were flash frozen and stored at -80 °C. The
left and right uterine horns were stored
separately.

Mechanical Testing

To evaluate the distensibility of the
murine uterus, the outer diameter of the
tissue was measured at 10 mmHg increments
from 0-70 mmHg, which are within the
physiologic range of uterine pressures
(Humphrey, 2013; Milsom et al., 1988). A
10-millimeter segment of tissue was removed
from the proximal side of the uterine horn.
The intact cylindrical tissue was cannulated
onto an extension-inflation device using two

silk 6-0 sutures on each side (Figure X).

" | —p = )

Figure 5. Dissection and cannulation of uterine
tissue in preparation for mechanical testing.
Figure created in Biorender.com.

The tissue was suspended in a bath of
4°C HBSS. A sphygmomanometer was
attached to one cannula, and the other
cannula was pinched off to prevent airflow
and pressure leakage. Each sample was
pressurized up to approximately 75 mmHg
and then released five times consecutively
(Amin et al., 2012). Outer diameter
measurements were taken in 10 mmHg
increments for the third, fourth, and fifth
pressurization cycles. Measurements were
completed by measuring overhead images of
the tissue using Image] (NIH, Bethesda,
MD).

Biochemical Testing

To evaluate the concentration of
desmosine in the uterine tissue, quantitative
sandwich enzyme-linked immunosorbent
assays (ELISAs) were conducted (Lifeome
Biolabs, Oceanside, CA). This desmosine
ELISA has high specificity and sensitivity for
detection of murine desmosine and has been
used in prior studies to quantify lung
desmosine content (Seddon et al., 2013;
Sellami et al., 2016). The thoracic aorta and
vagina served as the positive control, as it has
been previously noted that there is desmosine
present in these organs (Drewes et al., 2007;
Muto et al., 2013). To prepare for ELISA,
the tissue samples were homogenized in 1
mL 1X phosphate buffered saline and then
subjected to two freeze-thaw cycles. The
ELISAs were then conducted as indicated by
the kit to quantify the concentration of
desmosine in the thoracic aorta, vagina, and
left and right uterine horns.
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Figure 6. Process of sample preparation and
quantification of desmosine content via

sandwich  ELISA.  Figure  created  in
Biorender.com.

Statistical Analysis

The sample size of n=6 for WT,
HET, KO genotypes is similar to sample
sizes used in prior studies involving sandwich
ELISAs with mice (Lim et al.,, 2015;
Shirakawa et al.,, 2022). Desmosine

concentrations were analyzed with the

Scheirer-Ray-Hare (SRH) test, followed by
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Dunn’s test with Benjamini-Hochberg
corrections. The outer diameter
measurements were used to calculate

normalized outer diameter from 0 mmHg
(Equation 1), stepwise compliance (Equation
2), and compliance from 0 mmHg (Equation
2). Normalized outer diameter was calculated
using the following equation:

Pa

D(Po)

Normalized Diameter = (Equation 1)

Where D(P,) is the outer diameter of the
uterus at a given internal pressure and D(P,)
is the diameter at and internal pressure of 0

mmHg.

Compliance was calculated using the
tollowing equation:

AA(P)
AP

C(P) = (Equation 2)
Where A4(P) is the change in the luminal
area at an intraluminal pressure P. The inner
area was computed with inner radius, which
was calculated as outer radius minus the
thickness of the tissue (Naito et al., 2014).
The thickness of tissue was noted as 0.61 mm
for WT and 0.56 mm for KO, based on
measurements of 4 month old and 11 month
old WT mice, respectively. The 11 month
thickness was used for the KO samples
because the Fib5 KO has been described as a

model of aging due to the disruption in elastic

fibers (Hare et al., 2021).

Each mechanical property was
analyzed with the Lilliefors test for normality
and Levene’s Test for equal variance,
followed by a mixed ANOVA and Tukey’s
post hoc test if data was significant. The
Pearson correlation coefficient and t-test for

correlation was used to determine any

correlation between  biochemical and
biomechanical data sets.
Results
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Figure 7. Desmosine concentration in the Fbin5
WT, HET, and KO mice (n=6/group) in the
aorta (dark grey), uterus (light grey), and
vagina (white). Desmosine concentration was
significantly lower in all KO organs (uterus,
vagina, aorta) than HET (p=0.013) and WT
organs (p=0.010). No significant interactions
were identified between groups.
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Figure 8. Desmosine concentration in the aorta,
uterus, and vagina with Fbin5 WT (dark grey),
HET (light grey), and KO (white) (n=6/group).

Desmosine  concentration was  significantly
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higher in aorta than uterus (p<0.001) and
vagina (p<0.001) across all genotypes. No
significant interactions were identified between

groups.

An SRH test (genotype, organ)
identified  significant  differences  in
desmosine content between genotypes
(p=0.007) and organs (p<0.001), with no
significant interactions. Desmosine content
in all KO organs was significantly lower than
HET (p=0.013) and WT organs (p=0.010)
(Figure X). Desmosine content was higher in
aorta compared to uterus (p<0.001) and
vagina (p<0.001) across all genotypes (Figure
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Figure 9. Normalized uterine outer diameter of
Fbin5 WT (circle) and KO (diamond) mice
(n=4/group). A mixed ANOVA (genotype,
pressure) followed by Tukey’s post hoc tests
showed a significant difference in normalized
outer diameter between 10 mmHg and 70
mmHg (p=0.034). No significant interactions
were identified between groups.
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Figure 10. Normalized uterine outer diameter
of Fbin5 WT (grey) and KO (wbhite) mice
(n=4/group) at 10 mmHg internal pressure and
70 mmHyg internal pressure. A mixed ANOVA
(genotype, pressure) followed by Tukey’s post hoc
tests showed a significant difference in
normalized outer diameter between 10 mmHg
in the KO samples and 70 mmHg in the WT
samples (p=0.034). No significant interactions
were identified between groups.

Calculations of normalized diameter
followed by a mixed ANOVA (genotype,
pressure) showed that the WT uterus at 70
mmHg of internal pressure had a
significantly ~ larger normalized  outer
diameter than the KO uterus at 10 mmHg.
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Figure 11. Stepwise compliance in uterine tissue
of Fbln5 WT (circle) and KO (diamond) mice
(n=4/group). A mixed ANOVA did not indicate
any significant differences in genotype or pressure.
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Figure 12. Uterine compliance measured
compared to O mmHg of Fbin5 WT (circle) and
KO (diamond) mice (n=4/group). A mixed
ANOVA did not indicate any significant

differences in genotype or pressure.

A mixed ANOVA did not indicate
any significant differences in genotype or
pressure for stepwise uterine compliance or
overall uterine compliance (compared to O
mmHg internal pressure).
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Figure 13. Correlation between desmosine
content and overall compliance measured at 70
mmHyg of the murine uterus. A t-test indicated
no significant correlation between desmosine
content and overall compliance (p=0.18). The
Pearson correlation coefficient was R=-0.3715,
indicating a weak negative correlation between

e WT

the two wvariables. The coefficient of
determination was R?=0.138. This indicates
that 13.8% of the overall compliance can be
predicted by desmosine content.

Analysis with a Pearson correlation
coefficient showed a weak negative
correlation between desmosine content and
overall compliance of uterine tissue when
pressurized at 70 mmHg compared to 0
mmHg of internal pressure.
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Figure 14. Correlation between desmosine
content and normalized murine uterine outer
diameter. A t-test indicated no significant
correlation between desmosine content and
normalized — outer  diameter (p=0.16).The
Pearson correlation coefficient was R=-0.4031,
indicating a moderate negative correlation
between the two variables. The coefficient of
determination was R?=0.1625. This indicates
that 16.25% of the normalized outer diameter
can be predicted by desmosine content.

Analysis with a Pearson correlation
showed a moderate negative correlation
between desmosine content and normalized
outer diameter.
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Discussion

This investigation sought to elucidate
the impacts of fibulin-5 haploinsufficiency
and deficiency on the desmosine content and
passive mechanics of murine uterine tissue.
Desmosine concentration was significantly
lower in the KO organs than other genotypes,
indicating that the KO Fa/n5 genotype leads
to lower levels of desmosine in the uterus
than in the HET and WT mouse. This aligns
with the changes in desmosine content of the
murine vagina with F4/n5 haploinsufficiency
and deficiency as noted in prior work
(Drewes et al., 2007). This may provide
insight into the presence of mature elastic
fibers in wuterine tissue to advance a
fundamental understanding of the uterine
composition which could improve our
understanding of the etiology of preterm
birth in females with genetic disorders that
lead to underdeveloped elastic fibers.

Normalized outer diameter in the KO
uterus at 10 mmHg was significantly smaller
than the WT uterus at 70 mmHg of internal
pressure. However, at 70 mmHg of internal
pressure the WT uterus does not expand
enough to have a significantly larger
normalized outer diameter than the WT
uterus at other lower internal pressures.
Additionally, the normalized outer diameter
at 70 mmHg between the WT and KO
genotypes does not show a significant
difference. This indicates that, despite
decreased desmosine content, the KO uterus
expands in a comparable manner to the WT
uterus at 70 mmHg, although neither
genotype expands enough to be significantly
different than the normalized outer diameter
of the same genotype at lower internal
pressures. It is possible that there are
additional aspects of the tissue that
compensate for the elasticity lost by
underdeveloped elastic fibers in the KO

samples. Some of these may include other
elastin crosslinking proteins such as fibulin-4
and fibulin-3 (Horiguchi et al., 2009; Rahn
et al., 2009).

There was a moderate negative
correlation detected between desmosine
content and normalized outer diameter and a
weak negative correlation detected between
desmosine content and overall compliance of
the murine uterus. This indicates that
increased desmosine content contributes to
lower distensibility and compliance of the
tissue. While desmosine content does play a
role in passive uterine mechanics, the lack of
stronger correlation is most likely due to
other factors that influence the normalized
outer diameter and compliance of murine
uterine tissue beyond desmosine content,
such as fibulin-4 and fibulin-3 or other
matrix components such as collagen, which
provides tensile strength to the tissue

(Kerkhof et al., 2009; Rahn et al., 2009).
Limitations and Methods Improvement

Desmosine  content  previously
reported in the aorta and vagina were taken
in comparison to the dry weight of the organ,
while this study utilized fresh weight, so the
levels cannot be directly compared. Future
iterations of this study could incorporate
desiccation of the tissue samples prior to
recording the mass and conducting
biochemical testing.

The original sample size for
mechanical testing was n=6/genotype, but
two WT and KO samples each and four
HET samples were excluded. The exclusion
was due to St. Venant’s principle, which
requires that the length of the tissue sample
between cannulas must exceed the outer
diameter in order for the measurements of
diameter change to be valid. The two
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remaining HET samples were not included
in statistical analysis because of the lack of
standard deviation. In future experiments,
the uterine tissue will be cut to a length of 15
mm in order to provide a greater margin for
securing the tissue sample onto the cannula
using sutures. Additionally, there were some
instances in which the uterine tissue burst
during pressurization due to weakness of the
uterine wall. It is important to preserve a
second section of the uterine horn in order to
have a backup sample of tissue in its native
cylindrical shape if the original section of
tissue does not withstand five cycles of
pressurization.

The camera used to record the
pressurization of the murine uterus was an
iPhone XR, and it was noted that the
maximum change in outer diameter was only
a difference of a few pixels in Image]. In
future experiments, a higher resolution
camera should be used for recordings in order
to capture the change in outer diameter in
greater sensitivity.

Conclusion and Future Directions

This study demonstrated that the KO
Fbin5 genotype led to decreased levels of
desmosine in murine uterine tissue. It was
also shown that the normalized outer
diameter of the WT uterus at 70 mmHg
internal pressure is significantly wider than
the normalized outer diameter of the KO
uterus at 10 mmHg internal pressure. This
work may provide insight as to the passive
uterine mechanics and uterine mature elastic
fiber composition of women with diseases
associated with underdeveloped elastic fibers.
It remains unknown whether the KO uterus
sustains similar microstructural changes as
the WT uterus when experiencing
mechanical loading from internal pressure.
Future steps include analysis of the

microstructure of the uterine tissue during
gestation and postpartum healing to
understand ~ potential  differences  in
microstructural changes due to increased
internal pressure.
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