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Abstract

RHEOLOGICAL ANALYSIS OF THE MECHANICAL PROPERTIES OF MURINE LUNGS
OVER THE LIFESPAN

By Olajumoke Olufunke Harrison, M.S.

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science
in Biomedical Engineering at Virginia Commonwealth University

Virginia Commonwealth University, 2021

Major Director: Dr. Rebecca L. Heise, Associate Professor, Department of Biomedical
Engineering

To study the effects of aging in murine lungs, we characterized C57BI6j mice from neonatal to
24-month-old mice. Samples were divided into two groups: Young Mice (YM) and Middle
Age/Old Age Mice (MOM). The YM group included the neonatal and 6-10week. The MOM
group included 7- and 22—24-month-old mice. Rheological testing was performed using a TA

Instruments DHR-2 Rheometer to collect the mechanics of each mice sample. Utilizing a 20-mm



parallel plate fixture, a gap of 0.8-1.0-mm, and a temperature setting of 25C, we conducted a
frequency sweep. Samples were the decellularized over a four-day process then lyophilized for
mass spectrometry. Histology was also conducted to visualize the structure of the lung. Our
results showed that as the age of the mice increased the YM and MOM group, showed an
increase in the storage and loss modulus. These results showcase that there are some changes in

tissues mechanics that are age-related and this change can be related to decreased lung function.
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A. INTRODUCTION

1.1 Lung Development

The development of the lungs happens in three main periods: the embryonic, fetal, and
postnatal period. The embryonic stage of lungs happens at week 4-7 post conception. This is
when the anlage of the right and left lungs presents as two independent outpouchings of the
ventral wall of the primitive foregut. Both of these buds will begin to elongate and create a cycle
of growth in the mesenchyme and branching. The joining of the laryngotracheal sulci of the
lateral walls of the foregut begins then the primitive foregut will be divided into the esophagus
and trachea. During the weeks between 5-7 post-conception the lungs are going through the
pseudoglandular stage. This is when the formation for the bronchial tree begins. The outgrowth
of the terminal bud which leads to the surrounding mesenchyme and the branching of the future
airways. The first 20 future airways are formed, and a couple of generations of the alveolar ducts
are already present. In addition, the formation of epithelial sprouts begins in the walls of the
trachea and bronchi. The canalicular stage is during the 16-26-week post conception. The
differentiation of the epithelia will allow the morphological distinction between conducting and
respiratory airways. At the 24-38-week post-conception, the saccular stage begins. The
branching morphogenesis stops, but alveolarization has not started. The terminal airways are
growing in length and in width. Due to the enlargement of the future gas exchange region causes
condensation of the mesenchyme. From week 36 to year 3 is the classical alveolarization. During
this time, new septa will be lifted off immature preexisting septal and divide the existing
airspace. After, the septum rises up to its full height and the first alveoli are formed (Schittny,

2017).
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For mice, the lung development is similar, but happens at a much faster rate. The

embryonic stage happens at the 9.5-12.5 days after conception. The pseudoglandular stage

happens at the 10.5-16.5 days after conception. The canalicular stage happens at 16.5-17.5 days.

Saccular stage will begin at the 17.5 days to 5 days after postnatal. The alveolar stage will begin

5 to 30 days postnatal (Shi et al., 2007).

A. Chronological stages of lung development

Pseudoglandular — Canalicular Saccular
stage stage stage
Human 7-16 wks 16-24 wks 24-36 wks
mouse E10.5-16.5 E16.5-E17.5 E17.5-P5

B. Gross view of early mouse lung branching morphogenesis

pseudoglandular stage

E10 ENS E125 E135 E145 E155

Alveolar
stage

36 wks-7 yrs (P)
P5-P30

Figure 1. Section A displays the timing of lung development in humans and in mice. The human

gestational stages are presented in weeks and the mouse embryonic stages are presented in days.
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Section B shows a wide view of a developmental series of early embryonic branching
morphogenesis in mice. Section C presented the histological structures using a hematoxylin
eosin-stain of the mouse developing lung at different stages(Shi et al., 2007). Produced from Shi

et al., 2007 with permission.
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1.2 Lung Aging

The structure of the thoracic cavity protects the lungs and is optimal for lung function.
Due to aging, changes to the spine, muscles, and ribs overtime will affect normal lung function.
As people age the curvature of the spine will decrease the space between the ribs and creates a
smaller chest cavity. In addition, there will be changes in the function of the muscles with age.
There will be a reduction in inspiratory and expiratory respiratory muscle strength. The decline
of respiratory muscle can lead to the inability to ventilate when the demand increases. The
physiological aging that happens to the lung is dilation of alveoli, enlargement of airspaces,
decreased exchange surface area, and loss of support for peripheral airways. These changes will
cause the static elastic recoil of the lung to decrease and the residual volume and functional
residual capacity of the lung to increase. The chest will reduce in compliance which will increase
the work it takes for a subject to breathe. Various morphological and tissue parameters of lungs
will change due to aging. After 30, there is a 1% decline per year in respiratory mechanics and
lungs. Between ages 50 to 80 years of age, lung tissue will become about 7% stiffer (Lai-Fook &
Hyatt, 2000). Muscle function will decrease by 2%. The mechanical properties of the lung
demonstrate a tensegrity dynamic that displays a balance of physical forces, stress, and strain
which aids in determining the lung function and structure (Hsia, 2017). In addition, the lungs are
constantly experiencing large cyclic mechanical stress and deformation with breath as well as
cardiac contraction. Variations of the elastic properties located in the lung linked with aging are

crucial in determining lung function (Sicard et al., 2018).
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Figure 2 Displays the physiologic changes that happen in the ageing lung. On the left side,
presents the young lung which has average airspace size, increased proliferation, high elasticity.
The aged lung on the right side shows that the average airspace size will increase as well as
increase apoptosis and senescence markers. Elasticity will decrease and increase cellular

inflammation (Bowdish, 2019). Produced from Bowdish, 2019 with permission.
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1.3 Extracellular Matrix

The lung’s extracellular matrix (ECM) is key in providing a scaffold for the cells and
contributes to respiratory function’s mechanical properties. ECM is critical in the regulation of
developmental organogenesis, homeostasis, and injury-repair responses. The cells that reside in
the ECM regulate the production and deposition of the ECM throughout development. Through
biochemical and biomechanical cues, the ECM regulates diverse cell function, fate, and
phenotype. The lung is very heterogeneous depending on location and developmental stage. The
composition of the lung ECM changes throughout the developmental stage, making the fetal,

neonatal, young, and old adult tissue distinct.

1.4 Composition of the ECM

The core structural components of the entire mammalian ECM include around 300
proteins. The major components are collagens, elastic fibers, proteoglycans, fibronectin, and
tenascin. Collagen is composed of three polypeptide alpha chains that form a triple helix
structure. These molecules are rod-like in shape and rigid, with a length of about 300nm and a
1.5nm diameter(Kulkarni et al., 2016). The fibrillar collagens (types I,11,111,V, and XI)
contribute to the architecture of the lung due to its great tensile strength and low elasticity. In the
interstitium of the lung parenchyma contains a majority of type I and 111 collagen and elastin.
The primary component of elastin fibers is elastin. Elastin is an insoluble polymer of the
monomeric soluble precursor, tropoelastin. They are mixed with collagen and contribute to the
lung’s compliance and elastic recoil properties due to its low tensile strength and high elasticity.
They provide the structural framework for the alveolar wall. Laminin, is known to be a key

component of basement membrane. Laminin is abundant in the developing lungs and plays
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crucial roles throughout lung morphogenesis process which includes alveolar growth by
supporting cell growth and interaction, specifically, alveolar capillary network formation and
remodeling (Luo et al., 2018). Proteoglycans are macromolecules composed of a protein core and
glycosaminoglycan side chains. Their function is to maintain the assembly of collagen fibrils,
water balance, cell adhesion, and migration. Tenascin and fibronectin are responsible for
regulating important cell properties, inflammatory cell chemotaxis and ongoing tissue

injury (Suki et al., 2005).

1.5 Changes in Lung ECM with Disease

As the lung ages, the areas of function and structure become weakened to injuries due to
different environmental toxins. Environmental toxins can include: airborne aerosols, cigarette
smoke, and air pollution. The lung is lined with antioxidant defenses known as the epithelial
lining fluid. The fluid is derived from plasma exudate and secretion from resident immune cells.
The fluid lining helps to protect the lungs from inhaled pollutants. However, as we age these
defenses are reduced, which increases the susceptibility of older people. In this section, we
discuss the ECM changes in the developmental and progression of lung such as Asthma, COPD,

Idiopathic Pulmonary Fibrosis, Lung Cancer, and Pulmonary Arterial Hypertension.

1.5.1 Asthma

The airway smooth muscle (ASM) is crucial in controlling airway caliber, and structural
alterations. The ASM can also be the basis of the airways hyperresponsiveness known as

Asthma. The thickened ASM layer in asthma patients also includes ECM components. These
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ECM components are important in determining the mechanical properties of the ASM. The ECM
is also responsible for transferring force between ASM cells and the ASM to the surrounding
tissues. The exposure of serum to ASM cells from patients with Asthma has shown to produce
increased levels of ECM proteins. The ECM proteins will then in return affect the proliferation
and secretory state of the ASM. Abnormal ECM composition within the ASM can also impact its
contractile properties. The remodeling of the ECM in Asthma is determined by the rate of the
ongoing deposition and degradation of collOagen 1,11, V, fibronectin, tenascin, lumican, and
biglycan. These components may be present due to the activation of fibroblast and
myofibroblast. With patients with fatal Asthma, levels of fibronectin and elastic fibers are
increased in the smooth muscle of the airways; increases of lumican and biglycan in the airway’s

matrix structure correlate with tissue injury and worsening lung function(Araujo et al., 2008).

1.5.2 COPD

Chronic Obstructive Pulmonary Disease (COPD) is known as the chronic inflammatory lung
disease that causes obstructed airflow from the lungs. This airflow limitation is caused by small
airway remodeling leading to the thickening of the airway walls, the loss of the small airways
and the engagement of the respiratory air spaces in the alveoli. The structural changes that begin
to happen in the ECM cause a biomechanical change that led to a loss of elastic recoil of the
lung. This recoil lost suggests that the elastin, a component of the ECM, is the primary target for
decomposition. In addition, studies have shown that within the alveolar wall collagen remodeling
can contribute to structural changes. Compared to healthy subjects, people with moderate COPD
showed alterations in elastic fibers, fibronectin, collagens, tenascin-C and versican in all lung

compartments(Annoni et al., 2012)
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1.5.3 Idiopathic Pulmonary Fibrosis

Pulmonary fibrosis is characterized as the lung disease that occurs when lung tissue becomes
damaged and scarred. The thickening and stiffening of the lung tissue makes it more difficult to
breathe. One of the critical features of fibrotic tissue is an increase in its elastic modulus.
Increased elastic modulus means that the ECM is becoming stiffer. The mechanotransduction of
ECM stiffness plays a critical role in the proliferation, differentiation, and migration of cells.
One of the mechanisms of mechanotransduction operates through the Hippo pathway effector
YAP. The increased ECM stiffness can drive fibroblast ECM production in a YAP-dependent
manner and the expression of YAP has been identified in fibrosis of the lungs. The composition
changes due to collagen and elastin deposition in the ECM surrounding the

myofibroblast(Herrera et al., n.d.).

1.5.4 Lung Cancer

Lung cancer is the multistep process involving sustained proliferation, evasion of growth
suppression, death resistance, inflammatory processes and replicative immortality. During lung
cancer, the ECM is a regulator of the cellular responses that underlie cancer markers. Small cell
lung cancers will be surrounded by extensive stroma of ECM, this is because it harbors high
amounts of fibronectin, laminin, collagen IV and tenascin-C. This remodeling of tumor stroma
strongly impacts tissue stiffness. Collagen metabolism will also be a key player in the stiffening
of the tumor stroma because it is the main factor of tensile strength. The increase of the stiffness
of the stroma leads to the likeliness of tumor cell invasion and metastasis. In addition, the tumor
ECM provides an environment that favors proliferation, metastasis, and the inhibition of

apoptosis of tumor cells(Parker & Cox, 2020).
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1.5.5 Pulmonary Arterial Hypertension

Pulmonary arterial hypertension is characterized by an increased workload in the right heart
ventricle as a result of several processes like genetic predisposition, inflammation, cell
proliferation, vasoconstriction and vascular modeling. This increased workload impacts the
pulmonary arteries resulting in reduced pulmonary arterial compliance. The three-layer
architecture of the arterial wall undergoes remodeling leading to thickening of the intimal,
medial, and adventitial. Tenascin-C, an ECM component, has been associated with the
progression of PAH. In addition, MMPs play a definite role in remodeling. When studying the
pulmonary arterial smooth muscle cell in PAH, it showed an imbalance of MMPs and TIMPs

which induced massive crosslinking of the ECM (Herrera et al., n.d.).

1.6 Mechanical Testing

Analyzing the mechanical properties of the lungs over the lifespan is crucial in correlating lung
structure, elasticity, and compliance with organ, tissue, and cell-scale behaviors (Mitzner,
2011). Current studies looking into the mechanical properties of the intact lung of different
species have used: Uniaxial testing, atomic force microscopy (AFM), and microfluidic system.
Rheometry has been shown to be advantageous for encompassing a broader measurement range
and closely controlling the testing environment (Bates et al., 1994). Variations of the elastic
properties located in the lung linked with aging are crucial in determining lung function (Sicard

etal., 2018).
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1.6.1 Rheometry

Rheometer is an instrument that measures viscosity and viscoelasticity of fluids, semi-solids, and
solids. Viscoelasticity is a property of material that exhibits viscous and elastic characteristics.
The overall viscoelasticity of a material contains a certain resistance to deformation which is
denoted as the complex modulus(G*). The viscoelastic portions are divided into storage(G’) and
loss(G’”) modulus. The storage and loss moduli in viscoelastic materials are able to measure the
stored energy which represents the elastic portion of the material and the energy that is released
as heat which represents the vicious portion. The elastic and viscous components are important

in defining the mechanical behavior of a material. The time dependent-properties or
viscoelasticity of a material is associated with stiffness (Bates et al., 1994). Some limitations of
rheometry are that high amounts of sample volume are required which is sometimes not available

and materials present an intrinsic storage deformation which will affect the measurement results.

b SAOS Rheometry
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Figure 3. Porcine lungs undergoing a small amplitude shear oscillation rheometry where
researchers applied shear across a range of oscillatory frequencies, giving a result of dynamic

modulus (Polio et al., 2018). Produced from Polio et al., 2018 with permission.

1.6.2 Atomic Force Microscopy

In previous studies, atomic force microscopy (AFM) was one of the popular tools used to
understand lung mechanics. Liu & Tschumperlin’s goal was to characterize the variation in tissue
stiffness across the anatomical compartments of the airways, vessels, and parenchyma of lung
tissue. For testing, lung samples have to be cut into strips. Due to the heterogeneous nature of lung
tissue, it is difficult to cut into strips for AFM characterization. To combat heterogeneity extensive
preparation needs to be done before testing. The lung structure is stabilized for cutting by inflating
the mouse lung with agarose gel. Depending on agarose concentration, the stabilization for cutting
varies. Then to isolate the areas of interest for AFM micro indentation, the tissues will have to be
visualized by phase contrast microscopy or fluorescence microscopy. In addition, he samples must
be attached immediately before AFM measurements are performed because the sample will detach
from the coverslip eventually. Smaller samples are less stable and remain in place for a shorter
time. The Hertz model assumes that the sample is homogeneity and absolute elastic behavior which
we know to be false in lung tissue. Biological materials typically have time-dependent viscoelastic

behavior (Liu & Tschumperlin, 2011).
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Figure 4 Porcine lungs undergoing atomic force microscopy where researchers applied small
compressive forces, which resulted in a force displacement curve, the slope resulting in Young’s

modulus(Polio et al., 2018). Produced from Polio et al., 2018 with permission.
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1.6.3 Uniaxial Testing

Uniaxial testing is a method used to evaluate failure properties of vascular tissue. This tool has
been implemented to understand lung tissue mechanics. For testing, lungs have to be subjected to
cutting. Samples are usually cut in a dumbbell shape: two shoulders and a gage section in between.
Pre-conditioning is conducted by subjecting the tissue to a series of loading and unloading cycles.
These pre-conditioning protocols can impact the mechanical response of many biological
materials. The shoulders are large making it easy for gripping and the gage section smaller to
ensure that the deformation and failure can happen in that area. If unable to cut the dumbbell shape
on tissue, the sample is usually cut into a rectangular shape; however, it cannot be assumed that
deformation will be uniform throughout the central region. Uniaxial tension does not correlate to
the volumetric deformations the lung tissue would be subjected to in reality. Clamping methods
are known to influence the stress and strain distribution within the sample. In addition, uniaxial

testing cannot provide information about tissue at different temperatures(Griffin et al., 2016).
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Figure 5. Porcine lungs undergoing uniaxial testing where researchers applied tension to the
sample that resulted in a stress-strain curve in which the slope relays a Young’s modulus (Polio et

al., 2018). Produced from Polio et al., 2018 with permission.
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1.6.4 Microfluidic System

A microfluidic chamber consists of three stacked layers each containing a single port and central
cavity to contain the lung explant. A rubber gasket to fasten an airtight chamber. To intubate the
trachea, a glass microneedle was inserted into the lowermost chamber and the end of it was
attached to a syringe pump. In the upper layer, a port was connected to a 0-4 in H20 differential
pressure transducer that would continuously measure the pressure within an air bubble that was
in the sealed fluid-filled chamber to measure the lung volume. With the microfluidic system they
measure compliance through instantaneous pressure-volume curves. However, this method
potentially has various sources of error that can be introduced into the system. The lung and
reference bubble pressure measurements are highly sensitive. Any physical contact between the
lung and explant can alter the deformation of the lung and create inaccurate measurements of
lung pressure over time. In addition, the constants that were derived from the calibration runs
that are a function of the microfluidic system. These constants would differ depending on
chamber size, references bubble volume, and different lung sizes and properties. Any change
would require that the system be calibrated for that particular experimental configuration to

ensure that the correct P-V curves are collected (Schappell et al., 2020).
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Figure 6. Experimental setup for the measurement of neonatal lung compliance. (Schappell et al.,

2020) Produced from Schappell et al., 2020 with permission.
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Figure 7. Pressure-Volume curves and the measurements of compliance. (Schappell et al., 2020).

Produced from Schappell et al., 2020 with permission.
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1.7 Lung Composition Testing

Examining the mechanical properties and composition of the lung is essential in understanding
structure and function. The biomechanical properties of connective tissue in the lung play a role
in determining how mechanical interactions of the body that produce physical forces will impact
its environment at the cellular level. The mechanical forces can directly influence function via
cellular signaling during lung development, surfactant release, contractile properties of smooth
airway muscle or tissue remodeling. The tissues are composed of cells and the ECM which
include biological macromolecules and water. The macromolecules: collagen, elastin, and
proteoglycans are essential in determining the mechanical properties of tissue, with collagen
being the most abundant. Changes to the individual components of the tissue can be a primary
determinant of its mechanical properties which in return helps us understand the complexity of

its structure and function (Suki et al., 2005).

1.7.1 Mass Spectrometry

Mass Spectrometry is a tool that determines the mass of large biomolecular complexes, individual
biomolecules, small organic molecules, and small atoms with their istropes. Mass spectrometers
are capable of separating and detecting ions with high mass resolution and are able to image
molecules present at very low concentrations inside the cells. The sensitivity of the instrument can
be used to detect biomolecules present in tissue sections. Additionally, mass spectrometers can be
used to determine the abundance of a compound in biological samples. They can be implemented
in the murine lung tissue aging study. Through analysis, we can see how the abundance of

biological compounds change as we age (Chughtai & Heeren, 2010).
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1.7.2 Decellularized Lung

The purpose of the decellularization process is to remove cellular components while minimizing
the damage to the extracellular matrix. This technique has been used as a material to create tissue
engineering applications(Gilbert et al., 2006). In addition, decellularized of tissue can be utilized
to study the contributions of ECM components to the mechanical lung properties. We can utilize
decellularization to examine the changes that happen to neonatal to old age lungs on the ECM
level. There are many different decellularization protocols used to remove the cellular material.
They implement physical, chemical, and enzymatic methods to achieve this. Physical methods
include freezing, agitation. Enzymatic methods include using DNase and other reagents. Chemical
methods use chemical treatments such as sodium chloride, sodium hydroxide, and sodium dodecyl

sulfate (SDS)(O’Neill et al., 2013).

1.7.3 Histology

Histology is the microscopic study of cells and tissues through sectioning and staining then
examining the interest site under a microscope. There are a variety of ways that histology can be
utilized to assess ECM proteins. It can be used to determine the localization of ECM proteins in a
tissue as well as assess matrix degradation. In addition, histology can be used as a visual aid to see

cellular interaction with ECM proteins (Rosmark et al.,2018).
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The Journal of Pathology, Volume: 240, Issue: 4, Pages: 397-409, First published: 14 September 2016, DOI: (10.1002/path.4808)

Figure 8. Histological staining showcasing a detailed view and overview nondiseased, Asthma,
COPD, and IPF lung tissue ((Burgess et al., 2016). Produced from (Burgess et al., 2016)with

permission.

30



1.8 Objectives of Current Study:

In this study, our goal was to characterize the mechanical properties of the murine lung.
We accomplished the goal by using a TA Instruments DHR-2 Rheometer and testing the lungs
from neonatal to old age. We used mass spectrometry to quantify the different ECM components
that will change as with different age groups. The objective of our study was to analyze the effects
of age on rheological lung properties. We hypothesize that the composition of the lung will become
stiffer as the mice age causing an increase in the storage and loss modulus. We hypothesize that
the mass spectrometry results will show a significant increase in collagen and decease in elastin

and laminin production as the age of the mice lung increases.

B. METHODS

2.1 Animals
C57BL6j mice were used in this study under VCU IACUC guidelines. The lungs were

collected upon euthanization of C57BI6j mice (neonatal-24 months old). Lungs were then snap
frozen immediately and kept at -80-C until rheological testing. Murine lungs were categorized
into four groups: neonatal (0-10days), young adult (3-6 months), mature/middle adult (10-14
months), and old adult (18-24 months). The age samples were divided into two groups: Young
Mice (YM) and Middle Age/Old Age Mice (MOM). The YM group included the neonatal and 6-

10week. The MOM group included 7- and 22—24-month-old mice.

2.2 Rheometry
Rheological testing was then performed using a TA Instruments DHR-2 Rheometer with a
20-mm parallel- plate fixture and a gap of 0.8-1.0mm under frequency sweep conditions. The

lower Peltier cell was set to 25 C for sample loading as well as after lowering the measuring
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system. The system was enclosed within a solvent trap PBS to prevent the lungs from dehydration
during testing. The frequency sweeps, had a soak time of 30.0 seconds, 0.5% strain, and angular
frequency 0.1 to 100rad/s. All the sweeps were run in triplicate. Cyclic preconditioning was done

before every frequency sweep. Samples were stored at -80C.

A~

i N

Rotating/
Oscillating Plate

YM GROUP: MOM GROUP:
Neonatal & 6-10 7 Month & 22-24
Weeks Months
l g Temperature-controlled
Il fixed measuring plate

Figure 9. Schematic of protocol set up for rheological testing.

32



2.3 Decellularization

After rheological testing, samples were decellularized. Samples were taken out of the -80C
fridge and left to defrost. After defrosting, tissue was weighted. One the first day, sample was then
cut up into smaller size. Tissue samples were then rinsed three times with 1X PBS. Lastly, they
were collected and put into a conical tube and submerge Triton X-100 solution for 24 hours at 4C.
For the second day, the samples are taken out of the fridge and rinsed with 1X PBS and cut into
finer pieces. Samples are then transferred back into a conical tube and submerged into sodium
deoxycholate for 24 hr at 4°C. For the third day, samples are taken out of the 4C fridge and rinsed
with 1X PBS and then put back into the conical tube with NaCl solution for 1 hour at 4C. After an
hour, samples are taken out and washed with 1X PBS. Tissues are put back into the conical tube
filled with a DNase solution for 24hr at 4C. For the fourth day, samples are taken out and rinsed
with 1X PBS and then put back into the conical tube with no liquid present. Samples were frozen
in -80C until lyophilization (Pouliot et al., 2016).
2.4 Histology

Lungs were fixed with a gravity-assisted flow of 4% paraformaldehyde in the lungs via the
trachea at the end of each procedure. Fixed lungs were dehydrated using increasing percentages of
ethanol, after being placed in running tap water for 45 minutes, fixed lungs were placed in 50%
ethanol overnight, then 70%, 80%, 90%, 95%, and 100% ethanol for 30 minutes each with a repeat
of 100% followed by 30 minutes submersion in xylene. The lung tissues were then embedded into
paraffin cassettes and 20 Im slices were made with a microtome and transferred onto microscope
slides. The slides were then rehydrated and stained with hematoxylin and eosin (H&E) stain. An
Vectra Polaris microscope was then used to take color images of the slides with a 20x objective

(Kamga Gninzeko et al., 2020)
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2.5 Mass Spectrometry

The samples were processed according to a protocol in a paper brought by the investigator.
Briefly, the samples were sonicated for 30 minutes and then diluted in 100 mM ammonium
bicarbonate. The samples were centrifuged and the supernatant was removed. The samples were
reduced with 5 pL of 10 mM dithiothreitol in 0.1 M ammonium bicarbonate at room temperature
for 0.5 h. Then they were alkylated with 5 pL 50 mM iodoacetamide in 0.1 M ammonium
bicarbonate at room temperature for 0.5 h. The samples were subjected to methanol-chloroform
precipitation, and the precipitated protein was resuspended in 50 mM ammonium bicarbonate. The
samples were digested with 1 mg trypsin twice overnight and then quenched with 5% (v:v) glacial
acetic acid.

The sample was analyzed by a Waters Synapt G2Si mass spectrometer system with a
nanospray ion source interfaced to a Waters M-Class C18 reversed-phase capillary column. The
peptides were injected onto the trap and analytical columns, and the peptides were eluted from the
column by an acetonitrile/0.1% formic acid gradient at a flow rate of 0.4 pL/min over 60 minutes.
The nanospray ion source was operated at 3.5 kV. A lockspray compound was used to improve
the mass accuracy of the analysis. The digests were analyzed using the double play capability of
the instrument acquiring full scan mass spectra at low collision energy to determine peptide
molecular weights and product ion spectra at high collision energy to determine amino acid

sequence. This mode of analysis produces approximately 10000 CAD spectra of ions ranging in
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abundance over several orders of magnitude. Not all CAD spectra are derived from peptides. Each
sample was run in triplicate for quantification.

The data were analyzed by database searching using the PLGS search algorithm against
the NCBI’s mouse database. Quantification was performed using Water’s Progenesis

quantification program (Kuljanin et al., 2017).

2.6  Statistical Analysis

All murine lung characterization was performed in triplicate. Statistical analysis was
performed on the 6-10 week and 22-24-old mice lungs (Figure 13 & 14) with one-way ANOVA.
P values of <0.05 were considered significant, p values were p < 0.001. We used Graph Prism 9

statistical analysis software
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C. RESULTS
Since the lung is both structurally and mechanically heterogeneous tissue, it is difficult to

obtain a comprehensive test. To address this, we tried to get five separate lung samples to test for
each age group. This gave us a more complete look at the storage and loss modulus of each specific
age group (Figures 9-12). Each data set was presented as mean +/- standard deviation.

For figure 9 and 10, the graph displays the results for the storage and loss modulus of the
YM group containing the neonatal and 6-10-week group. For the neonatal group, we were able to
collect three separate samples and for the 6-10-week group we had a total five samples. In
comparing both figure 9 and 10, the storage modulus of YM group is greater than the loss modulus
which lets us know that the samples are viscoelastic solids. In figure 9, we see that the 6-10-week-
old group had a greater storage modulus than the neonatal group which represents the elastic
portion of the sample. In figure 10, we see that the 6-10-week-old group had a greater loss modulus
than the neonatal group which represents the vicious portion of the sample. This indicates that the
6-10-week group was able to release more energy as heat and in return is more vicious than the
neonatal group. For figure 11, the graph displays the results for the complex modulus of the Ym
group. The complex modulus was calculated by dividing the loss modulus (G’’) over the storage
modulus (G’).

For figure 12 and 13, the graph displays the results for the storage modulus of the MOM
group containing both the 7 month and 22—-24-month-old group. For the 7-month group, we tested
two separate samples and the 22-24-month-old group we tested five separate samples. In
comparing both figure 12 and 13, the storage modulus of MOM group is greater than the loss
modulus which lets us know that the samples are viscoelastic solids. In figure 12, we see that the
22-24-month-old group had a greater storage modulus than the 7-month group. This indicates that

the 22-24-month-old group was able to store more energy and in return is more elastic than the 7-
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month group. For figure 13, the graph displays the results for the loss modulus of the MOM group
containing the 7-month group and 22—24-month-old group. For the 7-month group, we also tested
two separate samples and in the tested five separate samples 22—-24-month-old group. In figure 13,
we see that the 22—-24-month-old group had a greater loss modulus than the 7-month group. This
indicates that the 22—-24-month-old was able to release more energy as heat and in return is more
vicious than the 7-month group. For figure 14, the graph displays the results for the complex
modulus of the MOM group. The complex modulus was calculated by dividing the loss modulus
(G”’) over the storage modulus (G’).

For figure 13, the graph displays the results for the storage modulus of the 6-10-week
group and 22-24-month-old group. The graph displays the 22—-24-month group having a higher
storage modulus than the 6-10-week group. For figure 14, the graph displays the results for the
loss modulus of the 6-10-week group and 22—24-month-old group. The graph displays the 22—-24-
month group having a higher loss modulus than the 6-10-week group. The 22—24-month-old group
had a great storage and loss moduli compared to the 6-10-week group. For figure 18, the graph
displays the results for the complex modulus of the MOM group. The complex modulus was
calculated by dividing the loss modulus (G’”) over the storage modulus (G’).

Statistical analysis was conducted on figure 13 and 14 using Graph Prism 9 statistical analysis
software. Results showed with one-way ANOVA. P values of <0.05 were considered significant,
p values were p < 0.001.

In figure 15 and 16 we see histological staining of young mice aged between 8-10 weeks
and old mice lungs aged between 20-22 months old using a Vectra Polaris microscope 20x
objective. In figure 15, we that the alveolar spaces are mostly uniform and compact. The average

spaces also look similar in size. In figure 16, we see that the alveolar spaces are not compact and
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are not uniform. The average spaces of the alveolar are much bigger in size compare to the young
mice lung in figure 15.

Figure 17, displays a Venn diagram of total individual proteins for neonatal, 6-10 weeks,
and 20-24-month aged decell mice lungs. In the middle of the Venn diagram, it represents all of
the individual proteins that the neonatal, 6-10 week, and 22—-24-month-old group share. We see
that these group shared about 431 proteins. We know that the majority of the proteins are similar
between the three groups. For the neonatal group, we see that it has 43 individual proteins that are
unique. For the 6-10-week-old group, we see that it has 9 individual proteins that are unique. For
the 22—24-month-old group, we see that it has 12 induvial proteins that are unique. The neonatal
group having the most abundant unique individual proteins that are not shared by any other group.

For figure 18, we see the normalized total spectra for the protein laminin subunit alpha 2.
The graph shows that the most is the neonatal group followed by the 6-10-week group and the 22—
24-month-old group being the least abundant. For figure 19, we see the normalized total spectra
for the protein collagen alpha 2. The graph shows that the most is the 22-24-month-old group
followed by the 6-10-week group and neonatal group being the least abundant. For figure 20, we
see the normalized total spectra for the protein for elastin. The graph shows that the most is the
neonatal group followed by the 6-10-week group and the 22—24-month-old group being the least

abundant where it displays no elastin.
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Figure 10: Storage Modulus of YM group: neonatal(N=3) and 6-10-week(N=5) mice. Data
are presented as mean +/- standard deviation.
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Figure 11: Loss Modulus of YM group: neonatal(N=3) and 6-10-week (N=5) mice. Data are
presented as mean +/- standard deviation.
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Figure 12: Complex Modulus of YM group: neonatal(N=3) and 6-10-week (N=5) mice. Data
are presented as mean +/- standard deviation.
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Figure 13: Storage Modulus of MOM group: 7(N=2) and 22—-24-month-old(N=5) mice. Data
are presented as mean +/- standard deviation.
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Figure 14: Loss Modulus of MOM group: 7(N=2) and 22—-24-month-old(N=5) mice.Data are
presented as mean +/- standard deviation.
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Figure 15: Complex Modulus of MOM group: 7(N=2) and 22—-24-month-old(N=5) mice. Data
are presented as mean +/- standard deviation.
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Figure 16. Storage Modulus for 6-10-week-old (N=5) and 22—-24-month-old mice(N=5). Data
are presented as mean +/- standard deviation.
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Figure 17. Loss Modulus for 6-10-week-old(N=5) and 22-24-month-old mice(N=5). Data
are presented as mean +/- standard deviation.
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Figure 18: Complex Modulus: 6-10 week mice (N=5) and 22-24-month-old(N=5) mice. Data
are presented as mean +/- standard deviation
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Figure 20. Displays histology |}nage of old mice lungs (20-22-month- oId)
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Figure 21. Shows the total individual proteins for neonatal, 6-10 weeks, and 20-24 months age
decell mice lungs.
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Figure 22. Shows the normalized total spectra of the protein laminin subunit alpha 2 for
neonatal, 6-10 weeks, and 20-24 months age mice lungs.
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Figure 23. Shows the normalized total spectra of the protein collagen alpha 2 for neonatal, 6-10
weeks, and 20-24 months age mice lungs.
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Figure 24. Shows the normalized total spectra of the protein elastin for neonatal, 6-10 weeks, and
20-24 months age mice lungs.
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D. DISCUSSION

There has been significant research performed to understand lung mechanics. Especially in
neonatal lung mechanics, which is still wildly unknown. Decreased lung function is a common
occurrence that happens as we age. This decrease is linked to the structural changes that take place
on the macro and micro level of the lung. Lung tissue that aids in keeping airways open can lose
elasticity as its ages, resulting in smaller and stiffer lung tissue (Hsia, 2017). We have developed
a method using the TA Instruments DHR-2 Rheometer to measure murine lung mechanics from
neonatal to old age. By applying a frequency sweep to murine lungs, we were able to gather the
data of the lung’s storage and loss modulus. Our approach of using a rheometer overcomes
challenges seen in other methods used to apply mechanical loads. We were able to use this method
for large and small lung tissue. Further, as this method is based on measuring the loss and storage
modulus, we are able to link structural changes with age. This study contributes to our
understanding of how age takes a crucial part in murine lung tissue mechanics.

Even though our understanding of the roles that the different ECM components play within the
structure is limited, we know that the assembly of the ECM is crucial in providing unique tissue-
specific microenvironments. Various parts of the ECM are constantly being remodeled and
subjected to post-transcriptional changes. The stiffness of the ECM is correlated with the
biomechanical properties of the tissue changing. These changes to levels and ratios of the proteins
that make up the ECM will have an impact on ECM stiffness. The stiffening of the ECM in
response to aging affects cell adhesion and migration (Sicard et al., 2018). Work of breathing
(WOB) will also be impacted due to ECM stiffness. WOB is defined as the energy required to
inhale oxygen and exhale carbon dioxide. WOB is dependent on the ventilation associated with a

given effort and the mechanical efficiency of the chest wall (Aghasafari et al., 2019). In older
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patients, there is a decrease in compliance of the alveolar sacs and increase rigidity of the chest
wall which would mean that WOB would increase.

For the YM group, the results of the storage modulus of the neonatal and 6-10-week group
was always greater than the loss modulus. This indicated to us that our lungs in this group were
more elastic than viscous. We also found that the 6-10-week group had a higher storage and loss
modulus than the neonatal group. This indicated that the increase in storage and loss modulus from
neonatal to 6-10 weeks meant that the structural components of the lung were becoming stiffer as
they aged.

For the MOM group, the results of the storage modulus for the 7 and 22-24-month group
was always greater than that of the loss modulus group. This also let us know that the lungs were
more elastic than vicious. There was an increase from the 7-month group to the 22-24month group.
This indicated that the lungs were having an increase in stiffness as we went up in age.

Complex modulus was calculated for all groups. The complex modulus is useful in
quantifying the direct measure of the rigidity of a material’s structure when it is exposed to stresses
below the yield stress. For that reason, the complex modulus is a good indicator of stiffness of a
material. For the YM group and MOM group, this study showed a similar trend previous study
done with different human lung compartments which also displayed an increase in Young’s
modulus as age increased (Polio et al., 2018).

The biomechanical properties of lung are composed of cells and the ECM. These
biomechanical properties are important in determining how mechanical interactions of the body
with its environment will produce physical forces at the cellular level (Suki et al., 2005). These
components contain water and different biological macromolecules. The macromolecules that are

crucial in determining the biomechanical properties are collagen, elastin, laminin, and
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proteoglycans. The most critical macromolecule for structural integrity is collagen. They provide
the structural framework for the alveolar wall and are organized to form an axial fiber network
extending down from the central airways to the alveolar ducts. Research has shown that collagen
prediction will increase in normal aging murine lungs (Mays et al., 1989). Results from this study
displayed similar findings where we saw in Figure 23. Our mass spectrometry results showed that
as the age of the decellularized lung tissue increased the amount of collagen fragments present also
increased. Increased collagen present in the lung is associated with increased crosslinking of
collagen fibers. The increased crosslinking leads to reduced compliance and ECM stiffness (Suki
& Bartolak-Suki, 2015). Elastin fibers’ role in lung elasticity is still wildly unknown. However,
the diameter and length of elastin is similar to the distribution of collagen fiber which displays its
structural heterogeneity and are mechanically connected to collagen. Past research has shown that
elastin plays a big role in lung elasticity at normal breathing lung volumes (Suki & Bartolak-Suki,
2015). Decreased elastin production in the lung is associated with elastic recoil pressure. Results
from this study displayed similar findings where we saw in Figure 24. Our mass spectrometry
results showed that as the age of the decellularized lung tissue increased the amount of elastin
fibers present decreases. Laminin are known as trimeric ECM that are important in the
development of the lung tissue. There is still little known about laminin roles in aging. However,
in pervious studies observed that ECM gene expression in native lung showed age-related decrease
in laminin the old murine lungs compare to the young murine lungs (Godin et al., 2016). Results
from this study displayed similar findings where we saw in Figure 22. Our mass spectrometry
showed that as age increased the amount of laminin present will decreased. Proteoglycans are the
hydrated gels that collagen elastin fibers are embedded in. The composition and ration of the matrix

gel will vary amongst different age stages. One critical component of the proteoglycans is the
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glycosaminoglycans (GAG), known as a family of highly charged polysaccharides. There are
different types of GAGs which molecular weights that vary. Most of the GAGs are linked to a
core protein to form proteoglycans. Proteoglycans contribute to the stress-strain components of the
ECM. They are responsible for preventing the collapse of the normal lung (Suki et al., 2005).

In a previous study, researchers looked at age-related changes of the human vitreous humor
using Rheometry (Tram & Swindle-Reilly,2018). The vitreous humor is located between the lens
and retina and occupies 80% of the eye’s volume. When we age the vitreous liquefies which
compromises its ability to function. This can cause complications such as retinal detachment,
muscular holes, and vitreous hemorrhage. The solid phase of the vitreous is known as the cohesive
portion of the tissue. The rheological data from the sloid component of the old vitreous samples
(ages 65 and above) was significantly higher than the young vitreous samples (65 and below)
(Tram & Swindle-Reilly,2018).

In previous studies, a popular technigue implemented to visually see the altered change in
structure of the lung tissue was histology (Schulte et al., 2019). As we age, the alveoli, small sacs
that are responsible for gas exchange, can lose their shape and become baggy. Increased age is
associated with lung stiffness and demonstrates a high correlation with increased alveolar wall
thickness and decreased lung function. In a previous study, researchers constructed 3D models of
young and old human alveolar sacs and fluid-solid interaction was used to investigate the
contribution of age-related changes to decline in alveolar sacs function under mechanical
ventilation (Aghasafari et al., 2019). Aghasafari and researchers employed pressure-volume loops.
Results showed that alveolar sacs were larger in older mice than in young mice. The enlargement

of alveolar ducts in older mice models led to a decrease in compliance. This meant that older sacs
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would have less tendency to expand compared to younger sacs which indicated stiffening of the
tissue (Aghasafari et al., 2019).

The utilization of mass spectrometry to assess residual proteins remaining in decellularized
lung allows us to analyze the changes in altered composition of the lung’s ECM protein amount
over the lifespan. In a previous study, looking to further determine age-related changes in the ECM
proteins in mouse lungs found that compared to their young (3-weeks) lungs researchers found
that old (1 year) lungs had demonstrated decrease expression of laminin and elastin while having
elevated levels collagen (Godin et al., 2016). Our results from the study show a similar trend with
the laminin and elastin having decrease expression as we increase in age and increase in collagen
when age increases.

Some of the limitations we faced during the study is the varied number of samples per
group. Specifically, for the neonatal and 7-month group, we were only able to collect three and
two samples in each group. Freezing the sample may have caused some reduction in modulus as
shown previously (Polio et al., 2018). After the euthanization of the mice, it is common that the
sample is kept frozen to preserve the tissue for testing. However, studies have shown that it is
advantageous to test immediately after the collection of the lungs due to freezing the sample causes
a reduction in storage and loss modulus. This process is only statistically significant if the samples
were frozen in OCT medium or LPN (Polio et al., 2018). However, if the samples were frozen in
liquid nitrogen by themselves at -80C, the reduction in loss and storage modulus is not statistically
significant. In addition, all samples in this study were treated the same so there would be no
particular concern about the reduction in modulus as it should be a uniform reduction across all
groups. Mass spectrometry was also done on decellurized samples. During the process of decell,

non-proteins like GAGs and polysaccharides of the ECM could have been lost (White et al., 2017).
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However, every sample was treated through the same decell protocol so it should be uniform in

the loss of some non-proteins.

F. CONCLUSION

This study investigated the age-related changes to the mechanical properties of murine lung
using Rheometry. Overall, storage and loss moduli of the old murine lung were found to be larger
than those of younger murine lung showcasing that the lungs were getting stiffer overtime. Our
mass spectrometry results showed that as aged increased the amount of collagen increased while
the amount of laminin and elastin decreased. The results of each group showed a similar trend to
previous studies that have been conducted regarding aged related changes. This study is relevant
and contributes to our understanding what happens to the mechanical properties of the murine lung
and age increases. For a more comprehensive look at the rheological properties of murine and its
age-related changes, we hope to gather more samples at different age groups. We would also like
to do a comparison of fresh samples and decell samples mass spectrometry to see the difference in
abundance of proteins over the lifespan. Additionally, we hope to repeat the study using human

lungs.
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