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Abstract

Abstract

Fibrosis, defined as an excessive deposition of connective tissue components causing
disruption of the physiological architecture and organ malfunction, is commonly associated
with high morbidity and mortality. The global incidence of fibrosis is increasing rapidly
making fibrosis one of today’s major health-care challenges. Despite this recognition, fibrotic
diseases are underdiagnosed in clinical practice mainly due to a lack of diagnostic tools for
organ-specific detailed characterization. To establish innovative and unique imaging
techniques, | chose two organ systems, i.e. heart and lung for structural and functional

assessment of fibrosis in pre-clinical animal models.

By performing high-resolution and label-free imaging of cardiac tissue of mouse and
marmosets, we aimed to identify sub-cellular fibrosis induced structural remodeling which is
not feasible by currently used histology and non-invasive methods. To this end, we
implemented comparative second harmonic generation (SHG) and x-ray diffraction imaging to
analyse myocardial tissue in a mouse model of cardiac pressure overload. SHG emission from
myosin and collagen was differentiated in tissue sections based on their distinct morphology.
Heterogeneously distributed fibrotic lesions and micro-level distortion of myofibrils were
detected and quantified by SHG imaging. These findings were corroborated with x-ray
diffraction data which presented spatial maps of cardiac tissue and revealed increased lattice
spacing, low anisotropy and peak intensity at the site of tissue remodeling. Regions that lacked
both SHG and x-ray diffraction signals were identified as sites of active fibrosis due to high-
immune cell infiltration. These findings show that the combined use of these imaging

modalities allows detecting the different stages during cardiac fibrosis progression.

Our label-free imaging approach was further augmented by acquiring SHG signals in
combination with two-photon-excitation fluorescence (TPEF) in three-dimensions (3D) to
investigate age-related structural modulation in non-human primate model which reflects a
comparable life span as humans. The hearts were obtained from common marmoset monkeys
(Callithrix jacchus) of three different age groups including neonatal, young adult and
old/geriatric. By devising a unique strategy for segregating collagen and myosin emitted SHG
signals, | performed a volumetric assessment of collagen and total scattering tissue (collagen +
myosin). Aged marmoset hearts exhibited an increase in collagen and total scattering tissue
volume at the sites of severe tissue remodeling indicating the presence of age-related cardiac

fibrosis. Our finding of marked low tissue volume in neonatal marmoset hearts was attributed

viii



Abstract

to a lack of banding between the myofibrils in maturing cardiac tissue. By applying semi-
automated analysis, significant differences were revealed in parameters such as total tissue
volume, myofibril length, alignment, curvature and angulation between all three age groups.
Overall, our imaging approach highlights the unrivalled potential of TPM for detailed
evaluation and characterization of age-related cardiac structural remodeling in the marmoset

heart that may provide insight into pathological processes.

Pre-clinical monitoring of the degree of lung fibrosis will mostly profit from a reliable and
standardized method for functional imaging. Therefore, | improved the x-ray based lung
function (XLF) which uses dramatically lower x-ray doses and acquisition times in comparison
to micro-CT and has been previously reported to be more sensitive than whole-body
plethysmography (WBP) in allergic airway inflammation mouse models. Because XLF so far
was unable to relate its parameters to pulmonary air volume, we designed an experimental set-
up to perform correlative lung function measurements using either XLF or micro-CT with WBP
on healthy mice. Using micro-CT as a gold-standard, our results reveal a strong correlation of
lung volumes obtained from radiographic XLF and micro-CT and demonstrate that XLF is
superior to WBP in precision and sensitivity to assess lung volumes. We thus present XLF as
a promising tool for future pre-clinical studies on longitudinal assessment of lung fibrosis
during the course of the disease and in response to therapy. Furthermore, XLF as a biomedically

relevant non-invasive technique has a high potential for clinical translation.



Introduction

1. Introduction

1.1. Fibrosis — Pathogenesis and tissue remodeling

Fibrosis is an outcome of tissue repair processes that become dysregulated upon severe tissue
injury. It plays a role in various pathologies and can virtually affect all organs. Fibrosis
accounts for 45% of all deaths in developed countries and is increasingly becoming one of the
major health-care challenges (Henderson et al., 2020; Rockey et al., 2015). Despite the high
prevalence, fibrotic diseases are incurable (Montesi et al., 2019), not well understood, often
underdiagnosed and if uncontrolled , can lead to various life-threatening conditions (Henderson
et al., 2020; Rockey et al., 2015; Wynn and Ramalingam, 2012).

Fibrosis is defined by excessive deposition of extracellular matrix (ECM) components such as
collagen, proteoglycans and fibronectin (Friedman et al., 2013). Under non-repetitive tissue
injury, fibrosis serves as a vital wound healing and reparative process for maintaining
functional architecture of the tissue (Wynn and Ramalingam, 2012). Disease progression
involving severe tissue injury, chronic inflammation, genetic alterations and autoimmune
reactions triggers activation of chronically persistent and uncontrolled fibrotic response
(Thannickal et al., 2014). The initial profibrotic cascade involves an early inflammation
response which leads to infiltration, activation and accumulation of various immune cells
(Figure 1). This persistent profibrotic milieu activates phenotypical transformation of
fibroblasts and various other cell-types into myofibroblasts (MF) (Horowitz and Thannickal,
2018; Zeisberg and Kalluri, 2013). Activated MFs are the main effector cells that contribute to
release of ECM components and secrete extracellular pro-collagen chains that assemble into
collagen fibrils which become highly cross-linked to form the final fibers. Collagen cross-
linking is a crucial post-translational modification which increases tensile strength of the tissue
and the resistance of ECM for degradation by matrix metalloproteinases leading to MFs
persistence. Late-stage fibrosis development retains the pathological ECM turnover whereby
increased synthesis predominates over unchanged or decreased degradation of ECM proteins
(Darby and Hewitson, 2007; Wynn, 2008; Karsdal et al., 2017; Distler et al., 2019). This
progressive pathological tissue remodeling results in permanent tissue damage, organ
dysfunction and ultimately organ failure. Although, the fundamental pathophysiological

mechanisms contributing to fibrosis are shared amongst most of the organ systems, the risk
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factors and the impact of fibrosis on structural and functional integrity is unique to each fibrotic
entity (Distler et al., 2019). Figure 1 summarizes the shared and distinct mechanisms that

govern fibrosis progression.
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Figure 1: Overview of shared and distinct mechanisms of fibrotic tissue remodeling at different
stages. Fibrosis progression at early phase involves an early inflammatory response triggering
infiltration and activation of leukocyte, Tr2 cell-M2 macrophage polarization as well as secretion of
profibrotic cytokines at the site of disease and cell injury. A disease-specific composition of infiltrates
creates a profibrotic environment which induces activation and transdifferentiation of resident
fibroblasts, epithelial cells, fibrocytes, pericytes and endothelial cells into MFs. Various core-signaling
pathways activate the MFs including TGFB, WNT, hedgehog signaling which are influenced by
regulatory pathways including sGC, nuclear receptor signaling, coagulation cascade activation and 5-
HT signaling via 5-HT- receptor family. Progressive profibrotic activation induces self-amplifying
activation loops resulting in ECM accumulation, tissue stiffness and hypoxia at the site of fibrosis
leading to MFs persistence and epigenetic modifications. T2 (T helper 2 cell); MF, (Myofibroblast);
5-HT [5-hydroxytryptamine (serotonin)]; 5-HT2 (5-HT receptor 2); ILC1 (group 1 innate lymphoid
cell); PDGF (platelet-derived growth factor); TGFp (transforming growth factor-p); sGC (soluble
guanylate cyclase signaling); ECM (extracellular matrix). Figure modified from Distler et al. 2019.

Despite a relatively advanced understanding of molecular and genetic pathway contributing to
fibrosis, little is known about molecular level structural impairments and their impact on
functional efficiency in different organs specifically during active fibrosis. This is largely due
to a lack of organ-specific detailed characterization of fibrosis. Furthermore, molecular
heterogeneity of tissue remodeling adds to the complexity of early detection of fibrosis (Baues
et al.,, 2017; Gyongyosi et al., 2017; Montesi et al., n.d.). This indicates a dire need for

developing functional and molecular imaging in pre-clinical models of fibrosis to provide
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substantial integrative knowledge required for early diagnostics, staging, advanced prognostics
as well as to monitor the efficacy of novel therapeutics in different organs. To establish high-
resolution imaging techniques for preclinical assessment of fibrosis | chose two organ systems

— heart and lung.

1.2. Pathophysiology and types of cardiac fibrosis

Nearly all etiologies of cardiovascular disease involve pathological myocardial remodeling
resulting in fibrosis, which reduces tissue compliance and accelerates the progression to heart
failure. It is associated with adverse functional outcomes including arrhythmias, systolic and
diastolic dysfunction (Ma et al., 2018).

Two main forms of cardiac fibrosis have been identified i) replacement and ii) interstitial

fibrosis or perivascular fibrosis (Figure 2).

i) Replacement fibrosis occurs in response to cardiac injury causing myocyte necrosis.
After cardiac injury, a reparative response is activated in the heart, causing
replacement of apoptotic cells and formation of a fibrous scar. Following this
transmural infarction, a fibrous scar protects the heart from rupture by maintaining
the structural integrity of the ventricle and also prevents dilative remodeling.
Conditions associated with replacement fibrosis include myocardial infarction

(M), toxic cardiomyopathies and myocarditis.

i) Interstitial or perivascular fibrosis involves expansion of interstitial space without
a significant loss of cardiomyocytes. This chronic diffuse or focal reactive fibrosis
is a consequence of either pressure or volume overload due to persisting
hypertension, valvular heart diseases, metabolic disorders, or aging (Frangogiannis,
2019; Travers et al., 2016).

Regardless of its type, myocardial fibrosis is a complicated process resulting in the abnormal

deposition of ECM proteins.
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Figure 2: Histological and schematic depiction of pathophysiology and types of fibrosis. Masson
trichrome (MTS) stained murine cardiac tissue slices (top panel) are shown for healthy, Duchenne
muscular dystrophy (DMD) cardiomyopathy with interstitial fibrosis and myocardial infarction (M)
with replacement fibrosis. Cardiac muscle is stained red while collagen aniline blue. Schematic
representation (lower panel) showing cardiomyocytes (CM) of normal size and arrangement surrounded
by ECM and fibroblasts in healthy heart. The illustration for DMD heart (lower panel) displays
hypertrophic CM with higher spacing and presences of activated myofibroblasts that contribute to
excessive ECM deposition in the interstitial spaces and around the blood vessels. The schematic for Ml
heart exhibits a region with CM necrosis which is predominantly replaced with a fibrous scar with
myofibroblast persistence. Scale bar: 100 um for all images. [All histological images were acquired
using Axiovert 200 M inverted microscope (Carl Zeiss Microscopy GmbH) and schematic images were
prepared using https://smart.servier.com and inkscape]. Unpublished data.

1.3. Anatomical and functional imaging of cardiac fibrosis

Various non-invasive and invasive imaging modalities have been used for pre-clinical and
clinical assessment of cardiac fibrosis. A brief description for each technique is provided below

to highlight the current status of anatomical and functional imaging of cardiac fibrosis.

1.3.1 X-ray based imaging

Traditionally, x-ray based luminography has been used as a standard for detecting peripheral
and coronary arterial disease particularly in humans and large animal models (Patel et al., 2015;
Suzuki et al., 2009). This minimally invasive angiography approach is usually performed by
intravenous injection of radiopaque contrast agent through a catheter in combination with x-

ray radiography to identify occlusions causing ischemic cardiomyopathy. While the
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localization of obstruction is detected by this method, no information is extracted regarding
cardiac dysfunction and extent of fibrosis from this data which makes further assessment
inevitable (Patel et al., 2015).

In clinical research, cardiac computed tomography (CCT) has recently gained popularity due
to its ability to quantify extracellular matrix volume (ECV) using iodine-based contrast agent
distribution at higher resolution as compared to cardiac magnetic resonance imaging (CMR,
discussed in the later section). The accumulation of contrast agent in the expanded ECM space
and subsequent delayed clearance from this region depicts the infarct size and location
(Yamada et al., 2020). In preclinical small animal models, 4D micro-CT is performed in
combination with contrast agents that can diffuse from blood pool into the myocardial muscle
overtime enabling assessment of cardiac function and site of the fibrotic lesion. One example
of such contrast agent is eXIA 160, an aqueous colloidal poly-disperse contrast agent with a
high concentration of iodine (Ashton et al., 2014). It provides initial blood enhancement and is
taken up by tissues overtime with high metabolic activity including healthy myocardium with
little or no uptake at the fibrotic scar in the Ml and transverse aortic constriction (TAC) mouse
model as shown in Figure 3. Due to high spatial resolution of micro-CT imaging particularly
using synchrotron radiation, this technique holds promise to define fibrotic lesions at micro-
meter scale in three-dimension (3D) and/or 4D. Nonetheless, clinical CCT or preclinical micro-
CT is not recommended to be applied for detecting and monitoring fibrosis progression mainly
due to radiation exposure, inability to delineate diffused fibrotic lesions and poor sensitivity
(Figure 3).
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Figure 3: In-vivo evaluation of contrast enhancement by eXIA 160 overtime using x-ray based
imaging in mouse models of MI and TAC. The contrast enhancement 5 min after the intravenous
injection of eXIA 160 is observed in the blood pool. After ~3 hrs the contrast agent diffuses into the
myocardium (white arrows) in all three groups including sham, MI, and TAC. In Ml hearts, the infarcted
region is detected by lack of contrast enhancement (red arrows) and overall thin myocardial wall with
larger ventricular lumen can also be observed (red arrows). However, in TAC hearts diffused fibrotic
lesions are not detected while cardiac hypertrophy is evident by an overall higher degree of wall-
thickness. All images are shown in coronal, sagittal and transverse plane and were acquired using in-
vivo micro-CT (QuantumFX, PerkinElmer) with 20 x 20 mm? field of view, 90 kVp x-ray tube voltage
and 200 YA tube current. (Unpublished data).

1.3.2 Echocardiography

Echocardiography is the most common and routinely used cardiac imaging technique in both
clinical and pre-clinical assessment of cardiac function with a wide range of parameters such
as wall thickness, left ventricle (LV) volume and mass and LV ejection fraction which are
highly suitable for detecting global cardiac dilation and dysfunction. Further, Doppler
echocardiography allows measuring velocity of cardiac motion and direction of blood flow.
However, echocardiography is not recognized for tissue characterization due to poor image

quality and resolution (Dewey et al., 2020). Advanced echocardiography methods including
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speckle tracking-echocardiography (STE) uses tissue texture analysis for identifying fibrotic
lesions. This technique tracks and identifies intrinsically occurring acoustic reflections or
speckles. The pattern of speckles provides a fingerprint that is traced in each frame acquired,
independent of motion and angulation. STE deformation parameters evaluate the effects of
excessive ECM deposition on the myocardial mechanics by quantifying elastic stiffness and
strain rate (Moharram et al., 2019). Despite the advantage of STE as a non-invasive, low cost
and patient friendly technique with no side effects, it suffers various drawbacks for detecting
and characterizing fibrosis at present, due to the lack of sensitivity, reproducibility and indirect
assessment of the fibrotic regions. Importantly, such an approach cannot distinguish other
underlying causes of impaired tissue texture, e.g. it is unable to differentiate amyloid
infiltration from fibrosis. Another emerging pre-clinical tool for assessment of cardiac fibrosis
is optoacoustic imaging which detects ultrasound waves emitted by thermoelastic expansion of
tissue moieties following absorption of light with transient energy. Volumetric optoacoustic
tomography using indocyanine green (ICG) successfully detected infarcted regions in a mouse
model of MI by assessing pulmonary transit time and cardiac perfusion in ischemia-reperfusion
(I/R) models (Ivankovic et al., 2020). Nonetheless, this approach is so far limited by low
penetration depth and highly complex data processing and analysis. Additionally, molecular
imaging probes for detecting fibrosis using optoacoustic imaging are by far lacking (Ivankovic
et al., 2020; Karlas et al., 2019).

1.3.3. Cardiac magnetic resonance tomography

Similar to CCT, CMR or magnetic resonance tomography (MRT) is based on the use of
contrast agent such as gadolinium for visualizing and quantifying ECV. Late gadolinium
enhancement (LGE) relies on the accumulation of gadolinium chelates in the expanded ECM,
as these cannot penetrate the cell membrane. This accumulation results in extremely shortened
T1 relaxation times. The signal-to-noise ratio is further enhanced by either using phase
sensitive inversion recovery or pulse inversion (Kellman et al., 2002). This procedure has
previously shown close correlation between CMR determined ECV and histological collagen
volume for ischemic scars in patients with heart failure and aortic stenosis (Sibley et al., 2012).
However, the ECV readout require comparison with unaffected myocardium which reduces
the standardization and routine application of this approach in both pre-clinical and clinical
level (Everett et al., 2016). Other challenges involving CMR include gadolinium toxicity,

relatively long acquisition time and highly skilled handling. Functional assessment of cardiac
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fibrosis using CMR are performed in humans and animal models without using contrast agents,
however, diffused fibrotic lesions are not detectable (Haaf et al., 2016; Moussavi et al., 2020).

1.3.4 PET and SPECT imaging

Positron emission tomography (PET) and single-photon emission computed tomography
(SPECT) allow molecular and cellular level non-invasive assessment of cardiac fibrosis. PET
is usually performed in combination with CMR or CT to mainly quantify the degree of
inflammation and fibrosis. Isotopes with short half-life are used as PET tracers. Cardiac
perfusion is monitored by using H2O and C'°0 tracers which indicates cardiac fibrosis by
determining perfusable tissue index (PTI). A low PTI index represents reduction in exchange
of water molecules at fibrotic regions serving as an indicator of fibrosis (Sado et al., 2011).
Other PET probes that are used for assessing inflammatory response include i) *F-FCH and
11C-cholin which act as reporter for lipid metabolism and membrane formation, ii) %¢Ga-
DOTATATE which targets somatostatin receptor and iii) *C-PK11195 which is a selective
ligand of a translocator protein expressed in activated macrophages (Baues et al., 2017). For
sensitive assessment of cardiac ischemia, Ziegler et al., tested the platelet targeting probe
SCFVanti-gP2biza-64CUMeCOSar  since it is known that activated platelets undergo a
conformational change in the integrin glycoprotein GP2b/3a receptor which triggers early
phase of fibrosis. PET-CT scans in a mouse model of left anterior descending artery (LAD)
ligation showed a significantly high uptake of SCFVanti-cp2n/32-64CUMeCOSar in the ischemic
myocardium in contrast to sham hearts with no probe accumulation (Ziegler et al., 2016). These
PET probes have a high potential in detection and imaging of relatively low degree of ischemia,
however, PET lacks the resolution for delineating heterogeneously distributed diffused fibrotic

lesions.

1.3.5 Endomyocardial biopsy

Histological and immunohistochemical staining of endomyocardial biopsy (EMB) is still the
gold standard technique which is only performed when accurate detection of both early and
late-stage fibrosis cannot be performed by any other techniques(Ahmed and Goyal, 2021).
EMB is collected using a bioptome which is usually inserted into the femoral or the right
internal jugular vein and advanced to the right ventricle, where samples are taken from the
ventricular septum (Ahmed and Goyal, 2021). While this procedure does play an important

role in fibrosis detection, at the same time it is highly invasive involving procedures that may
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lead to serious complications. It also suffers from sampling errors, non-representation of
pathological tissue, laborious staining procedures and discrepancies in interpretation (Ahmed
and Goyal, 2021; Baues et al., 2017; Montesi et al., n.d.).

Limitations of in-vivo imaging tools

Non-invasive imaging techniques such as echocardiography, CT and MRI provide multiple
parameters that offer assessment of cardiac fibrosis in humans and animal models. Although,
most of the imaging techniques described earlier are anatomically able to detect late-stage and
established fibrotic lesion(s) in the heart, they are not sensitive to distinguish active
fibrogenesis from a stable scar. So far, the routinely used clinical and pre-clinical imaging
modalities are also hampered by contrast agent administration, error-prone diagnostic and lack
of standardization. They also do not possess the resolution and sensitivity to detect diffused
fibrosis, especially at sub-cellular level. Further, the micro- and macro-scale identification of
fibrotic hallmarks could help refining and enhancing non-invasive or invasive in-vivo imaging

of cardiac fibrosis for early diagnostics and treatment.

1.4. Label-free imaging of cardiac fibrosis

None of the techniques discussed in the previous section can directly examine myocardial
regulation at the sarcomeric level and the effect of fibrosis progression on myofilaments in the
healthy and fibrotic heart. Ex-vivo high-resolution visualization of structural changes in
myofilament and accessory proteins using label-free imaging is vital to add new dimensions
beyond fibrotic lesion to surrounding myocardium to potentially diagnose cardiac fibrosis at
early stage. We established and applied non-linear optical microscopy in combination with x-
ray diffraction and histology for assessment of cardiac fibrosis in heart samples obtained from

pre-clinical models which are explained in detail in the following sections.
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1.4.1 Multiphoton nonlinear optical microscopy for label-free imaging

Ex-vivo histological examination is a gold-standard for morphological assessment of the heart,
but it lacks adequate resolution and specificity. Alternatively, high-resolution microscopy
techniques offer detailed visualization on the cellular and sub-cellular level such as confocal
microscopy and super-resolution microscopy techniques (Kohl et al., 2013; Mollova et al.,
2013), however, they require intensive sample preparation and labeling of target proteins using
fluorescent labeled antibodies often resulting in unspecific binding, overstaining and
photobleaching of the fluorophore that can hinder repetitive imaging and quantitative analysis
(Wang et al., 2018).

In recent years, multiphoton excitation using nonlinear optical microscopy has become an
increasingly popular approach that combines a wide range of excitation/emission wavelengths
for high-resolution 3D imaging of biological materials. The concept of two-photon excitation
was first introduced by Maria Goppert-Mayer in 1931, as a principle of quantum mechanism
(Perry et al., 2012). Initially applied in material sciences, two-photon excitation with further
optimization of high-power lasers, objective design and high-sensitivity detectors was
established in biological materials (Denk et al., 1990; Weigelin et al., 2016). Two-photon
microscopy (TPM) generally utilizes femto-picosecond pulse width, near-infrared (usually ~
670-1080 nm) Titanium:Sapphire (Ti:Sa) lasers and the emitted signals are detected at
ultrasensitive photomultiplier tube (PMT) or gallium arsenite phosphide (GaAsp) detectors. In
contrast to single photon or linear microscopy such as confocal microscopy, two photon
excitation uses infrared wavelength and enables focal volume excitation which results in
minimal scattering and phototoxicity, deep-tissue penetration and long-term time-lapse
imaging (Figure, 4). Further, TPM also offers advanced optical detection efficiency since a
pinhole is not required to remove out of focus imaging as is the case in confocal microscopy
(Wu et al., 2017). These advantage makes a wide range of biological specimens amenable to
TPM including thin or thick live, fresh and fixed samples as well as anesthetized animals for

intravital microscopy (Perry et al., 2012).

TPM offers a broad excitation range allowing multicolor imaging at the same excitation
wavelength. To attain TPM based label-free imaging, intrinsic signals in form of i) two-photon
excitation fluorescence (TPEF) and ii) higher harmonic generation (HHG) including second
harmonic generation (SHG) and third harmonic generation (THG) are detected from naive,
unstained structures (Friedl et al., 2007). Both TPEF and HHG depends on simultaneous

10
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interaction of multiple photons with the target endogenous molecule/protein. In TPEF, two
photons of incident wavelength and frequency are absorbed by the target fluorophore, to
produce a single photon with loss of net energy (Figure 4). Intracellular TPEF mainly arises
from the mitochondrial matrix proteins nicotinamide adenine dinucleotide (NADH), flavin
adenine dinucleotide (FAD), and lipoamide dehydrogenase while extracellular
autofluorescence occurs from the structural proteins such as elastin, collagen and also blood
cells. The fluorescence in these molecules usually originates from smaller fluorophores within
their structures such as amino acids including tyrosine, tryptophan, and phenylalanine and
vitamins or vitamin derivatives such as retinol (vitamin A), riboflavin (vitamin B2), and folic
acid (vitamin B9), pyridoxine (vitamin B6) and cholecalciferol (vitamin D3) (Wang et al.,
2010; Zipfel et al., 2003).

Contrarily, HHG is a nonlinear coherent scattering process that occurs from phase matching
and summation of light waves. Unlike TPEF, HHG does not involve photon absorption and
energy decimation. HHG is induced by organic or inorganic structures possessing specific
molecular order and physical properties. SHG results from conversion of two interacting
photons with a non-centrosymmetric target into a single emitted photon, which has twice the
energy and half the wavelength of the incident photons (Perry et al., 2012; Friedl et al., 2007).
Myosin and collagen, both of which are integral components of cardiac tissue facilitate SHG
emission (Green et al., 2017; Plotnikov et al., 2006). THG, as the name suggests, results from
converting combined energy from three photons into one emitted photon with one third of the
excitation wavelength and tripled frequency. THG, as opposed to SHG, is not dependent on
asymmetry of the structures but relies on the structural interfaces such as the aqueous interstitial
fluids and lipid-rich structures in cell-membranes (Weigelin et al., 2016). SHG imaging has
been previously applied in cardiomyocytes to investigate myofibrillogenesis (Liu et al., 2011)

and in embryonic hearts to examine heart development (Lopez and Larina, 2019).
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Figure 4: Principle of two-photon microscopy. A) The excitation volume of TPM (right) is confined
within the focal plane (red dot), while single photon excitation (left) involves out-of-focus illumination.
B) Simplified Perrin—Jablonski fluorescence diagram is shown for TPEF (left), and the energy-level
diagram presents SHG signal emission (right). In TPEF, two photons (yellow arrows) of incident
frequency (w1) and wavelength (A1) are simultaneously absorbed by the target fluorophore, resulting in
emission of a single photon (blue arrow) with a wavelength (A > A1/2) greater than one-half of the
incident wavelength (A1) with some loss in net energy. Whereas in SHG, two photons of frequency (1)
and wavelength (A1) interacting simultaneously with a non-centrosymmetric structure, combine to
produce a single photon (blue arrow) whose wavelength is exactly half (A = A1/2) that of the irradiating
wavelength (A1) with no net energy loss. C) Schematic of the experimental setup is shown for a
multiphoton microscope equipped to detect epi (backward) and trans (forward) signals. The excitation
light is focused on the sample though the objective (Obj) lens and the backward epi-signal is collected
via the objective, reflected by a dichroic mirror and detected by an ultrasensitive photomultiplier tube
(PMT). The forward transmitted (trans) signal is picked up by a condenser lens below the sample and
subsequently focused onto a PMT. D) The relative intensity of epi versus trans SHG signals (blue
arrows) is determined by sample thickness. In thin samples, SHG is ideally detected in the trans
direction due to the lack of scattering. With the increase in sample thickness and scattering, the photon
frequency below the samples weakens, however, it increases in the epi direction. [Schematic prepared
using Inkscape (Inkscape Project, 2020. Available at: https://inkscape.org)]

The intensity of SHG from myosin (striated muscle) and collagen is crucially dependent on i)
the organization and size of these signal-eliciting structures, ii) the excitation/detection
approach, and iii) the power and polarization of the incident light (Friedl et al., 2007; Perry et

al., 2012; Rubart Michael, 2004). In order to acquire images to achieve reliable data for 2D and
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3D visualization and quantification of both cardiac harmonophores (i.e., myosin and collagen),
these aspects of SHG imaging were extensively optimized in our work which is shown in
chapter 1 and 2.

1.4.2 X-ray diffraction of cardiac muscle

Due to their high frequency and short wavelength, x-rays offer a large array of applications
from medical diagnosis to investigating structures at atomic level. Combined, these advantages
of x-rays facilitate examining interactions between contractile proteins of the muscle. The x-
rays scattering away from the transmitted beam by large molecules, such as proteins, generate
small-angle x-ray scattering (SAXS) which was first recognized in skeletal muscle by Huxley
(Haselgrove and Huxley, 1973; Huxley et al., 1965) and then subsequently applied on heart
muscle by Matsubara (Matsubara et al., 1977). The myosin and actin filaments in sarcomeres
are aligned in parallel and arranged in a hexagonal lattice (Figure 5A). This arrangement of
filaments acts as a 3D grating, which changes the traveling direction of x-rays and diffracts
them when a finely collimated x-ray beam passes through the muscle. This hexagonal
arrangement predominantly generates two diffraction peaks, the (1,0) and (1,1) equatorial
reflections (Figure 5B). The distance between the filaments determines the position of the
peaks while the intensity is dependent on the distribution of electron mass around the filaments.
When myosin heads are attached to actin, the intensity of (1,1) reflection is high while the
intensity of (1,0) reflection decreases. Hence, the intensity ratio of both equatorial reflections
(l1,0/11,1) relies upon the relative number of myosin heads attached to actin filaments and
provides information regarding the cyclic changes of myosin mass transfer during muscle
contraction. The interpolation of I10/l11 value can determine the quiescent muscle with no
myosin motor attachments (relaxed state) and muscle with completely occupied actin binding

sites (rigor state) (Haselgrove and Huxley, 1973; Shirai Mikiyasu et al., 2013).
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Figure 5: Schematic for x-ray diffraction of cardiac muscle. A) 2D hexagonal filament lattice of
cardiac muscle is shown. The thick myosin filaments are on the (1,0) lattice plane and the thin actin
filaments are aligned along the (1,1) plane with the myosin filaments. The interfilament spacing d*®
typically ranges between 35.0 nm and 38.3 nm for rodents and in humans it is approximately 40 nm. B)
The acto-myosin lattice planes in (A) act as a 3D diffraction grating when x-ray passes through them
whereas the undiffracted beam is blocked by the beam stopper. At the detector, four diffraction peaks
are detected which are symmetrically at 90° angle to the myofilaments. The peak for (1,0) reflection
appears closer to the center while the (1,1) reflection is further away from the center. [Schemetic
prepared using Inkscape (Inkscape Project, 2020. Available at: https://inkscape.org)]

Matsubara et al. provided initial evidence for the force—frequency relation in heart by recording
x-ray intensity in real-time on an isolated papillary muscle (Matsubara et al., 1978). They
observed that during diastole a limited number of myosin heads remain attached to actin
filaments without generating force of contraction. However, to generate force of contraction
during systole, the myosin heads binding to actin filaments increase dramatically which tends
to intensify with increasing heart rates (Matsubara et al., 1978). Further studies on isolated and
skinned (demembraned) cardiac muscle provided evidence to the length-dependent activation
which is the Frank-Starling law of the heart (Matsubara et al., 1989; Cazorla et al., 2001;
Konhilas et al., 2002). Beyond isolated muscle, x-ray diffraction has been performed on cardiac
tissue and whole beating hearts under ex-vivo, in-situ conditions as well as in-vivo conditions,
however, in-vivo experiments face multiple complications such as diffraction signals from
skeletal muscle (J. D. Nicolas et al., 2019; J.-D. Nicolas et al., 2019; Nicolas et al., 2017; Toh
et al., 2006; Yagi et al., 2004). Data from these experiments particularly ex-vivo and in-situ,
contributed to our understanding of orientation of cardiomyocyte chains (fiber orientation),

interfilament spacing and cross-bridge dynamics on whole hearts.
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1.5. Pre-clinical models of cardiac fibrosis

Animal models are essential to decipher aetiologies and pathomechanisms contributing to
cardiac fibrosis as well as for developing new diagnostics techniques for monitoring fibrosis
progression and response to anti-fibrotic treatments. Small animals such as mice and rats are
most commonly used pre-clinical models as they possess ~30,000 protein-coding genes that
are homologue to human genome (Chinwalla et al., 2002). Relatively short breeding time,
minimal housing and maintenance costs of small animals as compared to large ones increase
the number of animals per experiment improving statistical power. These factors add to the
value of utilizing rodents for producing genetically modified, pharmaceutical or surgical based
models of cardiac fibrosis (Patten and Hall-Porter, 2009). To establish novel imaging
techniques for detecting diffuse fibrosis which cannot be achieved with methods discussed in
the previous section 1.3, a mouse of pressure overload such as the mouse model of transverse
aortic constriction (TAC) is ideal. TAC mimics the clinical manifestation of hypertensive
disease including cardiac hypertrophy and interstitial fibrosis with an increased ventricular
mass (Patten and Hall-Porter, 2009). Another model of heterogeneously distributed interstitial
and perivascular fibrosis is ageing. An aged heart exhibits development of left ventricular (LV)
hypertrophy, ECM deposition and cardiomyocyte senescence even in absence of underlying
pathology. Progressive collagen deposition at interstitial and perivascular spaces possesses
adverse effects on cardiac functioning in aged hearts due to myocardial stiffness (Lima, 2017;
Meschiari et al., 2017; Obas and Vasan, 2018). Early diagnostics and interventions can help to
rescue an aged heart from developing heart failure. In comparison to rodents, imaging cardiac
aging-associated fibrosis in non-human primates (NHPs) can provide highly clinically relevant
data, as their genetic, metabolic, and physiologic regulation is similar to humans and equally
important is the ability to control diet, environment, and breeding. Most importantly, other
laboratory species, such as rodents or even large animal models (pigs or sheep) are unable
reflect a comparable life span as humans (Moussavi et al., 2020; Velayutham et al., 2019).
Among NHPs, using common marmoset monkeys (Callithrix jacchus) model in aging research
provides various advantages such as a relatively small body size, short generation time and
availability of transgenic models (Moussavi et al., 2020). With maximum life expectancy of
about 16 years, marmoset have shortest lifespan as compared to other anthropoid primates.
Pathologies concurring due to old age in marmosets usually occur at the age of 7 years or older
(Tardif et al., 2011).
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1.6. Pathophysiology of pulmonary fibrosis

Apart from the detrimental role of fibrosis in cardiac diseases, interstitial lung diseases are also
often associated with development of fibrosis which is caused by a multitude of factors
including genetic, autoimmune, drug-induced, infections and environmental factors. If lung
fibrosis is due to known etiology, removal of initial insult may result in spontaneous resolution
of fibrosis and/or applying a short course of steroids can also help prevent fibrosis progression
(Thannickal et al., 2004). On the other hand, idiopathic pulmonary fibrosis (IPF) possesses a
serious healthcare challenge because it is a chronic disease of unknown etiology which affects
about three million people worldwide with a median survival of 3-5 years post diagnosis.
Historically, IPF was regarded as chronic inflammatory disorder, which progressed to
established fibrosis overtime. Recent studies, however, reveal that anti-inflammatory therapies
do not improve the disease prognosis and immunosuppressive therapeutic strategy
incorporating azathioprine and prednisolone was shown to increase mortality. IPF is now
defined as a complex interaction of multiple environmental and genetic risk factors with
repetitive micro-injuries to ageing pulmonary epithelium. These micro-injuries trigger aberrant
epithelial-fibroblast communication, the induction of ECM producing myofibroblasts and
remodeling of the lung interstitium (Richeldi et al., 2017; Sgalla et al., 2018).

1.7. Anatomical and functional imaging of lung fibrosis

1.7.1 X-ray imaging of lung fibrosis

As oppose to heart, which requires contrast agent administration for in-vivo visualization of
soft tissue (muscle), radiographic x-ray imaging and CT of lungs are based on the visualization
of air versus electron dense tissue contrast, that enables typical characterization of the diseased
lung, such as interstitial patterns, pleural effusion, bronchial thickness, opacification and
calcification (Mathieson et al., 1989). In humans, the current diagnosis of IPF manifests
unusual interstitial pneumonia (UIP) histopathologically and also a subpleural and basal
predominant reticulation with honeycombing on high-resolution computed tomography
(HRCT) of the chest. Other diagnostic methods including bronchoalveolar lavage fluid and
pulmonary function testing cannot detect early stage IPF. HRCT is regarded as a standard
clinical practice for identifying IPF. However, it identifies only 37 to 67% of patients with

histological UIP; therefore, a surgical lung biopsy is recommended for confirmation of IPF
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(Lynch and Belperio, 2011; Richeldi et al., 2017). Surgical lung biopsies similar to cardiac
biopsies involve risk posing invasive procedures and even worse these biopsies are not
representative for the entire organ. Recently, micro-CT has become a promising tool for
imaging the lung at micro-level not only ex-vivo or in-situ but also in-vivo in pre-clinical
models. Lovric et al. studied lung inflation and deflation patterns in mice at a spatial resolution
down to 1.1 x 1.1 um? in-vivo (Lovric et al., 2017). These findings highlight the potential of
micro-CT based imaging for morphological as well as functional evaluation of lung fibrosis

progression in live animals.

1.7.2 Pulmonary magnetic resonance imaging

In humans, anatomical imaging using MRI enables 3D pulmonary angiography and
distinguishes between healthy and fibrotic lung by characterizing vessel blockage in fibrotic
due to enlarged, inflamed and mucus lined airways, whereas the healthy lung displays well-
defined blood vessels with smooth lining (Miller et al., 2014). This MRI based morphological
assessment is possible in both clinical and non-clinical models (Lonzetti et al., 2019; Velde et
al., 2014).

In the context of functional imaging, traditional proton MRI involves various challenges due
to respiratory motion, low T2* values and a relatively small water density (Theilmann et al.,
2009). Efforts to enhance MRI functional imaging ability involves the use of inhaled contrast
agents, such as molecular oxygen and hyperpolarized noble gases. However, the use of a
ventilation MRI approach, due to the high cost of the procedure and poor availability of
inhalation-based contrast agents, is limited to a few expert centers only (Baues et al., 2017,
Kruger et al., 2016). To overcome these drawbacks, a mode of MRI called as the self-gated
non-contrast-enhanced functional lung (SENCEFUL) has been developed which allows site-
specific ventilation imaging (Veldhoen et al., 2017). So far it has been performed on patients
with cystic fibrosis. However, this approach is susceptible to motion induced artefacts and
require further longitudinal evaluation for standardization (Veldhoen et al., 2017). In pre-
clinical studies, particularly small animals and rodents MRI is prone to scattering which results
in relatively poor resolution for functional and anatomical pulmonary imaging (Adamson et
al., 2017; Gammon et al., 2014; Zhou et al., 2015).

17



Introduction

1.7.3 PET imaging

Early detection of lung fibrosis is possible by molecular imaging using PET probes such as
BE-Fluciclatide against integrins and 8Ga-CBP8 that targets collagen. These probes have
shown promising results in mouse models of lung fibrosis; however, clinical application
requires further testing (Chen et al., 2017). Nonetheless, PET imaging alone is unable to assess

pulmonary function, hence, has to be performed in combination with CT or MRI.

1.7.4 Spirometry and Plethysmography for functional assessment

The clinical pulmonary function test known as spirometry is a routine medical procedure for
monitoring functional capacity and compliance of the lungs in IPF patients. Impaired survival
in IPF patients has been associated with an increased ratio of forced expiratory volume in 1's
and forced vital capacity (FEV1/FVC ratio), change in FVC/carbon monoxide transfer factor
and reduced total lung capacity. However, there is a lack of consensus for interpreting lung
function testing in IPF due to variability in data published on the subject. Further, such
functional assessment cannot differentiate IPF from other pulmonary anomalies and require
further diagnostic procedure using HRCT or histological classification (Casan Clara et al.,
2016). The preclinical barometric or chamber-based plethysmography is the most common
method for performing lung function test (Lim et al., 2014). Other preclinical methods such as
forced oscillation technique require invasive intubation procedures some of which tend to be
terminal (McGovern et al., 2013). The main limitation of non-invasive plethysmography
techniques is that the functional alterations are dependent on the pressure changes, and the
relationship between chamber pressure and the lung mechanics might be non-linear (Adler et
al., 2004; Zhang et al., 2009). In a recent study, Hillsmann et al. defined various factors that
compromise the precision of plethysmography measured lung volume including the
conditioning of air within the residual volume and death space that is recruited during
inspiration. They further reported that the “enhanced pause” (Penh) parameter is a consequence
of active expiration by the animal to overcome airway resistance rather than direct measure of
airway resistance (Hulsmann et al.,, 2021). These findings raise concerns over the
standardization and validity of the plethysmography acquired parameters to assess lung

function particularly in diseased mice.
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X-ray based lung function

Unlike in cardiac research, the current methods for measuring lung function in pre-clinical
studies are not reliable. Plethysmography is the most commonly used method for pre-clinical
lung function assessment, which may involve intrinsic problems in mouse models such as
intubation or restraining. Alternatively, the use of unrestrained whole-body plethysmography
(UWBP) does overcome these limitations, however, the reliability and standardization of the
plethysmography parameters is debatable as discussed in previous section 1.7.4. Hence, the
development of novel and sophisticated non-invasive techniques is fundamentally required in
pre-clinical and clinical settings for advanced lung function measurements in combination with
morphological assessments for early and reliable detection of pulmonary fibrosis and for

monitoring disease progression and response to therapeutics.

Recently Dullin et al., developed a non-invasive lung function method based on planar
cinematic X-ray imaging of the chest known as the x-ray-based lung function (XLF). XLF has
been previously applied to assess the lung function in isoflurane-anesthetized mice with
allergic airway inflammation (AAIl) (Figure 6). XLF measurements provide various
quantitative parameters that can reflect upon acute inflammatory response, airway resistance

and lung compliance (Dullin et al., 2016). These parameters are summarized in table 1.

Using minimal radiation dose and short exposure time, XLF previously showed significantly
higher sensitivity than WBP for reliable assessment of lung function in AAI mice and mice
treated with dexamethasone (Dullin et al., 2016) (Figure 6). Commonly, precise lung function
assessment in pre-clinical models particularly in repones to treatment is performed using
terminal and invasive forced oscillation technique. XLF, on the contrary, is a non-invasive
approach the enables longitudinal application which dramatically reduces the numbers of
animals required and enhances the predictive value of the data obtained due to the absence of
inter-subject variations (Dullin et al., 2016; Markus et al., 2017). However, the functional
parameters of XLF are not exactly relatable to commonly used lung function techniques

including WBP and micro-CT and none of the XLF parameters represented the lung volume.

19



Introduction

radiograph x-ray transmission function

b)
inspiration \ exhalation CN
1 0.035 + I A

0.030 +

0.025 +

0.020 7

0.015 +

0.010

0.0 05 1.0 15 20 t[s] 3.0

Figure 6: Breathing induced modulations in the x-ray transmission at the chest region over time.
a) Exemplary radiograph showing the average x-ray transmission function over time which is measured
at a region of interest (ROI) of the lung and normalized by the background intensity (ROIBgk). b)
Exemplary two breathing cycles of a healthy control animal CN (blue curve); a mouse with the severe
acute airway inflammation model (SAA) (red curve) and mouse from the same model that had been
treated with dexamethasone before each challenging step (SAA-DEX, green curve). The SAA mouse
presents a strong reduction in the area under the curve owing to the lower air content in the lung at the
peak inspiration and an asymmetric shape of the breathing event with a shorter time to peak. The treated
mouse (SAA-DEX) demonstrates XTF properties comparable to the healthy control mouse CN. Image
modified from Dullin et al., 2016.
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Table 1: Functional parameters of X-ray based lung function

Parameter Relates to/is influenced by:

b1 Shift of the curve/time of inhalation

07) Asymmetry of the curve

bs Speed of air exchange

D4 Asymmetry of the curve

bs Air volume/inflammation/air trapping

L,s Breath length

AuC Total air volume/inflammation

Anlso Anisotropy index (time of inhalation/exhalation)
BP Periodicity of the breathing events

Tpeak, S Time to reach maximum inhalation volume
Tin, % Relative time of inhalation (tpeax/l)

ATrp Air trapping

XTF, X-ray transmission function; L, length; AuC, area under the curve of the breathing peak; Anlso,
anisotropy index; BP, breath periodicity; ATrp, air trapping

Limitations of current diagnostics tools

The current diagnostic can only reliably detect IPF at late stage of disease progression implying
an urgent need for new and advanced diagnostic strategies for an early assessment of IPF for
effective earlier interventions. Pre-clinical studies are a vital tool to establish and understand
suitable diagnostic techniques and therapies for IPF, despite their limitation to mimic the
irreversible nature of human pulmonary fibrosis. However, techniques for longitudinal, non-
invasive and clinically relevant lung function measurement in animal models of lung fibrosis
are lacking. We developed advanced XLF approach to overcome the address these limitations

which is presented in chapter 3.
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1.8.  Preclinical models of pulmonary fibrosis

Various genetic and environmental models of pulmonary fibrosis help understand development
of fibrosis by known causes and in case of IPF they offer insights into pathogenesis of
intractable factors contributing to fibrosis. Bleomycin induced mouse model of lung fibrosis is
one of the most common model to develop and investigate diagnostic tools, pathophysiology
of fibrosis and response to anti-fibrotic treatments since past four decades (B. Moore et al.,
2013) (Figure 7). This mainly because in comparison to silica, asbestosis and ageing model,
bleomycin induced lung fibrosis is developed at much faster rate (B. Moore et al., 2013).
Bleomycin is an antibiotic isolated from Streptomyces verticillatus, which is used as a
chemotherapeutic agent to treat germinative tumors and lymphomas in humans. However, the
use of bleomycin therapy is limited due to its pro-fibrotic properties, leading to the
development of pulmonary fibrosis in 5-10 percent of patients receiving it (Ruscitti et al.,
2017). Inrodents, it acts as a strong oxidative agent which causes lung injury by DNA breakage
and production of reactive oxygen species (ROS). The initial inflammatory phase is followed
by a peak fibrotic response which is resolved over-time (B. Moore et al., 2013; Ruscitti et al.,
2017) (Figure 7).
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Figure 7: Schematic showing timeline and mechanism of the bleomycin induced mouse model of
lung fibrosis. Bleomycin is able to break DNA in the presence of iron and oxygen with a high
production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), consequently leading
to epithelial cell damage and injury. Intra-tracheal instillation of bleomycin induces bronchiolocentric
accentuated fibrotic changes triggering acute interstitial and intra-alveolar inflammation, macrophage
activation and expression of granulocyte-macrophage colony stimulating factor (GM-CSF) and some
interleukins around day 14. Following the acute inflammatory event, other cytokines such as
transforming growth factor beta (TGF-B) and connective tissue growth factor (CTGF) are up-regulated
during the fibrotic stage at ~21 days. Without further administration of bleomycin, the mice
spontaneously resolve fibrosis after ~28 days. [Schematic prepared using Inkscape (Inkscape Project,
2020. Inkscape, Available at: https://inkscape.org)].
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Aims and hypothesis

The inadequacies of current imaging techniques for detecting fibrosis require novel next
generation imaging tools for i) label-free, high-resolution, multiscale and multimodal imaging
of cardiac structural remodeling in fibrotic hearts and ii) advanced non-invasive x-ray based
lung functional assessment with biomedically relatable parameters in progression of lung
fibrosis and in response to therapy.

Label-free imaging of cardiac fibrosis

We hypothesized that post-fibrosis, cardiac tissue remodeling is not restricted to localized
regions of fibrotic lesions, but it also alters the structural architecture of the surrounding cardiac
tissue. We further postulated that various types of fibrosis due to distinct underlying causes
result in common modulations of the overall cardiac structures which in future can add more
dimensions for detecting fibrosis and also provide new therapeutic targets. To address our
hypothesis, the aim of my thesis is to evaluate and characterize the structural alterations
following fibrosis within the diseased and aged heart using a label-free imaging approach in
mice and non-human primates.

For this purpose, the following objectives were addressed:

i) Assessment of structural changes in fibrotic and hypertrophic hearts obtained from
wild-type mice subjected to TAC by establishing SHG imaging in combination with
spatially-resolved x-ray diffraction.

i) Comprehensive assessment of collagen deposition and myofibril morphology using
SHG imaging in a mouse model of TAC and NHP model of aging.

iii) Volumetric quantification of collagen and myosin emitted SHG in different age
groups of NHP.

iv) Validation of the imaging data obtained using standard diagnostic methods

including echocardiography, histology and/or immunohistochemistry.

Advanced X-ray based lung function

Owing to extensive discrepancies in current diagnosis of lung fibrosis in mouse models using
functional assessment, we aim to improve the XLF approach to provide parameters that can be
applied for direct and reliable assessment of lung fibrosis in pre-clinical models and also

possess a high translational value. Since the functional parameters of XLF are currently not
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exactly relatable to commonly used preclinical lung function techniques including UWBP and
micro-CT, the aim of this part of my thesis is to redefine the XLF algorithm as a biomedically

relevant preclinical non-invasive technique by addressing the following objectives:

) Establishing a correlative set-up for simultaneous lung function assessment using
XLF, micro-CT and UWBP.

i) Acquiring lung volumes from simple low dose radiographic XLF measurements.

1)) Correlating the lung volumes obtained from XLF with micro-CT and UWBP.
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Chapter 1 — X-ray diffraction and second harmonic imaging
reveal new insights into structural alterations caused by pressure-

overload in murine hearts
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Frauke Alves, & Tim Salditt
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Shared first authorship*

We demonstrate a label-free imaging approach to study cardiac remodeling of fibrotic and
hypertrophic hearts, bridging scales from the whole organ down to the molecular level. To this
end, we have used mice subjected to transverse aortic constriction and imaged adjacent cardiac
tissue sections by microfocus X-ray diffraction and second harmonic generation (SHG)
imaging. In this way, the acto-myosin structure was probed in a spatially resolved manner for
entire heart sections. From the recorded diffraction data, spatial maps of diffraction intensity,
anisotropy and orientation were obtained, and fully automated analysis depicted the acto-
myosin filament spacing and direction. X-ray diffraction presented an overview of entire heart
sections and revealed that in regions of severe cardiac remodeling the muscle mass is partly
replaced by connective tissue and the acto-myosin lattice spacing is increased at these regions.
SHG imaging revealed sub-cellular structure of cardiac tissue and complemented the findings
from X-ray diffraction by revealing micro-level distortion of myofibrils, immune cell
infiltration at regions of cardiac remodeling and the development of fibrosis down to the scale
of a single collagen fibril. Overall, our results show that both X-ray diffraction and SHG
imaging can be used for label-free and high-resolution visualization of cardiac remodeling and
fibrosis progression at different stages in a cardiac pressure-overload mouse model that cannot

be achieved by conventional histology.
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Introduction

Heart failure is a common disease amongst the elderly population entailing a high mortality
rate. Both structural and functional changes contribute to heart failure. The deposition of
extracellular matrix (ECM) either within the interstitial space or by replacement of the cardiac
muscle is a common histopathological finding accompanying heart failure?4, Progression of
fibrosis involves inflammatory stimuli, which in turn initiate pro-fibrotic signaling. ECM
remodeling and impaired cardiac muscle function are hallmarks of cardiac fibrosis which
consequently lead to increased stiffness of left ventricle and impairment of mechano-electric
coupling, thus causing arrhythmias. Cardiac fibrosis can occur due to aging and other heart-
related pathophysiology such as hypertensive heart disease®®. Transverse aortic constriction
(TAC) is a well-established animal model of pressure-overload induced cardiac hypertrophy
and failure. TAC mimics hypertensive heart disease in patients correlating to the clinical
manifestation of pressure overload. Consequently, it causes cardiac hypertrophy and interstitial

fibrosis in mice with an enlarged ventricular mass®’.

While the importance of cardiac remodeling in heart failure is undisputed, the molecular
structural changes involved in the progression of cardiac hypertrophy and fibrosis have so far
not been at the focus of medical research. Moreover, there is a lack of understanding of the
molecular mechanisms that underlie the interaction of cardiomyocytes with surrounding
extracellular components in the healthy and fibrotic myocardium. For this purpose, imaging
techniques are required to visualize cardiac remodeling of fibrotic and hypertrophic hearts. So
far only histology and immunohistochemistry (IHC) are used as standard techniques for
assessing the structural composition of the myocardium but these methods lack adequate
resolution and specificity to visualize sub-cellular structures. Ideally, the imaging techniques
should be able to probe the molecular structure and alterations thereof associated with
pathologies, and at the same time also cover the entire cross section of a heart at sub-molecular

level to find and to quantify the affected regions.

Alterations in heart muscle at the molecular level can be studied by using X-ray diffraction.
For example, X-ray diffraction can be used to assess kinetics of myosin binding in actively
contracting muscles®®1%', One main disadvantage of the classical muscle diffraction
technique is the requirement to extract intact muscle fibers from the heart. Contrarily, recent
progress in X-ray optics has made it possible to focus the beam down to a few micrometers and

even nanometers'?. By sacrificing resolution in reciprocal space, millions of X-ray diffraction
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experiments can be performed sequentially by raster-scanning the X-ray beam over the sample
and collecting a diffraction pattern in each spot®®. Such an experiment offers real-space
resolution and structural information, most importantly filament lattice spacing, filament
orientation and degree of filament alignment. Spatially-resolved X-ray diffraction has been
used for single cardiomyocyte imaging, where it was combined with STED microscopy to
obtain a multiscale overview of cardiac sub-micron structures'*. Most recently, these cells
could even be imaged alive in a hydrated environment®®. The overall tissue structure was so far
only imaged in a proof-of-concept study'? on a single tissue section of a non-pathological heart

and later on a thin section of engineered cardiac tissue!®:’,

For the present analysis more than 17.8 million diffraction patterns each with a size greater
than 4 megapixels were analyzed, which requires a fast detection scheme coupled with a fast
and robust data analysis. This is to date the largest screening of cardiac and more generally

hydrated soft biological tissue by means of spatially-resolved X-ray diffraction.

A second powerful label-free imaging method for cellular scale visualization of biological
tissue is second harmonic generation (SHG) imaging®®. In contrast to X-ray diffraction, it does
not depend on or require long-range or medium-range molecular order, but only relies on
molecular inversion symmetry. It is based on the non-linear optical effect of SHG in non-
centrosymmetric polarizable medium. Accordingly, in a coherent optical process the combined
absorption of two excitation photons results in the generation of a single photon of exactly
twice the energy and half the wavelength of the original excitation wavelengthl9. Interestingly,
both collagen and myosin fibers generate intrinsic SHG, making this imaging approach ideal
for investigating ECM remodeling and muscle integrity following fibrosis and hypertrophy in
cardiac tissue’®?!. Despite the remarkable advantages of SHG imaging over conventional
histology such as high resolution, specificity and reproducibility, the use of this approach for
investigating cardiac remodeling in diseased tissue is still in its infancy. SHG imaging of
diseased cardiac tissue has so far focused almost exclusively on the detection of collagen as an
indicator of ECM remodeling but has not studied the myosin fibers and overall tissue
architecture?. In fact, studies targeting the pathological alteration in myosin filaments have

been performed at cellular level only?3,

In this study, our primary aim was to establish spatially-resolved X-ray diffraction and SHG
imaging for assessing structural changes in fibrotic and hypertrophic hearts obtained from wild-

type mice subjected to TAC. Using X-ray diffraction, we demonstrated that the acto-myosin
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lattice spacing in the areas of sever pathological remodeling of TAC hearts is higher compared
to controls and more heterogeneously distributed, and that the semi-crystalline order in
damaged regions is slightly reduced. The evaluation of lattice spacing could also reveal
structural features, such as a ring-type structure in the myocardium, that would not be
observable in classical X-ray diffraction. These finding were further complemented by SHG
imaging which revealed sub-cellular deterioration of myofibrils and surrounding tissue due to
underlying ECM remodeling and collagen deposition.

Materials and Methods

Animal model

For the pressure-overload model, eight weeks old C57BI/6N mice were operated with
transverse aortic constriction as described previously”. Sham animals underwent the same
procedure except the banding of the aorta. Mice were euthanized 16 weeks post TAC surgery
and whole hearts were excised. All animal in-vivo procedures were performed in compliance
with the guidelines of the European Directive (2010/63/EU) and the German ethical laws and
were approved by the administration of Lower Saxony, Germany (No. 33.8-42502-04-
17/2585). Sample preparation

Sample preparation

Freshly explanted hearts were weighed, briefly washed in phosphate buffer saline (PBS) and
then fixed in 4% formaldehyde solution (FA) overnight at room temperature (RT). Hearts were
then cut into transverse tissue sections of varying sizes such that adjacent tissue sections from
the same heart sample were used for X-ray diffraction, SHG imaging and histology (Fig. 1A).
Briefly, for sectioning, hearts were embedded in 5% agarose and were cut into 30 um and 1
mm sections using a vibratome (VT1000 S; Leica Biosystems). The 30 um thick tissue sections
were used for X-ray diffraction and 2P-LSM and were stored in PBS containing 0.04% sodium
azide until the day of the experiment. The 1 mm sections were embedded in paraffin for

histology.

Scanning X-ray diffraction

The spatially-resolved X-ray diffraction experiments were carried out on 30 um cardiac tissue

slices, which were mounted between two polypropylene foils as described before in Nicolas et
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al. 2017 at the microfocus endstation of the beamline 1D13 at the European Synchrotron
Radiation Facility (ESRF)*2. The undulator gap was adjusted to generate an X-ray beam with
a mean energy of E=13.0 keV and bandwidth of AE=10"* E, as defined by a channel-cut
Si(111) monochromator. The beam was focused by a combination of compound refractive
lenses (CRL) inside a transfocator. The beam size in the focus was estimated from vertical and
horizontal scans across the edges of two gold wires and was determined at 2.9 pm
(horizontal) x 1.4 pm (vertical). A helium-filled tube was placed directly behind the focus of
the beam to suppress air scattering along the beam path until approximately 10 cm behind the
focus position where a lead wire with a diameter of 1 mm was used to block the primary beam.
A calibrated diode was used to determine the total photon flux lo=1.57 x 10*2 photons s™.
Given E, lo and an exposure time of 10 ms, one can estimate the dose D at D=1o T E p/(p Ax
Ay) =2.54 MGy, where w/p=3.1582 cm? g is the mass absorption coefficient estimated for
skeletal muscle and Ax x Ay the focal size of the beam (FWHM).

Immunofluorescence staining

Agarose embedded 30 um vibratome sections were washed three times in TBS-T solution (20
mM Tris, 150 mM NaCl, 0.1% Tween 20). The tissue sections were incubated free-floating in
500 uL. of DRAQS (Biostatus, 1:1000) for nuclear staining and were mounted on a glass slide

using Immu-mount (Thermo Fisher Scientific).

Second harmonic generation imaging

SHG imaging was performed for label-free imaging of myosin and collagen on 30 pm sections
stained with the nuclear dye DRAQS5. Images were acquired with a two photon laser scanning
microscopy (2P-LSM) setup (TriM Scope 11, LaVision BioTec) equipped with a femtosecond-
pulsed titanium-sapphire (Ti:Sa) laser (Chameleon Ultra Il; Coherent). A Zeiss W Plan-
Apochromat 20x (NA 1.0) water immersion objective was used for image acquisition. Multi-
photon signals from tissue sections were detected in the backward and forward direction. For
excitation of the SHG from the cardiac tissue, the Ti:Sa laser was set at 810 =5 nm and the
nuclei stain DRAQS was excited at 720 £5 nm. The emitted light was split by a 495 nm and
T560 nm long pass dichroic mirror (Semrock). The SHG signal was collected through a 405 + 5
nm (FF01-405/10; Semrock) bandpass filter at photomultiplier (PMT) detectors (Hamamatsu)
in the forward direction. The emitted fluorescent signal from nuclear stain was detected at a

GaAsp PMT detector (Hamamatsu) in backward direction. All images were collected and
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processed with ImSpector (LaVision BioTec) and Fiji39. For the overview images an image
size of 336 x 336 um with 1024 x 1024 pixels and a pixel dwell time of 2.1 ps was used.
Magnified images at the region of interest (ROI) were acquired using 100 x 100 pm image size,

916 x 916 pixels and 5.5 pus pixel dwell time.

Histology and immunohistochemistry

The paraffin-embedded 1 mm cardiac tissue slices from regions adjacent to tissue sections used
for X-ray diffraction and SHG imaging were cut into 2 um sections (Fig. 1A). The sections
were deparaffinized and dehydrated followed by haematoxylin & eosin (H&E) and Masson’s
Trichrome staining (MTS) was performed as described before*%41,

For immunohistochemistry (IHC), deparaffinized sections were boiled for 20 min in Target
Retrieval Solution (Dako) to perform the antibody staining with: anti a-SMA (clone 5694,
abcam, 1:1000, overnight at 4 °C); anti CD68 (ab125212, abcam, 1:500, 1 h at 37 °C) and anti
CD45 (clone 30-F11, 1:250, overnight at 4 °C) to identify the presence of activated fibroblasts,
macrophages and leukocytes, respectively. After washing, the secondary antibody (anti-rabbit-
horseradish-peroxidase, undiluted, Histofine) was added for 30 min at RT. Sections were

counterstained with haematoxylin.

The images were acquired with an Axiovert 200 M inverted microscope (Carl Zeiss
Microscopy GmbH). Image generation and processing were performed with the software
AxioVision Rel.4.6 (https://carl-zeissaxiovisionrel.software.informer.com/4.6/) and Fiji*®,

respectively.

Statistical analysis

Maps of structural parameters obtained from the X-ray diffraction data and presented in Fig. 2
were segmented semi-automatically using k-means clustering. A five-dimensional dataset
consisting of five parameters used in least-square fitting of the one-dimensional structure
factors was used for the analysis and three clusters were isolated. Numerically, the k-means
implementation of the open source library VLFeat 42 was used for this task. Histograms of
lattice spacing shown in Figure S5 were modeled using a pseudo-Voigt profile, while the mode
of the distribution was obtained from a kernel density estimation using the function ksdensity
available in Matlab 2018b (MATLAB, Mathworks Inc). A two-tailed paired Student’s t-test
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implemented in MATLAB with a p-value of 0.05 (*) as margin for statistical significance was

used for the statistical analysis of the data.

Results

Comparative imaging of cardiac tissue using X-ray diffraction, SHG imaging, and

histology

Mice subjected to TAC-operation developed cardiac hypertrophy within 16 weeks post TAC
surgery depicted by significantly higher weights of the TAC hearts (350 mg=+25 mg; p-
value =0.002) as compared to healthy hearts (150 mg +25 mg) (Supp. Section 1, Table S1).
Heart failure with impairment of cardiac function was also evident by echocardiography (Supp.
Section 1, Table S2). TAC hearts presented different severity of cardiac remodeling and were
composed of enlarged cardiomyocytes with an overall increase in ECM content (Fig. S1 and
Fig. S2). To perform X-ray diffraction, SHG imaging, histology and IHC on adjacent sections,
excised hearts were sectioned according to the protocol sketched in Fig. 1A. Note that the
sectioning scheme was adapted to obtain tissue sections from similar regions from TAC and
sham hearts. Tissue sections of 30 um for X-ray diffraction and SHG imaging (in red) were cut
at approximately one-third and two-third distance from base to the apex (denoted as region 1
and region 2, respectively), while 1 mm neighboring blocks (in blue) were used for histology.
Figure 1 exemplifies the combined use of the complete set of available modalities depicting
the analysis of neighboring transverse tissue cross sections obtained from the same TAC heart
(TAC 2, see Supp. Section 4-5). The differences in the overall shape of the neighboring heart
tissue sections occurred due to serial cutting of tissue sections of varying thicknesses from
whole heart and subsequent differences in the mounting of tissue sections for each imaging
modality. The paraffin embedding procedure furthermore causes a slight shrinkage of the

tissue, which may influence the appearance of the histological slice.
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Figure 1: Comparative multi-imaging approach using SHG imaging, histological analysis and X-
ray diffraction. (A) Hearts were sectioned in a pre-defined order. Tissue sections for X-ray diffraction
and SHG imaging (in red) were cut at approximately 1/3 and 2/3 distance from base to apex, namely
region 1 (R1) and region 2 (R2), respectively, while 1 mm neighboring blocks (in blue) were used for
histology and IHC. (B) SHG (top) from myosin and collagen are shown in white and MT stained
neighboring tissue section (bottom) depicts hypertrophy and interstitial fibrosis in which muscle is
stained red and collagen deposition in blue. (C) Data taken by X-ray diffraction were first background-
subtracted, angularly averaged and fitted by a model function before a map of a fit parameter such as
filament spacing, and peak intensity could be created. (D) Filament spacing in the bulk tissue (top) is
around 42 nm except for an inner ring marked between the red dotted lines, where 39 nm were measured.
Peak intensity (bottom) is highest around the ventricle. All images were recorded on adjacent tissue
sections obtained from the same TAC heart at region 2. Scale bar: 1 mm. RV right ventricle, LV left
ventricle.

For SHG imaging, two-dimensional (2D) micrographs of 30 um cardiac tissue slices were acquired

using an average power of 40 to 50 mW at a wavelength of 810 nm for SHG emission (Fig. S7). A
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stitched image of a tissue section is shown in Fig. 1B (upper panel) where the SH emission from the
two cardiac harmonophores, i.e. myosin and collagen, are represented in white. Note that the stitched
image presents an overview of the SH emission from an entire cardiac section, at a scale where SHG
derived from myosin cannot be distinguished from the collagen originated SHG. The histological image
(Fig. 1B, lower panel) represents a stitched image of a Masson’s Trichrome (MTS)-stained adjacent
heart tissue section from the same heart sample and shows the muscle stained in red while collagen in

blue highlights regions of interstitial fibrosis.

X-ray diffraction data acquisition required three pre-processing steps, illustrated in Fig. 1C. The acto-
myosin scattering signal was superimposed by intense scattering from the 1 mm thin lead beamstop
wire. To perform accurate background subtraction, 20 empty frames in each line were averaged and
used to subtract from the raw data in the respective line. The subtracted pattern now clearly shows the
(1,2) reflection from the acto-myosin lattice while the (1,0) reflection was absorbed by the beamstop.
Subtracted data were then angularly averaged to obtain one-dimensional (1D) profiles of the scattering
signal as a function of the scattering angle 6, encoded in the wavevector transfer q = 4n/A sin(6/2). The
resulting intensity profiles 1(g) were then fitted using a model function comprised of a power-law decay

and a Gaussian,

1(9)= S q—d+ Ipexp(—(q—q0)2/a2)+ Ibgr,

where the width ¢ of the Gaussian were fixed to 0.034 nm ', while the parameter S, the decay exponent
d, the uniform background intensity Ingr as well as the intensity Ip and lateral position g0 of the Gaussian
component, referred to here as peak intensity and peak position, were obtained from non-linear least
square fitting. The lateral peak position q0 was then converted to the filament spacing a = 47/q0 of the
acto-myosin lattice. All processing steps were performed in MATLAB (MathWorks) using the nano-
diffraction toolbox *2. From the fitted profiles it is already evident that the filament spacing can vary

significantly. Figure 1D indicates that data was averaged within regions A and B.

Figure 1D shows how the filament spacing and the peak intensity, both structural parameters which can
uniquely be assessed by scanning X-ray diffraction, vary throughout the cardiac tissue of the TAC heart.
In this example, the filament spacing map reveals a central ring (highlighted in red) with lower filament
spacing within the bulk of the tissue as compared to the remaining tissue. Three samples were found
that exhibited this particular structural feature. The lattice spacing difference between the outer and

inner ring was 1.7 nm, 2.2 nm and 2.4 nm, as detailed in Supp. Section 2.

X-ray diffraction imaging of sham heart tissue

Healthy tissue sections obtained from sham-operated hearts served as a control group. Figure 2 shows

one example of two sections taken at region 1 and 2. In both regions, the peak intensity was, with more
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than 1 counts/10 ms, significantly higher around the left ventricle than the bulk tissue with 0.22
counts/10 ms, estimated from the mode of the intensity distribution. The mode of the filament spacing
distribution was determined at 38.6 nm and 38.9 nmin region 1 and 2, respectively, which is consistent
with a previous observation by Nicolas et al. 2017*%, where the mode was found at 38.9 nm.

A Region 1: near the base of the heart

total scattered intensity: peak intensity: 0 - 1 counts/10 ms fiber orientation: -90 - 90 degrees filament spacing: 36 - 45 nm
1x10% - 1.7x10¢ counts/ 10 ms

Region 2: near the apex of the heart

total scattered intensity: peak intensity: 0 - 1 counts/10 ms fiber orientation: -90 - 90 degrees filament spacing: 36 - 45 nm
1x10% - 1.7x10% counts/ 10 ms

10* @ Cluster 1 @ Cluster 2

O Cluster 3

@ Cluster 1: lower spacing

® Cluster 2: medium spacing relative lattice spacing (nm)
O Cluster 3: higher spacing

Figure 2: Comparison of structural parameters in region 1 (near the base of the heart) and region
2 (near to the apex of the heart) of a sham heart. (A) In region 1, the filament spacing is
homogeneous, with the sole exception of a small layer in the outer myocardium where the filament
spacing is increased, indicated by red arrows. (B) The filament spacing in region 2 resembles the
distribution in region 1. In contrast to (A), the thin epicardial layer, indicated by a red arrow in a zoom
inset, is now clearly visible. Note that in this layer the filament spacing is reduced. Sections from both
regions appear very similar in shape and size. Total scattered intensity and peak intensity is increased
around the left ventricle and filaments circulate smoothly around the left ventricle. (C) K-means
clustering based on the five-dimensional dataset of fit parameters was used to identify three distinct
clusters which are color-coded in (C). (D) Histograms of lattice spacings corresponding to the three
clusters identified in (C). | Logical maps of the three clusters demonstrate more clearly, that cluster 1
with lattice spacings below 38.9 nm accounts well for the thin epicardial layer while cluster 2 represents
the myocardium, with the exception of cluster 3 that highlights the outer myocardial layer with lattice
spacings above 40.4 nm. Scale bar: 1 mm. RV right ventricle; LV left ventricle.

The outer layer of the myocardium, highlighted in red in Fig. 2A, has a higher filament spacing.
This can be explained by the fact that these muscle fibers only support the structure of the heart
while the inner myocardium generates the force of contraction. The lattice spacing is reduced

at the outermost epicardial layer which is about 4-5 um thick. A reduced lattice spacing, as
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highlighted in red in Fig. 2B, reflects a stiffer matrix, which is primarily composed of
connective tissue. In this region, the peak intensity is well below the mode of the distribution
(Fig. 2B). 1t is even discernible that the epicardial layer in region 2 was slightly more
prominent. This follows the intuition that region 2, i.e. the region closer to the apex of the heart,

more strongly generates the force of contraction to pump blood into systemic circulation.

In fact, a segmentation of the data obtained in region 2 based on k-means clustering with three
clusters could be used to identify the outermost epicardial layer with a lower lattice spacing
and the outer myocardial layer with a higher lattice spacing, respectively. For discrimination
of the three clusters, all five fit parameters, namely S, d, Ip, o and Ingr, were used. The map of
clusters is shown in Fig. 2C together with a histogram of lattice spacings (Fig. 2D) that resulted
from the clusters. Maps of all scan points belonging to one of the three clusters are shown in
Fig. 2E. The outermost epicardial layer can be clearly seen in cluster 1, relating to a cluster
with lower lattice spacings (below 38.9 nm). Lattice spacing corresponding to cluster 1 is also
heterogeneously distributed within the myocardium which provides additional information
about network of tightly packed tissue that might play a role in maintaining the overall
structural integrity of the heart. The bulk of the tissue is composed of lattice spacings between
38.9 nm and 40.4 nm. The third cluster clearly highlights the outer myocardial layer with lattice
spacings above 40.4 nm. The arrangement of the layers of the cardiac wall relative to filament
spacing can provide additional cues about the mechanisms governing the cardiac contractility

in healthy and diseased hearts.

X-ray diffraction, SHG imaging and histology of sham and TAC heart

Based on the 2D scattering patterns, the total scattered intensity and cardiomyocyte chain
orientation or fiber orientation can be inferred. To calculate the former, it is sufficient to
integrate the scattered intensity, while determining the cardiomyocyte chain orientation
requires radial averaging of the 2D patterns within 0.2 — 0.5 nm™, yielding the 1D azimuthal

intensity profile I(p). I(p) was normalized

Inorm(e)=I(@)—min(I(¢))/Zel(¢)

and the circular mean and circular variance (Var) were calculated. The circular mean angle ¢0
of the scattering is rotated 90° with respect to the cardiomyocyte chain orientation. Anisotropy

can now be defined as 1 — Var(Inorm(¢)), yielding values ranging between 0 and 1. Zero
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anisotropy resembles no orientational order, while an anisotropy of 1, i.e. zero variance, would

be indicating perfect orientational order.

In Fig. 3A, filament orientation, anisotropy, peak intensity and filament spacing are shown for
one of the TAC hearts that represented severe cardiac remodeling at a localized region serving
as an interesting example to present a comparison between X-ray diffraction and SHG imaging.
The spatial maps from X-ray diffraction, reveal that a low anisotropy and peak intensity
coincides with a larger filament spacing. In this example, the localized region of cardiac
remodeling at R2 of the TAC heart can be found by thresholding the lattice spacing map at
46.0 nm, as shown in Supp. Section 3. The area is then characterized by an anisotropy of 0.12
and an intensity of 0.11 counts/s, i.e. most myocardium has been replaced by fibrotic, non-
muscle tissue indicating replacement fibrosis at this region. In contrast, the entire sample is
characterized by an anisotropy around 0.51 and an intensity of 0.27 counts/10 ms. This shows
that, without the presence of intense reflections, there is only residual alignment and anisotropy

reflects the orientational order of all scattering components of the tissue.
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fiber orientation: Merged SH emission
-90 - 90 degrees i and nuclei stain

X-ray diffraction

Figure 3: Images of tissue sections from the same TAC-operated heart with a region of severe
pathological remodeling (pointed by arrows). (A) X-ray diffraction of this region (marked by black
arrows) is distinguished by a lower anisotropy, a peak intensity close to zero and an increased filament
spacing surrounding the affected tissue area while the primary orientation of the tissue components is
maintained. For this reason, the fit diverges and the filament spacing reaches the fit boundary value of
45 nm. (B) SHG imaging shows negligible SH emission from myosin and collagen at this region and a
higher signal from the DRAQ5 nuclear stain in red (marked by white arrows) which indicates a high
cell infiltration. (C) Magnified histological images of this region reveal a limited deposition of collagen
in blue as shown by the MTS (left image, marked by black arrowheads) and a high infiltration of
positively stained macrophages shown by anti-CD68 IHC (right image, marked by black arrowheads).
Scale bar in (A,B) 1 mm, scale bar in (C) 50 um. RV right ventricle; LV left ventricle.

The distribution of filament spacings together with maps of structural parameters for all 12
imaged sections are shown in Supp. Section 4. The average mode of all sham heart sections
was 39.0 £ 0.3 nm and the lattice spacings in Figure S3 and Figure S6 are shown relative to this
reference value to highlight any relative changes. The distribution of R2 of sample TAC 3,
representative for a sample with a central ring, was bimodal with two modes at 38.7 nm and
40.3 nm.

Corresponding to these findings, Fig. 3B shows that the SH emission from both myosin and
collagen is only sparsely present or even completely absent in this severely affected localized
region of the TAC heart adding further evidence to the finding that this region had replacement
fibrosis (Supp. Section 5, Fig. S7). Further, in this TAC heart the presence of high cell
infiltration was also observed by DRAQ5 nuclear staining. An overall 78% increase in cell

infiltration (Supp. Section 6, Fig. S8) in TAC 3 heart indicates an active immune response
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which was confirmed by positive immunostaining of immune cells using antibodies against the
leucocyte marker CD45 (Fig. S8A-B) and the macrophage marker CD68 (Fig. 3C and Fig.
S8C-D). Furthermore, IHC also showed a 65% increase in the expression of alpha-smooth
muscle actin within the myocardium of this TAC heart as compared to sham hearts, indicating
the presence of active myofibroblasts (Fig. S8E-F).

SHG imaging of sham heart tissue

SHG imaging was performed to gain detailed information on the structural disruption of the
cardiac tissue at sub-cellular level. A 2D image of a coronary blood vessel of a sham heart with
representative images for DRAQ5 stained nuclei, SHG and the merged signal is shown in Fig.
4A. SH emission from myosin and collagen can be clearly distinguished as they present distinct
structural morphology. The SHG from collagen fibers shows fibrous structures, which in
healthy hearts were only visualized at localized regions such as around the large coronary blood
vessels (Fig. 4B). Myofibrils are the main components of the cardiac muscle mass and hence
myosin SHG signals were abundantly present throughout the heart. Within the sarcomere, the
SHG signal originates from the A-band, which is the region primarily composed of thick
myosin filaments. The A-band is separated by an isotropic region (I-band) composed of actin
filaments which appear dark as they do not emit SH signal, resulting in the striated pattern of
the myofibril (Fig. 4A). However, the efficiency of a myosin-specific SH signal was found to
be strongly dependent on various factors including the orientation of the myofibrils, the focus
of the imaging plane and the physical and virtual cut of the tissue. If the filament axis was lying
in the imaging plane the characteristic striated pattern was resolved and had a high SHG signal
intensity (Fig. 4B), which was weaker otherwise (Fig. 4C). On the other hand, the intensity of
collagen specific SHG was less depended on the orientation but was mainly affected by the

thickness and quantity of collagen fibers (Fig. 4B, C).
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A SH emission

Lumen of
blood vessel

Nuclear stain

blood vessel

Merged

Figure 4: Representative 2D images of SH emission from myosin and collagen in a sham
heart. (A) A region around a coronary blood vessel is shown including the images for DRAQS5 nuclear
staining of cells, the merged image and an enlarged image for SH emission for clear visualization. The
blue arrowhead marks the SH emission from collagen fibers localized around the blood vessel and the
red arrowhead shows the SHG originating from myosin emitting a typical striated pattern. The
Anisotropic band (A-band) is marked in the zoomed-in image of the myofibril. (B) SH emission from
myosin fibers lying in the imaging plane except for the region marked with a green star. (C) SHG from
myosin fibers which are not aligned in the imaging plane except for regions marked with red stars.
Collagen-emitted SHG is marked by blue arrowheads which is present in (B) around the blood vessel
and in (C) at the epicardium. Scale bar: 20 um (A) and 50 um (B, C).

43



Chapter 1

Collagen-emitted SHG in sham and TAC heart tissue

Furthermore, the comparison of images of whole tissue sections from sham and TAC-operated
hearts revealed the difference in the overall morphology and distribution of collagen and
myosin represented by their SHG signal (Fig. 5). In sham hearts the collagen fibers were mainly
visualized around the large coronary vessels and the epicardium (Fig. 5A). In comparison, the
collagen emitted SHG intensity in TAC hearts was significantly higher (p-value=0.015)
(Supp. Section 7, Fig. S9A and C) around the coronary vessels signifying the development of
perivascular fibrosis. This was further validated by histology which showed similar results (p-
value =0.039) (Supp. Section 7, Fig. S9B and D). SHG also revealed the presence of collagen
fibers within the interstitial space at sub-micron scale in TAC hearts, allowing the visualization
of the individual collagen fibrils surrounded by myofibers (Fig. 5B).
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A Sham heart

Nuclear stain Merged Nuclear stain Merged

SH emission
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Figure 5: Representative images of the regions with collagen specific SHG in sham and TAC-
operated hearts including DRAQ5 nuclear staining for visualization of cells, merged images for
nuclear stain and SHG signal and enlarged images for SH emission for clear
visualization. (A) Collagen-specific SHG signals in the sham heart were present around the coronary
blood vessels and the epicardium (blue arrowheads). (B) SHG in the TAC hearts revealed the
development of perivascular and interstitial fibrosis (red arrowheads). Individual collagen fibers were
also visualized within the muscle mass in TAC hearts (green arrowhead). Scale bars: 50 pm.
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Myofibril morphology in sham and TAC hearts

SHG from myosin in sham heart tissue showed a linear arrangement of myofibrils. The
intercalated disks between individual muscle fibers appear as dark regions owing to the fact
that these areas do not generate SH signals (Fig. 6A). By contrast, areas with severe
pathological tissue remodeling were found in TAC hearts, which contained distorted myosin
fibers. These regions were comprised of abnormal and undulated myosin fibers that lacked
periodicity and symmetry, features which were present in healthy hearts. Interestingly, the
collagen fibers in these areas were sparsely present or completely absent (Fig. 6B). Such
regions of abnormal myosin filaments were abundant at the wall of the left ventricle and within

region 2, i.e. near the apex of TAC hearts.

SHG imaging also revealed that the deposition of collagen fibers has detrimental effects on
myosin fiber morphology. An excess of collagen seemed to have caused the displacement of
myofibrils which might also contribute to ruptures and changes in the arrangement of the

surrounding myofibrils (Fig. 6C).
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Figure 6: Representative images of SHG showing the arrangement of myosin fibers in sham and
TAC-operated hearts with overview images (top) and magnified images at the ROI
(bottom). (A) The myosin fibers show a linear and symmetric arrangement in the sham heart. The
intercalated disks between myosin fibers do not emit SHG and appear dark which is pointed by a blue
arrowhead. (B) In the TAC heart, undulated myosin fibers are located within the muscle mass as shown
by a green arrowhead. (C) The cross-linked collagen fibers can be seen in the myocardium causing
disruption and rupture of myosin fibers indicated by red arrowheads. Scale bars: 50 um in overview
images (top panel) and 20 um in magnified ROI images (bottom panel). (D) Image analysis of myosin
morphology in SHG micrographs of TAC and sham hearts. The power spectral density (PSD) was
computed for each image, see the example of a TAC (bottom) and sham micrograph (top) by 2D fast
Fourier transformation (FFT). The 2D PSD shows a pattern reflecting the orientation of myosin strands,
the periodicity of the striation as well as the degree of undulation. (E) After azimuthal average, a single
scalar indicator value can be computed from the 1D PSD, which differs between TAC and sham
morphology with high statistical significance (see main text).
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Next, we investigated whether the morphological changes in the myosin fibers described above
for exemplary images, can be quantified by an automated image processing scheme and
whether the group differences in morphology between TAC and sham stand up against
statistical tests. To this end we designed a Fourier-based image processing workflow, starting
with a 2D FFT operation for each micrograph. The resulting power spectral density (PSD)
given by the squared modulus of the Fourier image was plotted which reflected the orientation
of myofibril strand, the striation periodicity in terms of the corresponding lattice peaks, as well
as the degree of undulation (Fig. 6D). The 2D PSD graphs were then analyzed with respect to
their two main axes of symmetry determined by a principal component analysis (PCA)?*. Since
the undulation was identified as the main characteristic feature of TAC morphology, a PSD-
based indicator metric was computed as follows. Starting from the center of the PSD image, a
cake integration was performed covering the two principal axes. The opening angle of this
integration cone (‘cake’) was then varied between 5° and 20°. Division of a 1D PSD curve
computed with larger angle by a curve computed with lower angle then yields an indicator
curve. The larger the amount of (partial) rotational averaging by the undulations, the smaller
the deviation of the indicator curve from a value of 1. This was finally captured by a simple
root-mean-square analysis yielding a single scalar value for the PSD-indicator, as displayed in
the box-whisker plot of (Fig. 6E). This was achieved by comparing a total of 20 TAC
micrographs and 20 sham micrographs from 3 TAC and 3 sham hearts, respectively (Supp.
Section 8). The distributions of the PSD-indicator for 3 TAC and 3 sham intra-group averages
were then subjected to a two-tailed paired Student’s t-test, indicating a p-value of p=0.0011.
In summary, these findings show that myofibrils in TAC hearts are irregular and distorted as

compared to the very linear arrangement in sham hearts.
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Discussion

In this proof of concept study, we demonstrated that spatially-resolved X-ray diffraction and
SHG imaging enables an additive and comprehensive assessment of myosin filaments,
revealing structural disruption of the myocardium due to fibrosis and hypertrophy in a mouse

model of cardiac pressure-overload.

X-ray diffraction reveals the cardiomyocyte chain orientation throughout the whole
myocardium (fiber orientation), the degree of chain alignment or anisotropy, the peak intensity
reflecting the predominance and ordering of the acto-myosin structure, as well as the filament
spacing as the most important structural parameter of the acto-myosin assembly. Together, the
spatial maps of these parameters unveil the cardiac micro-architecture underlying its
mechanical function. Importantly, this study shows how the scale-bridging ability of spatially-
resolved X-ray diffraction arises from its intrinsic combination of information from real- and
reciprocal space, enabled by automated analysis of millions of diffraction patterns. Compared
to control (sham) hearts the diffraction signals in TAC hearts reveal structural abnormalities in
the myocardium which exemplifies the ability of X-ray diffraction to elucidate pathological
structure alterations. Based on 2D maps of filament spacing and peak intensity, we could
identify fibrotic lesions and observe an increase in lattice spacing in the surrounding tissue. In
sham hearts, only the outer myocardial layer coincides with an increased lattice spacing. This
points to the fact that regions with a higher amount of connective tissue may be associated with
a different structure of the acto-myosin assembly. Since at this point, we lack a model according
to which the lattice spacing of thick and thin filaments can be put into direct relation to
mechanical properties, the increased values are difficult to interpret, but may speculatively be
attributed to a softer muscle structure. In this simplified picture, the outer myocardium, which
is also characterized by an increased lattice spacing could potentially also accommodate a
relaxed filament packing, in contrast to the inner myocardium which generates the contractile

force.

Fibrotic tissue was found to also yield a low anisotropy, i.e. orientational order. This indicates
that the replacing tissue components, although maintaining the original orientation of the tissue,
do only pertain a residual degree of alignment. Mapping the filament spacing can also reveal
‘hidden features’ of the cardiac architecture. For example, we have found very distinct regions
in the bulk of the tissue where the filament spacing was significantly lower than in the

remaining tissue. We therefore hypothesize that sheets of myocardium that are required to
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generate a larger force are composed of muscle fibers with denser filament packing. To this
end, correlating the diffraction results to a full 3D vector field mapping of the cardiomyocyte
chain orientation, as it can be obtained from X-ray tomography, could potentially show whether
such sheets can be delineated and distinguished both in their radial and helical angles as well

as acto-myosin structure.

All TAC hearts presented different degrees of severity of cardiac remodeling which were
successfully identified by using both techniques. For instance, one of the TAC hearts presented
an active immune response and replacement fibrosis at the left ventricular wall. The regions of
high cell infiltration in this TAC heart lacked the acto-myosin diffraction signal, and also the
SHG emission from myosin and collagen fibers, which signifies the presence of activated
myofibroblasts and the transition of healthy cardiac tissue to a fibrotic subtype?®2t. By contrast,
the two other TAC hearts did not show an active immune response but presented severe
hypertrophy in the presence of either interstitial and/or perivascular fibrosis. Thus, the
combined use of X-ray diffraction and SHG imaging corroborated the finding that two stages
of fibrosis were observed: an active onset of fibrosis with immune response and an end-stage
fibrosis with collagen deposition and ECM turnover accompanied by myofibril

distortion®°2526

Notwithstanding the unique capability of scanning X-ray diffraction, we must also briefly
discuss the detrimental effect of radiation damage. As discussed in Nicolas et al. 2019%°, the
acto-myosin reflection is sensitive to dose and dose rate, controlled by the various scan
parameters. For this reason, we here chose a fixed exposure time of 10 ms, step sizes around 5
um and a spacing of 5 um between adjacent scan lines to avoid illumination of areas of the
tissue which have already received a significant dose before and therefore do not reflect the
undamaged structure. While the applied dose of 2.54 MGy still exceeds the tolerable dose of
0.5 MGy we can assume that by this ‘fresh spot’ illumination strategy, the sample is largely
unaffected by radiation damage®®. In particular, given this particularly careful choice of raster-
scanning parameters, the structural parameters such as filament spacing are not affected as
demonstrated in Nicolas et al. 2019, The overall scan time required for one scan was, on
average, approximately 8 h. This time will be significantly reduced in future experiments, given

the brightness increase resulting from current and future synchrotron upgrades.

Complementing and extending these findings, features attributed to fibrosis and hypertrophy,

starting from single collagen fibrils to deteriorated myofibrils, were also visualized by SHG
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imaging. In particular our results demonstrate the ability of SHG imaging to visualize cardiac
structure at sub-cellular scale which can be used to detect and distinguish SHG from the myosin
and collagen fibers. Tiaho et al. 2007 showed that SHG from myosin and collagen can be
distinguished in gastrocnemius muscle when excited using the same wavelength®2’. Our
results add to this finding by presenting SHG imaging in healthy hearts in comparison with
hypertrophic and fibrotic hearts highlighting the possibility to visualize structural discrepancies
in pathological heart tissue. This approach could be further exploited in future to study the
detrimental effects of other pathologies on the most relevant structural and functional
constituents of the heart, i.e. collagen and myosin?32%303t Previous work has further shown
that changes in the SHG signal intensity can yield structural information on a crystallographic
level, such as the semi-crystalline order of the A-band®2 or the helical myosin filament angle®®.
Here, by scanning X-ray diffraction, we can now correlate a spatially varying SHG intensity to
the changes in the crystallographic filament packing of acto-myosin.

We have also shown that morphological changes attributed to heart failure can be successfully
identified at sub-micron scale using SHG imaging including reliable detection of interstitial
and perivascular fibrosis and myofibril distortion at tissue level. Yuan et al. 2019 investigated
the structure of cardiac myosin filaments in a pressure overload mouse model®. They reported
changes in the myosin structure in a cell stretch model but found no differences in morphology
of the myocardium at tissue level. By contrast, we observed pronounced differences in the sub-
cellular architecture of the myocardium in healthy and diseased hearts including collagen
deposition and disruption of myosin fibrils at high-resolution (Fig. 6). The discrepancy in these
findings is attributed to the fundamental differences in the methodology including the imaging
approach. For instance, in the previous study polarized SHG imaging was performed to image
cryofrozen tissue sections in relatively small fields of view (FOV)®. While we performed non-
polarized SHG imaging on fixed 30 um vibratome tissue sections obtained from different
regions of the hearts which were not frozen. Further, we also acquired overview scans for
probing entire tissue sections and then performed subsequent high-resolution imaging at an
ROI. Most importantly, in our study SHG imaging was performed on relatively severely
affected hearts that were obtained 16 weeks post TAC operation, while in the previous study
hearts were imaged 4 weeks after TAC which had early onset of cardiac remodeling only at

single-cell level®.
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The observed disruption of myofibrils that may occur due to the cross-linking of collagen fibers
as a result of ECM remodeling has not been reported before. This might be due to the fact that
histology is the most commonly used conventional diagnostic tool for accessing cardiac
pathology which is not able to visualize the micro-abrasions and cannot resolve composition
and interaction of individual myofibrils and collagen fibers within the heart tissue. Moreover,
unlike histology, SHG imaging is a label-free imaging approach which has high specificity and
hence avoids complications like unspecific binding and overstaining of tissue slices and

therefore saves a significant amount of time that is usually needed for the staining process.

In healthy cardiac tissue the myofibrils exhibited a regular and periodic organization while in
the diseased hearts the myofibrils had irregularities in the periodicity. In certain myopathies
inclusion of non-sarcomeric structures can cause damage to microarchitecture of the muscle3.
In TAC mouse model, the pressure-overload induced hypertrophy and fibrosis may have
resulted in undulated and twisted and/or ruptured myofibrils. Since this phenomenon was not
observed in sham hearts, it was not an artefact from sample preparation. We postulate that in
fibrotic hearts, underlying ECM remodeling and collagen deposition in surrounding regions
may cause undulation by displacing the myosin filaments within the cardiac muscle mass.
However, further testing would be necessary to confirm this claim by analyzing thicker tissue
samples in 3D obtained at different time points after TAC operation and also by looking into
different cardiac pathologies. Since the sarcomere is the fundamental element of cardiac
contractility, the reported micro-modulations of myofibrils can also help explain the contractile

dysfunction and arrythmias known to occur due to cardiac failure.

Conclusion and future prospective

Combined results from the two imaging modalities contribute to the understanding of the
pathology of cardiac pressure-overload by providing unprecedented visualizations of
pathological alterations in heart tissue samples. These findings are beyond the scope of
conventional histology and IHC which cannot provide information on the crystallographic
structure of acto-myosin filament lattice. Further, histology also lacks the resolution and
specificity of SH intrinsic signal. Importantly, the recorded signals lend themselves to ample
quantification, which in future can be extended well beyond the current level. The present study
already provides a blueprint for such future studies, by comparing the structure of healthy and
pathogenic hearts. The characteristic alterations of the micro-architecture in the diseased heart

such as disarrayed myocardium, deterioration and rupture of myofibrils and interaction of ECM
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with surrounding tissue may possibly also serve as “imaging biomarkers” in future diagnostic
applications. Given prior combined and mutual corroboration of synchrotron X-ray and SHG
imaging results for validation studies performed on cardiac biopsies, one would ultimately be
able to base a diagnostic decision only on SHG imaging alone, since it is the clinically much
more accessible technique®*3®. Finally, we hope that by revealing pathological alterations
during different stages of cardiac remodeling, advanced imaging of cardiac structures using
SHG as compared to histology will provide precise and reliable quantification of pathological
alterations in cardiac tissue. This can consequently also facilitate the optimization of
therapeutic strategies by allowing the visualization of the response to therapy at structural level

in preclinical studies®’.
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Supplementary material
S1. Echocardiography and histological data for sham and TAC hearts

Each TAC-operated mouse heart presented distinct severity of cardiac remodeling which is
presented by the echocardiography functional analysis and histological data showing overview

of cardiac morphology. All data for TAC hearts is presented in comparison to the sham hearts.

Table S2.1. Information on mice and hearts morphometry. Dates are given according to the

international 1ISO 8601 standard, i.e. in the form yyyy-mm-dd.

Date Date of Date I?_;ody Heart Long. Trans-verse
Opera- weight at - Length -
ID Sex of : opera- of sac- . weight width of
. tion . o harvesting of heart
birth tion rifice (9) heart(mm)
(9) (mm)

Sham 2017- 2017-  2018-

1 F 07-10 Sham 09-04  01-15 20.3 0.16 6 5
Sham 2017- 2017-  2018-

5 M 07-10 Sham 09-18  01-15 28.0 0.15 7 5
Sham 2017- 2017-  2018-

3 M 07-10 Sham 09-18  01-15 25.7 0.15 6 4
Sham i ) ) ) ) i i

4*
TAC 2017- 2017-  2018-

1 F 07-10 TAC 09-04  01-15 19.3 0.33 10 8

2018-

TAC 2017- 2017-

2 M 07-10 TAC 09-18 i)é 26.7 0.36 11 9
TAC 2017- 2017-  2018-

3 M 07-10 TAC 09-18  01-15 30.0 0.32 10 8

* Data published in Nicolas et al., 2017.
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Table S2. Echocardiographic parameters for sham and TAC mouse at 16 weeks after surgery

HR LVIDd LVIDs PWThd PWThs AWThd AWThs FS EF SV CcO

MU mom)  nm)  m)  m) m) m) m ) ) () (mLmin)
Sham 1 437 4.0 2.9 0.6 0.9 0.8 1.1 275 52.4 41.8 18.3
Sham 2 559 4.2 3.4 0.6 1.2 0.8 1.1 27.9 51.7 61.9 34.6
Sham 3 470 4.0 2.5 0.8 15 0.9 1.0 38.7 66.3 56.9 26.8
?:(iasf; 489 4.08 2.92 0.69 1.17 0.84 1.09 31.4 56.82 53.5 26.54
SEM (2) 36.4 0.07 0.27 0.07 0.18 0.04 0.02 3.67 4.75 6.05 4.72
TAC1 445 4.4 3.8 1.0 1.1 1.1 1.3 11.7 31.2 33.8 15.0
TAC 2 553 49 3.7 0.8 1.2 1.0 1.2 23.9 46.8 67.6 374
TAC 3 468 4.7 4.0 1.0 1.1 1.1 15 15.2 39.3 52.0 24.3

Mean

(n=3) 489 4.6* 3.9* 0.9 1.1 1.1* 1.4* 16.9* 39.1 51.1 25.6
SEM (z) 32.8 0.15 0.09 0.05 0.03 0.05 0.06 3.65 450 9.79 6.49

AWThd, left ventricle anterior wall thickness at diastole; AWThs, left ventricle anterior wall
thickness at syst>!’ole; bpm, beats per minute; Co, cardiac output; EF, ejection fraction; FS,
fractional shortening; HR, heart rate; LVIDd, left ventricular internal diameter at diastole;
LVIDs, left ventricular internal diameter at systole; PWThd , left ventricle posterior wall
thickness at diastole; PWThs, left ventricle posterior wall thickness at systole; SV, stroke
volume; TAC, transverse aortic constriction. *P < 0.05 vs. sham; two-tailed unpaired

Student&apos;s t-test. Data are expressed as mean = SEM.
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Sham heart TAC heart

Figure S1: Histological representation of cardiac remodeling in transverse aortic constriction
(TAC) heart. (A-B) Cardiac tissue sections stained with haematoxylin and eosin stain (H&E) shows
increase in the overall size of a TAC heart in comparison to a sham heart. (C-D) Magnified images of
H&E stained hearts showing the enlarged size of cardiomyocytes in the TAC heart as compared to the
sham heart. (E-F) Representative magnified images of Masson’s Trichrome stained (MTS) tissue from
healthy sham heart with collagen (blue) deposition at the epicardium and in TAC heart MTS revealed
development of interstitial fibrosis. Scale bar in A, B: 1 mm, scale bar in C-F: 50 pm.
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Figure S2: Overview and representative images at ROl of Masson Trichrome stained tissue
sections from sham and TAC hearts. The muscle is stained pink while collagen is stained aniline blue.
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S2. Quantification of lattice spacing difference in ring-like structural feature

Three samples show significant alterations in lattice spacing within two regions of the
myocardium. The region with lower lattice spacing appears in a ring-like shape and was found
in samples from both sham and TAC and in region 1 as well as region 2. In all three samples,
two smaller regions of interest (labeled A and B in Fig. S2) were identified by eye and the
mean lattice spacings were obtained. It was found, that the lattice spacing differed by 1.7, 2.2
and 2.4 nm in region 1 of Sham 1, region 2 of TAC 1 and region 1 of TAC 1, respectively. The
lattice spacing map relative to a reference value of 39.0 nm is shown for all three samples in
Fig. S2.
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Figure S3: Three samples showed a reduction in lattice spacing within the myocardium with the
shape of a ring. In region 1 of TAC 1 and region 2 of TAC 1, the boundary between these two regions
appears sharp. The difference in lattice spacing was quantified by subtracting the mean lattice spacing
obtained in region A from the mean lattice spacing of region B. Both regions are indicated by black
boxes. Lattice spacing is given in nanometers, relative to a reference value of 39 nm.

S3. Quantification of anisotropy and lattice spacing in fibrotic lesion

Regions of low intensity and low anisotropy pointed out in region 2 of sample TAC 1 and
discussed in Fig. 3 of the main text appear to correlate well with the region of intense cardiac
remodeling. Based on the two-dimensional (2D) histograms (or: 2D density of scan points) of
anisotropy against lattice spacing and intensity, the difference in intensity and anisotropy
between the fibrotic lesion and the bulk tissue can be quantified. Fig. S3A shows the 2D
histogram of anisotropy against lattice spacing. Clearly, the bulk of the tissue has a lattice
spacing of 39.5 nm and an anisotropy of 0.57, as identified by the maximum of the histogram
which is highlighted by a red circle in Fig. S3. The distribution of lattice spacing also broadens
with decreasing anisotropy. A decrease in anisotropy is, however, also linked to a decrease in

intensity, as shown in Fig. S3B. Here, the distribution is tailed towards lower intensity with
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decreasing anisotropy. The maximum is now located at an anisotropy of 0.51 and an intensity
of 0.27 counts/10 ms. To identify the region of cardiac remodeling, the lattice spacing serves
as an accurate structural discriminator. Selecting only scan points with a lattice spacing greater
than 45.0 nm yields the distribution shown in Fig. S3C, with a maximum at 0.12 and 0.11
counts/10 ms. Inspecting the logical map in (D) shows, that the affected region is indeed well

localized by thresholding.
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Figure S4: Estimation of intensity and anisotropy in the region of cardiac remodeling. (A) Density
of scan points (excluding background) as a function of anisotropy and lattice spacing. The horizontal
black line is located at a reference value of 39.0 nm obtained from six sham samples. A red dot marks
the maximum of the density map. (B) Density of the same scan points shown in (A) plotted as a function
of anisotropy and intensity, with a maximum at 0.51 and 0.27 counts/10 ms. (C) Selecting only scan
points with a lattice spacing above 45 nm results in a distribution with a maximum at 0.12 in anisotropy
and 0.11 counts/10 ms in diffraction intensity. Since the applied criterium coincides with the region of
cardiac remodeling as seen in (D), it is the distribution of anisotropy and intensity within this region.

S4. Lattice spacing distributions and maps of structural parameters for all sample

sections

The entire X-ray dataset processed within the period of two allocated beamtimes consisted of
12 samples. All samples were processed in the same fashion and five structural parameters
were extracted per sample. The lattice spacing, encoding the packing density of myofibrils, is
shown in violin and box plots in Fig. S4A. It is evident, that some distributions, e.g. for TAC
1 (R1) are asymmetric. Due to this skewness, we have quantified the mode of all distributions
instead of the mean. The average mode for all 6 Sham samples was found to be 39.0 £ 0.3 nm,
and is indicated by a solid black line in Fig. S4A. To obtain the lattice spacing mode, the data
was binned into a histogram with a bin width of 0.1 nm and the histogram was modeled using
kernel density estimation (as implemented by the function ksdensity in MATLAB). The peak

of the model function was chosen as the mode of the distribution. An initial attempt to quantify

59



Chapter 1

the distribution modeled the lattice spacing distribution as a sum of a Gaussian and Lorentz
line shape with identical full width half maximum to include the longer tails of the distribution.
The resulting pseudo-Voigt profile was fitted using a non-linear least-squares algorithm. In
fact, in many samples the lattice spacing could be exactly modeled with this approach. It failed
however for samples with significant skewness such as TAC 1 (R1) or Sham 1 (R1) or with
more than one mode as in sample TAC 1 (R2) or, to a lesser extend, sample Sham 4. Data,
kernel density estimate and model fit are shown in Fig. S4B. For completeness, the full dataset

of all five structural parameters is on display in Fig. S5.
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Figure S5: Analysis of the distribution of lattice spacings for all twelve imaged samples. (A) Violin
and box plots of the lattice spacing distribution in 12 samples, out of which 6 samples were from three
hearts of sham-operated mice, while 6 samples were from three murine hearts that showed hypertension
and hypertrophy. Several samples showed an asymmetry in the lattice spacing distribution or even
multimodality. The mean mode estimated from all Sham hearts was determined at 39.0 +- 0.3 nm. (B)
The same distributions were modeled by a pseudo-Voigt profile using least-squares fitting and the mode
was extracted from the maximum of the kernel density estimate.

60



total scattensd

peak ntensity
(counts/10 ms)

relative flament
spacing (am)

fiber arientation

B

N

z =]

i

EEE

=3 o

5[\
Zx10" « 5x10°

peak intensity
{counts/10 ms)

relative filament
spaung (nm)

fver orientation

Intensity
(counts/10 ms)

1gim 1
-

2x10" - 5x10*

7x10" — 14x10*

Tx10' =+ 15x10

' Bx10' — 15x10°

7x10" = 15x10*

7x10' = 23x10°

8x10" + 17x10'

@

0-1

AN
1§

Chapter 1

Figure S6: Maps of five structural parameters for all twelve imaged samples. (A) Sections from
sham samples. (B) Sections from TAC samples.
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S5. SHG micrographs for whole cardiac tissue sections

2D SHG micrographs of whole cardiac tissue sections were stitched to present an overview of
the myocardium structure in sham and TAC hearts. Myofibrils in sham hearts showed a
symmetrical and regular arrangement while in TAC hearts a clear disruption of the myocardium

was observed.

Overview of SHG images in sham hearts
Sham 2 (R2 Sham 3 (R2
.

Figure S7: SHG imaging of sham and TAC hearts. Stitched 2D mosaic of whole cardiac tissue
sections showing SHG in (A) sham and (C) TAC hearts. Representative images at ROl marked by a
red box are shown for enhanced visualization of cardiac structures in (B) sham heart and (D) TAC heart.
Scale bar in A and C: 1mm; scale bar in B and D: 100 pm
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S6. Quantification of immune cell infiltration and alpha-SMA expression in TAC 3

In order to quantify the cell infiltration in TAC 3 heart sample, the percentage increase in cell
count was calculated at five ROI for both anti CD45 and anti CD68 stained tissue. An overall
78% increase in cell-infiltration was found in TAC 3 heart sample as compared to the sham
hearts. The percentage area of positively labelled alpha-SMA was also measured for TAC 3
and sham hearts. The results showed a 65% increase in the expression of alpha-SMA in the

myocardium of TAC 3 heart sample as compared to sham hearts.

Anti CD45 Anti CD68 Anti alpha-SMA

Figure S8: Representative images of IHC stained cardiac tissue sections a for sham hearts (top
panel) and TAC hearts (bottom panel). (A-B) Image of anti-CD45 stained cardiac tissue revealing
the infiltration of leucocytes in a representative TAC heart as compared to a sham heart. (C-D)
Representative image of an anti-CD68 stained cardiac tissue shows an increased number of
macrophages within the myocardium ina TAC heart as compared to sham heart. (E-F) Anti alpha-SMA
staining shows cells positively labelled with alpha-smooth muscle actin in the myocardium of a TAC
heart reflecting activated fibroblasts which are not present in the sham heart. The images represented
are shown from sham 2 and 3, and TAC 3 heart samples. Scale bar: 100 um.

S7. Quantification of perivascular fibrosis

The quantification of perivascular fibrosis was performed on SHG and MTS images of sham
and TAC heart using ImageJ software. Briefly, an ROI was selected around the blood vessels.
A threshold was applied at the ROI to select the collagen emitted SHG and aniline blue stain
for collagen in MTS images. The percentage area was then depicted which was used for

statistical analysis. A two-tailed Student’s t-test was applied which indicated significant
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differences in collagen deposition between sham and TAC hearts for both SHG
imaging (p=0.015) and MTS (p=0.0391).
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Figure S9: Quantification of perivascular fibrosis in sham and TAC hearts. A) Representative
zoomed SHG images of coronary blood vessel in TAC and Sham heart. B) Representative zoomed
images of MT stained blood vessel. C) Graph showing significantly higher percentage area of
collagen emitted SHG in TAC heart as compared to the sham heart. D) Graph showing significantly
higher percentage area for Aniline blue stain for collagen. The represented SHG and MTS images are
from same sham and TAC sample. Data are the mean = SE. *P<0.05; n = 3 per group.

S8A. 2D micrographs used for quantification of myofibril periodicity in sham and TAC
hearts

All images in section S8A and S8B were acquired with a two photon laser scanning microscopy
(2P-LSM) setup (TriM Scope IlI, LaVision BioTec) equipped with a femtosecond-pulsed
titanium-sapphire (Ti:Sa) laser (CRONUS laser; Coherent). A Zeiss W Plan-Apochromat 20x
(NA 1.0) water immersion objective was used for image acquisition. All images were collected
and processed with ImSpector (LaVision BioTec) and Fiji 3. Images at the region of interest
(ROI) were acquired using 112 x 112 um image size, 1024 x 1024 pixels and 2.25 s pixel

dwell time.
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SH emission in sham hearts
S Sham1 - el gham 7

Figure S10: Twenty SHG micrographs showing the morphology of cardiac myofibrils in sham
hearts (n = 3). All these images were used for quantitative and statistical assessment for determining
the PSD indicator reflecting the orientation of strand, the striation periodicity in terms of the
corresponding lattice peaks, as well as the degree of undulation in sham hearts. Scale bar: 25um
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Figure S11: Twenty SHG micrographs showing the morphology of cardiac myofibrils in TAC
hearts (n = 3). All these images were used for quantitative and statistical assessment for determining
the PSD indicator reflecting the orientation of strand, the striation periodicity in terms of the
corresponding lattice peaks, as well as the degree of undulation in TAC hearts. Scale bar: 25um
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Heart failure is one of the most common causes of morbidity and mortality. Both maturational
abnormalities and age-associated cardiac pathologies contribute to heart failure. Imaging-based
assessment to discern detailed cardiac structure at various maturational stages is imperative for
understanding mechanisms behind cardiac growth and aging. Using two-photon microscopy
(TPM) based label-free imaging, we investigated cardiac structural modulations in a human-
relevant aging model, the common marmoset monkeys (Callithrix jacchus) divided into three
different age groups including neonatal, young adult and old/geriatric. By devising a unique
strategy for segregating collagen and myosin emitted second harmonic generation (SHG)
signals, we performed volumetric assessment of collagen and total tissue (collagen + myosin).
Aged marmoset hearts exhibited an increase in collagen and total tissue volume at the sites of
severe tissue remodelling indicating age-related cardiac fibrosis. Significantly low tissue
volume in neonatal marmoset hearts was attributed to a lack of banding between the myofibrils
in maturing cardiac tissue. Comprehensive quantitative assessment of structural composition
during maturation and aging of marmoset hearts revealed significant differences in myofibril
length, alignment, curvature and angular distribution. In conclusion, label-free high-resolution
TPM facilitates visualization and quantification of subcellular structural features for

understanding vital age-related morphological alterations in the marmoset heart.

71



Chapter 2

Introduction

Cardiac maturation and growth are dynamic processes that involve complex and well-
orchestrated biochemical, physiological, and anatomical changes that define the cardiac
function in different age groups. Our current understanding of postnatal cardiac development
and aging is limited by an overall lack of reliable data about the cardiomyocyte (CM) growth

and proliferation mechanisms in the heart from birth to early adulthood and old age [1-6].

Fundamental differences in cardiac structure and physiology exist between a neonatal and adult
mammalian heart in several ways, mainly because the neonatal CM are not fully developed.
Structural maturity and myocardial growth in humans are based on CM enlargement and
proliferation at the early postnatal developmental stages [2,7-9]. Shortly after birth, numerous
transitions are triggered in the neonatal heart that initiate complex remodeling from a fetal state
into an adult heart. Radiocarbon birth dating has further shown that a small portion of CMs is
replaced in humans older than 20 years [10]. Imaging-based assessment to discern detailed
cardiac structural composition in neonatal hearts and its comparison at the cellular level with

an adult heart and aged hearts is by far greatly lacking.

Over the span of cardiac growth and structural maturation, an aged heart begins to display
pathophysiological remodeling which also makes aging one of the leading risk factors for heart
failure related morbidity and mortality. Aged heart exhibits development of left ventricular
(LV) hypertrophy, excessive extracellular matrix (ECM) deposition and CM senescence even
in absence of underlying pathology [4,11-17]. Evolving evidence shows that inflammatory and
fibrogenic pathways play a pivotal role in triggering CM as well as vascular aging [18-21].
Beside tissue remodeling, a myriad of additional cellular factors are associated with cardiac
aging including age-related apoptosis and excitation-contraction coupling (ECC) disorder due
to impaired Calcium (Ca2+) handling [22,23].

Elucidating myocardial structure is imperative for investigating cardiac growth, maturation and
age-related pathophysiological remodeling. Imaging cardiac aging in non-human primates
(NHPs) can provide highly clinically relevant data, as they reflect a comparable life span as
humans. Other laboratory species, such as rodents or even large animal models (pigs or sheep)
are barely available as aged animals. Furthermore, reports on the influence of cardiac

maturation and aging in NHPs is largely lacking [3,17]. Among NHPs, using common
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marmoset monkeys (Callithrix jacchus) model in aging research provides various advantages

such as a relatively small body size and short generation time [17].

Histological examination is a gold-standard for morphological assessment of the heart, but it
lacks adequate resolution and specificity. Alternatively, high-resolution microscopy techniques
offer detailed visualization on the cellular and sub-cellular level such as confocal microscopy
and super-resolution microscopy techniques [9,25], however, they require labor intensive
sample preparation and labeling of target proteins using fluorescent labeled antibodies often
resulting in unspecific binding and overstaining. Furthermore, photobleaching of the
fluorophore can hinder repetitive imaging and quantitative analysis [26]. Two-photon
microscopy (TPM) provides a promising alternative as it can image intrinsic signals emitted in
form of two-photon excitation fluorescence (TPEF) and second harmonic generation (SHG).
Since in TPM an endogenous fluorescent molecule with specific physical properties and order
is excited by pulsed near infra-red (IR) laser and the emitted signal is detected at ultrasensitive

detectors, this allows increased imaging depth, high specificity and reproducibility [27,28].

Unlike TPEF, in which two photons are absorbed by the target structure to produce a
fluorescent signal as a single photon with some loss of energy, SHG does not involve photon
absorption and energy decimation. Instead, SHG as a non-linear coherent scattering process
resulting in phase matching and summation of light waves and involves conversion of two
excitation photons into a single emission photon with twice the energy and thus, half of the
excitation wavelength. Biological materials with repetitive non-centrosymmetric units,
including myosin within the striated muscle and fibrillar collagen which are both integral

components of cardiac structure, facilitate the emission of SHG [27,29].

The intensity of SHG from myosin (striated muscle) and collagen is crucially dependent on i)
the organization and size of these signal-eliciting structures, ii) the excitation/detection
approach, and iii) the power and polarization of the incident light [27,29,30]. To this end, we
recently established a comparative SHG and X-ray diffraction imaging approach for label-free
and high-resolution visualization of cardiac remodeling and fibrosis progression at different
stages in a cardiac pressure-overload mouse model. In this study the SHG emission from
collagen and myosin was segregated based on structural morphology and was performed in

two-dimension (2D) only [30].

73



Chapter 2

Detailed analysis of subcellular structural components during maturation and aging was
performed using TPM label-free imaging in common marmosets belonging to three different
age groups including neonatal/newborn, young adult and old/geriatric without any additional
disease or comorbidities. To achieve this, we harnessed the differences between collagen and
myosin emitted SHG and devised a sophisticated label-free imaging strategy to enable signal
segregation from the two harmonophores. This resulted in reliable volumetric assessment of
connective tissue and total tissue (myosin + collagen) demonstrating cardiac fibrosis in old/

geriatric marmosets and differences in morphological features of myofibril in all age groups.

Materials and Methods

Animal groups and organ collection

Experiments were conducted on nine common marmoset monkeys (Callithrix jacchus) with an
age ranging from 6 days to 13 years (Table S1). The study cohort consisted of 1 female neonatal
marmoset and 8 males belonging to different age groups (Table S1). The animals were divided
into three groups — neonatal/newborn (<4 weeks, n = 3), young adult (1-4 years, n = 3), and

old/geriatric (>10 years, n = 3) following general classifications according to literature [52].

All animals were raised and kept in accordance with the German Animal Welfare Act. All
animal procedures were performed in compliance with the guidelines of the European Directive
(2010/63/ EU) and the German ethical laws. Animals of this study were either euthanized due
to animal welfare reasons (corresponding to humane endpoints) or they were euthanized for

organ removal for other scientific purposes (according to 84 TierSchG).

To sacrifice, animals were deeply anaesthetized with either ketamine (intramuscular
>15mg/kg, Ketamin 10%, WDT) or a combination of alphaxalone (i.m. 10mg/kg, Alfaxan
10mg/ml, Jurox) and diazepam (0.125mg/animal, Diazepam-ratiopharm 5mg/ml, ratiopharm
GmbH) followed by an intraperitoneal or intravenous administration of pentobarbital

(>150mg/kg). Heart was collected in addition to a broad spectrum of organs.
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Sample preparation

Freshly explanted hearts were briefly washed in phosphate buffer saline (PBS) and then fixed
in 4% formaldehyde solution (FA) overnight at room temperature (RT). Hearts were cut into
transverse tissue sections for SHG imaging and adjacent tissue sections from the same heart
sample were used for histology. Briefly, for sectioning, hearts were embedded in 5% agarose
and were cut into 50 um, 100 pm and 1 mm sections using a vibratome (VT1000 S; Leica
Biosystems). The 50 and 100 pum thick tissue sections were used for TPM and were stored in
PBS containing 0.04% sodium azide. The 1 mm sections were embedded in paraffin for
histology (Fig. S1).

Two-photon microscopy

Label-free SHG and TPEF imaging were performed on an upright TriM Scope 1l multiphoton
microscope (Miltenyi Biotec) equipped with a tuneable Ti:sapphire laser (Ti:Sa, 670-980 nm;
Cronus, Miltenyi Biotec). Images were acquired using a Zeiss W Plan-Apochromat 20x (NA
1.0) water immersion objective. The emitted light was split by a 495 nm and T560 nm long
pass dichroic mirror (Semrock) and signals were detected at 3 detectors with differential filter
configuration (red 434/20, blue 434/20 and green 647 long pass, Semrock). Cardiac tissue
sections were excited at 870 nm with 100 — 150 mW average power and simultaneous
backscattered SHG and autofluorescence signals were detected through the objective lens at
PMT detectors (Hamamatsu) and forward SHG signal was collected using a 1.4NA condenser
lens at a third PMT detector (Hamamatsu). For the overview images, an image size of 336 x
336 um with 1024 x 1024 pixels and a pixel dwell time of 2.19 us was used. Magnified images
at the ROI were acquired using 112 X 112 um image size, 1024 x 1024 pixels, 2.25 us pixel

dwell time and 107 x 107 um size, 512 x 512 to achieve adequate image resolution for analysis.

Histology

The paraffin-embedded 1 mm cardiac tissue slices from regions adjacent to tissue sections used
for TPM imaging were cut into 2 pm sections. The sections were deparaffinized and dehydrated
followed by haematoxylin & eosin (H&E) and Masson’s Trichrome staining (MTS), performed
as described before [30].
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The images were acquired with an Axiovert 200 M inverted microscope (Carl Zeiss
Microscopy GmbH). Image generation and processing were performed with the software
AxioVision Rel.4.6 (https://carl-zeissaxiov isionrel.software.informer.com/4.6/) and Fiji,

respectively.

Image processing and statistical analysis

2D micrographs were processed with Fiji for assessing the histogram, intensity and length of
the myofibrils. Myofibril curvature and alignment were quantified using the TWOMBLI plugin
in Imagej [31]. 3D volumes, surface rendering of myofibril segments and angular distribution
were processed and analysed using Imaris 9.6.0 (Bitplane) and Graph Pad Prism 9 (Graph Pad
Software, Inc.). For statistical analysis, the t-test for the same mean implemented in Graph Pad

Prism 9 was used with a p-value of 0.05 (*) as margin for statistical significance.

Results

Label-free imaging by TPM for distinction of myosin and collagen

The most common application of TPM involves excitation of exogenous or endogenous
fluorescent molecules i.e., TPEF. For establishing a label-free imaging approach in marmoset
cardiac tissue, we applied TPEF to detect only endogenous fluorescence signals emitted from
intrinsic molecules in unstained tissue slices enabling repetitive and long-term imaging of the
samples. Extracellular fluorescence in cardiac tissue arises from blood cells and elastin (Fig. 1,
left panel) whereas the majority of intracellular fluorescence arises from the mitochondrial
proteins nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD) and
other fluorescence emitting proteins. Nuclei, on the other hand, lack a fluorescent signal and
hence appeared dark, and were detected easily due to their elongated morphology in the

myocardium (Fig. 1, left panel).

Specimens amenable to bidirectional (forward and backward) detection include thin tissue
slices or cleared tissue samples possessing high optical transparency while thick and highly
opaque specimens are detected as backward scatter only. Since 50 um cardiac tissue slices,
which were relatively transparent, were used for TPM imaging, the SH emission signals were
collected in both backscattered (epi-) and forward propagating direction (Fig. 1). SHG being a

non-linear coherent process is strongly influenced by the harmonophores’ spacing,

76



Chapter 2

concentration, order and orientation hence these aspects were taken into account to enable
segregation of SH emission from myosin and collagen. In our experimental design, collagen
emitted SHG was detected in epi-direction while at the forward detector combined SH signals

from myosin and collagen were visualized (Fig. 1 and 2).

Backscatterred
TPEF SHG Forward SHG Mrge 7

Epicardium

Blood vessel

Myocardium

Figure 1: Label-free TPM images of old marmoset cardiac tissue. Representative TPEF,
backscattered SHG, forward propagating SHG and merged images are shown for epicardial wall,
coronary blood vessel and myocardium from the same heart. TPEF arises from endogenous
fluorophores such as blood cells (marked by cyan arrowhead), elastin (marked by grey arrowhead) and
other intracellular fluorescent proteins, while the nuclei appear dark (marked by white arrowhead).
Backscattered SHG emission is detected mainly from collagen while the forward propagating SHG
emission originates with high intensity from both collagen and myosin at the epicardium and
myocardium and around blood vessel. Merged images show signal emission from all channels. Scale
bar: 25 um in all images.

Fig. 2 exhibits the detailed cross-correlation of SHG emission from the two harmonophores in
adult cardiac tissue detected in both forward and backscattered direction. All images shown
were acquired at the same regions simultaneously in both directions using the same
illumination power, excitation (870 nm) and emission wavelengths (434 + 20 nm) (Fig. 2). It
is evident that in general the forward signals are stronger than the ones detected in the backward

direction. Backward myosin SHG (mean intensity = 165.0) was considerably weaker than
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forward myosin SHG signal with a poor signal-to-noise ratio (Fig. 2a and b). Contrarily, the
backscattered collagen signal had optimum signal intensity (mean intensity = 1279.8), while it
caused intense signal saturation at the forward detector (mean intensity = 6857.5) when
acquired with identical image acquisition settings used for imaging myosin (Fig. 2c and d).
These differences in the forward/backward SHG intensity ratios enabled us to further optimize
image acquisition parameters to acquire SH emission mainly from collagen alone in
backscattered direction and the combined signal from both collagen and myosin as the forward
transmitted signal with minimal saturation from collagen (Fig. 2e and f). For quantification
purposes, SHG signal in the forward channel from both harmonophores (mean intensity =
2572) was used for determining total volume while the signal intensities from collagen were
ideal for quantification in backscattered direction (Fig. 2e and f). The discrepancy in amount
of collagen detection at backscattered and forward detector was minimized by using thin tissue
slices of 50 um for the quantification of collagen.
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Figure 2: Cross-correlation of forward and backscattered SHG signal in adult marmoset cardiac
tissue. Representative SHG images are shown for the same regions for backscattered (epi-) (left panel)
and forward (right panel) detection with their respective histograms. Images and histograms are shown
for SHG from different structures including (a-b) myosin (c-d) collagen and (e-f) both myosin and
collagen. Scale bar: 25 um in all images. All histograms are presented in a 16-bit image format.

Volumetric quantification of age-related differences in collagen and total tissue content
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To investigate the overall tissue structural composition of collagen and myosin in different age
groups, label-free imaging was performed on cardiac tissue sections obtained from
neonatal/newborn (n = 3), young adult (n = 3) and old/geriatric (n = 3) marmosets (Fig. S2).
Neonatal hearts were compared with the adult hearts for assessing cardiac maturation and
growth. The age-associated cardiac remodeling was examined in old/geriatric hearts. 3D
micrographs for volumetric assessment in 50 pum tissue sections were acquired at randomly
selected regions of interest (ROI) at the myocardium of the LV and the interventricular septum
(IVS) wall for all three maturation stages shown in Fig. 3. The backscattered signal exhibited
SHG exclusively emitted from collagen while the forward SH signal was generated from both
myosin and collagen (referred to as the total tissue volume) (Fig. 3a). The data for average raw
volumes of collagen and total tissue content showed an overall increase in tissue content with
aging (Fig. 3b, Movie S1-S3). Compared to neonatal heart, the old hearts had significantly
higher total tissue volume at the ROIs (p-value = 0.0133). Further, the percentage backscattered
(collagen) and forward SHG (total tissue) volumes were compared to assess the relative tissue
composition. The neonatal heart had an overall lowest total tissue volume and was mainly
composed of muscle (Fig. 3b and c). The connective tissue (collagen) in the neonatal heart was
found to be less than 1% of total tissue and was highest in the old marmosets (collagen = 17.2
%) (Fig. 3b and c). In contrast to the adult heart (collagen volume = 6.3%), the old heart had a
high volume of connective tissue indicating the development of interstitial fibrosis causing an
overall disruption of the surrounding muscle mass (Fig. 3a and b; MOVIE S1). Despite the
overall high raw total tissue volume in the old hearts (Fig. 3b, p-value = 0.0133 as compared
to neonatal hearts), the relative total tissue volume (forward/backward SHG) was slightly lower
(82.8%) than in adult (93.7%) and neonatal (99%) hearts (Fig. 3c), revealing a high collagen-

based tissue composition in the old/geriatric hearts (Movie S3).
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Figure 3: Quantification of collagen and myosin content at different cardiac developmental
stages. a) 3D rendering of backscattered SHG emission from collagen, forward SHG emission from
both myosin and collagen (total volume) and merged images are shown for neonatal, young adult and
old marmoset cardiac tissue. b) Graph showing volume (um?) of backscattered SHG (collagen) and
forward SHG (total volume). c) Percentage of relative tissue volumes detected at the backscattered and
forward channels. Scale bars: 50 um in all images.

Comprehensive analysis of age-related morphological changes in myofibrils

To further investigate the effects of tissue growth and maturation, the impact of the excess
collagen deposition and overall increased total tissue volume on the muscle structure, 2D
micrographs were obtained at randomly selected ROIs at the LV and VS myocardial wall.
These micrographs were used for examining the structure and spacing of myofibrils at the
cellular level in the three age groups of marmosets. In the old hearts, the myocardium appeared
compact with undulated myofibrils revealing a hypercontractile state (Fig. 4a). The muscle
mass in adult hearts, similar to old hearts, was also dense with lower spacing between
myofibrils, however, these were not hypercontracted (Fig. 4a). In comparison, the neonatal
hearts displayed the highest degree of spacing between myofibrils which lacked overall
organization and banding (Fig. 4a). The intercalated disks (ICDs) that bind the myofibrils were
not visible at this stage in the neonatal/newborn indicating that these were not fully developed

in cardiac tissue (Fig. 4a).
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Figure 4: Myofibril morphology at different cardiac maturation stages. a) Representative images
of TPM showing the arrangement of myosin fibers in neonatal (n = 3), adult (n = 3) and old (n = 3)
marmoset hearts with overview images (top) and magnified images at the ROI marked by the white box
(bottom). The white arrowheads mark the intercalated disks which were not visible in neonatal hearts.
b) Graph for the average length of myofibril segment along the profile (marked by the red line in
zoomed-in images). ¢) Normalized intensity and average spacing are shown for the distance between
two SHG emitting anisotropic A-bands (cyan in a) and two non-SHG emitting isotropic I-bands (green
in a); the distance profiles for A-bands lie within the shaded cyan box and for I-band within the green
shaded box, respectively. Scale bars: 25 um in overview images (top panel) and 5 um in magnified ROI
images (bottom panel).

The differences in spacing of myofibrils were quantified in zoomed-in images along ten SHG
emitting myosin packed anisotropic (A) bands and nine non-SHG emitting isotropic (1) bands
containing actin filaments (Fig. 4a, bottom). This micro-assessment of myofibrils for
determining length was only possible on segments of myofibrils because 1CDs could not be
identified in immature neonatal, and the mature myocardium of adult and old/geriatric hearts
comprised of overlapping myofibrils. The average length of these myofibril segments
calculated along the ten A-bands was highest in neonatal hearts (21.3 um £ 0.90), reflecting an
overall high-level of spacing which reduced significantly with cardiac tissue maturity in adult
hearts (18.3 um £ 0.56, p-value = 0.01000) (Fig. 4b). In old/geriatric hearts, due to
hypercontractility, the length of myofibrils was found to be significantly lower (15.4 um +
0.52) as compared to adult (p-value = 0.0145) and neonatal (p-value = 0.0023) hearts (Fig. 4b).
This significantly reduced spacing in old hearts can further be attributed to pathophysiological
hypertrophy in addition to sever undulation which also contributes to high tissue volume in

these hearts (Fig. 3b). Upon closer inspection, it was further revealed that the spacing between
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two isolated A-bands and I-bands also followed a similar pattern (Fig. 4a and c). These results
displayed the highest A-band to A-band spacing in neonatal hearts (2.22 um + 0.09), followed
by adult hearts (1.76 £ 0.20 um) and the lowest spacing was observed in the old hearts (1.54
pm = 0.02) (Fig.4c). Similarly, the distance between two subsequent I-bands in neonatal tissues
was highest (2.19 um £ 0.06) which was reduced in adult hearts (2.10 um + 0.21) and old hearts
(2.99 um = 0.17) (Fig. 4c). The spacing profile in all age groups thus presents varying degrees

of tissue maturation at the structural level.

Since myofibril assembly and arrangement presented diverse patterns in all three age groups,
further assessment of myofibril morphology was performed on entire 2D micrographs obtained
at random ROlIs. Briefly, by using the TWOMBLI [31] (The Workflow Of Matrix BioLogy
Informatics) plugin in Fiji, the spatial metrics for each group were derived and applied to the
Ridge Detection tool for optimal masking of the images (Fig. 5a). Following, mask generation
the patterning of myofibrils was defined by two metrics — alignment and curvature (Fig. 5b and
c). The alignment parameter captured the extent of myofibril orientation in similar direction
within the field of view where a high value (close to 1) present perfect alignment while a lower
value (close to 0) presents isotropy. Our results demonstrated significant differences in
myofibril alignment in neonatal (p-value = 0.0040) and old hearts (p-value = 0.024) as
compared to adult hearts (Fig. 5b). The disassembly of neonatal myofibrils is attributed to the
lack of banding, further supporting the observation that ICDs are not fully developed at this
maturational stage (Fig. 4a). The significantly low alignment in old hearts suggests structure

disruption that may occur due to excessive ECM deposition (Fig. 5b).

The curvature metric measures the average change in angle moving incrementally along the
masked region. The adult hearts display high-level of straightness while the neonatal and old
hearts revealed varying curvatures in the myofibril assembly (Fig. 5¢). In neonatal hearts, the
large range of curvature indicated an overall loose structure with undefined symmetry which
was significantly different from the old hearts (p-value = 0.0242). The old/geriatric hearts also
displayed a significantly different curvature as compared to the adult hearts (p-value = 0.0009).
The tight curve radius in the old heart further substantiates the presence of hypercontractile

myofibrils (Fig. 5c).
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Figure 5: Assessment of myofibril organization in the myocardium. a) Representative TPM 2D
micrographs (left panel) and respective masked images (right panel) showing myofibril organization in
neonatal, young adult and old hearts. b-c) Graphs showing average myosin alignment and myofibril
curvature in all age groups. Scale bar: 25 um for all images.

Micro-level 3D evaluation was performed to further confirm and evaluate the differences in
myofibril morphology and assembly that orchestrates and contributes to complex structural
composition of the entire cardiac tissue. To achieve this, fragments of myofibrils were cropped
in 3D from entire tissue volume, containing ten A and nine I-bands (Fig. S3). 3D surface
rendering of the isolated myofibril segments enabled marking measurement points at the center
of the object i.e., at the individual A-band (Fig. 6a and Fig. S3). The angle between each
measurement point exhibited the angular distribution at the micro-level. The adult heart
presented the highest degree of straightness with an average angle of 177 A° + 2.0 which was
significantly altered in neonatal hearts (p-value = 0.0108) with an average angle of 171 A° +
3.7 (Fig. 6b). The highest range of angular distribution was observed in the hypercontracted
myofibrils of the old hearts with an average angle of 156 A° + 16.6 (p-value = 0.0256) (Fig.
6b). The changes in angular distribution reflect the overall structural integrity and organization

at the micro-level in the different age groups of the marmoset model.
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Figure 6: 3D assessment of angular distribution in the isolated myofibril segments. (a) Segments
of myofibrils containing 10 A bands are shown for neonatal, young adult and old hearts marked with
measurement points in red. (b) Graph showing the angular distribution between the measurement points
for all age groups. Scale bar: 5um for all images.

Validation of structural differences in all age groups

The TPEF generated autofluorescence signal and histology of the myocardium further
validated the differences in overall tissue composition of the three age groups. A striking
difference was the cellularity of the neonatal myocardium. The neonatal myocardial cells are

generally smaller than the adult CMs and thus displayed a higher nuclear to cytoplasm ratio

(Fig. 7).
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Neonatal Young adult old

TPEF

Figure 7: Comparison of neonatal, young adult and old myocardium morphology. TPEF emitted
autofluorescence in vibratome sections and Haematoxylin & Eosin (HE) staining in paraffin sections
show the overall morphology of the myocardium and the nuclear to cytoplasm ratio. Masson-trichrome
stained (MTS) tissue sections present the collagen deposition in blue (shown by white arrowheads) and
muscle in red. Scale bar: 100 um in all images.

Excess collagen deposition was found in the old marmoset, while in neonatal and adult animals,
collagen was mainly present at the epicardial wall and the vicinity of blood vessels (Fig. 7,
bottom row). These findings validated that the hyper-cellularity, the overall lack of
organization and higher spacing between the myofibrils in the neonatal hearts facilitates the
growth and maturation of myocardial cells to sustain the cardiac function throughout the
lifespan. Structural disorganization was the main feature observed in old/geriatric hearts which
may occur due to excess deposition of connective tissue indicating a pathogenic remodeling

process.
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Discussion

Our study demonstrates a TPM based label-free imaging approach for a comprehensive
assessment of age-related structural differences in the cardiac tissue obtained from non-human
primates (NHPs). By successfully segregating the collagen originated SHG as the
backscattered signal from myosin emitted SHG, a reliable quantification of connective tissue
content was performed in neonatal/newborn (<4 weeks), young adult (1-4 years) and
old/geriatric (>10 years) marmosets. Additionally, the total tissue volume (myosin + collagen)
which was detected as forward SHG signal was determined in 3D all groups. Myosin emitted
SHG was quantified in overview as well as in zoomed-in images to provide vital cues for
evaluating age-related structural differences. Our results demonstrate for the first-time
significant differences in total tissue volume, myofibril spacing, alignment, curvature and
angular distribution in hearts of marmosets of different age groups using a label-free TPM

imaging approach.

Imaging intrinsic signals in form of TPEF and SHG provided reliable high-resolution
visualization of various structures in marmoset hearts at the cellular and subcellular levels, such
as cardiomyocytes, collagen, elastin, nuclei and myosin. In our previous study, the collagen
emitted SHG signal was morphologically identified as fibrous structure and myosin by its
typical striated pattern [32]. SHG is an anisotropic process that mainly propagates in the
direction of the incident light with a minor fraction of backscattered signal. Compared to
myosin, collagen is a very strong SH generator at excitation wavelengths above 800 nm [29,32]
and our results demonstrate that it provides a suitable quantitative signal in epi-direction as
well. Myosin, on the other hand, requires a higher threshold of excitation energy to be detected
in the epi-direction. Harnessing these differences, we successfully developed a simple strategy
to detect collagen emitted SHG in backward direction with a negligible signal from myosin.
However, one limitation involving this approach is that the horizontally oriented collagen fibers
scatter bidirectionally while the vertically oriented collagen fibers scatter mostly in the forward
direction [29,33]. Since relatively thin tissue slices (50 or 100 um) were used, this error was
minimized [34]. Importantly, the quantification of collagen for all age groups was also

performed in epi-direction only. Nonetheless, the detection of collagen fibers with variable
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orientation in thicker samples could be optimized by altering the polarization of excitation light

and/or by adjusting the sample orientation, as has been previously performed [27,29,34].

Myosin emitted only a weak SHG signal in epi-direction as demonstrated by our results and is
highly influenced by the orientation of the myofibrils and semicrystalline order of A bands
[32,35]. While our image acquisition settings resulted in optimal SH signal intensity from
myosin at the forward detector, it also caused minimal signal saturation from collagen SHG.
This can be attributed to the structural assembly of both harmonophores as collagen fibers

associate into bundles and generally have a greater diameter than myosin fibers [32,34].

By using this label-free imaging approach, age-related structural differences were found in
common marmoset monkeys divided into three groups neonatal, young adult and old/geriatric.
This selection of age groups matches with the previously reported aging profile of common
marmoset monkeys kept in captivity for both male and female [36]. By using this label-free
imaging approach, age-related structural differences were found in common marmoset
monkeys. Volumetric analysis showed a substantial increase in collagen at the myocardium
with aging. The interplay of various signaling pathways contributes to the maturation, as well
as pathological deposition of ECM [13]. Recently, it has been established that fibroblasts are a
key constituent in the microenvironment promoting cardiac maturation [37]. The low volume
of collagen detected in neonatal hearts is because the fibroblasts increase postnatally until
adulthood [39]. Under healthy conditions (i.e., the adult hearts) cardiac fibroblasts regulate
ECM content and provide a scaffold for CMs [38]. During aging the fibroblasts undergo
fibroblast-to-myofibroblast transition which produces profibrotic factors, driving fibrosis
progression. In aged hearts the myofibroblasts mediated attenuation of the matrix-degrading
pathways [13,16,39] can contribute to the excessive collagen volume that was observed in the
old/geriatric hearts as shown by the 3D analysis. Development of age-related fibrosis has been
reported previously in marmosets with minor effect on cardiac functional efficiency [17]. Our
approach for the first time provides reliable label-free volumetric quantification of age-related
collagen remodeling in NHPs. The collagen volume in old/geriatric animals was found to be

increased however, this did not reach significance compared to neonatal and adult mainly.

Our results also revealed an increase in the total tissue volume (myosin + collagen) which was
detected as forward SHG at regions of pathological remodeling with aging in marmosets. These

findings support the notion that even after cell-cycle withdrawal, a postnatal heart continues to
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gain volume by a proportional increase in CM mass and myofibril expansion until early
adulthood through a process called physiological or maturational hypertrophy [7,40,41]. This
tissue growth and maturation process reduces overall spacing between myofibrils by early
adulthood; however, without resulting in significant increase in tissue volume. Conversely, the
aged hearts involve apoptosis induced reduction in the number of CM and an overall lower LV
mass [17,42,43]. Our 3D analysis, however, showed a significantly higher total volume in the
old/geriatric marmoset hearts at the ROIs as compared to the neonatal heart indicating a
progressive increase in LV mass at pathological sites. We postulate that the CM loss is
compensated by the age-related pathophysiological CM hypertrophy and excessive collagen
deposition in the interstitial space potentially caused by arterial stiffening and increased
hemodynamic load [44-46].

In the neonatal hearts, lower tissue volume coincides with the higher degree of spacing
reflected by increased myofibril length. The myofibril curvature, alignment and angle are also
significantly different from the adult and old marmoset hearts. It was further established that
neonatal cardiac tissue lacked fully developed ICDs at this developmental stage in marmosets
as these could not be visualized in SHG images. This indicates that ICD associated cell
adhesions structures including fascia adherens, desmosomes and gap junctions are also not
fully expressed in neonates contributing to the structural disassembly. Moreover, it is known
that CM integration requires attachment to ECM via focal adhesion structures called
costameres which are also not developed in the neonatal hearts [47]. Besides tissue integration,
the ICDs and costameres also contribute to CM maturation by harboring vinculin-based
actomyosin assembly that is required for sarcomere expansion [7,47]. By early adulthood, the
targeted localization of ICD and costameric components to the CM termini does indeed occur,
which was evident by the clear banding and improved alignment of myofibrils as observed in

young adult marmoset hearts.

In the old/geriatric marmoset hearts, the disorganisation of the myocardium indicates
pathological remodeling of the cardiac tissue at several heterogeneously distributed regions of
interest. Our results highlight significant age-related alterations in the overall alignment,
curvature and angular distribution of the hypercontracted myofibrils. We postulate that the
presence of high ECM content and distorted myofibrils are the main contributors to the

structural disassembly in the old hearts. Several studies have reported cardiac
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hypercontractility caused by hypertrophic cardiomyopathies [48]. Our previous work also
showed hypertrophy induced myofibril undulation and hypercontractility using SHG imaging
in a cardiac pressure-overload mouse model [30]. In addition to hypertrophy, age-related
hypercontractility is linked to cardiac stiffness and abnormalities in cardiac EEC due to Ca2+
overload. A recent study reported the expression of the Transient Receptor Potential Vanilloid-
4 (TRPV4) — a non-selective cation channel — in aged mice hearts causing an additional
sarcolemmal Ca2+ influx pathway [49]. This consequently contributes to excessive
intracellular Ca2+ accumulation provoking cardiac hypercontractility. Our data strongly
indicate loss of structural integrity in aged hearts and provide a potential therapeutic target for

maintaining cardiac function in elderly patients.

TPEF and histological assessment validated the basic differences in the myocardium in all
three-age group. The high nuclear to cytoplasm ratio in the neonatal hearts declines as the CM
mature in adult mammalian hearts as observed in TPEF and histological images which mainly
occurs via DNA synthesis without nuclear division to make polyploid nuclei [50,51].
Morphologically it was also evident that the nuclei in mature CM are larger in size than

neonatal ones which can be attributed to the higher DNA content in adult hearts.

In summary, this study shows that the transition of the cardiac tissue from an immature state in
neonatal marmoset hearts to an adult mature one involves an increase in size and gain in
structural organization, volume and banding of the myofibrils via the formation of fully
developed ICDs and ECM maturation. In old/geriatric marmoset hearts, pathological
remodeling of cardiac tissue results in loss of structural organization due to excessive collagen
deposition and hypercontractile state of myofibrils. Further, taking into account the
cardiovascular similarities shared between marmosets and humans this imaging approach can
be applied as a powerful tool for analyzing human cardiac tissue in detail. These findings
highlight the unrivalled potential of TPM label-free imaging that can be further applied for
monitoring the effects of therapeutic approaches for cardiac regeneration and repair on the
structural level. They also provide essential foundations for intravital imaging using TPM of
cardiac developmental and pathological remodeling. Advanced understanding of cardiac
structural maturation and age-related remodeling can elucidate biophysical and biochemical

cues causing abnormal cardiac maturation and aging.
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Supplementary Material

Animal data

Table S1: Data for the common marmoset monkeys (Callithrix jacchus) including age, weight,

and gender
Age .
Age group (Years/ nqlonths or Weight Gender
Days) (9)
11y /Om 306 m
Old 10y / 8m 332 m
13y /3m 336 m
1y /0m 334 m
Young Adult 2y/11lm 468 m
4y [ 4m 560 m
24 days 78 f
Neonatal/newborn 4 days 28.5 m
6 days 30.5 m

S2: Sample preparation:

e i
— —— \ — —
— —
N /
e -

Explanted whole heart Formalin fixation Vibratome sectioning 1 mm sections 50 or 100 um
embedded in tissue sections
paraffin

Figure S1: Schematic for sample preparation. Excised hearts were fixed in formalin and sectioned
using vibratome into 1mm, 50 and 100 um tissue slices. 1mm tissue slices were embedded in paraffin
and then section into 2um sections for histology. 50 and 100 um sections were used for TPM imaging.
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Cardiac morphology in all age groups

Figure S2: Overview of TPM label-free images in different age groups. Representative overview
showing cardiac morphology in neonatal, young adult and old hearts for autofluorescence (green),
backward SHG (red) and forward SHG (white). Scale bar: 200 um.

Movie S1: Neonatal heart

Movie S2: Young adult
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Movie S3: Old heart
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3D rendering of myofibril segment

3D image Myofibril segment

Figure S3: Workflow for 3D surface rendering and angular distribution analysis along single
myofibril segments. A segment of single myofibril was cropped from a 3D volume in xy, yz and xz
plane to extract ten SHG emitting A bands in an adult heart. 3D Surface rendering was performed on
the isolated fragment of the myofibril. A measurement point was set at the center of mass for each A
band. Angular distribution was determined between the measurement points.
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Chapter 3 — Simple low dose radiography allows precise
lung volume assessment in mice
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Reproduced from Scientific Reports 11, 4163 (2021)

X-ray based lung function (XLF) as a planar method uses dramatically less x-ray dose than
computed tomography (CT) but so far lacked the ability to relate its parameters to pulmonary
air volume. The purpose of this study was to calibrate the functional constituents of XLF that
are biomedically decipherable and directly comparable to that of micro-CT and whole-body
plethysmography (WBP). Here, we developed a unique set-up for simultaneous assessment of
lung function and volume using XLF, micro-CT and WBP on healthy mice. Our results reveal
a strong correlation of lung volumes obtained from radiographic XLF and micro-CT and
demonstrate that XLF is superior to WBP in sensitivity and precision to assess lung volumes.
Importantly, XLF measurement uses only a fraction of the radiation dose and acquisition time
required for CT. Therefore, the redefined XLF approach is a promising tool for preclinical

longitudinal studies with a substantial potential of clinical translation.
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Introduction

Respiratory diseases account for ~10% of mortality worldwide, which is set to rise due to
persistent smoking, pollution and occupational irritants . Depending on the underlying disease,
the characteristics of lung dysfunction may involve inadequate oxygen exchange, breath
shortening, chronic cough, chest pain and dyspnoea 23. To improve our knowledge about the
basic mechanisms regarding lung physiology, pathophysiology and treatment strategies, the
use of mouse models of lung disease in translational research is inevitable. The pre-clinical
assessment of pulmonary function is a valuable tool not only for investigating the pathology of
respiratory and allergic diseases but also enables preclinical evaluation of the response to novel

therapeutic strategies.

Changes in lung function can be monitored non-invasively in restrained or unrestrained mice
by double chamber plethysmography or barometric plethysmography 2. Other methods
require invasive intubation procedures some of which tend to be terminal °. Of all available
techniques, unrestrained whole-body plethysmography (WBP) is extensively used in
longitudinal studies due to its ease of use and high data output 358, However, there is also
considerable concern over the validity of plethysmography techniques 2. The main limitation
of this technique is that the functional outcomes rely on the plethysmograph pressure changes,
and the relationship between chamber pressure and the lung mechanics might be non-linear.
Furthermore, the accurate tidal volume estimates are significantly affected by subtle changes
in temperature, pulmonary mechanism and fluctuations in barometric pressure 31013,
Plethysmography may also be inconsistent between mouse strains requiring precise selection

of the control groups .

Recently, the use of lab and synchrotron radiation based micro-computed tomography (micro-
CT) has been increasingly used in preclinical studies to assess quantitative parameters
including lung volumes, air spaces or lesions and mean lung density 14-1°, These measurements
have been performed in an attempt to reflect the structural and functional competence of the
lung during disease progression and in response to therapy in numerous animal models of lung
diseases, such as cancer, fibrosis, emphysema and transplantation 4. Not only in clinical
routine, but also in preclinical research, dose restrictions are major obstacles. Small-animal

models, especially mouse models, are often utilized in preclinical research. Imaging in live
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mice for micro-CT based longitudinal lung studies requires a dramatically higher spatial and
temporal resolution due to the small size of the mouse and its fast metabolism. Consequently,
this limits the use of CT based high-resolution imaging for longitudinal lung studies and also

hampers the clinical application of this approach 2°-2°,

Therefore, the development of novel and sophisticated lung function measurement techniques
with improved reliability and minimal radiation is fundamentally required. To this end, we
recently established a non-invasive lung function method based on planar cinematic x-ray
imaging of the chest, namely x-ray-based lung function (XLF) to measure the lung function in
preclinical mouse models of allergic airway inflammation (AAI) over time 272, Using minimal
radiation dose and short exposure time, XLF showed significantly higher sensitivity than WBP
for reliable assessment of lung function during AAI and response to dexamethasone treatment
27 However, previously the functional parameters of XLF were not exactly relatable to
commonly used lung function techniques including WBP and micro-CT and none of the XLF

parameters represented the lung volume.

In this study, we compared XLF determined end-inspiratory volume (EIV) with the lung
volumes from micro-CT and conventional WBP to establish XLF as a biomedically relevant
technique. To achieve this, we first designed a unique experimental set-up for performing
correlative lung function measurements using XLF, micro-CT and WBP. Using micro-CT as a
gold standard approach, XLF was found sensitive and precise to determine lung volumes, as it
exhibited a higher degree of correlation with micro-CT than WBP. By successfully correlating
two-dimensional (2D) XLF measurements directly with three-dimensional (3D) micro-CT data
in healthy mice, we present the refined XLF algorithm as a sensitive and efficient tool for

determining lung volume at minimal radiation dose and exposure time.
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Materials and Methods
Animal experiment

Eight healthy male C57BI/6 mice (13 weeks old) were used for in-vivo lung function
measurements (Table S1). Additional three male mice were used for mechanical ventilation
experiments (Table S1). The mice were kept in a temperature and humidity-controlled room
with a 12 h light-dark cycle and were fed food and water ad libitum. They were euthanized by
cervical dislocation. All animal procedures were performed in compliance with the guidelines
of the European Directive (2010/63/EU) and the German ethical laws and were approved by

the administration of Lower Saxony, Germany (approval number G15.1747).

Experimental set-up

The experimental set-up was designed to perform either XLF or micro-CT with WBP in
parallel (Fig. 1). The custom-made plethysmography chamber (see below) of approximately
14 cm in length and 5 cm in diameter with a capacity of 200 ml was built to fit into the gantry
of the in-vivo micro-CT system (QuantumFX, PerkinElmer) allowing acquisition of a
20 x 20 mm? FOV for XLF and micro-CT imaging. The mouse was positioned in the WBP
chamber, which was then placed on the sample stage inside the micro-CT. The position of
mouse and stage was adjusted to have the chest-cavity within the FOV. A piezoelectric sensor
(PZT, FT31T-1.3A1-472; KEPO, Ningbo, China) was installed at the door of the micro-CT
device to synchronize the data acquisitions for WBP with the acoustic signal from the door
interlock system at the beginning and at the end of XLF or micro-CT recording (Supp. Fig.
S1).

In-vivo XLF measurement

XLF was performed on unrestrained mice that were isoflurane-anesthetized (~2% isoflurane in
1 1 oxygen per min) by acquiring planar cinematic x-ray images of the mice chest cavity using
a low-dose in-vivo micro-CT as previously described by Dullin et al., 2016 2* and Markus et
al., 2017 22, Briefly, mice were placed inside a plastic chamber (Fig. 1) and the breathing
frequency of the mice was adjusted manually by changing the isoflurane concentration between
1.5-3% to achieve a breathing frequency of approximately 0.7 Hz. This resulted in a total of 21

breathing cycles recorded in ~34 s scans. XLF measurements were recorded using an X-ray
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tube voltage of 90 kVp and a tube current of 100 pA. The radiographs of the chest movements
during the breathing process were sequenced to produce a movie, which later on was

parametrized at the lung regions.

Micro-CT imaging

In-vivo 3D micro-CT scans were made immediately after combined XLF and WBP
measurements on the isoflurane-anesthetized mice. Mouse lungs were scanned by applying a
cardiac gating technique using the following parameters: x-ray tube voltage 90 kVp and tube
current 200 pA. The radiograph projections were taken for the 360° gantry rotation for a total

scan time of 4 min 30 s and the entire radiograph was retrospectively gated.

XLF and micro-CT measurements in mechanically ventilated dead mice

Three male mice were euthanized using cervical dislocation and a tracheotomy was performed
to ventilate the mice with increasing stroke volumes ranging from 0.5 — 3.0 ml and a fixed
stroke rate of ~ 40 stoke/min using a MiniVent ventilator (Type 845, Harvard Apparatus,
Holliston, USA). However, due to faster breathing in the ventilated mice, the breathing
frequency was approximately one single breathing event per 860 ms. The XLF measurements

and micro-CT imaging were performed as described for the in-vivo experiments.

Unrestrained whole-body plethysmography

We used a chamber in the so-called flow-through configuration, which utilizes the principle of
a pneumotach “¢#’. In detail, the pressure difference between the recording chamber (220 ml)
and a reference chamber (50 ml) was captured by a differential pressure sensor (DPS, Board
Mount Pressure Sensor, 0-1" H20, 20 mV, 16 VDC supply; Mfr. No: INCH-D-MV, Amphenol
Cooperation, Wallingford, CT 06492). Digitization was performed with an analog-digital
interface (PowerLab) and LabChart-software (ADInstruments LTD, Oxford, United
Kingdom). The connectors on the lid of the chamber were used for isoflurane inlet/outlet and
for connecting the DPS. A positive bias flow of 0.4-0.7 I/min was introduced using the
anesthesia unit (VisualSonics VS 4112; 50% Air + 50% O>) to supply the volatile anesthetic
isoflurane. The time constant of the pressure decay from the chamber system was adjusted to

approximately 40 ms to match commercial chamber systems that we used in earlier papers *'.
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The decay time constant was tested by manually obstructing the air outlet and the measuring
the decay of the pressure signal after releasing the obstruction (LabChart Peak Analysis
Module).

The raw flow signal was bandpass filtered off-line (0.5 — 20 Hz), to remove movement artifacts,
noise and also bias flow, and then integrated for measuring a tidal volume. We used the
standard integral settings of the “Integral Channel Calculation module” of the LabChart-
software (use of all data points, reset each cycle whereby the integral is reset each time the
source signal passes through zero to a positive value). CT induced temperature and humidity
inside the plethysmography chamber were adjusted by using a LOG32 data logger (Dostmann

electronic GmBH, Wertheim-Reicholzheim, Germany).

WBP temperature and humidity measurements

CT induced temperature and humidity changes inside the plethysmography chamber could not
be measured online. We therefore approximated the values for humidity and temperature
correction based on separate measurements, that were performed under similar conditions to
those used during correlative lung function measurements. In short, the data logger device was
placed inside the chamber together with the mouse under isoflurane anesthesia and the
temperature and humidity was recorded for ~4 mins. The relative humidity of the air/O2 mix
was below 3%. Relative humidity (rh) inside the chamber dropped during the recording. With
the mouse inside the chamber, the rh ranged between 22.5% and 9.4% (mean 16.7%).
Considering that the data logger reduces the volume in the chamber, the value inside the
chamber without the data logger is expected to be even smaller. The average temperature inside
the chamber with the mouse was 27°C. Since the duration of anesthesia was below 15 min, we
did not anticipate any significant change in the body temperature (36.5 °C). With an assumed

atmospheric pressure of 760 mmHg (1.01308 bar), the volume adjustment factor was 11.7.

WBP data sampling and analysis

Flow signal from the pressure sensor was sampled at 1 kHz, while the PTC signal was sampled
at 40 Hz. The intensity of the lung was detected by using the “Plot Z-axis Profile” function of
ImageJ software 8. Therefore, an ROI was set to the level of the diaphragm in expiration. Data

was exported as ACSII and imported to LabChart 8.0 (ADInstruments). For removal of low-
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frequency intensity changes resulting from the x -ray tube, “the smoothed” intensity trace
(median filter; 101 samples = 100 ms) was subtracted from the raw trace. Processed image data
and the WBP data was exported to Axon PCLAMP file format and imported into IGOR Pro
6.37 (Wavemetrics, Lake Oswego, US) for resampling (1 kHz) and reimported into LabChart
for final offline analysis. The peak detection module of LabChart was used to identify
respiratory parameters including tidal volume (integrated flow), Tstart and Tend (10-90% of peak
height) as well as the decay of the signal (t; 100 to 0% of peak).

Data quantification and statistical analysis

The data of lung volumes were quantified using RetrospeCT
(https://gitlab.gwdg.de/thomas.rittmann/retrospective_gating) which includes an iterative
GPU-based reconstruction toolbox (tigre, https://github.com/CERN/TIGRE). Quantification of
XLF measurements were achieved with a custom-built software xLFinal
https://github.com/xP1Tcoding/xLFinal.git. WBP was performed with an analog-digital
interface (PowerLab) and LabChart-software (ADInstruments). For statistical analysis, the
paired t-test for same mean implemented in MS Excel 2013 was used with a p-value of 0.05
(*) as margin for statistical significance. To measure correlation, the Pearson correlation
coefficient implemented in GraphPad Prism Software version 8 was used (GraphPad Software,
La Jolla California USA).
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Results

Experimental set-up facilitates correlative lung function measurements

To correlate the XLF parameters directly with WBP and micro-CT, we designed a unique
experimental set-up that enabled simultaneous measurements either by combining XLF or
micro-CT with WBP. As shown in Figure 1, the custom-made plethysmography chamber was
placed into the gantry of the in-vivo micro-CT system. The chamber had multiple connectors,
which served as isoflurane inlet/outlet and for connecting a differential pressure sensor (DPS;
see methods section). Overall, the designed set-up served as an ideal platform to perform

correlative lung function.

Isoflurane

- Reference chamber
Detector
‘ DPS :l
i ~\\iR\esisto r-tubing
»
T

I

Isoflurane Powerlab

outlet
RS ~ Spzr e

F——— Gantry of the microCT —
PC ‘

Figure 1: Schematic illustration of the set-up for correlative XLF, WBP and micro-CT
measurements. One end of the WBP chamber has an isoflurane inlet/outlet, the other end is connected
to the differential pressure sensor (DPS) which in turn is connected to a reference chamber, a Powerlab
data acquisition device and a portable computer (PC). The chamber is placed inside the gantry of the
micro-CT imaging system on the sample stage. The mouse is positioned inside the chamber such that
the chest cavity is within the field of view (FOV). A piezoelectric (PZT) acoustic sensor that transduced
the sound of the CT door interlock is used to synchronize data acquisition from WBP with XLF or
micro-CT.

Correlating the timing of micro-CT and WBP signal

To perform direct correlation between micro-CT and WBP data we tested and synchronized
the timing of signal from each entity. Since the CT-scanner had no signal output to provide
information about the timepoint the first image frame was acquired, we had to conceive our
own trigger from the CT by installing a piezoelectric sensor to provide an acoustic signal for
matching the starting point of CT data acquisition and WBP recording. The peak signals from
each method were then synchronized to match the timing and traces of signals recorded. When

106



Chapter 3

comparing the peak of the average x-ray attenuation at the region of interest (ROI) over time
(Fig. 2a) and the peak of the WBP volume signal we noticed a significant delay of 27.5 £+ 20.0
ms (p<0.01, paired t-test) (Fig. 2b-c). However, taking into consideration the exposure time of
the x-ray detector of 33 ms, we assumed that the minimum x-ray attenuation at the lung region
and the peak of the WBP lung volume trace coincide as expected (Supp. Fig. S1).
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Figure 2: Comparison of traces from relative x-ray transmission function (rXTF) at lung region
and WBP. a) XLF-image in inspiration. The white box indicates the region of interest (ROI) that was
used to measure changes in intensity of rXTF. b) Data from rXTF and WBP. Red trace: rXTF at the
ROI (arbitrary units). Blue trace: band pass filtered (0.5Hz -20Hz) flow trace (ul/s) from the WBP.
Green trace: WBP Volume trace (Vi ul) derived from the integral of the flow (reset each cycle). c)
Averaged data from b. d-f) Correlation of the time course and signal derived from rXTF and WBP, d)
time rise (trise) Of the signal (20%-80%), ) decay of the signals (tra) (20%-80%) and (f) tau () using a
mono-exponential fit (peak to baseline, LabChart 8.0, ADInstruments). P-values and respective
coefficients of determination (R?) from linear regression analysis are shown on the graph.

The rise time (trise) of the rXTF signal (55.4 £16.1 ms) and the WBP volume signal
(52.8 + 8.7 ms) did not differ (p = 0.0004, paired t-test) (Fig. 2d). This indicates that WBP can
predict the inspiratory phase of the respiratory cycle very precisely. However, while comparing
tran and tau (t) of the expiratory phase, the two methods revealed significantly different results:
tran 187.1 + 53.8 ms for rXTF versus 497.4 £ 100.8 ms for WBP (p<0.0421; paired t-test, Fig.
2e) and t 215.4 + 65.4 ms for rXTF and 341.3 £ 92.6 ms for WBP (p<0.0039, Fig. 2f). One
factor that may account for the difference is the uncertainty regarding the position of the zero-

flow point for the end of each respiratory cycle. Moreover, the slower flow for rXTF during
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expiration that accounts for this difference, might be a consequence of isoflurane-induced

bronchoconstriction °°.

Micro-CT based volume measurements

We derived separate volumes (V;,crp) for the lung in inspiration and expiration from micro-CT
by performing retrospective gating in combination with a modified Feldkamp (FDK)
reconstruction algorithm . Both steps were implemented in a custom-built software called
retrospeCT. We wused the FDK algorithm implemented in the TIGRE toolbox
(https://github.com/CERN/TIGRE) — in contrast to the typically applied version of that
algorithm — allows using non-uniformly distributed angular projections. From the angular
projections, an ROI line was adjusted to select the representative region of lung expansion near
the diaphragm (Fig. 3a). Figure 3b shows an exemplary breathing cycle curve generated by the
temporal variations in the x-ray attenuation at this ROI. A moving average filtered curve which
presented gradual variations in the trendline was subtracted from the signal to factor out the
background. Moreover, the minimum peak distance (expiration points) and the number of
frames detected per inhaled phase were adapted to optimize the selection of projections that
maintained a consistent data quality for both phases (Fig. 3c). The selection was based on
thresholding: Here, the highest value above the inspiration threshold (green line) and the lowest
value below the expiration threshold (yellow line) was used for defining end-inspiration and

end-expiration frames (Fig 3b).
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Figure 3: Quantification of 3D lung volumes at expiration and inspiration. (a) The red line marks
the exemplary ROI selected near the diaphragm for representing the lung motion in the micro-CT
projections. (b) A graph for the lung motion at the ROI is generated where the green and yellow lines
show the threshold lines for maxima and minima selection, respectively. (c) A representative single
breathing cycle is shown with an exemplary selection of one frame for expiration phase (red circle) and
two frames for inspiration phase (yellow circles). (d) Following the selection of multiple breathing
phases from the entire breathing curve, the frames from the whole micro-CT projection are sorted to
reconstruct two segregated 3D lung volumes for expiration and inspiration. (e) A region inside and
outside the lung (red and black squares in d) were selected to generate histograms showing the
distribution of grey values for each region. (f) The lung volume (V},cr)) (red) is segmented through a

region growing method. (g) The calculated tidal volumes from micro-CT (V[ﬂ‘éﬂ) from the segmented

lung region show a strong positive correlation with the increasing stroke volumes used for mechanically
ventilating euthanized mice. The weights of the mice, p-values and respective coefficients of
determination (R?) from linear regression analysis are shown on the graph. Scale bars in (d) represent 1
cm.

From the breathing curve, frames at the expiration and inspiration phases were selected
resulting in two projection sets with strongly reduced frame numbers (approximately 340 each
out of the 8892 frames recorded) and non-equidistant angular spacing (Fig. 3d). Owing to the
low number of frames, standard reconstruction algorithms yielded a 3D reconstruction of poor
quality. Thus, a modified FDK reconstruction algorithm based on the graphics process unit
(GPU) was used for tomographic reconstruction of lung for both the expiration and inspiration
set of projections (Fig. 3d and Fig. S2). Still, the resulting 3D data demonstrated a high noise
level and a non-uniform background intensity which hindered the segmentation of the lung and

thereby a precise volume measurement. To correct the non-uniform background, a slice below
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the lung region was subtracted from all other slices. Subsequently, a 3D Gauss-filter was
applied to reduce the noise level (Fig. S2). From the resulting filtered volume, the lung at both
breathing phases was segmented individually. The lung was first masked to eliminate the area
of the surrounding thoracic regions. To select the intensity values that enabled an optimal
selection of V¢, histograms were obtained from manually defined regions inside and outside
the lung cavity (Fig. 3e). A region growing algorithm was utilized in which the upper and lower
threshold values from the histogram were exploited to select voxels consistent with the
intensity of the aerated regions. The gaps within the resulting segmented region were filled by
applying a closing operator. Lastly, Vj,cr; was calculated from the segmented region by simply
multiplying the number of segmented voxels with the volume per voxel. Other denser regions
such as the mediastinum, consolidation of lung parenchyma and the airway tracts were excluded
(Fig. 3f). In principle, Vj,cr did not only account for the air spaces within the lung but also for
the micro tissue structures including small blood vessels and connective tissue which could not

be segmented due to limited resolution of the reconstruction.

For testing the reliability and precision of the described workflow, V,cr) measurements were
performed in three dead mice of different age, weights and strains by mechanically ventilating
them with increasing stroke volumes (Tables S1 and S2). To achieve this, the tidal volumes
from micro-CT ( [MCT]) were determined by calculating the difference between the volume of

insp yexP
Viner) ~ Vuer)

correlated strongly with the applied stroke volumes (Fig. 3g). Unlike the ventilator stroke

lung cavity during inspiration and expiration ( ). The fractional increase in V[HCT]

volume which represents the total ventilation volume, V[HCT] measures the volume of lung

aerated regions and a strong correlation between these parameters signifies that the V, [um
indeed reflects the volume of air exchanged. All three mice weighing 30.1 g, 28.2 g and 25.0 g
expressed a strong linear positive correlation between both variables with R?-values of 0.95,
0.99 and 0.84, respectively (Fig. 3g). However, the relative change between V[HCT and the
stroke volume did not show an absolute match, which could be attributed to an amount of air
leakage, which depends on various factors including the speed of ventilation, increased airway
resistance and reduced lung compliance in dead mouse. Nevertheless, the sensitivity of V[ﬁ‘c’ﬂ to
the changes in stroke volume warranted the use of this approach as a standard procedure for

correlating the lung volumes measured by each method.
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Correlation of micro-CT determined volumes with WBP

Using the correlative approach, the in-vivo micro-CT measurements were performed in parallel
with WBP. For comparing the data obtained from both methods, V};¢;, was correlated with

tidal volume from WBP (TVwer)). The parameters presented only a weak correlation
(correlation coefficient R? = 0.5061, p-value = 0.0239, Fig. 4).
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Figure 4: Correlation between lung volumes measured using micro-CT and WBP in living mice.
Graph showing a weak positive correlation between TV wep; with V[ﬂ‘éﬂ (R? = 0.5061) performed in-

vivo (n=8) using the correlative set-up. All points are labelled with the respective weights of the mice.
The p-values and respective coefficients of determination (R?) from linear regression analysis is shown
on the graph.

Interestingly, both parameters correlated rather poorly (R?=0.5061), probably due to the
fundamental differences in volumetric constituents measured by each method. While V[%ﬂ
quantifies the aerated regions of the lung, TVwsp; is derived for pressure changes produced by
warming and cooling of the inspired air during every single breath 32, Moreover, the volume
is integrated from the calibrated flow signal (Fig. 2). Although band-pass filtering removed the

bias flow, the exact zero-flow point for each respiratory cycle remains uncertain due to change

of temperature and humidity inside the WBP chamber.
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Quantification of advanced XLF parameters

The functional parameters for XLF were measured from the average x-ray transmission at the
chest area over time. Previously, we reported the calibration of x-ray transmission over time
via the selection of a ROI at left and right lung lobes at the point of maximum contraction,
which was normalized by the averaged background intensity selected at a region outside the
mouse (Dullin et al., 2016). However, to accomplish adequate background selection, a large
FOV is required, which in turn compromises the image resolution at the lung region (Fig. 5a,
top panel). Therefore, we now used a modified approach for background correction (Fig. 5a,
lower panel). Briefly, an adaptive moving average filter was applied on the x-ray transmission
functions XTF(t), which in the first pass computed the moving average ma(t), penalised each
time point with its absolute distance d(t) to ma(t) and in a second pass calculated the adaptive
moving average ama(t) resulting in a baseline of the function that is less affected by the
breathing events.

1)
mal(t) = %Z XTF (i)
2)
d(t) = 1/[|lma(t) — XTF(t)| + 0.1]
3)

ama(t) = Z d(i) * XTF(D) / Z (i)

The exemplary relative x-ray transmission [rXTF(t)] shown for two breathing events in Figure
5b, was then calculated as follows:
4)
rXTF(t) = XTF(t)/ama(t)
The possibility to select a smaller FOV during XLF acquisition by implementing the modified
background correction method led to an improved image resolution at the lung region (Fig. 5a,

lower panel). This relatively enhanced macroscopic visualization of the lung structures enabled

precise selection of the aerated regions at each lung lobe.
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Following background correction, the calibrated x-ray transmission over the chest region was
used for quantification of in-vivo XLF. The functional parameters measured by XLF were
determined from the breathing curve (Fig. 5b). The local maxima I, which denotes the time
points of maximum inspiration (yellow circles, Fig. 5b) were detected. Then the time points of
maximum expiration E (red circles, Fig. 5b) were identified as the closest local minima before
the maxima 1. To further suppress the effect of noise a moving average filter was applied to
define the minima E. To split the breathing curve into an active breathing (mainly inspiration)
and a passive expiration phase, an intersection point was used at a level function (grey
horizontal line, Fig. 5b) resulting in the threshold point rXTF T (cyan circle, Fig. 5b).
Moreover, this point also separates the background signal and noise from the breathing peaks.
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Figure 5: Quantification of advanced XLF parameters from the x-ray transmission over time. ()
A representative radiograph is shown, demonstrating background correction based on the selection of
ROI at the lung lobes marked in cyan normalized by selection of the background marked in red (top
panel). The modified background correction at ROI is accomplished by applying an adaptive moving
average filter which requires a smaller FOV (bottom panel). (b) Two exemplary breathing cycles
depicted from the averaged x-ray transmission at the ROI are shown for a healthy mouse over a period
of 3 s. The peak intensities representing maximum inhalation | are marked by yellow circles while the
red circles represent the beginning of a new breathing event and the maximum exhalation phase E of
the breathing cycle. The breathing curve is split at threshold T (marked by a cyan circle and a grey
horizontal line) to obtain a breathing (A) and a passive expiration (B) phase. XLF parameters are shown
including average inhalation time (tin), average breathing length (L), x-ray-based end-inspiration
volume (EIVixLr), relative X-ray transmission at end-expiration (rXTE) and exponential function (t,
calculated in region indicated by blue dotted line). Scale bars in (a) represent 1 cm.
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Since quantitative functional parameters in the rXTF are based on the analysis of every single
breath, they were measured as an average over the entire recorded data. The inspiration time
(tin) was calculated as the average time between the points E and I for all breathing events
recorded. Further, the length of the breathing events (L) was calculated as the average distance
between the peaks I of the rXTF. The first part of the area under the curve (AUC) in the interval
E to T was recorded as end-inspiration lung volume (EIVxLr) while the second part in the
interval T to E denoted the relative X-ray transmission at end-expiration (rXTE). Lastly, to
characterize the decay rate T of the expiration phase (represented by the blue dotted line), which
indirectly measures changes in the elastic recoil of the lung, an exponential decay function

rXTF(t) = A x exp (—T *(t — tpeak)) +B

was fitted at the intervals 'l’ to ‘E’.

XLF measurements for precise lung volumes

To assess the comparability of XLF based 2D measurements with the lung volumes calculated
from 3D projections, we investigated the relationship between the XLF parameters that
coincided with the Vj,cr (Tables S2 and S3). We, therefore, compared EIVxi.r, Which is

described by the average AUC in the x-ray transmission function of a breathing event with

V[ZLCS%. Since EIVxLr is mostly affected by the total air volume inhaled at the end of the
Vinsp

inspiration phase it should be strongly related to the wer]:

To analyse the correlation between

the two parameters, we again assessed the lung volumes in dead mice that were ventilated with

insp
Viwer

showed an improved correlation with increasing stroke volumes (Supp. Fig. S3) as compared

increasing stroke volumes. Since values have a lower standard error than V[ﬁgﬂ, they

insp

wCT] for all three

to Vi¢ry (Fig. 39). EIVixLr also exhibited a strong positive correlation with 4
mice (30.1 g, R?>=0,99; 28.2 g, R?=10.99; and 25.0 g, R?=0,99) (Fig. 6a). Importantly, EIVxLr

which was found to be less

also corresponded to the weights of the dead mice, unlike V[insp

HCT]
sensitive to the weights of the mice (Supp. Fig. S3). This is because EIVixLr is directly
influenced by temporal variations in the x-ray transmission function during air exchange.

insp
Vier)

volume of the entire aerated lung regions including miniscule soft tissue structures.

ElIVxLm hence quantifies the air volume more precisely than which determines the
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XLF measurement in dead ventilated mice
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Figure 6: Correlation of XLF measurements with micro-CT and WBP. (a) Graph showing a strong
positive correlation between EIVx.r with V[Z‘C“‘% performed on dead mechanically ventilated mice (n=

3). (b-c) Graphs showing a strong positive correlation between EIVx.r and Vﬁf‘jﬁ (R?=0.94) and (c)

a weak correlation of TV wsp; With EIVx.r (R? = 0.32). Data for both b and ¢ is shown for living mice
(n=8). The respective p-values and coefficients of determination (R?) from linear regression analysis
are shown on the graph. (b-c) All points are labelled with the respective weights of the mice.

Following the calibration of EIVxLr in dead mice, we applied this approach in living mice. To
establish a direct correlation coefficient between the 2D (XLF) and 3D (micro-CT) datasets in

living male mice, which were age and strain matched, the V[T;T"jwas normalized with the mouse

body mass to the power of 1.5 (Table S3). In living mice, a strong linear positive correlation

between EIV[xLr and normalized V[TCST"Hwas observed with a correlation coefficient of R? =0.94

(Fig. 6b). These findings revealed that lung volumes determined from XLF were precise and
comparable to those measured from 3D data acquired by micro-CT. It is noteworthy that the

XLF data were recorded in 34 s to determine both lung volume and function with an average
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x-ray dose of only 0.17 Gy. In comparison, CT data were acquired in a considerably longer
acquisition time of 4.5 min and with a relatively high x-ray dose of approximately 2.7 Gy. This
signifies that XLF can perform both lung volume and function measurements in substantially

faster acquisition time and by using only a fraction of the x-ray dose that is necessary for CT.

Because tidal volumes cannot be derived from XLF measurements, a direct comparison of XLF
and WBP measurements is not possible. Still, a correlation between EIVx.r and TV[wep) Was
tested which resulted in a weak correlation as expected (R? = 0.32, Fig. 6¢ and Table S3). Using
Vicr as a standard approach, it can be concluded that EIVix.r is sensitive and accurate for
determining lung volumes at inspiration. Overall, these findings also highlight the difficulties

in deriving lung volumes from WBP measurements as compared to XLF.

Discussion

This study presents a refined XLF approach, which enables the determination of lung volumes.
This was achieved by using a novel experimental set-up which facilitated correlative
assessment of lung volumes in mice using XLF, micro-CT and conventional WBP. To enable
the biomedical interpretation of the XLF-acquired parameters as well as their comparison with
WBP and CT, XLF parameters described in Dullin et al., 2016 were redefined 2’. Our results
demonstrate that lung volume derived from a simple 2D measurement (XLF) strongly

correlates with the volume of the lung determined from micro-CT data.

Semi-automated segmentation of CT images is commonly used to define total lung volume in
healthy and diseased mice *1%33-37 hence we used this method in this study as a benchmark
for correlation of lung volumes. However, poor resolution owing to low signal to noise ratio
and motion induced image blurring could limit the lung volume quantification using
retrospectively gated CT 3, Likewise, in the present study due to the comparably large voxel
size of 40 um and motion artefacts, it was not possible to calculate the volume of air only,
instead, we measured the entire volume of the aerated regions of the lung. Moreover, changes
in the morphology and compliance of the lung can occur at the early post-mortem stage
affecting the total ventilation volume reaching the lungs . The extent of these post-mortem
alterations may even be different in each individual mouse. This explains the lack of perfect
correlation between Vj,cr and stroke volumes as well as the weights of the dead mice. Other

factors such as the relative fast stroke rate of the ventilator (40 strokes/min), leakage at the
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tracheal cannula and length and elasticity of the tubes can also contribute to the differences in
the total air volume exchanged in mechanically ventilated mice. We used a linear increase in
stroke volume which resulted in a perfect correlation with micro-CT lung volume
measurements, suggesting a high reliability in Vj,cr) measurements. Therefore, Vj,cr) was used

as a reference for our correlative approach.

For a direct correlation between the lung volumes obtained from 3D micro-CT and planar XLF,

V[ansf] was normalized by an empirically estimated factor of body mass to the power of 1.5. In

the present in-vivo study we used mice of the same age, sex and strain; hence it cannot be
excluded that additional normalization parameters may be required to compensate for these
factors. However, as most mouse studies are typically performed on gender and age matched
cohorts, our XLF approach is generally applicable.

Most importantly, the XLF data were recorded with a significantly lower x-ray dose and about
87 percent shorter acquisition time when compared to CT (see results). This signifies that by
using only approximately 7% of the x-ray dose used in CT scans, XLF not only measures the
lung function more precisely than commonly applied WBP but also determines the lung
volume, a parameter that until now could only be reliably assessed by CT. This can serve as a
breakthrough for facilitating the use of XLF in longitudinal studies on mouse models of lung
disease with repeated lung function measurements without the risk of potential radiation

damage to the lung.

XLF-defined lung volume only accounts for air volume at end-inspiration and cannot quantify
end-expiration and tidal volumes. This contributed to the poor correlation of EIVxLr with
TVwer. On the other hand, slight breath to breath changes in the humidity and temperature
inside the chamber can largely influence the tidal volumes obtained from WBP in small animals
1039 Unfortunately, the humidity and temperature change inside the chamber could not be
recorded during correlative lung function measurements as the data logger device can interfere
with the x-ray transmission and more importantly changes the posture of the mouse which can
affect the breathing pattern. Consequently, we could not determine a correction factor offline

(see methods) for the WBP tidal volume which resulted in the rather weak correlation with

V[%T]. Moreover, the standard errors involved in the segmentation of the lung volume at each
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inspiratory and expiratory phase both contribute to the resulting V[ﬁ‘c/r] values, therefore

reducing its precision and accuracy.

In addition, WBP is complicated to perform in both pre-clinical and clinical use, and can result
in significant inconsistencies due to minor technical differences in equipment, handling and
surroundings “°*. Henceforth, sophisticated correlative techniques such as presented in this
study are required to further test the validity of plethysmography measurements for
determining tidal volumes. On the other hand, WBP for preclinical application can be

performed in freely moving animals, while XLF requires isoflurane anaesthesia.

In conclusion, we present XLF as a tool for an efficient and reliable assessment of lung function
and also lung volumes by successfully correlating radiographic XLF measurements with
micro-CT data. Due to the high sensitivity of XLF and the ability to use standard micro-CT
equipment or even a simple x-ray tube to perform these studies, XLF can easily be applied in
preclinical studies. Most importantly, XLF is performed with minimal x-ray dose and
acquisition time and is therefore suitable for longitudinal studies. This also provides a vital
basis for clinical translation. X-ray based lung function analysis - especially for studying lung
motion - has already been used, but due to x-ray dose limitations has not been routinely applied
in the clinic. Fouras et al., 2019 developed a similar approach for low dose x-ray velocimetry
for patient setup #2. However, to date, no clinical data from this system has been published. Our
data, showing the use of low x-ray dose for lung function and volume measurements, support
the notion that this technique should be further developed for patients. Since the functional and
volumetric parameters measured by XLF are designed to reflect airway remodelling
contributing to the airflow obstruction, XLF could be used for assessing multiple pulmonary
diseases and even enable an early-stage diagnosis in case of pulmonary fibrosis and edema #344,
Ventilation settings which are currently adjusted manually by the operator and by interpreting
ventilator-derived parameters could also be regularly monitored by XLF and adjusted to
personalized, case-by-case settings “°. Lastly, XLF may be potentially performed in non-
compliant or even unconscious patients, in which e.g., spirometry typically used for lung

function measurement, cannot be applied.
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Supplementary material

S1: Synchronizing the timing of signals
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Figure S1: Synchronizing x-ray and WBP based measurements. a) X-ray and whole-body
plethysmography (WBP) acquisitions were synchronized using an mechano-acoustical signal from the
interlock system of the computed tomography (CT) device that was detected by a piezosensor (PZT)
that was placed at the door of the CT (red trace). The delay between this signal and the first image of
the radiographic image series was measured by the parallel recording of the CT images and a transistor-
transistor logic (TTL) signal (dark blue trace) triggering a custom-made mechanical lever (image
series), which was placed inside the CT. The TTL was generated by the Powerlab (8/35) that recorded
the piezo signal. b) The response time of the lever to the TTL signal (red trace) was measured by a light
reflex (blue trace) that was detected with a Fiberoptometer Il (NPI electronic GmbH). For timing the
5% threshold of the signal was used.

The signals from x-ray and WBP measurements were synchronized as shown in Figure 1. The
delay (CT-delay in Fig. S1a) from the click to the first image was found to be 3243.3 + 28.4
ms (n=4). Thus, thetiming error (< 30 ms) is small then the duration of a single XLF-image
(33 ms), allowing us to record the timing of the respiratory signal with sufficient precision

during the entire duration of radiographic recording.
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S2: Animal data:

The mice used for in-vivo assessment of lung function using the correlative approach were all
age, strain and gender (male) matched. This was done to reduce the number of factors that may
influence the lung function measurements. The mechanically ventilated dead mice were only

gender matched (male) and therefore of different age and strains.

Table S1: Data for the mice including age, body weights and normalized body weights.

Body Normalized

. Age : : .
Experiment  Mouse Gender Strain weight body weights

(weeks)
(9) (9"1.5)

1 13 Male C57BL/6 30.1 165.1

2 13 Male C57BL/6 27.6 145.0

3 13 Male C57BL/6 29.2 157.8

. 4 13 Male C57BL/6 29.1 157.0

In-vivo

5 13 Male C57BL/6 27.2 141.9

6 13 Male C57BL/6 25.7 130.2

7 13 Male C57BL/6 26.6 137.1

8 13 Male C57BL/6 26.7 138.0

Mechanically 1 49 Male BALBI/c 30.1 165.1

ventilated 2 10 Male C57BL/6 25.0 125.0

dead mice 3 10 Male C57BL/6 28.2 149.8
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S3: XLF, micro-CT and WBP measurements in dead ventilated mice

Table S2: Lung volumes obtained from XLF and micro-CT in mechanically ventilated mice

XLF Micro-CT
Mouse Volitr:;kfml) EIVixie Viner, (ml) LV & (mi)

15 0.0047 0.689 0.543
2.0 0.0060 0.722 0.563
' 25 0.0079 0.793 0.581
3.0 0.0094 0.834 0.594

Mean + SD - 0.0070 £ 0.0021 0.7595 £ 0.0660 0.57025 + 0.0222
15 0.0014 0.617 0.559
, 2.0 0.0022 0.679 0.554
25 0.0029 0.711 0.537
3.0 0.0037 0.764 0.595

Mean + SD - 0.0025 £ 0.0010 0.6928 £ 0.0615 0.5613 £ 0.0244
15 0.0028 0.523 0.422
2.0 0.0039 0.557 0.423
’ 25 0.0049 0.596 0.433
3.0 0.0056 0.633 0.447

Mean + SD - 0.0043 £ 0.0012 0.5773 £0.0477 0.4313+£0.0116

insp _

EIVixLr = XLF measured end-inspiratory volume; Vier) =

micro-CT measured lung volume

exp

at inspiration; LV[HCT]

= micro-CT measured lung volume at expiration
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Table S3: Lung volumes obtained from XLF, micro-CT and WBP measurements in living

mice
XLF Micro-CT WBP
Normalized
Mouse  ElVpur EZE? (ml) insp Viner (M) VEG (M) TViwee; (ml)
[HCT (ml/g)
1 0.0061 0.921 0.0056 0.523 0.398 0.314
2 0.0065 0.837 0.0058 0.468 0.369 0.259
3 0.0095 1.088 0.0069 0.580 0.508 0.488
4 0.0070 0.932 0.0059 0.507 0.425 0.217
5 0.0087 0.944 0.0067 0.587 0.357 0.195
6 0.0058 0.737 0.0057 0.474 0.263 0.124
7 0.0060 0.725 0.0053 0.486 0.239 0.265
8 0.0069 0.800 0.0058 0.449 0.351 0.267
Mean 0.0071 0.8730 0.0060 0.5092 0.3638 0.2661
() SD +0.001 +0.122 +0.001 +0.051 +0.086 +0.106

Mean + standard deviation (SD) is shown for all datasets. EIVx. = XLF measured end-

insp _
[nCT]

exp

wer] = micro-

inspiratory volume; V = micro-CT measured lung volume at inspiration; L,

CT measured lung volume at expiration; V{i.,; = micro-CT measured tidal volume; TV{wee) =

WBP measured tidal volume.
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S4: Comparison of three-dimensional (3D) data reconstructed by using the standard
algorithm and modified Feldkamp (FDK) reconstruction

The proprietary retrospective gating software of the device can only be used to remove
breathing artifacts (Fig. S2a) but cannot reconstruct the lung in two separate states. To achieve
a reconstruction with strongly reduced breathing artifacts the software uses 494 frames out of
the 7904 initially acquired. In order to reconstruct the lung in the two states i.e., an end-
inspiration and end-expiration, we used custom-made software in combination with 200
projections for each phase. Our software uses a Feldkamp algorithm that can deal with non-
uniformly angularly distributed projection data and is implemented in TIGRE. This resulted in
reconstruction of images shown in figure S2b, while the FDK reconstruction after the
subtraction of a slice outside the lung region and following Gaussian low-pass filtering is
displayed in figure S2c. The normalized profile plot (Fig. S2d) at the position indicated by the
blue line over the lung region (Fig. S2a-c) shows an apparent shading in the original FDK data,
which would not enable segmentation of the lung with a threshold-based algorithm. In contrast
to that, the proposed subtraction of a slice outside the lung region and the subsequent Gaussian
low pass filtering removes the shading and boosts the contrast to noise ratio from initially about
0.5 to 3. Subsequently, the lung region can be segmented using the threshold indicated by the
gray line (Fig. S2d).
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Figure S2: Comparison of micro-CT data reconstructions using standard retrospective gating
software, modified FDK algorithm and FDK-reconstruction post filtering. a) Micro-CT
reconstruction using the standard device-based algorithm with combined breathing states (inspiration
and expiration) b) FDK-reconstructed image without additional correction factors. c) Image
reconstruction using the modified FDK algorithm with post-process corrections including shading
correction and enhanced contrast-to-noise ratio. d) The normalized profile-plot at the position indicated
by the blue line over the lung region in a-c.
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S5: Correlation between micro-CT determined lung volumes at inspiration and stroke

volumes in dead ventilated mice
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Figure S3: Correlation between Vet and stroke volumes applied for ventilating dead mice.
Graph showing strong correlation between Vi[ﬁf:‘}] and increasing stroke volume used for ventilating

dead mice The weights of the mice, respective coefficients of determination (R?) from linear regression
analysis and p-values (GraphPad Software) are shown on the graph.
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Comparative label-free imaging approach for assessing cardiac fibrosis and
hypertrophy

Myocardial fibrosis is a common pathological process during the course of different
cardiovascular diseases with a proven prognostic value in the development of heart failure. The
structural alterations in the myocardial architecture caused by fibrosis requires detailed ex-vivo
imaging of fibrotic tissue for identification and quantification of structural modification at sub-

cellular level.

In chapter 1, | present a unique comparative multi-imaging label-free approach combining
second harmonic generation (SHG) imaging and x-ray diffraction to assess cardiac remodeling
in a mouse model of pressure overload. To date, SHG imaging is relatively little established to
investigate the cardiac structural composition as compared to x-ray diffraction. In fact, most of
SHG imaging in previous studies has been mostly applied in isolated cardiomyocytes (Liu et
al., 2011; Varga et al., 2020; Yang et al., 2016). Our study is the first to implement SHG
imaging for the characterization of structural modulations in entire transverse tissue sections
of healthy and disease hearts. Morphologically, the SHG signals from collagen and myosin
could be clearly distinguished in cardiac tissue. Furthermore, the assessment of collagen
emitted SHG revealed micro- to macro-level (i.e., single fibril to bundles) deposition of
collagen in the interstitial space of fibrotic hearts. Profound differences in the tissue
architecture of TAC operated hearts were detected when compared to healthy hearts including
interstitial and perivascular fibrosis and disruption of surrounding myocardium. By contrast,
Yuan et al. found no differences at morphological level but only reported changes in myosin
in a cell stretch model (Yuan et al., 2019) when they performed SHG imaging in healthy and
TAC operated cardiac tissues. The discrepancy in the observations was due to fundamental
differences in their animal model, sample preparation and image acquisition as compared to
our work (Yuan et al., 2019). In our study, cardiac tissue sections were obtained from TAC-
operated hearts 16 weeks post-surgery while in the work by Yuan et al., 2019 hearts were
imaged 4 weeks after TAC surgery. Further, they imaged cryofrozen tissue sections using a
relatively small field of view (FOV) while we analyzed formalin fixed samples and performed

scanning of entire tissue sections. This highlights that identification of fibrosis incurred micro-
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modulations in heart requires scanning over large areas of cardiac tissue sections. Furthermore,
in our study SHG imaging showed higher precision in the evaluation of perivascular fibrosis
than conventional histology. Interestingly, as shown in our study by the myosin emitted SHG
signal in TAC hearts, myofibril hypercontractility (or undulations), which was previously
mainly associated with hypertrophic cardiomyopathy (HCM), is also a significant feature of
hypertensive hearts. In HCM, hypercontractility is primarily caused by mutations in $-cardiac
myosin and myosin-binding protein-C (MyBP-C) (Spudich, 2019) and also via ACTN2
mutation as shown in a recent study (Prondzynski et al., 2019). We hypothesize that the
underlying cause of myofibril hypercontractility due to pressure-overload might be related to
the compensatory mechanisms that help to maintain cardiac function. However, the molecular
pathways contributing to myofibril hypercontractility due to hypertension still need to be
identified.

The findings presented in chapter 1 show that the comparative approach by SHG and x-ray
diffraction is ideal to support and validate the data obtained from both imaging modalities. The
diffraction maps of transverse sections of cardiac tissue can additionally resolve the specific
peak intensity, fiber orientation and filament spacing at each layer of the heart i.e., epicardial,
myocardial and endocardial layer. In fibrotic tissue, 2D maps of high filament spacing and a
low peak intensity identified the site of fibrotic lesions and an increase in acto-myosin lattice
in the surrounding tissue. Additionally, a low anisotropy at fibrotic regions reflects tissue
replacement while maintaining only a residual degree of original orientation of the tissue which
might help maintain cardiac functioning in diseased hearts. However, regions with an increase
in acto-myosin filaments and tissue replacement are known to contribute to anomalies in
cardiac conduction which is typically observed in fibrotic hearts (Nguyen et al., 2014; Wada et
al., 2013). In comparison to SHG imaging, x-ray diffraction has been extensively implemented
on heart to elucidate the micro-level structural arrangement of the acto-myosin lattice. Nicolas
et al., performed scanning x-ray diffraction in various types of healthy cardiac cells and tissue
including neonatal (rat) and adult (mouse) cardiac cells, induced pluripotent stem cells (iPSC)
derived cardiomyocytes, engineered heart muscle (EHM) and cardiac tissue sections (mouse)
(Nicolas et al., 2017; J. D. Nicolas et al., 2019). The results from these extensive studies linked
the diffraction signal to the underlying actin cortex where highest muscle diffraction peak was
observed in cardiac tissue followed by adult cardiomyocytes. In fully developed cardiac tissue

and isolated adult cardiomyocytes, a clear mapping of multiple averaged diffraction scattering
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patterns was also acquired for orientation and anisotropy (J.-D. Nicolas et al., 2019; Nicolas et
al., 2017). However, the highly structured diffraction pattern of classical muscle is not resolved
in neonatal cardiomyocytes and EHM due to immature and underdeveloped structures (J. D.
Nicolas et al., 2019).

In our study, the regions in the TAC-operated cardiac tissue slices lacking acto-myosin lattice
diffraction signal and SHG signal from both myosin and collagen were initially obscure. Upon
two-photon excitation fluorescence (TPEF) imaging of DRAQS5 stained nuclei we observed
that such regions have high infiltration of immune cells and IHC revealed presence of activated
myofibroblasts signifying an active fibrosis process at these regions. The infiltration of immune
cells is a known phenomenon that occurs in early stages of fibrosis progression (Bacmeister et
al., 2019). Thus, the combined use of x-ray diffraction and SHG enables detecting an early
onset of fibrosis with immune-cell infiltration and also end-stage fibrosis with ECM turnover

and collagen deposition accompanied by myofibril disruption.

The results from both imaging modalities signify that the adverse effects of fibrosis on tissue
structure spread beyond the fibrotic lesions to the surrounding myocardium, in particular the
myofibril distortion and increased acto-myosin interfilament spacing, as presented in chapter
1. These new insights into cardiac remodeling suggest that a range of other molecular and
structural targets for early detection of fibrosis induced tissue remodeling could be investigated.
For instance, the analysis of hypercontractility of myofibrils in surrounding tissue, could be
performed in addition to assessing elastic stiffness and strain rate of fibrotic lesions by non-
invasive functional assessment using speckle tracking-echocardiography. So far, most of the
in-vivo diagnostic techniques are focused on detection of fibrotic lesions by homing probes to
sites of fibrosis and inflammation (Baues et al., 2017; Hassan et al., 2020; Ziegler et al., 2016).
The results of our ex-vivo imaging approach, revealing disruption of myofibrils around the
fibrotic regions and increase in overall filament spacing, highlight that the scope for detecting
fibrosis induced tissue remodeling can now be extended to evaluate and quantify orientation,
spacing and morphology of myofibrils. For instance, x-ray diffraction and/or more readily
available SHG imaging could be applied to detect micro-level remodeling not only at fibrotic
lesions but also at the surrounding myocardium in endomyocardial biopsies (EMB). In this
way, the effects of non-representation of pathological tissue, discrepancies in interpretation,

complex sample preparation and staining procedures can be reduced.
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Age-related divergent remodeling of the cardiac muscle and ECM

Next, we applied a modified and advanced TPM approach to augment the label-free imaging
approach for assessing cardiac maturation and age-related fibrosis in non-human primates
(NHP) as shown in chapter 2. By successfully segregating the collagen originated SHG as the
backscattered signal from myosin emitted SHG, a reliable quantification of connective tissue
content was performed in hearts of neonatal/newborn (<4 weeks), young adult (1-4 years) and
old/geriatric (>10 years) marmosets. Additionally, the total tissue volume (myosin + collagen),
which was detected as forward SHG signal, was determined in 3D for all age groups. Myosin
emitted SHG was quantified in overview as well as in zoomed-in images to provide vital cues
for evaluating age-related structural differences in the myocardium. Our results demonstrate
for the first time significant differences in total tissue volume, myofibril spacing, alignment,
curvature and angular distribution in hearts of marmosets of different age groups using a label-

free TPM imaging approach.

First, to investigate age-related cardiac remodeling, we acquired and defined intrinsic
autofluorescence signals from the myocardium. At the extracellular level, autofluorescence is
mainly generated by elastin and blood cells and at the intracellular level it arises from various
mitochondrial proteins while the nuclei appear dark. In accordance with stained histological
slices, TPEF label-free images reveal a high nuclear-to-cytoplasm ratio in neonatal marmoset
hearts which declines as the cardiomyocytes mature in the adult hearts as presented in chapter
2. As shown by others, this decline in nuclear density from neonatal to adult stage mainly
occurs via DNA synthesis without nuclear division to make polyploid nuclei (Bishop et al.,
2021; Karbassi et al., 2020). Our findings demonstrate the characteristics of TPEF emitted
autofluorescence in cardiac tissue for elucidating nuclear density and presence of connective
tissue components (i.e., elastin) which offers versatile applications in tissue engineering and
developmental studies to reflect tissue maturity. TPEF has been applied by others for imaging
live cells and tissue interactions (Benninger et al., 2008), in developmental biology (Abu-
Siniyeh and Al-Zyoud, 2020) and for understanding the tumor micro-environment (Williams
et al., 2010).

The SHG signal intensity from myosin tends to be weaker than that of collagen as observed in
both of our studies. This is mainly due to fundamental differences in the structural assembly of

both harmonophores and the dependence of myosin on the orientation of the myofibrils and
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semicrystalline order of A bands (Greenhalgh et al., 2007). This poses a real challenge to image
both harmonophores in the same frame with adequate quantifiable intensities. To overcome
this and to segregate the SHG signals from collagen and myosin we simply acquired the SHG
signals bidirectionally. SHG being an anisotropic process, propagates in forward direction with
minimal backscattered signal. Hence, the intensity of myosin is optimal in forward direction
while collagen emits ideal signal intensity in epi-direction without causing signal saturation, as
shown in chapter 2. The image acquisition settings are also critical for obtaining signal
intensities. In our TPM experimental design we managed to execute simultaneous bidirectional
acquisition by applying the same excitation/emission wavelengths. Furthermore, by collecting
backscattered signals via the objective lens and forward signals through the condenser lens we
were able to use minimal illumination power to avoid tissue damage, especially during the 3D
imaging. Since TPM enables high imaging depth, we performed volumetric assessment of
collagen and myosin in relatively transparent (50 — 100 um) slices which was found to be the
optimum thickness of cardiac tissue slices to maintain a constant SHG signal intensity

throughout the acquired volume (particularly the z-stacks).

One of the main findings from our study is the significant structural modulation that takes place
during cardiac maturation and age-related pathological remodeling in marmosets. Our
volumetric assessment revealed a relative increase in collagen volume with age which can be
in part attributed to the number of fibroblasts that increases postnatally until adulthood
(Banerjee et al., 2007; Hall Caitlin et al., 2021). Varying populations of cardiac fibroblasts in
postnatal heart promote cardiac organogenesis and ECM maturation, and during the postnatal
period, ECM remodeling is active which is promoted by the presence of periostin-expressing
cardiac fibroblasts (Hortells et al., 2020). However, previous work has shown that in adult
hearts the fibroblasts become quiescent, and the ECM is fully developed to provide a scaffold
for maintaining tissue structure and dynamics (Hall Caitlin et al., 2021). My finding of
substantially high collagen volume in geriatric marmoset hearts indicates the development of
age-related interstitial and perivascular fibrosis. This signifies the pathological activation and
transdifferentiation of fibroblasts into myofibroblasts by old age. The presence of periostin-
expressing cardiac fibroblasts in aged hearts, in absence of an underlying pathology, also
promotes the infiltration of inflammatory cells and fibrosis progression (Landry et al., 2017;
Li et al., 2014). Evolving evidence suggests that activation of several distinct signaling

pathways may participate in age-associated fibrotic cardiac remodeling. Reactive oxygen
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species (ROS) (Checa and Aran, 2020), fibroblast progenitors (Trial and Cieslik, 2018),
transforming growth factor (TGF)-p activation (Bujak and Frangogiannis, 2007), chemokine-
mediated recruitment of immune cells (Meschiari et al., 2017) and angiotensin 11 signaling (Lu
et al., 2017) mediate interstitial and perivascular fibrosis in the aged hearts. Impaired collagen
degradation may play a more critical role than increased de novo synthesis in the pathogenesis

of aging-associated fibrosis (Lu et al., 2017).

By investigating the impact of ECM and the combined volume of collagen and myosin (total
tissue volume) on the structural organization of myofibril, parameters such as myofibril
alignment, curvature, angulation and spacing at sub-cellular level were measured for the first
time in cardiac tissue. In neonatal marmoset cardiac tissue, a loosely packed structure with no
proper adhesion between the myofibrils contributes to the overall low total tissue volume. This
structural composition in neonatal hearts was further attributed to the absence of fully
developed intercalated disks (ICDs) as shown in our SHG images. This correlates to the
understanding that the spatiotemporal movement of ICDs associated proteins including fascia
adherens, desmosomes and gap junctions from the lateral side of the myocytes to the cell
termini does not occur at this stage (Guo Yuxuan and Pu William T., 2020). This finding is in
line with the human developmental process of cardiomyocytes in which the targeted
localization of adherens junction proteins (N-cadherin) to the ICDs occurs at about 10.5 months
of age (Vreeker et al., 2014). In rodents however, the ICDs develop as early as postnatal day
three (Bishop et al., 2021) which further emphasizes the relevance of using NHP as a model
for investigating cardiac aging. In our study the myofibril misalignment and absence of
adhesion between myofibrils can be related to the low volume of immature ECM components
since cardiomyocyte integration requires attachment to the ECM via focal adhesion structures,
the costameres, which are also not developed in the neonatal hearts (Guo Yuxuan and Pu
William T., 2020). ICDs and costameres also contribute to tissue integration as well as
cardiomyocyte maturation by harboring the vinculin-based actomyosin assembly that is
required for sarcomere expansion (Chopra et al., 2018). In comparison, in the young adult
marmosets with an age range of 2 — 4 years, a fine arrangement of well aligned myofibrils as
well as fully developed ICDs and ECM are present as clearly visible by our SHG imaging

approach.
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An aged heart begins to display signs of pathological tissue remodeling with the appearance of
hypercontracted and distorted myofibrils as shown in our SHG images. In old/geriatric hearts,
despite the apoptosis induced reduction in the number of cardiomyocyte and a lower LV mass
in the whole hearts in-vivo, we observed the highest total tissue volume at the ROI. This can
be mainly attributed to the lower spacing between hypertrophic myofibrils and excessive ECM
deposition which adds to the high tissue volume at the pathological sites. Unlike hypertensive
hearts, in which the underlying cause of myofibril hypercontractility is unidentified, in aged
hearts it can be primarily attributed to alteration in excitation-contraction coupling (ECC).
Aging is associated with various modifications in ECC components including i) the decline in
expression and activity of sarco/endoplasmic reticulum Ca?*-ATPase (SERCA2a) which
results in poor Ca?" transient decay rates and concomitantly weakens the cardiomyocyte
relaxation rate and ii) the increased activity of ryanodine receptor (RyR) during diastole
contributing to increases in resting Ca?* ions. These age-related modifications have been shown
to promote cellular Ca®* overload-mediated cardiac dysfunction (Hano et al., 1995; Xu and
Narayanan, 1998; Fares and Howlett, 2010). A recent study reported the expression of the
Transient Receptor Potential Vanilloid-4 (TRPV4), which is a non-selective cation channel in
aged mice hearts causing an additional sarcolemmal Ca?* influx pathway, which contributes to
excessive intracellular Ca?* accumulation provoking cardiac hypercontractility (Veteto et al.,
2020). Receptors such as TRPV4 can serve as an alternative target for designing PET and
SPECT tracers for identifying Ca?* overload-induced cardiac dysfunction in-vivo, in addition
to targeting biomarkers specific to fibrosis and/or inflammation in old patients. Owing to the
comparable lifespan in human and NHP aging, our findings offer clinically relevant data

therefore it is of great value to assess hypercontractility older patients.

In conclusion, our label-free high-resolution TPM approach enables visualization and
quantification of subcellular structural features for understanding vital age-related
morphological alterations in the marmoset heart. These findings highlight the unrivalled
potential of TPM label-free imaging that could be further applied for investigating the effects
of therapeutic approaches for cardiac regeneration and repair on the structural level in pre-

clinical models.
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Future perspectives — Label-free imaging as next-generation diagnostic tool for pre-
clinical and clinical application

In contrast to histology and immunohistochemistry which only provides 2D data, our TPM
imaging approach could provide label-free, volumetric, high-resolution information on clinical
samples including whole biopsies. For instance, it can be readily clinically applied for assessing
EMB in 2D and 3D. EMB are — according to the specific guidelines from the European Society
of Cardiology and American Heart Association, the American College of Cardiology — advised
to be used for different diagnostic purpose, such as monitoring cardiac allograft rejection or
identifying in the patients an unexplained new-onset of heart failure with new ventricular
arrhythmias and a dilated left ventricle, or in conditions when the patient fails to respond to the

standard treatment within 1-2 weeks (Cooper et al., 2007; Mewton et al., 2011).

The comprehensive SHG data provided by our studies on cardiac tissue have versatile
implications for pre-clinical applications, such as intravital TPM and SHG imaging of the heart
that could discern details of micro-fibrotic lesions and myofibril arrangement. Recently, a
proof-of-concept study was performed in adult CAG/GFP transgenic rats for in-vivo intravital
imaging of cardiac ischemia/reperfusion (I/R) (Matsuura et al., 2018a). This study successfully
observed myocardial subcellular dynamics, mitochondrial distribution, I/R injury-induced
suppression of the contraction/relaxation cycle and leukocyte accumulation in cardiac tissue
(Matsuura et al., 2018b). The visualization of various cardiac structures including the
myocardium, capillaries and mitochondrial membranes relied upon the use of fluorescent dyes
in this study. Photobleaching and phototoxicity of the fluorescent dyes hinder longitudinal
assessments as well as the quantification of signal intensity in a time-dependent manner.
However, since TPM demonstrates minimal photobleaching and photodamage restricted to the
volume of the focal plane as compared to other microscopy techniques, imaging intrinsic
signals in form of SHG and TPEF can largely overcome these drawbacks. Both of our studies
provide detailed descriptions of acquisition and identification of cardiac structures for
implementing label-free TPM for intravital imaging. A detailed understanding of the
distinction between forward and backscattered SHG signals in cardiac tissue is important for
intravital microscopy, which is performed on high-scattering opaque organs and requires signal

acquisition in epi-direction. This can pose a challenge for imaging and quantifying collagen
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and myosin emitted SHG in whole hearts as backward signal in a single frame. Therefore, we
expect that morphological distinction between the two harmonophores highlighted in chapter

1 can be an advantage for the use of TPM based intravital imaging of beating hearts.

In future, the most promising application of our imaging approach might be in the field of two-
photon endoscopy which is feasible for preclinical and clinical diagnostics. Interestingly, label-
free imaging using TPM micro-endoscopy has been already performed successfully in a mouse
model of unilateral urethral obstruction (Ducourthial et al., 2015). In-vivo 3D imaging enabled
detection of significant signals from the tubules up to 300 um below the kidney outer surface.
The results further showed a higher degree of collagen at the capsular surface and enlargement
of the renal capsule in fibrotic kidney when compared to the healthy one (Ducourthial et al.,
2015). Such an approach enables high-resolution, in-vivo visualization of ECM with increased
specificity that is so far not accomplished by current non-invasive pre-clinical imaging

techniques.

TPM endoscopy in clinical studies is focused on two main research areas: 1) in-vivo TPM
dermatological imaging, and 2) in-vivo TPM endoscopy of deeper tissue regions (Perry et al.,
2012). TPM endoscopy for dermatological imaging identified distinct features of ascending
melanocytes such as architectural disarray of epidermis, the presence of dendritic and
pleomorphic cells and poorly defined keratinocyte cell borders, which can differentiate
between cancerous skin tissues from healthy human skins with accuracy (Dimitrow et al., 2009;
Paoli et al., 2009). TPM micro-endoscopy of deep tissue is mainly applied by two means —
intracorporeal and intracavitary endoscopy. Intracorporeal endoscopy employs needle-like
lenses to penetrate areas near the body surface while intracavitary endoscopy uses lenses
attached to a flexible fiberoptic probe that enables deeper intracavity imaging (Liu, 2015). TPM
endoscopy can help replace more invasive or surgical biopsy-based methods to detect fibrosis
in multiple organs including heart, however, its use is largely hindered by technological
obstacles. One example is the difficultly of incorporating femtosecond pulse rate laser source
within the optical fiber (Fu and Gu, 2007). Recent efforts for overcoming these technical
challenges, such as the use of gradient-index (GRIN) lenses and units based on
microelectromechanical systems (MEMS), have substantially improved clinical application of
TPM endoscopy (Chien et al., 2020; Qiu and Piyawattanamatha, 2017). With minimal invasion,

GRIN lens-based endoscopes with a 350 pm diameter successfully facilitated visualizing
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individual sarcomeres in passive and activate skeletal muscle revealing contractile dynamics
with millisecond-scale resolution in human subjects (Llewellyn et al., 2008). Intravital or TPM
endoscopy in beating hearts, however, involves additional challenges due to motion artifacts.
Vinegoni et al. performed TPM and confocal based intravital imaging of beating hearts in a
proof-of-concept study and presented a motion artifact removal protocol (Vinegoni et al.,
2015). They showed that by using mechanical tissue stabilization and by applying
cardiorespiratory gating, periodic reproducibility in the images can be achieved to minimize
motion induced artefacts (Vinegoni et al., 2015). Additionally, the use of suitable post
processing computational algorithms and software to acquire the timing of signal from the
microscope, the electrocardiogram (ECG) and the ventilator waveform, can further correct the
motion artefacts (Vinegoni et al., 2015). Thus, both TPM based intravital microscopy and
endoscopy have the potential to be used in animal models and humans as next-generation
cardiac diagnostic tools which can be combined with various functional imaging techniques
such as CCT, CMR and echocardiography (Matsuura et al., 2018a).
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New mode of lung function assessment using advanced XLF

Techniques to reliably assess lung function particularly in pre-clinical animal models are
inefficient and underdeveloped. In chapter 3, we report an advanced x-ray based lung function
(XLF) approach that measures various functional parameters including inspiration time (tin),
length of the breathing events (L), decay rate (t) of the expiration phase as well as lung volume
from simple low dose radiographic images of the chest in living mice. The XLF algorithm
described in a previous study from Dullin et al. was used as basis and was redefined to achieve
functional parameters that are comparable to whole body plethysmography (WBP) and micro-
CT and are biomedically interpretable. We show that XLF measured lung volumes reveal

higher precision and sensitivity when compared to WBP.

To enhance the quality of x-ray radiographic images, a relatively small FOV was used which
is optimal for in-vivo lung imaging using a benchtop micro-CT system for XLF and for micro-
CT measured lung volumes (Ruscitti et al., 2020, 2017; Vande Velde et al., 2016, 2015). In the
next critical step, we succeeded to synchronize the timing of signals acquired from WBP, XLF
and micro-CT. Since micro-CT lacks a signal output to provide information about the timepoint
to acquire the first image frame, we conceived our own trigger from the CT via installation of
a piezoelectric sensor. This provides an acoustic signal for matching the starting point of CT
data acquisition and WBP recording. Further experiments by us demonstrate that this unique
yet simple experimental design is feasible for future studies to perform non-invasive
multimodal lung function assessment in various small animal models of lung disease including

lung fibrosis to measure lung volumes, decay rates and inspiration (see appendix).

In our approach micro-CT measured lung volume is used as a gold-standard for correlation of
lung volumes acquired from XLF and WBP. Semi-automated segmentation of CT images is
commonly applied to determine total lung volume (Backer et al., 2009; Ruscitti et al., 2020;
Vande Velde et al., 2016) in pre-clinical studies and offers higher sensitivity in comparison to

plethysmography. We developed an efficacious pipeline for extracting segregated lung

volumes for inhalation (Vmsp) and expiration phases (Vexp ) and the difference between the

insp exp

two breathing phases (Vy,cry — Viery

) resulted in tidal volume (VHCT ). A strong correlation

between V[uCT and stroke volume used for ventilating dead mice warranted the use of our

micro-CT approach to determine lung volumes as a benchmark. However, the lab based micro-
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CT systems have poor resolution due to low signal-to-noise-ratio and motion induced image
blurring which results in delineation of lung aerated regions that include minute soft tissue
structures instead of absolute air volume. To further enhance the spatial resolution towards
micrometer scale, in-vivo lung imaging can be performed at third-generation synchrotrons (SR)
(Lovric et al., 2017) for accurate measurement of air volume excluding meniscal soft tissue
structures. SR based micro-CT — owing to sufficient electron flux and highly coherent x-rays
— is markedly higher in sensitivity to soft tissue micro-architecture when compared with lab-
based CT (Lovric et al., 2017). However, high radiation dose and long acquisition time are the
main limiting factors for routine application of micro-CT techniques for longitudinal pre-
clinical studies and clinical translation. By contrast, radiographic XLF measurements as
established by us, uses only 7% of the radiation dose required for micro-CT as well as

significantly shorter acquisition times. Importantly, a strong correlation between end-

inspiratory volume (EIVx.r) and V[L”CST”] signified the sensitivity and precision of XLF

measured lung volumes. Corroborating the findings from Dullin et al., this imaging approach
provides longitudinal non-invasive assessment that could be applied for assessing fibrosis
progression and response to therapy (see appendix). Moreover, the integration of this imaging
technique in experimental research can greatly reduce the number of animals required and by

precisely staging fibrosis could also help lessen the distress caused by severe fibrosis.

EIVxLr values had to be normalized with empirically driven estimation factor since XLF is
sensitive to mouse body weights. The effects of gender and strain on XLF measurements were
not assessed in our study which might require further normalization. Nonetheless, as most pre-
clinical studies are typically performed on gender and strain matched cohorts, the XLF
approach is generally feasible. One main limitation involving XLF is that it can only quantify
air volume at end-inspiration (EI'V[xLr) but cannot determine end-expiration and tidal volumes.

This might contribute to the poor correlation between EIVix.r and WBP measured tidal

volumes (TVwsry). However, as opposed to EIVxir which strongly correlated with V[ZESTP],
TV|[wsp) Versus V[%T] showed a poor correlation. This is mainly because of inaccuracies in WBP

measurements which occur due to the slight changes in humidity and temperature at each breath
inside the chamber, influencing the quantification of TVweer (Enhorning et al.,, 1998;
Hilsmann et al., 2021; Lundblad et al., 2002).
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We present XLF as an efficient and advanced tool for lung function assessment by successfully
correlating XLF based radiographic data with micro-CT measurements. Due to the high
sensitivity, fast acquisition time and use of low radiation dose, XLF measurements are highly

suitable for longitudinal studies and the implementation in preclinical research.

Future perspective — Advanced XLF approach as next generation diagnostic tool for
measuring lung function

Current methods for pre-clinical lung function measurements provide readouts of lung
mechanics by testing airway resistance and compliance using devices such as the flexiVent
small animal ventilator (Scireq, Canada) which generally requires orotracheal intubation or
tracheostomy and subsequent euthanasia (Bonnardel et al., 2019). They also need post-mortem
analysis of the lung tissue using histological or biochemical tests to detect and localise disease.
XLF, on the other hand, offers a reliable and sensitive non-invasive alternative for longitudinal
assessment of lung function for diagnostics during the course of the disease as well as for
monitoring the response to novel therapeutics. Importantly, XLF is a simple technique which
requires standard micro-CT equipment or even a simple x-ray tube making it easily feasible for
routine pre-clinical application as opposed to MRI imaging which requires complex handling,

data processing and expensive equipment.

For patient application, 4D x-ray based real-time imaging of lung motion and airflow to
determine global and localized functional deficits are under development, however, to date no
clinical equipment is available (Fouras et al., 2019; Murrie et al., 2020). These studies highlight
the potential and demand of x-ray based pulmonary functional imaging in clinical settings. The
routine clinical use of x-ray based lung functional analysis is mainly limited due to the use of
high x-ray doses. In this context, XLF is a promising tool to overcome this hurdle, since it is a
fast radiographic measurement which could be performed at clinically approved radiation
doses. The XLF measured functional and volumetric parameters are designed to reflect airway
remodeling causing obstruction of airflow which offer the assessment of multiple pulmonary
disorders such as pulmonary edema, particularly it may provide early diagnosis of lung fibrosis.
It can be envisaged that XLF can be potentially performed in non-compliant or even
unconscious patients, in which other techniques such as spirometry typically used for lung

function measurement, cannot be applied. Lastly, the ventilator settings that are currently
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adjusted by the lung and chest wall mechanics of the patient and/or the operator, can result in
ventilator induced lung injury if not regularly supervised (Silva and Rocco, 2018). This could
be monitored and adjusted using XLF.
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Conclusion

This thesis provides new tools and perspectives for imaging based assessment of cardiac and
lung fibrosis. Distinct limitations are involved in the current diagnostics of fibrosis in each
organ wherein early assessment of cardiac fibrosis essentially requires visualization and
characterization of sub-cellular structural remodeling while early detection of lung fibrosis is

hindered by lack of sensitive and reliable functional imaging techniques.

To this end, the comprehensive evaluation and quantification of cardiac structures using label-
free TPM and x-ray diffraction imaging provided unprecedented characterization of
pathological alterations in cardiac tissue obtained from a mouse model of pressure-overload.
In the first study, SHG imaging of healthy cardiac tissue provided detailed morphological
differences between myosin and collagen where both harmonophores were imaged in a single
frame which was not performed at this resolution in any previous work. SHG emission enabled
specific imaging of collagen deposition from single collagen fibrils to large regions of
interstitial and perivascular fibrosis. Using SHG imaging, my work for the first time identified
the detrimental impact of fibrosis and hypertrophy on the myocardium including the
hypercontractility (or undulation) of myofibrils. These findings were corroborated with x-ray
diffraction which revealed a low anisotropy and peak intensity with a larger acto-myosin
filament spacing at the sites of tissue remodeling. Overall, this unique comparative imaging
approach revealed that the effects of fibrosis and hypertrophy spread beyond fibrotic regions
and induce micro-modulations in the surrounding myocardium. This provides new potential
imaging biomarkers for diagnostics that may allow early intervention to control fibrosis related
cardiac dysfunction. The results from this study can be translated to clinical application such
as for 3D, label-free and high-resolution imaging of EMB to obtain additional information of

prognostic or diagnostic value in cardiac disease.

For imaging age-associated cardiac maturation and fibrosis in NHP, the TPM approach was
modified and demonstrate that it enables i) acquisition of TPEF in addition to SHG signal, ii)
segregation of collagen and myosin SHG emission and iii) performing 3D imaging. The
combination of SHG and TPEF imaging enables visualization of versatile intracellular and
extracellular cardiac tissue structures which we expect to be used in TPM based in-vivo cardiac

imaging in the future. We devised a simple yet effective experimental design to segregate SHG
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emission from collagen as backscattered signal and combined collagen and myosin emitted
SHG as forward transmitted signal. Using this strategy, high-resolution 2D and 3D images are
acquired without any tissue damage for reliably quantifying spatial composition of myofibrils.
Furthermore, it allows to perform volumetric assessment of collagen and total tissue volume
(myosin + collagen) in cardiac tissue. Our findings using volumetric analysis showed a
progressive increase in collagen and total tissue volume (myosin + collagen) with aging which
was related to various age specific structural hallmarks identified by SHG imaging such as
myofibril adhesion and ECM content. These findings not only highlight the importance of TPM
label free imaging for investigating cardiac fibrosis, but also show its potential to understand
cardiac regeneration processes and monitoring cardiac repair in response to treatment. By
applying semi-automated analysis significant differences were revealed for the first time in
total tissue volume, myofibril length, alignment, curvature and angulation in all three age
groups. Our promising results encourage further development of TPM based label-free
intravital microscopy and endoscopy for early and reliable detection of cardiac fibrosis.

In comparison to myocardial fibrosis which requires detailed sub-cellular evaluation, the
current diagnosis of lung fibrosis lacks reliable non-invasive pre-clinical functional
assessment. We developed an advanced radiographic XLF approach for an efficient
measurement of both lung function and volume. This was achieved by using a unique set-up
for direct correlation of XLF measured lung volumes with WBP and micro-CT. The strong
positive correlation between lung volumes from XLF and micro-CT measurements revealed
XLF as a more reliable and sensitive technique than WBP which showed a poor correlation
with micro-CT based lung volumes. Overall, radiographic low dose XLF measurement allows
short acquisition times, longitudinal and non-invasive analysis of functional and volumetric
parameters in mice that can be implemented for the evaluation of a variety of disease related
mouse models. These advantages highlight the substantial potential of XLF for clinical
translation. It is also expected that this novel and biomedically relevant XLF imaging technique
will improve the assessment of airway remodeling and tissue stiffness in fibrotic lungs in small
animal models. Moreover, it can be potentially applied for longitudinally monitoring the
response to treatment with antifibrotic compounds in mouse model of lung fibrosis in future

studies.
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Introduction

Proof of concept for the assessment of lung fibrosis and treatment response using XLF

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive, incurable, and debilitating disease
with a median survival of 3-4 years (Lederer and Martinez, 2018; Richeldi et al., 2017). The
pathogenesis of IPF is associated with multiple fibrogenic pathways including fibroblast
proliferation, alveolar epithelial cell injury, abnormal accumulation of extracellular matrix
(ECM) proteins, and development of irreversible interstitial fibrosis (Richeldi et al., 2017,
Sgalla et al., 2018) . To date, there is no curable treatment for IPF. Nintedanib is one of two
anti-fibrotic therapeutics available for the treatment of IPF which has been approved since 2014
(Wongkarnjana et al., 2019). Along with pirfenidone and other antacid medications, nintedanib
is now recommended for the treatment of IPF by international clinical guidelines (Wuyts et al.,
2020). Nintedanib is an oral tyrosine kinase inhibitor that acts as an ATP-competitive inhibitor
of fibroblast growth factor receptor (FGFR)-1, vascular endothelial growth factor receptor
(VEFGR)-2 and platelet-derived growth factor receptor (PDGFR)-a and B. The inhibition of
(FGFR)-1, (VEFGR)-2 and (PDGFR)-0o and P leads to blockage of autophosphorylation of
these receptors and inhibition of signaling cascades such as the activation of lung fibroblasts,
which play a significant role in the pathogenesis of IPF (Wollin et al., 2015). Furthermore,
nintedanib via inhibition of (FGFR)-1 and (VEFGR)-2 promotes anti-angiogenesis which plays
a key role in limiting excessive deposition of ECM and reducing small vessel density in
fibroblastic foci. Uncontrolled angiogenesis in such transitional zones would result in a higher
degree of fibrosis with abnormal microvascular structures. Further, in-vitro and in-vivo pre-
clinical studies show nintedanib mediated downregulation of transforming growth factor
(TGF)-B1 expression, interleukin (IL)-1p, IL-6, CXCL1/KC and tissue inhibitors of
metalloproteinases, highlighting its ability as both anti-fibrotic and anti-inflammatory agent
(Sheu et al., 2019; Wollin et al., 2014). However, further studies are required to confirm these
findings.  Nonetheless, the proven antifibrotic and anti-angiogenesis properties makes
nintedanib an appealing treatment for IPF. Clinically, nintedanib significantly slows the disease

progression as shown by an improved annual rate of forced vital capacity (FVC) in IPF patients
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as well as reduced risk of acute aggravation, irrespective of disease severity (Wongkarnjana et
al., 2019).

To test the ability of advanced x-ray based lung function (XLF) for longitudinal and sensitive
assessment of lung fibrosis as well as treatment response, we performed combined XLF and
micro-CT measurements in a bleomycin induced mouse model of lung fibrosis and monitored

the response to nintedanib treatment using a similar approach as described in chapter 3.

Materials and Methods

Animal model of bleomycin induced lung fibrosis

Male C57BI/6 mice (12 weeks old) purchased from Charles River Laboratories were used to
generate the bleomycin induced pulmonary fibrosis. Mice were fed food and water ad libitum.
All animal in-vivo procedures were performed in compliance with the guidelines of European
(2010/63/EU) and German ethical laws and were approved by the administration of Lower

Saxony, Germany (approval number G15.1747).

Experimental set-up

Mice were randomly divided into three groups: healthy (n = 3), untreated (n = 3) and treated
(n =4). On day 0, baseline XLF and micro-CT measurements were performed in all groups.
After baseline measurements, mice belonging to the untreated and treated group were intra-
tracheally (i.t.) administered with a single dose of 50 pl of 1.5 mg/kg bleomycin dissolved in
NaCl at day 0 (BLEO-cell, STADA Pharma, Gmbh) and the healthy group did not receive any
i.t. treatment. On day 7, XLF and microCT were performed in all groups (i.e., 1 week after
induction of fibrosis in treated and untreated groups). From day 7 onwards the treated group
received a daily oral administration of the anti-fibrotic therapeutic agent, nintedanib until day
21 while untreated group received saline as vehicle. Nintedanib was dissolved in 1% of tween
80 in milliQ water at 6 mg/ml and administered at 60 mg/ kg by oral gavage. XLF and micro-
CT was performed in all groups on day 14 and day 21. After XLF and micro-CT measurements

mice were sacrificed for explanting the lungs for histology on day 21. (Figure 7).
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Figure 8: Experimental timeline of bleomycin induced lung fibrosis and treatment with
nintedanib. Bleomycin instillation and nintedanib treatment as well as the time points of XLF and
micro-CT measurements are shown for the respective days.

Micro-CT and x-ray based lung function measurements

Micro-CT and XLF measurements were performed as described in chapter 3 of this thesis.

Histological staining

The explanted lungs were inflated with a cannula through the trachea by gentle infusion with
4% paraformaldehyde, fixed for 24 h and embedded in paraffin. The paraffin-embedded lungs
were cut into 2 um sections. The sections were deparaffinized and dehydrated followed by
Masson’s Trichrome staining (MTS) as described before (Foot, 1933).

Results

To test the sensitivity of XLF for the assessment of lung fibrosis as well as to monitor the
response to anti-fibrotic treatment using nintedanib, we performed XLF in combination with
micro-CT. In healthy mice the mouse body weights remained relatively constant while the
untreated and treated groups showed a decrease in body weights until day 14. However, on day
21 the nintedanib treated mice gained weight indicating signs of recovery whereas the untreated

group demonstrated a loss in weight.

The baseline measurements for all groups showed similar values for micro-CT acquired lung

insp

uCT]), XLF measured end-inspiratory volume (EIVxLr) and decay

volumes at inspiration (V[

rates at expiration (Figure 8). One week after the instillation of bleomycin, the untreated and

treated groups reveal a reduction in body weights and also a strong decline in EIV|x.r and
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v insp

wCr]? whereas the healthy group had only minor changes in these parameters. On day 14, the

insp

v - - -
WCT] which indicated

nintedanib treated mice exhibited an increase in both EIVx.q and Vi

recovery from fibrosis in these mice. In comparison, the untreated mice had a persistently low

EIVixr and V¢ at day 14. However, EIVixr did not perfectly match the

insp

WCT] in the

insp

untreated group at day 14 whereby the Vier

showed a higher reduction in the lung volume
(Figure 8). The healthy group also showed a decline in EIVx.rand V[TCST’?] at day 14 which was
unexpected. At day 21, despite differences in weight distribution, the healthy and nintedanib
treated groups displayed comparable EIVx.r and V[L"CS}?], whereas the untreated fibrotic group

showed the lowest lung volumes (Figure 8).

150



Appendix

A B
28 *= 5 0.90 - H
- U =+ U
264 -+ T ~ 0.854 -+ T
° £
s o
T 24— 2 0.80
D 'T:
Qo 13)
= 3
22+ > 0.75
20 : . : 0.70 . . .
0 7 14 21 0 7 14 21
Prior to After After Late phase Prior to After After Late phase
induction induction Treatment induction induction Treatment
Day/ Procedure Day/ Procedure
C D
e R 150 = H
-+ U = U
i 100
1]
2
ol
Sy
g 501
=
\./
0.15 T T T 0 T T T
0 7 14 21 0 7 14 21
Prior to After After Late phase Prior to After After Late phase
induction induction Treatment induction induction Treatment
Day/ Procedure Day/ Procedure
E
Healthy Untreated Treated

Figure 9: Micro-CT, XLF and histological assessment of healthy, qntreated fibrotic and
nintedanib treated mice. Graphs showing A) the weight distribution B) V') C) EIVx.s and D)
decay rates for healthy, untreated fibrotic and nintedanib treated mice for day 0 (without induction),
day 7 (after bleomycin instillation and fibrosis induction in untreated and treated groups), day 14 (after
treatment with nintedanib in the treated group only) and day 21 (late phase). (E) Representative MTS
stainings of a paraffin slice from lungs of each group.

In addition to the volumetric measurements, XLF can also assess functional parameters such
as the decay rate (1) of the expiration phase, which reflects the elasticity of the lung tissue. In

untreated mice, due to the presence of stiff fibrotic tissue, there was a decline in decay rate on
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day 7 and 14. The decay rate in untreated mice by day 21 showed an increase suggesting an
improvement in lung function, possibly due to initial resolution of fibrosis. In the treated group
a decline in decay rate was only observed on day 7 before the application of nintedanib.
However, a stark improvement in this group was observed one week after the nintedanib
treatment i.e., on day 14. On day 21, the decay rate in the treated group showed a decline which
slightly corresponded to the trend observed in the healthy group. In the healthy group, the decay
rate did not demonstrate as many variations as the untreated and treated group. These slight

alterations in the decay rates of the healthy group can be related to the effects of anesthesia.

The Masson trichome staining of the lung tissue validated these findings which revealed an
evident heterogeneity in the distribution of fibrosis among various lung lobes in the untreated
group. The nintedanib treated group showed minimal fibrosis deposition at a single lobe only.

Discussion and conclusion

This proof-of-concept investigation demonstrated that XLF enables the assessment of fibrosis
which showed a decline in both lung volume (EIVxLr) and compliance (decay rate) in the
fibrotic mice. Furthermore, by exhibiting an improvement in both parameters, i.e. EIVxLr and
decay rate, XLF can longitudinally and non-invasively monitor the response to nintedanib

treatment.

As described in the study reported in chapter 3, micro-CT measurements were used as a gold-

standard for measuring lung volumes. Our preliminary results demonstrated that in all groups

the EIVxLr and V[TCS;’] points correspond closely at the early phase (day 7) highlighting the

sensitivity of XLF measurements to assess induction of fibrosis. It is known from previous
work that intra-tracheal administration of bleomycin results in faster progression of fibrosis
which decreases the gas-exchange capacity of the lung (Ruscitti et al., 2020, 2017).
Furthermore, clinical studies also show a low air volume in IPF patients which is diagnosed by
a reduced forced vital capacity (Casan Clara et al., 2016). This is in line with our results, which

show lower lung volumes in fibrotic mice. After the treatment with nintedanib, both EIVxLr
and V[il"CsTp] follow a similar trend and reveal an increase in the lung volumes of the treated group.

Our results further show that over time EIVxLr and V[L"CST”] of the treated group corresponds to

the healthy group. This finding was strengthened by ex-vivo histological assessment showing
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that the nintedanib treated group had moderate fibrosis lesions in comparison to the untreated
group which had multiple heterogeneously distributed fibrotic lesions in various lobes. Ruscitti
et al. reported the inhibitory effects of nintedanib treatment on fibrotic progression for
maintaining a higher degree of aerated lung regions, whereas the untreated mice showed a

substantial decrease in aerated regions in the fibrotic lungs (Ruscitti et al., 2020).

Besides lung volumes, XLF measurements also provide functional parameters. We assess the
decay rate of the expiratory phase that reflects upon lung compliance and elasticity. During the
early phase prior to treatment, bleomycin treated mice show a decrease in decay rate indicating
the development of fibrosis and the presence of a stiffer parenchyma. Villetti et al., by
correlating micro-CT and histology showed that bleomycin induced severe fibrosis
development occur as early as day seven (Villetti et al., 2016). Nintedanib treatment improves
lung elasticity as indicated by our results which show an increase in decay rate for day 14. Our
results also show that at day 21 the decay rate in untreated fibrotic mice tend to improve, which
highlights that fibrosis in bleomycin treated mice is self-resolving. It is known for the
bleomycin model that the initial inflammatory phase is followed by a peak fibrotic response

which is resolved over time (B. Moore et al., 2013; Ruscitti et al., 2017).

The discrepancy in the EIVxLr and V[Tcsf]

values at day 14 for the untreated group and healthy
mice can be due to multiple reasons including the sensitivity of XLF measurements to the
mouse body weights, the image quality of micro-CT reconstructions for delineating aerated

lung volumes and mainly the small sample size. Nonetheless, the overall trend of EIVx.r and

V[L"CS;’] is comparable for all groups as presented by these preliminary findings which highlight

the potential of XLF for assessment of lung fibrosis with and without treatment. Future
investigations with more animals are required to confirm and also improve these findings. In
conclusion, this overview demonstrates the ability of XLF to perform a functional and
volumetric assessment of lung fibrosis progression and to evaluate the response to treatment.
Our findings substantiate XLF as a sensitive, simple and reliable tool for the diagnosis,

monitoring and treatment assessment of preclinical lung diseases.
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