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PREFACE

This dissertation includes several chapters that have already been published in or are in
final preparation for submission in peer-reviewed journals. Chapter 2 is based upon the
published book chapter in CRC Press Handbook of Imaging in Biological Mechanics'.
Chapter 3 is an edited version of the already published research paper in the Biophysical
Journal’. Chapters 4, 5, and 6 are manuscripts that are under final preparation. Additional
information that has been added for clarity in the chapters that have already published is

italicized.



TABLE OF CONTENTS

Page
ABSTRACT ... ettt ettt ettt et et nees viii
CHAPTER 1. MOTIVATION FOR MEASURING INTRANUCLEAR MECHANICS. 1
CHAPTER 2. INTRNAUCLEAR MEASURMENT OF DEFORMATION IN SINGLE

(O] 23 ) 1 OO O OO SO USSP 3
2.1 ADSITACT. weeniiiiiiiieiece e e 3
2.2 INEOAUCTION ..eutiiiiiiiciieiict ettt ettt b ettt sae e 3
2.3 The Deformed NUCICUS .......cooiiiiiiiiieiieeie e 5

2.3.1 Connecting the nucleus to the cell and extracellular matrix..........c.cccceervueeneeene 5
2.3.2 Nuclear structures: form and function ............cecceveeveriienieninienieeeeseeeene 6
2.4 MEASURING NUCLEAR MECHANICS AND MECHANOBIOLOGY ........... 6
2.4.1 Nuclear imaging, deformation, and measurement techniques..............ccccce.e... 6
2.4.2 Measuring mechanobiolOZy ..........coceevuiriiriiiiiniinieeeieecteseee e 8
2.4.3 Design criteria to combine nuclear mechanics and mechanobiology................ 8

2.5 HYBRID TECHNIQUE MICROSCOPY AND HYPERELASTIC WARPING ..9

2.5.1 Strain transfer: tiSSUE t0 NUCIEUS .........eevuiiiiiiiiieiieieeeee e 9
2.5.2 Measuring single cell 3D intranuclear time dependent strain fields................ 10
2.5.3 Detecting nascent RNA synthesis in single cells.........cccovvvirniieeniieenieeennenn. 10
2.5.4 Specificity and experimental tradeofts .........ccccueerviieeiiiiniiiieeeeeen 11
2.6 CONCLUSION ..ottt ettt sttt ettt sttt st sbeeaesaeens 12

CHAPTER 3. DIRECT MEASUREMENT OF INTRANUCLEAR STRAIN

DISTRIBUTIONS AND RNA SYNTHESIS IN SINGLE CELLS EMBEDDED

WITHIN NATIVE TISSUE ....oooiiiiieteeeeee ettt 21
3.1 ABSTRACT ..o 21
3.2 INTRODUCTION.....cciiiiiiiiiiiiiiiiiiiccteeceeee e 21



Vi

Page

3.3 Materials and methods. ...........ooiiiii i 23
3.3.1 Tissue harvesting and sample preparations ............ccceeeeeeveeerieerieencieenieenneennnn. 23
3.3.2 Mechanical loading and imaging of DNA and newly synthesized RNA ........ 24
3.3.3 Calculating nucleus 3D strain maps by hyperelastic warping.............cc.......... 25
3.3.4 Measurement of error in displacement fields using simulations ..................... 25
3.3.5 Nascent RNA Synthesis In Situ.......cccoeviieiienieiiiiieeieccee e 26
3.3.6 Relationship between intranuclear strains and newly synthesized RNA.......... 27
34 RESUILS. ettt ettt 27

3.4.1 Complex intranuclear displacements and strains ...............ccc.eeviviieennnen. 27
3.4.2 Interchromatin Regions and Nascent RNA Synthesis..........ccccoevevvvienivennennnen. 28
3.5 DASCUSSION. .ttt et et e et e e e aeen seenieseeseeeneeenees 30

CHAPTER 4. VALIDATION FOR MEASURING INTRANUCLEAR STRAIN WITH

ITERATIVE WARPING USING DEFORMABLE IMAGE REGISTRATION.......... 46
A1 ADSIIACT. .ttt 46
N Y (T L1 5 ) B 46
4.3 Methods . ....eoi 48

4.3.1 Nucleus imaging and forward known data ............cccceeeiiiiiiiiiniiiiiiniee 48
4.3.2 Iterative warping using deformable image registration.............ccceeeeuveervreennee. 48
4.3.3 Measurement of error in hydrostatic strain fields.............ccccoveevviiiniirencinnnnnn. 49
4.3.4  Visualizing strain fields ........ccocoiiriiiiiiiiiie e 49
44 RESUILS. ..ottt 50

4.5 Discussion and ConcluSIONS. .....vuuuettietieee e e 0]
CHAPTER 5. DEDIFFERENTIATION OF CHONDROCYTES INFLUENCES
INTRANUCLEAR STRAIN TRANSFER MEASURED BY WARPING

DEFORMABLE IMAGE REGISTRATION ...ttt ee e 62
5.1 ADDSHIACT .. ettt 62
5.2 INtOAUCTION. oottt e e e, 62

5.3 MethOdS. .o 64



vii

Page

5.3.1 Cell staining and IMAZING ........cc.eeervreeiiieeiiieeiee et eeeeereeeereeesreeeereeesenees 64
5.3.2  Quantitative Real-Time PCR - qPCR ........ccoooiiiiiiiiiieieeeeeeee e 64
5.3.3  Device Calibration .......cc.eecuerieriieiienieiieieet ettt st 65
5.3.4  Cell stretching €XPeriments ..........cccveeervreeiieeeiieeeiieeerieeesreeeereeesseeeeveeessnees 66
5.3.5 Nuclear strain MEeasUTEMENTS .........eeruieriieriieeieeiie et eiee et e siee e e seee b e sieeeeeas 66
54 RESUIS. .t 67
5.4.1 Morphological Differences ..........cceevuieriieriieiiieniieieecie et 67
5.4.2  Shift in GENE EXPIESSION .....uviiererieeiirreeieiieeitieeeiteeertreeesteeesreeesseeesseeesseeesssees 67
5.4.3  Strain Transfer Ratios .......c.c.ooiieiiiiiiiiiieeeeeee e 68

CHAPTER 6. CHANGES IN CELL-SUBSTRATE ADHESION AND
INTRANUCLEAR STRAINS ARE CORRELATED DURING OSMOTIC LOADING

OF CHONDROCYTE CELLS ...ttt se e 77
0.1 ADSIIACT. ..ottt 77
6.2 INIrOAUCHION. ... e et a7
0.3 MethOdS .. .uneieit e 78

6.3.1 Fabrication Of SUDSIIAtes ........cccueeiieriiiiiiiiieeieeee e 78
6.3.2 Two Photon microSCoOpy IMaging. ........cceeverueeruerieneenieeienieenieneeneeeeeeneesaeene 79
6.3.3  Osmotic Loading eXPeriments .........c.ceecuveereueeerireerieeerieeeseeeeieeesneeesveeesnees 79
6.3.4 Nuclear and substrate deformation measurements ............cc.ccceeeerveeveeennennnen. 80
0.4 RESUIS. ..ot 81
6.4.1 Bulk nuclear changes during osmotic loading.............cccecceeviiiiieniiieniennennnen. 81
6.4.2 Cell-substrate adhesion maps correlate to morphology.........cccceeveuveerireennenn. 81
6.4.3 Changing with time after Osmotic loading...........ccccoeevvieeiiieniiieeieeeieee, 82
6.5 Discussion and ConClUSION. ... ....ovuiitiitinii i 82

CHAPTER 7. INTRANUCLEAR MECHANICS: SIGNIFICANCE AND

POTENTIAL. . ... ettt ettt ettt et et e et e bt et e e st e st eneesneesneeneea 89

REFERENCES ... oottt sttt ettt ettt et e st e bt entesneesseeneea 91

VT A e ettt et sttt et sttt et sttt as 105



viii

ABSTRACT

Henderson, Jonathan T. Ph.D., Purdue University, December 2014. Intranuclear strain
measured by iterative warping in cells under mechanical and osmotic stress. Major
Professor: Corey Neu.

The nucleus is a membrane bound organelle and regulation center for gene expression in
the cell. Mechanical forces transfer to the nucleus directly and indirectly through specific
cellular cytoskeletal structures and pathways. There is increasing evidence that the
transferred forces to the nucleus orchestrate gene expression activity. Methods to
characterize nuclear mechanics typically study isolated cells or cells embedded in 3D gel
matrices. Often report only aspect ratio and volume changes, measures that oversimplify
the inherent complexity of internal strain patterns. This presents technical challenges to
simultaneously observe small scale nuclear mechanics and gene expression levels inside
the nuclei of cells embedded in their native extracellular environment. Therefore, a
hybrid imaging and model based image registration technique has been developed to
enabled us to explore links between biomechanical and biochemical signaling within
individual cells. The hybrid technique uses an iterative warping deformable image
registration to measure intranuclear strain fields that are correlated to nuclear structures.
Three cell mechanics methods were developed to examine the mechanical response of the
nucleus under different mechanical conditions. 1) Strain transfer from tissue to nuclei in
a cartilage tissue deformation model paired with nascent RNA expression, 2) strain
transfer to the nucleus with different cell types on a stretchable membrane, and 3) force
traction microscopy of cells during osmotic stress. Intranuclear strain fields provide
spatial details of the nucleus that when paired with single cell biochemical assays will
provide insight into how mechanical forces transferred to the nucleus influence gene

expression.



CHAPTER 1. MOTIVATION FOR MEASURING INTRANUCLEAR MECHANICS

The motivation for the work in this dissertation is to further explore the shifting paradigm
that the nucleus is a mechanosensor and not just the large inert abstract object that is
counter stained in cell images to provide contrast. To discover new mechanisms of how
the nucleus is a mechanosensor new measurement techniques are needed to measure such
small mechanics within the nucleus. Hallmark papers nearly two decades ago have shown
that the nucleus is deformed when the extracellular matrix around it is deformed®”. This
was state of the art technology using new confocal microscopy to measure 3D nuclear
volumes. The nuclear mechanics were measured as change in aspect ratios and volumes
and have been since. Much has been discovered about the connectivity of the nucleus
through the cytoskeleton to the surrounding matrix. Through this mechanical linkage
mechanical cues are transferred very quickly to the nucleus’. It is thought that these cues
can alter the physical location of the chromatin regions, thereby regulating which genes
are expressed. An influential paper in the field of cell mechanics discovered that
mechanical cues can influence not just cell and nuclear shape but can reprogram cells to
change their phenotype based on matrix rigidity®. In spite of all the cell mechanistic
advances, the state of the art for measuring the nucleus has not changed, but is still to
measure the change in aspect ratio and area. Such antiquated measurements can be made
by hand with images and a ruler. They provide no spatial information concerning how
mechanical forces influence the nuclear structures and gene expression. With the
advances in digital image analysis and mechanical modeling, deformable image
registration (DIR) techniques have been developed to measure tissue mechanics in the

brain and cardiovascular tissues’**.

The significant advancement that this dissertation work has provided to the cell/nuclear

mechanics field is an accurate intranuclear measurement technique. Based off deformable



image registration, iterative warping was developed to measure intranuclear strain fields
of cell nuclei that are deformed. Briefly, the iterative warping technique uses a 3D mesh
of the undeformed nucleus image and warps the mesh to register the undeformed image
with the deformed image. This is how DIR works but the problem is that local minima
can be found when deforming the mesh causing false magnitudes of deformation to be
reported. To find the best registration, iterative warping looks for a global minimum in
the registration process by varying the stiffness of the mesh and other warping parameters.
Iterative warping was validated with a known forward finite element analysis and is

discussed at length in chapter 4.

To investigate how intranuclear mechanics of cells are influenced under different
mechanical stimuli, several traditional cell mechanics experiments were performed. The
different mechanical experiments will be presented in chronological order starting with
chapter three. Chapter two is a background of the different nuclear and cell mechanics
techniques. Chapter three is the cartilage tissue explant shear experiments where the
nuclei are deformed when the tissue is deformed. A biological measurement of nascent
RNA was measured and spatially correlated to the intranuclear mechanics. The fourth
chapter is a more detailed explanation of the validation of the iterative warping. The fifth
chapter is with cells attached to a stretchable substrate and the intranuclear mechanics are
measured along with the strain transfer ratio, which increased from passage zero to
passage four chondrocytes. To conclude with the sixth chapter a non-mechanical stimulus
was used to deform the nucleus. Hyperosmotic challenge causes the cell and nucleus to
shrink. To understand the how chemical and mechanical interactions can influence the
nuclear dynamics during osmotic loading, cell-substrate adhesion fields and intranuclear
strain maps were measured simultaneously. The validation and verification that iterative
warping is a meaningful measurement tool was demonstrated by measuring high
resolution intranuclear mechanics in three cell mechanics experiments that could not have

been resolved with contemporary geometric measurements that are antiquated.



CHAPTER 2. INTRNAUCLEAR MEASURMENT OF DEFORMATION IN SINGLE
CELLS

This chapter is primarily a reproduction of a chapter in the book CRC press Handbook of
Imaging in Biological Mechanics. A copy of the article is located in the Publications

section for reference.

2.1  Abstract
Nuclear mechanics play a pivotal role in cell survival and gene expression. Mechanical
stimulation of the cell and nucleus helps to regulate specific mechanotransduction
pathways that aid in cell homeostasis. This chapter describes current and emerging
methodologies that are used to study nuclear mechanics, and the subsequent mechano-
biochemical response, at the single cell level. We highlight a hybrid method based on
confocal microscopy and hyperelastic warping, recently developed to measure
intranuclear mechanics and newly synthesized RNAs, within individual nuclei
maintained in cultured tissue explants. Spatial and temporal resolutions are competing
factors in the design of methods to study nuclear mechanics and mechanobiology, and
have thus far inhibited insight into specific nuclear mechanobiology mechanisms in the
analysis of single cells. We discuss the implementation of methods to measure nuclear
mechanics, as well as their potential to increase understanding of diseases involved in

compromised nuclear structures, including laminopathies.

2.2 Introduction
Diseases such as osteoarthritis, laminopathies, and specific cancers are shown to have
compromised nuclear mechanics, potentially interrupting normal mechanobiological
processes and homeostasis, and providing an origin point for disease progression’ %, As a
specific example, osteoarthritis (OA) of cartilage and articulating joints has a

multifactorial etiology resulting in part from a mechanical and biochemical imbalance in



the tissue. Cartilage degradation causes an altered micromechanical environment, altering
expression of degrading enzymes that exacerbate the disease state'”. Alternatively,
laminopathies compromise the rigidity of the nuclear envelope and are believed to be the
cause of clinical symptoms such as premature ageing and muscular dystrophy. Cancer
cells actively alter their nuclear stiffness, aiding to cell mobility to further facilitate
metastasis' *'*. Pluripotent cells alter their nuclear structure and stiffness prior to cell
lineage commitment "°. As stated, differing mechanical environments, degrading nuclear,
cellular, and extracellular structures, and actively altered nuclear mechanics contribute to
several different disease states. To better understand healthy tissues, and changes
following disease, an understanding of nuclear mechanics, and relationships to gene
expression, is important in determining how applied mechanical forces to tissues and

cells influence individual cell nuclei.

The nucleus is largely occupied by chromatin, dynamic structures that are influenced by
many chemical and mechanical signals'®'’. Chromatin itself is a hierarchical structure
composed of DNA sequences wrapped around histones to form nucleosomes, which are
then further packed together to from chromatin structures. Within the nucleus, chromatin
is often classified as heterochromatin, where tightly packed chromatin structures are
thought to be areas of relatively silenced gene expression, or euchromatin, where a lower
density of chromatin structures exhibit higher levels of gene expression. Gene expression
is altered by nuclear receptors, second messengers, and other chemical cascade signaling
that is triggered from chemical binding to cellular receptors. Recently,
mechanoregulation of gene expression has been hypothesized to work in parallel with
chemical signaling, with direct physical altering of the accessibility of DNA regions to

regulate transcription activity'™".

Several methodologies have recently been developed to measure the nuclear mechanics
under different experimental conditions and to identify the role of nuclear architectural-
mediated mechanoregulation of gene expression. Methods to measure nuclear mechanics
include: 1) chromatin compaction measured via fluorescence anisotropy, 2) material

properties (i.e. moduli) measured by micropipette aspiration or nanoindentation, 3) bulk



morphological deformations measured by changes in nuclear aspect ratios and/or volume,
and 4) strain fields measured by texture correlation or deformable image registration
using hyperelastic warping (Table 2.1). Understanding the limitations and strengths of
each method will help researchers determine the method that is best suited for intended
experiment needs and objectives. This chapter will cover different methodologies that are
used to investigate intranuclear mechanoregulation, with special attention paid to the new
implementation of deformable image registration using hyperelastic warping to measure

intranuclear mechanics concurrently with single cell nascent RNA expression.

2.3 The Deformed Nucleus

2.3.1 Connecting the nucleus to the cell and extracellular matrix
The nucleus is a distinct structure inside the cell that is structurally connected through
cytoskeletal components to the extracellular matrix (ECM). Among different tissue and
cell types, the structural configurations linking the nucleus to the extracellular
environment can be very unique. In this chapter, we will largely focus on the primary cell
type (chondrocyte) found in cartilage, a load-bearing tissue with significant disease

2021 T the chondrocyte, there are multiple structural elements that connect the

relevance
chondrocyte nucleus to the ECM (Figure 2.1). The cell is anchored to the ECM with cell
membrane proteins (e.g. integrins and CD44), which bind to collagen and proteoglycans.
These anchoring transmembrane proteins are associated with intracellular cytoskeletal
components such as actin, intermediate filaments, and microtubules. The microtubules
interact with the endoplasmic reticulum (ER), which is continuous with the outer nuclear
membrane. The microtubules, along with other cytoskeleton components are also
connected to the nucleus through a group of nuclear transmembrane proteins called the
Linker of Nucleoskeleton and Cytoskeleton complex (LINC). These structural
connections from the ECM to the nucleus provide a mechanism for stress and strain to

directly transfer to the nucleus when applied at relatively distant tissue surfaces (Figure

2.1).



2.3.2  Nuclear structures: form and function
Within the nucleus there are many specific structural components that help to regulate
gene expression. DNA nucleotides that code for genes make up the majority of material
in the nucleus. Nuclear function is further regulated by transcription factors?, nuclear
pores™, and the nucleolus®*, about which the referenced reviews provide more in-depth
detail. Within the nucleus, distinct regions are more carefully classified as: 1)
euchromatin, with less dense chromatin and highly transcriptionally active, 2)
heterochromatin, with highly dense chromatin and less transcriptionally active, and
additionally 3) the interchromatin space, where nuclear components are located, such as
the nucleolus which synthesizes rRNA and assembles ribosomes>**". Like a shell, the
nuclear envelope membrane is made up of a network a lamins that provide structural
rigidity to the nucleus. Distributed among the nuclear membrane, nuclear pores regulate
the transport of molecules in and out of the nucleus (e.g. Ca’" and mRNA) (Figure 2.1).
The integration of the nuclear components and global structures provide the biophysical
conditions for the nucleus to maintain the integrity of the DNA and regulate cellular
biosynthesis by modulating the shape, size, and internal patterns of deformation (e.g.

displacements and strain).

Local mechanical deformations within the nucleus are thought to alter early
transcriptional activities for gene expression. One proposed mechanism is that
intranuclear mechanical deformation alters the structure of the chromatin domains
thereby modulating the gene expression in the cell*®. In this mechanism the tightly bound
DNA around the histones are mechanically strained to allow or deny access for

transcription factors to transcribe DNA into RNA.

24 MEASURING NUCLEAR MECHANICS AND MECHANOBIOLOGY

2.4.1 Nuclear imaging, deformation, and measurement techniques
Imaging of intranuclear mechanics in single cells is challenging. Several contemporary
methods attempt to meet this need by performing high resolution imaging (e.g. super-
resolution microscopy, scanning electron microscopy), although visualization of cell and

subcellular structures does not provide information describing how these structures may



deform under applied loading or during active cytoskeletal or chromatin remodeling.
Typically, imaging at the micron scale involves chemical fixation of the cell, preventing a
real-time biochemical analysis of deformation and associated mechanotransduction
activity. Widefield and confocal microscopy are broadly used techniques to measure
nuclei in living cells before and after applied deformations to determine the local strains
fields under varying experimental conditions »’. There are a wide variety of methods used
to mechanically deform the nuclei of isolated or tissue/matrix-embedded cells (Table 2.1).
Typically, cells in 3D microenvironments are deformed and the nuclei are simultaneously
imaged by an microscope-mounted deformation device®® (Figure 2.2). Isolated cells in
2D culture are often placed either in a flow chamber or on a stretchable membrane, where
forces are applied on the cell and transferred to the nucleus. A commonality among the
deformation and measurement techniques is that the nuclei are fluorescently imaged pre-
and post-deformation, so that motion in a current configuration can be measured from a

reference configuration.

Considering the variety of available methods available to measure nuclear mechanics
(Table 2.1), there are three distinct ways to measure pre- and post-deformation of the
nucleus (Figures 2.2 and 2.3), each with distinct strengths and weaknesses. First, changes
in bulk morphology of the nucleus (e.g. aspect ratios, nuclear volume, or major/minor
axes) enable a quick average mechanical response of the nuclei after mechanically
perturbation, often using automated or semi-automated algorithms for the analysis of
large numbers of cells in images. While bulk measurements are commonly used in
research fields, e.g. tissue engineering, important spatial information from within the
nucleus is not captured or described. Second, texture correlation measures intranuclear
strain fields by tracking intrinsic high contrast areas, revealed by spatial distributions of
fluorescent markers, in the images depicting undeformed and deformed nuclei .
Unfortunately, the small nuclear area, coupled with large subset sizes required to help
minimize error *’, limits the ability to reliably quantify intranuclear strain. Third,
deformable image registration (e.g. hyperelastic warping) permits intranuclear strain
measurements by iteratively deforming a three-dimensional (3D) finite element mesh

representing the undeformed nucleus until it matches the deformed nucleus *°. A 3D



intranuclear strain field is calculated from the displaced nodes of the registered nuclear
mesh. Bulk morphology of the nucleus, texture correlation, and hyperelastic warping

increasingly predict known nuclear deformations applied in simulations (Figure 2.3).

Compared to the known deformation applied, texture correlation underestimates the
magnitude of the strain field, and the (bulk) engineering strain measured by changes in
width fails to captures the strain distribution or magnitudes. In contrast, hyperelastic
warping best approximated the known magnitude and spatial distribution of the applied

known strain field, with decreased error (i.e. higher precision and minimal bias) .

2.4.2 Measuring mechanobiology
There are several configurations in the literature describing how cell populations are
mechanically loaded, including in vivo animal studies of the upper or lower appendage, in
vitro loading of isolated cells on stretchable substrates, or in situ deformation of cells

3933 Mechanobiology experiments primarily consist of

maintained in tissue explants
mechanically loading a tissue or cell population, followed by measurement of cellular
biosynthesis assays representing average measures of the population response. The
mechanical loading duration is often experimentally varied from either a few minutes to
several hours repeated for one or several days, and populations of cells are typically
harvested and processed for comparisons of mechanically loaded tissue versus unloaded

. 32
control tissues >*

. Powerful biosynthesis assays are often used at the RNA or protein
level, such as quantitative real time polymerase chain reaction or enzyme-linked
immunosorbant assays, respectively. Technologies developed for study at the single cell
level minimize the variability observed in cell populations, which may better explain how

changes in nuclear mechanics alters gene expression.

2.4.3 Design criteria to combine nuclear mechanics and mechanobiology
Limitations in the spatial and temporal resolution of image data, and the impact of these
limitations on image quality (e.g. signal-to-noise ratio SNR), must be considered when
designing techniques to study nuclear mechanics and mechanobiology in single cells.
Trade-offs in spatial and temporal resolutions may be accepted for specific applications,

noting that the error of intranuclear deformation depends largely the ability to track the



motion of structures on the organelle interior with sufficient SNR. For example, to
capture nuclear mechanics and mechanobiology in a single cell, the measurement
technique needs to be fast enough to capture a possible rapid gene expression response to
the applied load. The technique also needs to have a high enough spatial resolution to
image the nuclear shape changes due to the applied load. Spatial resolution is often
sacrificed to improve temporal resolution, and vice versa, when designing techniques for

the study of single cells *>.

2.5 HYBRID TECHNIQUE - MICROSCOPY AND HYPERELASTIC WARPING

A hybrid confocal and hyperelastic warping methodology was recently demonstrated to
measure and calculate intranuclear mechanics and biophysical activities *. Combining
the high spatial resolution of optical (e.g. confocal or multiphoton) microscopy with
hyperelastic warping to measure intranuclear strain maps has provided a methodology
that provides detailed intranuclear strains compared to bulk measurement of nuclear
deformation (Table 2.1). Optical microscopy also enables imaging deep within tissues to
calculate nuclear mechanics of cells maintained in native tissue cultures. Z-stack images
capture the full volume of the nucleus in the undeformed and deformed state. The volume
of the nucleus is converted into a finite element mesh that is used in an iterative
hyperelastic warping-based method, where the undeformed nuclear mesh is digitally
systematically warped until it matches the deformed nucleus, to measure 3D intranuclear
deformations (Figure 2.4). Hyperelastic warping has been extensively applied also in
tissue scale biological applications *. The intranuclear strain map can be spatially and
temporally compared to any fluorescent indicator of gene expression that can be imaged
concurrently with the nuclei stain in a second imaging channel, such as nascent RNA

synthesis (Figure 2.4).

2.5.1 Strain transfer: tissue to nucleus
Strain transfer to the nucleus from an applied mechanical load at a distant tissue surface
can be measured as amplification and attenuation in local subnuclear regions by
microscopy and hyperelastic warping. When cartilage explants undergo shear loading,

there is higher tissue strain in the superficial zone that diminishes in the deep zone™
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(Figure 2.5). Nuclei in compressed cartilage explants are compressed more near the
articulating surface (superficial zone) and progressively less in the middle and deep
zones> . These bulk nuclear volumetric strain results show that there is a depth dependent
strain transfer from the applied tissues strain to the nucleus. However, more detailed
intranuclear strains are resolved by using hyperelastic warping that shows amplification
and attenuation of strain, that the bulk measurement techniques do not reveal (Figures
2.5). The combined use of optical microscopy and hyperelastic warping provides
researchers with a new method that gives 3D local nuclear deformations that were

previously immeasurable by bulk measurement techniques.

2.5.2 Measuring single cell 3D intranuclear time dependent strain fields
Single cell intranuclear strain fields show complex strains patterns with time-varying
magnitudes being spatially correlated to DNA intensity. Confocal z-stack images of
chondrocyte nuclei taken before and at 10 and 60 minutes after a shear load is applied to
the articular surface of a cartilage explant show similar strain field patterns within a cell,
although the magnitudes of the patterns at the two time points differ from cell to cell
(Figure 2.6). The intranuclear strain field patterns are spatially complex, with brighter
DNA intensity regions in specific cell populations studied typically corresponding to
tensile strain regions (Figure 2.4-2.6). A current challenge is to determine strain transfer
mechanisms, including specific cytoskeletal elements for load transmission in situ. Also,
is it not yet known the role of directionally concentrated strains in the physical regulation
of gene expression. However, this hybrid methodology does provide high spatial
resolution strain maps of the intranuclear space that will allow for future investigation of

these questions.

2.5.3 Detecting nascent RNA synthesis in single cells
Combining measurements of intranuclear mechanics with biosynthesis assays, e.g.
detection of nascent RNAs, facilitates analysis of mechano-regulated gene expression
within the nuclei of single cells. Nascent RNA detection has been measured in cells
embedded in their native extracellular matrix * using a commercially available global

RNA detection kit (Click-iT® RNA Alexa Fluor® 488 Imaging Kit, Invitrogen, Carlsbad,
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CA)***7. The incubation for nascent RNA detection began immediately after the
deformation and lasted for 60 minutes, and the sample was subsequently fixed for
fluorescent labeling (Figure 2.4). In the cell population studied, the RNA was located in
the lower intensity DNA regions, i.e. the interchromatin space, where the DNA is less
densely packed and thought to be highly active for transcription”* (Figure 2.7). The
spatial location of RNA was typically correlated with the more compressive nuclear
regions. However, the spatial correlation of mechanics and biosynthesis should be
interpreted with cautioned because it was observed that RNA was also transported
outside of the nucleus during the incubation period. In a control study, with no tissue
scale deformation applied there were fewer nuclei (26%) with detectable RNA synthesis
compared to the deformed nuclei results (59%). The mechanism for why the nuclei in the
mechanically strained tissue had more detectable RNA nuclei has not been explained, but
it is nevertheless important to employ methods that allow for direct spatial correlation of
intranuclear strain fields and RNA synthesis in nuclei to help elucidate pathways for gene

expression in single cells.

2.5.4 Specificity and experimental tradeoffs
There is still a need to increase the specificity of hybrid microscopy and hyperelastic
warping methods to reveal biophysical and biosynthesis actions at even smaller spatial
and temporal scales. Labeling of genes related to disease pathogenesis or tissue
regeneration may allow for the discovery of local mechanical factors that can alter
clinically-relevant gene transcription. One challenge is the development of high (e.g.
super) resolution imaging to better reveal spatial patterns, while also not sacrificing
temporal resolution of the desired response. For example, an experimental protocol that
captures time consuming high resolution images of cell nuclei and fast calcium signaling
is affected by competing spatiotemporal factors. The calcium fluxes can occur on the
order of seconds to milliseconds, a time duration that is faster than the time required for
image acquisition depicting nuclei at high resolution. In contrast, biosynthesis processes
like RNA transcription can occur over longer time durations, and may be more
appropriately combined with higher resolution imaging to simultaneously provide

intranuclear strains fields (Figure 2.3 and Table 2.1). However, the localization of
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specific gene activity or gene products is not often resolved in living single cells **, and it
is likely that biotechnology advances for gene expression profiling, coupled with hybrid

microscopy, will only improve our understanding of mechanotransduction overall.

2.6 CONCLUSION

This chapter has demonstrated that a hybrid method combining optical microscopy and
hyperelastic warping provides detailed subnuclear strain patterns, and represents a
balanced approach to meet the competing acquisition factors of spatial and temporal
resolutions. The measurement of nascent RNA synthesis was a fundamental step to show
that intranuclear mechanics and gene expression related events can be measured within
the same nucleus maintained in the native 3D microenvironment. As research objectives
turn towards targeting specific genes or profiling of mRNA expression in single cells,
new approaches will be developed and will be easily included for spatial correlation of

strain fields measured by hyperelastic warping.



Table 2.1. Common techniques for the measurement of nuclear mechanics.

Measurement Spatial Bulk or Local Isolated or Ref
Technique Description | Resolution | Measurement Embedded
(2D/3D) Cells
Fluorescence Local . 39
Anisotropy Compaction High Local Isolated/2D 41
Aspect Ratio Morphological Low Bulk Isolated/2D/3D | **
Change
Volume Change Morphological Low Bulk Isolated/2D/3D | ***
Change
Mlcrgplpette Materlgl Medium Bulk Isolated 4647
Aspiration Properties
. . Material . Local 48,49
Nanoindentation Propertics High (Surface) Isolated
Texturp Nuclear Strain | Medium Local Isolated/2D/3D | *"*°
Correlation
Hyperelastic | - Intranuclear |y Local Isolated/2D/3D | %
Warping Strain
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Figure 2.1. Structural components for strain transfer from the tissue and extracellular matrix to
the cell nucleus. Strain is transferred from an applied load (e.g. compression or shear) at the tissue
surface to the cells and nuclei maintained alive within the interior. Articular cartilage is shown
here as a model hierarchical system that normally undergoes many thousands of loading cycles
during daily activities like walking. Multiple structural components, including integrins,
cytoskeletal proteins, and the nuclear lamina, connect the extracellular matrix to the nucleus.
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Figure 2.2. Common methods to measure mechanical deformation in the nucleus. Flow and
stretch methods deform tissues and isolated cells in 2D (monolayer) or 3D (embedded) native or
engineered microenvironments. Simple measures of nuclear shape and morphology changes are
documented by changes in aspect ratio. Texture correlation and hyperelastic warping methods
provide details of internal strains with different levels of error as described in Figure 2.3.
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Figure 2.3. Comparison of three techniques to quantify nuclear deformation. A finite element
model was used to apply a known deformation (strain) to a nucleus and create the deformed
nucleus from the undeformed z-stack images (a). Knowing the applied intranuclear strain (a.1)
three contemporary measurement techniques, hyperelastic warping (b.2), texture correlation (b.3)
and major axis engineering strain (b.4), where used to measure the strain fields for comparison
between the techniques. Results from the hyperelastic warping method best described the known
deformation, with decreased sensitivity observed from texture correlation and engineering strain

measures.
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Figure 2.4. Experimental overview for methods to measure single cell intranuclear mechanics and
RNA synthesis. For articular cartilage, a tissue explant is created as a half cylinder from a cored
osteochondral plug and placed in an electronically controlled deformation device that allows for
single cells to by imaged within the deforming tissue using confocal microscopy. Immediately
after shearing, newly synthesizing RNAs are labeled using a click chemistry-based incubation.
The deformed nucleus is imaged at 10 minutes and then at the end of the incubation time (60
min), and the data are used for the measurement of intranuclear strain using hyperelastic warping.
Images of the nucleus are taken from the center z-slice (red=DNA stain, green=RNA stain).
(Scale bar =1 um)



Deformed at 60X

Nucleus Warping Exy (%)

Tissue Strain Map at 10X Undeformed at 60X
- o Rk R

-t

01 2 3 4 5 67 8 910
Tissue Texture Correlation Exy (%)

Figure 2.5. Strain Transfer from the tissue surface to the intranuclear regions. A shear load was
applied at the articular cartilage surface (blue arrow) and texture correlation was used to measure
the E,, strain field for the tissue scale deformation (10x), using cells as fiducial markers.
Hyperelastic warping was used to measure the strain fields of the nucleus highlighted by the
smaller boxes in the 10x and 60x images. Depending on the intranuclear region, the measured
tissue scale strain (5-6%; i.e. Tissue Texture Correlation E,, (%) strain field) was amplified or
attenuated when compared to the Nucleus Warping £, (%) strain field.
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Figure 2.6. Intranuclear strain maps vary with time and among cells. Three nuclei were selected
from the same imaging region within a cartilage explant for comparison of the strain fields of the
deformed nucleus at 10 and 60 minutes after the applied tissue shear strain. White lines are
overlaid as visual aids to show the DNA image intensity edges overlaid onto the strain fields. The
strain patterns are similar between each time point but the magnitude either, remains constant (1),
increases (2), or decreases (3). (Scale bar = 1 um)
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Figure 2.7. RNA images and intranuclear strain maps vary among cells. Nascent RNA was
measured in the same nuclei in Figure 6. The same 60 min strain field is overlaid with the RNA
edge lines above. (Scale bar = 1 um).
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CHAPTER 3. DIRECT MEASUREMENT OF INTRANUCLEAR STRAIN
DISTRIBUTIONS AND RNA SYNTHESIS IN SINGLE CELLS EMBEDDED
WITHIN NATIVE TISSUE

This chapter is primarily a reproduction of a published article in Biophysical Journal. A

copy of the article is located in the Publications section for reference.

3.1 ABSTRACT
Nuclear structure and mechanics play a critical role in diverse cellular functions, such as
organizing direct access of chromatin to transcriptional regulators. Here, we utilized a
new hybrid method, based on microscopy and hyperelastic warping, to determine three-
dimensional strain distributions inside the nuclei of single living cells embedded within
their native extracellular matrix. During physiologically-relevant mechanical loading to
tissue samples, strain was transferred to individual nuclei, resulting in submicron

distributions of displacements, with compressive and tensile strain patterns approaching

o

five-fold magnitude increase in some locations compared to tissue-scale stimuli.
Moreover, nascent RNA synthesis was observed in the interchromatin regions and
spatially corresponded to strain patterns. Our ability to measure large strains in the
interchromatin space that reveals that movement of chromatin in the nucleus may not be
due to random or biochemical mechanisms alone, but may result from the transfer of

mechanical force applied at a distant tissue surface.

3.2 INTRODUCTION

The nucleus is a membrane bound organelle and regulation center for gene expression in
the cell °'. The position of a gene in the interior of the nucleus changes when it becomes
highly expressed, and is often found to extend out of its chromosome territory into the
interchromatin space 2. The accessibility of DNA regions by transcription factors may be

driven by a variety of mechanisms, including diffusive or thermal conformational
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2334 or through biochemical processes >, which affects the chromatin structure

changes
and the complex local binding affinities of the chromatin and RNA molecules
surrounding a gene. Less clear is the role of mechanical force transfer as a directed
movement mechanism for DNA accessibility, due perhaps to the technical challenges in
measuring small scale mechanics inside the nuclei of cells embedded in their native

extracellular environment.

Mechanical forces transfer to the nucleus directly and indirectly through specific cellular
pathways and cytoskeletal structures **°. There is increasing evidence that mechanical
forces are transferred to the nucleus to orchestrate transcriptional activity *°. Protein
dynamics inside the nucleus are additionally important for maintaining the nuclear
structure and in facilitating gene expression at the transcription level °”. Probing
spatiotemporal relationships between distributed mechanical forces and localized gene
expression (i.e. biophysical and biochemical interactions) in the nuclei of individual cells
is necessary because the individual cells experience different mechanical stimuli resulting
from variations in local cell and extracellular matrix interactions. Studies that provide
average measures over cells in a given tissue would oversimplify the heterogeneity
intrinsic to the population. In order to understand the inherent variability of large cell
populations, innovative methods are therefore required for combined measurements of
single nuclei biophysical and biochemical interactions in cells maintained in their native

three-dimensional (3D) extracellular matrix microenvironment.

Current methods used to simultaneously probe biophysical or biochemical interactions in
small subcellular structures like the nucleus are lacking. Methods to characterize nuclear
mechanics typically study isolated cells or cells embedded in 3D gel matrices, and often

. 28,4
report aspect ratio and volume change measures 2%+

that do not easily reveal the
inherent complexity of internal strain patterns. Additionally, such methods lack the
spatial resolution necessary for the correlation of intranuclear biomechanics and
simultaneous internal biochemical activity. Recent approaches to link nuclear mechanics
to biochemical responses have explored unique microscopy-based experimental designs,

including the use of photobleaching and FRET pairs >%.
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We simulated physiologically-relevant shear loading to tissues while simultaneously
measuring nuclear mechanics and nascent RNA synthesis. Applied dynamic or static
tissue shear loading mimics routine activities of cartilage-to-cartilage contact in the body
during walking or standing activities. Here, we describe detailed patterns of intranuclear
strains and newly synthesized RNA in the nuclei of single cells in situ during static
tissue-scale loading. The use of a new hybrid imaging technique enabled us to measure
biomechanical and biochemical activities in the nuclei of single cells that contribute to
our understanding of whether applied tissue mechanical force directly transfers to the
nucleus to influence gene expression. Measured subcellular displacements and strains
suggest that the nucleus is a complex structure that is actively deformed during
mechanical loading at the tissue scale, with large motions and deformations that may

regulate DNA accessibility in part by direct physical interactions.

3.3 MATERIALS AND METHODS

3.3.1 Tissue harvesting and sample preparations
Articular cartilage explants with embedded cells (chondrocytes) were chosen as a model
system due to their spatially heterogeneous mechanics and ultrastructure ®', with a
mechanically-linked and significant disease relevance ®%. This model system was
additionally useful to closely mimic physical forces in a common daily activity, i.e. tissue
contact during the walking cycle. Briefly, articular cartilage explants were harvested from
juvenile bovines within 36 hours of slaughter. Using a cork borer and custom cutting jig,
explants (diameter = 5 mm, thickness = 2 mm) were obtained under standard sterile
conditions for tissue/organ culture. Explants and embedded chondrocytes were
maintained in DMEM/F-12, supplemented with 0.1% bovine serum albumin, 100
units/ml penicillin, 100 pg/ml streptomycin, 50 pg/ml ascorbate-2-phosphate, and 10%
FBS (Invitrogen, Carlsbad, CA). After harvesting, the explants were cut along the depth
direction to produce hemi cylinder pairs that were incubated and equilibrated for 24 hours

before testing.
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3.3.2 Mechanical loading and imaging of DNA and newly synthesized RNA
A custom load application device, built for biaxial (compression and shear) loading of
tissue samples, was used to apply a 15% simple shear strain at the surface of the cartilage
explant while confocal (z-slice) images were captured before and at multiple time points
during deformation (Figure 3.1). The loading apparatus included two piezoelectric motors
with mounted magnetic encoders, and computerized displacement control in small (£61
nm) increments (Nanos Instruments, GmbH; Hamburg, Germany). The device was
mounted over a confocal microscope (Olympus Fluoview) to allow for simultaneous
loading of the cartilage tissue and imaging of the chondrocyte nuclei in their native

extracellular matrix (Figures 3.1 and 3.2).

At the time of testing, a pair of hemi cylinders from the same explant was selected, with
one randomly assigned for treatment (mechanical loading) and the other one used as the
nonloaded control. The explants were exposed for 8 min to a DNA stain (DRAQS, Cell
Signaling Technology, Inc.). The treated sample was affixed at both ends with
cyanoacrylate to the loading apparatus with the cut surface positioned next to the
coverslip and near the objective, noting that cell viability was maintained throughout the
duration of testing (Figure 3.10). Both samples were placed in respective cell culture

dishes and covered with phosphate buffered saline.

For imaging before and following deformation, an area of interest near the articular
surface was visualized using a confocal microscope with a 60x water objective
(NA=1.20). 3D (z-stack) images (matrix=1600%1600 pixelz; number of slices=19) were
sequentially captured with a z step of 0.5 um/slice and a calculated in-plane resolution of
0.132x0.132 pm”. DNA was visualized by DRAQ5 staining (633 nm) prior to loading
(Figure 3.1a). DNA was imaged again 10 and 60 min following shear loading using the
same imaging parameters. A Click-iT® RNA Alexa Fluor® 488 Imaging Kit (Invitrogen,
Carlsbad, CA) was used to detect RNA synthesis during the 60 min deformation period
(described subsequently). Two channels (i.e. DNA at 633 nm and RNA at 488 nm) were
acquired in sequential mode to eliminate cross talk. To detect the newly synthesized RNA,

a filter bandwidth (520-600 nm) was additionally selected to exclude background from
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the autofluorescence of collagen in the extracellular matrix (Figure 3.3). Although the
peak of the collagen autofluorescence was around 488 nm, there was still a very weak
signal that was detected from the tail of the collagen emissions spectrum at 520 nm, and
which was easily removed in image post processing. The untreated control sample
underwent the same protocol, except that shear loading was not performed. An additional
no tissue deformation time dependent control was implemented to determine what the
intranuclear strain maps would be in a mechanically non-perturbed state (supplemental

information 3).

3.3.3 Calculating nucleus 3D strain maps by hyperelastic warping
Hyperelastic warping was used to find the displacement field of the deformed nucleus. To
measure internal nuclear deformation, a 3D finite element mesh was created from the
confocal images depicting DNA, and a hyperelastic warping algorithm (nike3d) was used
to calculate displacement and strain patterns throughout the nuclear volume (Figures 3.1
and 3.4) “***. The algorithm deformed a 3D mesh of the z-stack image of the nucleus in
the reference configuration until it matched the target image of the nucleus in a deformed
configuration based upon minimization of the differences in image intensities between

7,65

the reference image and the deformed image "°. Nodal displacements were used to

compute finite Lagrangian 3D strain fields, and principal strains and directions.

3.3.4 Measurement of error in displacement fields using simulations
To validate our hybrid method, in particular the use of hyperelastic warping to quantify
strain fields in the interior of small nuclear structures, and to determine the error
associated with the hybrid technique overall, we used extensive forward finite element
simulations. A 3D mesh was created from the z-stack images of a nucleus that was
deformed in a finite element simulation with known displacement and strain magnitudes
representative of those observed in the nuclei of living cells. A deformed image data set
was created based upon the displacements of the forward finite element model. These
images were analyzed using hyperelastic warping, and additionally, data was also directly
compared to well-known texture correlation techniques. Forward finite element

stimulations were used to create a known displacement field and determine error
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(quantified in terms of RMSE, bias, and precision) of the hyperelastic warping and
texture correlation techniques. The forward simulation generated a known 3D
displacement field and images of the deformed nucleus that was representative of
experimental data. Gaussian noise was added to the image sets to vary the signal-to-noise
(SNR) and contrast-to-noise (CNR) ratios to span the range of experimentally observed
values. In-plane (x and y displacement) comparisons between the techniques were made
in image slices through the center and at the edge of the image volume. Differences
between calculated and known displacements were used to estimate the average RMSE,

bias, and precision, over the range of simulated SNR and CNR ratios.

3.3.5 Nascent RNA Synthesis In Situ
A Click-iT® RNA Alexa Fluor® 488 Imaging Kit (Invitrogen) was used to tag and
image newly synthesized RNA over a 60 minute period of deformation (Figure 3.1b).
Nascent RNA detection was performed by a click chemistry reaction between an RNA
incorporated 5-ethynyl uridine (EU) tag and an azide-containing dye after cell fixation
and permeabilization **°. Briefly, after incubation during loading, the samples were
fixed with 2% formaldehyde in PBS, permeabilized with 0.1% Triton® X-100 in PBS,
and exposed to freshly prepared Click-iT® reaction cocktail, while still in the loading

apparatus.

To image nascent RNA synthesis in sifu, two preliminary studies were additionally
performed to successfully translate the RNA detection technology from its developed use

3637 into a 3D tissue environment. First, we minimized the background

in monolayer cells
autofluorescence of collagen and the non-specific binding of the fluorescent tag. We
selected an appropriate emissions range on the confocal detector to minimize signal from
collagen, and in addition we applied an image enhancing blocking reagent (Image-iT FX
Signal Enhancer, Invitrogen, Carlsbad, CA) to help minimize non-specific binding
(Figure 3.3). To remove nonspecific background staining in our studies, a 60 min
incubation of the blocking reagent was used prior to the final image acquisition. Second,

we determined the duration of EU incubation to enhance RNA signal detection following

mechanical shear loading. It should be noted that excessive incubation times resulted in
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an observed RNA signal from the combined effects of shear deformation and routine (e.g.
housekeeping) cellular RNA synthesis *°. Using time duration studies, we determined that
routine RNA synthesis was detected above background fluorescence levels in the cells of
tissues that were unloaded and incubated for 60 min, indicating a time duration that could
be used to best detect RNA signal enhancement due to mechanical loading. To further
control for sample variation in routine RNA synthesis, one half of the tissue explant (i.e.
one half of the hemicylinder) was loaded while the second half was used as the unloaded

control (Figure 3.3).

3.3.6 Relationship between intranuclear strains and newly synthesized RNA
To explore links between the internal nuclear mechanics and newly synthesized RNA, the
intranuclear strain fields were spatially compared qualitatively and using quantitative
correlation analyses with custom MATLAB code. The raw data consisted of strain values
that were correlated to the image (DNA or RNA) intensity values at each voxel location
of the nucleus. To facilitate correlations between strain and RNA or DNA image
intensities, the data was binned according to the image intensity (bin size=0.02). The data
was binned for each image slice, and the binned results were additionally averaged for a
single slice and averaged z-stacks. Correlation statistics (e.g. 1* values) were calculated

from the binned data sets.

3.4 RESULTS

3.4.1 Hybrid Microscopy Reveals Complex Intranuclear Displacements and Strains
Intranuclear deformation, defined by displacements and strains, were found to be
heterogeneous and complex in living cells embedded within their native extracellular
matrix. Intranuclear strains were both amplified and attenuated compared to tissue-scale
stimuli. During a 15% simple shear strain, intranuclear displacements overall were
consistently sub-micron in magnitude, with differences approaching only 10s of
nanometers depending on the size and location of the regions used for comparison
(Figure 3.5). Strong displacement gradients resulted in large intranuclear strains, typically

less than 75% in magnitude, depending on location in the nucleus (Figure 4, 7).
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Microscopy and hyperelastic warping quantified heterogeneous and complex intranuclear
strain with minimal error. Importantly, the x and y displacement fields for the middle
slice of the nucleus showed that hyperelastic warping matched more closely to the known
(simulated) displacements compared to conventional (1% order) texture correlation
algorithms (Figure 3.5). The known displacements were plotted versus the displacements
measured by hyperelastic warping (slope = 1.11, r* = 0.958) and texture correlation (slope
=0.97, r*= 0.477). Hyperelastic warping and texture correlation were also compared
using experimental data of a nucleus in undeformed and deformed states (Figure 3.5b). A
comparison of warping and texture correlation displacement predictions with those of the
forward model indicated similar qualitative displacement distributions. However, the
texture correlation results were lower in magnitude than the hyperelastic warping results.
We further noted that texture correlation displacement fields were biased by the bright
areas in the image and around the nucleus perimeter, which was qualitatively observed in
the known and experimental displacement fields (Figure 3.5). Hyperelastic warping
consistently resulted in displacement data with lower error (avg. RMSE = 0.017)
compared to texture correlation (avg. RMSE = 0.091), and without sensitive dependences

on signal-to-noise and contrast-to-noise ratios (Figure 3.6).

3.4.2 Interchromatin Regions and Nascent RNA Synthesis
Nascent RNA synthesis was observed in the interchromatin regions within nuclei of
single cells embedded in their native extracellular matrix during shear loading at the
tissue scale. For the nucleus depicted in Figures 3.7 and 3.8, changes in chromatin
position, defined in terms of strain, were also found to correspond to regions of nascent
RNA synthesis. Magnitudes of principal strains and maximum shear strains approached a
five-fold tensile increase over the 15% simple shear strain magnitude applied at the tissue
surface in some regions of the nucleus. Different regions within the nucleus exhibited
compressive or tensile strains, indicating that the magnitude of the applied shear at the
tissue surface was amplified and attenuated depending on the internal region of the
nucleus under investigation (Figure 3.7). Principal directions for E,; and E3 were
predominately in the imaging plane (i.e. in the xy plane), while E,; directions were

largely through-plane. Qualitative comparisons of the strain patterns revealed a
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correspondence between high tensile strain regions with increased intensities of the RNA
and DNA patterns for max shear (RNA) and E,; (DNA), respectively. Strain patterns
tended to correspond visually to observed DNA and RNA patterns, suggesting that
specific stimuli, e.g. localized maximum strain, may cause changes in the chromatin

structure to influence newly synthesized RNA in nuclear regions with low DNA content.

Relationships between DNA, RNA, and strain could be quantified at multiple levels, i.e.
within a given image slice through a single nucleus (e.g. Figure 3.7), within an image
volume representing a whole single nucleus (e.g. Figure 3.8), or among nuclei from many
single cells (e.g. Figure 3.9). For the single image slice in Figure 7, significant
correlations (p<0.007) were found between DNA intensities and Ej (*=0.238), Ep
(r*=0.506), and E,;3 (r"=0.833), but not max shear (1°=0.000; p=0.984). Significant
correlations (p<0.001) were also found between RNA intensities and Ej (1*=0.617), Eps
(1*=0.754), and max shear (r°=0.827), but not Ep (*=0.214; p=0.096). Similar
correlations were observed for a whole single nucleus (Figure 8), after pooling r* values
from each slice of the image volume, with DNA and RNA related to E, (r’=0.543,
1’=0.668), Ey (°=0.677, 1°=0.471), E;3 ("=0.889, r°=0.473), and max shear (’=0.192,
’=0.694), respectively.

Relationships between strains and DNA and RNA intensities varied among the cell nuclei
studied (Figure 9). Nascent RNA synthesis was consistently observed in the
interchromatin regions, although specific intranuclear statistical correlations covered a
broader range when compared cell-to-cell. Significant statistical correlations (p<0.015)
were found in all cells studied between DNA intensities and E, (r*=0.575) and Ep2
(1*=0.735), and between RNA intensities and Eps (r*=0.641), with aforementioned
coefficients of determination pooled over all nuclei shown in Figure 9. Statistical
correlations varied among cells between DNA intensities and E3 (r*=0.550, p<0.443) and
max shear (’=0.575, p<0.306), and between RNA intensities and Epi (1*=0.357, p<0.379),
E,» (*=0.492, p<0.295), and max shear (’=0.374, p<0.954), with 6 of 20 total possible
correlations (i.e. 5 relationships for the 4 cells shown in Figure 9) not significant

(p>0.040).
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3.5 DISCUSSION
Diffusive or biochemical processes are thought to drive the movement of genes to
different regions of the nucleus, perhaps due to changes in binding affinities in addition
to conformational alterations in the chromatin structure. Additional studies, involving the
use of relatively insensitive methods based on texture correlation, indicate that the
deformation in the nucleus is minimal compared to cell and extracellular matrix strains .
These studies imply that the relative stiffness of the nucleus is high compared to
surrounding cellular structures, resulting in minimal internal deformation for a given
applied load. The concept of a relatively stiff nucleus would indirectly support the idea
that specific (e.g. diffusive) mechanisms alone may drive gene expression, since the
nucleus interior would be more isolated from physical deformation occurring in the

extranuclear regions, and would require alternative mechanisms for transcription and

other regulators to access DNA.

Here, we find that movement of the nuclear structures, quantified by strain, is highly
heterogeneous and is both amplified and attenuated during even simple mechanical
loading at the tissue scale. Given a reasonable compliance of chromatin, the
heterogeneous strains would be expected to shift and reposition the relative internal
position of genes, thereby altering the dynamics of regulation. Interestingly, the
compliance of individual chromatin fibers has also been noted as a possible physical
basis for DNA accessibility *’. However, we do not yet know the extent that either
chromatin remodeling, or passive chromatin deformation in response to the applied load,
explains the intranuclear strain patterns described. In light of this current limitation, and
in contrast to single molecule studies conducted in controlled in vitro experiments, we
overcame technical challenges in obtaining measurements within the nuclei of cells
embedded in extracellular matrix in situ. The experimental set up and hybrid microscopy
technique allowed us to propagate realistic and physiologically-relevant mechanical
forces through native structures to better quantify the extent that strain transfer may
directly influence nuclear mechanics. The hybrid method, based on microscopy and
hyperelastic warping, allowed the measurement of internal deformation (displacements

and strains) in small nuclear structures at high spatial resolutions, limited most by the
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time constraints of image acquisition. Interestingly, the simultaneous detection of newly
synthesized RNAs reveal localized expression corresponding to mechanical loading and
patterns of principal and shear strains. The measurement of large (e.g. shear) strains in
the interchromatin space that spatially correspond to the localization of nascent RNA
expression supports the hypothesis that localized movement of chromatin in the nucleus
may not be due to random or biochemical mechanisms alone, but instead can occur
simply as a result of mechanical force transfer applied at a distant tissue surface.
However, significant transport of RNA over the incubation time (e.g. Figure 1) indicates
that the nascent RNAs observed may not be a true response of the nucleus to deformation.
Additionally, RNA expression was observed in nucleus regions that were expected to be
more naturally transcriptionally active. Nevertheless, these regions corresponded with
unexpectedly high levels of strain, suggesting that the nucleus structure may be routinely
regulated through a variety of casual physical activities that involve tissue loading, which
in turn allow for transcriptional and other regulators of biological activity and gene

expression.

Our experimental analysis demonstrated the hierarchical transfer of strain over large
distances and log scales from the tissue surface to the interior of individual nuclei in situ.
In our study, simple shear strain applied at a distant tissue surface transfer to individual
nuclei, amplifying strain up to five-fold in localized nuclear regions. Interestingly, we
note reports of novel quantitative approaches to measure detailed internal biomechanics
in individual cells, but these techniques largely ignore the intranuclear strain and gene
expression *¥ Quantification of intranuclear strains is important, because they possibly
extend the concept of nuclear mechanics arising due to physical links to the cytoskeleton
or extracellular matrix >~°, to also include remote links through pericellular and
extracellular molecules, e.g. type VI and type II collagens, respectively, in the
hierarchical organization of complex tissues like cartilage. Using the hybrid method, we
did not yet in the current configuration tease apart the relative influence of load transfer
through solid or fluid phases ®*, or specify candidate matrix or cytoskeletal molecules that
result in strain transfer. However, candidate molecules may be identified and visualized

by fluorescent tagging in subsequent studies. In the present work, it is important to
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emphasize the nondestructive nature of the hybrid technique, coupled with the ability to
reveal internal spatiotemporal dynamics in living cell nuclei in situ for the first time,
which enables the study of diverse cell-laden materials, including hydrogel or polymer

constructs, and diseased tissues, that contain unique or rare cell populations.

The nucleus-to-nucleus variation of intranuclear strain field patterns (Figures 3.4, 3.8-3.9)
suggested that the applied tissue load was not uniformly transferred to every nucleus,
possibly due to the spatially heterogeneous mechanics of cartilage explants that arise
from cell location and spatial density in the tissue ®. This observation indicates the
possibility of subtle and variable underlying cell-matrix connections or other structural
parameters that dictate how load is shared over hierarchical scales. Interestingly, newly
synthesized RNA was also observed outside of the nuclear region of the cell, illustrating
transport during the short incubation time, which has also been reported in other cell

36,37 . .
", Further, intranuclear strain patterns

types following treatments with soluble factors
depended on time for some of the nuclei studied (Figure 3.11), suggesting more
complicated (e.g. viscoelastic) mechanisms may play a role in RNA expression in some
cells. Strain maps measured from DNA images taken at 10 min and 60 min post-
deformation indicated an increase, decrease or no change in the intranuclear strain fields
and magnitudes between the two time points. While very small differences in aspect
ratios of the 10 and 60 minute deformed nuclei indicate no bulk deformation of the

nucleus between the two time points (Figure 3.11).

These data suggest that cells in situ can sense an applied load that is transferred over
relatively large distances and log scales to alter intranuclear deformation and to possibly
directly influence new RNA synthesis, and may regulate other actions as well, including
the transport of mRNA or other molecules through nuclear pores. The direct
correspondence of strain and DNA or RNA patterns may suggest specific mechanical
stimuli, e.g. shear strain, that influence spatially-localized gene expression in individual
cells, although it remains to be determined the extent that mechanics directly regulate
nuclear mechanobiology in large cell populations. We expect that this hybrid method,

based on microscopy and hyperelastic warping, will enable a wide variety of future
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investigations into mechanotransduction mechanisms, including transcription of specific

RNAs, and translation and control of downstream protein synthesis.
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Figure 3.1. Combined confocal microscopy and hyperelastic warping reveals 3D strain fields and
nascent RNA expression in the nuclei of single cells. (a) A custom tissue deformation device and
microscope objective was used to image a cartilage explant during shear loading. (b) Projection
images were constructed from undeformed and deformed confocal z-stack images (Red=DNA,
Green=nascent RNA at 60 min, scale bar = 20 pm). Connected blue boxes track two nuclei to
show tissue-scale shear deformation. Grey boxes point to a magnified middle slice of the nucleus
volume (scale bar = 1 um. (¢) The selected nucleus from (b) is shown as a warped 3D volume
with color maps representing principal strain fields and max shear, with the middle slice cross
section detailed below. Importantly, the nuclei aspect ratios (undeformed = 1.08 and deformed =
1.15) do not capture the complexity of the intranuclear deformations.
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Figure 3.2. The tissue deformation system was validated using a fiber optic displacement
measurement system. Motion was provided by two magnetic linear encoders (Nanos Instruments,
GmbH; Hamburg, Germany) mounted on Piezo LEGS LL1011A motors (Micromo; Clearwater,
FL), and verified using a MTI-2000 Fotonic Sensor (MTI Instruments; Albany, NY). (a) CAD
representation of the loading device with encoders as well as optical sensor in their respective
positions. (b) Plot of a representative square-wave (100 um) displacement profile in control
experiments (i.e. actuator motion without a sample present). There was a small, micron-scale
offset between the encoder positioning and the Fotonic Sensor readout. (c) Plot of a square-wave
(100 pm) displacement profile with a sample present. (d) Three square wave cycles at each
position were averaged to produce the linear calibration curve loading a sample (diamonds) and
without a sample (squares).
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Undeformed Sample Shear Loaded Sample
(26% cells show newly (59% cells show newly
synthesized RNA) synthesized RNA)

Figure 3.3. Control (non-deformed) tissue explants exhibited a reduce number of cells with
nascent RNA expression compared to explants exposed to mechanical shear. The images shown
are z projections of 20 z-slices, and the nascent RNA (green channel) was filtered to eliminate
uneven background intensities so that a threshold could be applied to facilitate cell counting. The
image post processing was performed with ImageJ (NIH, Bethesda, MD). The control sample
showed 14 out of 54 cells (26%) with nascent RNA expression, while mechanical shear of the
deformed (treated) sample resulted in 44 out of 75 (59%) cells with nascent RNA expression.
Nuclei in Figure 3.4, and 3.7-3.9 were analyzed from this deformed image field of view (Scale
bar = 10 pm).
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Figure 3.4. Intranuclear strain patterns in a single cell are spatially complex in three dimensions
and heterogeneous even during simple shear at the tissue surface. (a) Five z-slices from an
undeformed and deformed nucleus showing nascent RNA and the merged DNA-RNA image.
Spatial patterns of strain, and DNA and nascent RNA images, vary by slice location. (b)
However, overlaid graphs (Figure 8) show that the relationship between strains and RNA or DNA
intensity had very little variation between slices. (Scale bars =2 um)



38

a Simulated deformation
Undeformed Deformed

E_}

x Displacements y Displacements

-
w

Hyperelastic . -

Applied
Deformation

Warping

0.3
Texture " ; 0
Correlation ’
-0.3
um

b Experimental deformation
Undeformed Deformed

x Displacements  y Displacements

»
Hyperelastic Q 0)
. =~
Warping I .
0.8
Texture
Correlation

-0.2
pm

Figure 3.5. Displacement fields from hyperelastic warping, but not texture correlation, match
known simulations, thus enabling the measurement of small-scale motion in individual nuclei. (a)
A simulated deformation was applied to a 3D nucleus, with the middle z-slice images shown. The
x and y displacement fields are shown for the known applied deformations, followed by the
measured results from hyperelastic warping and texture correlation. (b) The x and y displacement
fields from experimental data of a representative nucleus are shown for hyperelastic warping and
texture correlation methods. Hyperelastic warping describes deformation with lower bias and
increased precision compared to texture correlation (Figure 6). (Scale bars =2 pm)
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Figure 3.6. Hyperelastic warping consistently provided data with low RMSE and bias, and high
precision, compared to texture correlation. Signal-to-noise ratio (SNR) and contrast-to-noise ratio
(CNR) were calculated for each image set after the addition of Gaussian (random) image noise.
Three error measurements (root mean square error (RMSE), bias, and precision) were used for
comparison between the two techniques. The most noticeable difference between the techniques
was the increase in bias seen with texture correlation between slice 5 and 9. The other
measurements of error show similar performance of the techniques on each image slice. (Scale
bar =2 um)
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Figure 3.7. Principal strain magnitudes and directions correspond to the intensity of DNA and
nascent RNA. A magnification box highlights a nuclear region with heterogeneous (amplified and
attenuated) strains. The strain direction for E,; was predominantly through the imaging plane,
while the E,; ; directions were largely in the imaging plane. For the nucleus shown, tensile E ;3
strains correlated with DNA image intensity regions (r’=0.826), whereas compressive E,;3 strains
correlated with nascent RNA intensity regions (r’=0.759). While only one representative image
slice from the middle of the nucleus is shown, the results were consistent in other z-slices (Figure
4 and 8). A single line scan at the right of the strain maps depicts the cross sectional profiles for
DNA (red), RNA (green) and strain magnitudes (black). White lines of the strain map are edges
of the DNA image intensity calculated by an edge detection function in Matlab to help spatially
visualize the high and low DNA regions. (Scale bars =2 um)
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Figure 3.8. Complete 3D, DNA and RNA image intensity to strain relationship analysis for a
single nucleus from Figure 4. The top graphs shows the image intensity vs. strain results for each
z-slice and the bottom graphs are the averaged results.
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Figure 3.9. Strain magnitudes and nascent RNA expression in nuclei vary among single cells
within in a tissue volume subjected to uniform shear. (a) The undeformed DNA image, deformed
DNA and merged DNA-RNA images are shown for four cells from the same imaging field of
view seen in Figure 3. The nuclei were from the same region in the tissue, although there were
several physical characteristics, such as shape, size, and long axis orientation that may influence
how the strain was transferred from the tissue to the nucleus. (b) The average image intensity
versus strain for the four nuclei were graphed in matching colors as boxed in (a). Three of the
four nuclei (excluding nucleus two) exhibited similar trends in DNA and RNA intensity patterns.
The RNA graphs also show that there were different RNA image intensities between nuclei,
which were qualitatively observed in panel (a). (Scale bars =2 pm)
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70 min 0 min - 70 min

Figure 3.10. Cells remained viable during the time course of experiments. Cell viability was
determined using a live/dead imaging kit (Invitrogen) at the beginning (0 min) of the incubation
period, and at a later time that exceeded the studies described herein (70 min). A difference image
(third panel) demonstrates no change in fluorescence signal in cells.
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Figure 3.11. The nuclear strain patterns for 10 and 60 minutes after the applied shear loading to
the tissue surface varied among cells. Using hyperelastic warping, strain patterns were observed
to increase (e.g. nucleus A), decrease (e.g. nucleus 1), or remain unchanged (e.g. nucleus 2) with
time Hyperelastic warping measurements provides additional spatial details that the small
differences in aspect ratios between 10 and 60 min could not resolve. The small difference in
aspect ratio does indicate that the bulk deformation of the nucleus does not change over the
experimental time period. The difference in aspect ratios for the slices presented above are: A (-
0.008), 1 (0.001), 2 (0.000), 3 (0.006), and 4 (0.064). Please note that nucleus A is also depicted
in Figure 7, while nuclei 1-4 correspond to those shown in Figure 9. The white lines were
overlaid on the DNA image and strain maps to aid in visualizing the chromatin and
interchromatin regions.
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Figure 3.12. Strain versus DNA image intensity plots. The negative control, no tissue
deformation (red) nuclei=5, and the treatment, tissue deformation (black) nuclei=5, are plotted for
Ex and Ey strain fields of the middle slice of the nuclei. The control nuclei plots are horizontal
and show very little changes in strain level with respect to DNA intensity. This shows that there is
a low level of internal deformation that the hyperelastic warping measurement technique is
detecting in the negative control case. In the applied tissue deformation treatment case there are
positive trends of strain to DNA, which varies cell to cell.
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CHAPTER 4. VALIDATION FOR MEASURING INTRANUCLEAR STRAIN WITH
ITERATIVE WARPING USING DEFORMABLE IMAGE REGISTRATION

4.1 Abstract
The cell nucleus is the stiffest component of the cell. Understand the local mechanics of
the nucleus is important to understand how mechanical signal can be transduced to the
nucleus and alter chromatin regions and gene expression. Most widely used methods for
measuring nucleus mechanics is to measure bulk geometric changes in area and aspect
ratios. These values provide not local information that can be spatially correlated to
biochemical activity in the nucleus. Iterative warping using deformable image
registration is developed to measure local intranuclear strain patterns. A forward finite
element analysis was built to great a known deformation “gold standard” that the iterative
warping algorithm can be validated with. The forward analysis uses two material
properties to represent chromatin and interchromatin regions. The regions material
properties were varied between soft and stiff producing a strain field with corresponding
pockets of high and low strains. The iterative warping algorithm measured with low
error the known deformation patterns in a repeatable way finding the global minimum in

the image registration solution space.

4.2  Introduction
The cell nucleus directs the regulation of normal cellular functions as well as the
expression of proteins required for adaption to environmental changes. The nucleus can
be considered a composite material with the major component being DNA which is
classified into two regions 1) heterochromatin regions which are tightly packed and have
decreased gene expression activity and 2) euchromatin regions that are lightly packed and

25,52,53

have higher gene expression activities Mechanical forces are thought to interact

with these DNA regions and are an important part in the gene expression process® 0>
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Current methods to characterize nuclear biomechanics typically rely on bulk
measurements. To characterize the nuclear mechanics, microscopy images are taken of
the nucleus before and after a treatment and geometric changes in aspect ratio and area is
measured. These measurement algorithms are found in many image analyses software
packages and provide a quick bulk measurement of the nucleus. However, these methods
lack the spatial sensitivity to capture the inherent structural complexity and internal

mechanics of the nuclei.

Digital image correlation (i.e. texture correlation) is an approach that provides strain
patterns by tracking the unique texture of biological images®”’*". A subset search region
of the undeformed image is correlated to a region in the deformed image. The limitation
of this technique is that large areas of unique texture are needed. Texture correlation has
been used to measure a bulk nuclear mechanics response to a stimulus but lacks the

spatial resolution to provide detailed maps of the intranuclear strain’.

In this study iterative warping using deformable image registration, or warping for short
is validated to measure intranuclear deformations. The goal of deformable image
registration (DIR) is to match a template image with a target image and obtain a
deformation map required to complete registration. DIR has been used in many
biological imaging applications such as MRI ultrasound, and microPET imaging to look

77* In DIR a finite element mesh

at the mechanics of the brain and cardiovascular system
is made of the template image and the mesh is deformed until it matches the target image
(Figure 4.1). The deformation or warping of the mesh is governed by the material
properties that are assigned. To avoid the registration of getting stuck on predominate
features in the image a blurring curve is assigned. The limitation with the load penalty
curve is that the registration can be over driven and the solution reaches a local minimum.
To find the global minimum, the warping analysis is iterated with incrementing mesh
stiffness until there is a reasonable solution found. To validate iterative warping a
forward finite element analysis was completed to create a known intranuclear strain field.

The objectives of this study are to 1) validate the algorithm in finding the global

minimum in the solution space to calculate intranuclear strain fields with the smallest
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error and 2) demonstrate the additional spatial information warping provides compared to

bulk geometric measurements.

4.3 Methods
4.3.1 Nucleus imaging and forward known data

Passage 4 chondrocyte nuclei images were collected using fluorescent microscopy with
the DNA being stained with DRAQS5 (Cell Signaling) or Hoechst 33342 (Life
Technologies). Z-projections of confocal or two photon microscopy nucleus images are
used in the analysis. When the nucleus is stained the heterchromatin is brighter than the
euchromatin due to the compaction of the DNA. For this study the brighter regions are
referred to as chromatin and the lighter regions as interchromatin which was set by an

arbitrary threshold.

Four sets of images were created with a forward finite element analysis. The mesh was
deformed in a finite element simulation with displacement and strain magnitudes
representative of those observed in previous studies’. The boundary conditions of the
model consisted of applying an equal tensile normal force on the outer perimeter. For the
forward simulation the nucleus was segmented into chromatin and interchromatin regions
(Figure 4.3). The four known data sets were created with chromatin being 2 and 10 times
stiffer than the interchromatin and the inverse with the interchromatin being 2 and 10
times stiffer. A linear elastic material model was selected for the forward and warping

analysis.

4.3.2 Iterative warping using deformable image registration
The iterative warping algorithm reaches a solution by increasing mesh stiffness and load
penalty curves. For each of the DIR iterations there is a normal or error termination
which is recorded as a 1 or 0 as seen in Table 4.1, respectively. There are six load penalty
curves that the warping algorithm runs in parallel and the mesh stiffness is increased until
all six reach a normal termination which is seen as the last row for each of the nuclei in

Table 4.1.
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A Matlab code was written to automate and connect the software for mesh generation
(TrueGrid), DIR (nike3D) and post processing (WarpLab and LSprePost). By using the
Matlab code the above iterative optimization routine can be performed in a more
manageable time frame, tens of minutes instead of hours for one nucleus. Figure 4.2
provides a visual comparison of the computer mouse movements and clicks that the user

saves by the semi-automated Matlab algorithm.

4.3.3 Measurement of error in hydrostatic strain fields
The forward finite element stimulations were used to create known strain fields and
served as the “Gold Standard” in the determination of the Root Mean Square Error
(RMSE) for iterative warping. The error is qualitatively visualized as the known minus
warped difference image (Figure 4.4). Quantitatively the RMSE for known minus
measured warped is plotted for the different load curves and mesh stiffness. Also
measured is the RMSE of the warped template minus target images. This measure serves
as a way to identify when the global minimum is reached (Figure 4.5). In the post
processing of the results the total strain distribution is segmented into the percentage of
strain carried by the chromatin or interchromatin. Also, plotted is the normalized DNA
intensity versus strain at each pixel of the nucleus (Figure 4.5). Lastly, the percent error

is calculated for the average, min, and max hydrostatic strain as: % Error =

measured—known

X 100 (Table 4.2).

known

To compare the results to current methods for nuclear mechanics the engineering strain,
change in aspect ratio and area was measured for the template and target images (Figure
4.7). Engineering strain is calculated as the ratio of the change of the major axis over the

original major axis length.

4.3.4 Visualizing strain fields
There are several was to represent the strain fields in continuum mechanics (Figure 4.1).
Directional strains with respect to Cartesian coordinates in a 2D case are Ey, Eyy, and Ey,.
From the directional strains, strain invariants I; and I, are calculated and are directional

independent. I} = Exx + Eyy L=E*xEy — Exy2 The hydrostatic strain (Ey) is also



50

directionally independent and is the average of Ey, and Eyy or one half of I; . The
hydrostatic strain can be thought of as the local volumetric changes and was chosen as

the strain that will be presented in the figures of this study.

4.4 Results
In the validation analysis the four nuclei deformations from the forward simulation were
registered and qualitatively and quantitatively analyzed to determine a percent error. The
number of stiffness iterations varied from 2 to 9, to reach 6 normal terminations for the 6
different load curves (Table 4.1). The difference images of the known minus measured
warped results show a very good spatial registration for each of the nuclei qualitatively
(Figure 4.4). The RMSE for known minus measured deceases and levels off as the mesh
stiffness is increased (Figure 4.5). The average of the hydrostatic strain is insensitive to
both the changes of mesh stiffness and load curve penalty. The standard deviation does
increase with increasing penalty but decreases with increased mesh stiffness (Figure 4.5).
The percent error for warping varies between nuclei from over-estimating the average

hydrostatic strain by 1.42% to underestimating by 3.24 % (Table 4.2).

To quantify the percentage of the total strain that is distributed between the
interchromatin and chromatin components, the stain distributions were analyzed based on
a pixel by pixel method or by chromatin segmentation. The warped images show
intranuclear strain patterns that match the interchromatin to chromatin stiffness ratios and
DNA intensity segmentation (Figure 4.4). The scatter plots of normalized DNA intensity
versus hydrostatic strain show similar trends among the pair of chromatin being stiffer or
interchromatin being stiffer (Figure 4.6). Qualitatively the strain distributions histograms
show the total distribution as a composite of the interchromatin and chromatin portions of
the strain. This is quantitatively reported as a stacked bar graph with nucleus chromatin to
interchromatin ratio as 25/75 nucleus A, 7/93 nucleus B, 15/85 nucleus C and 30/70

nucleus D (Figure 4.6).

Comparative measurements were made between iterative warping and other bulk
geometric measures such as engineering strain, changes are aspect ratio and area. The

warping average strain results were nearly identical to the known averages (Figure 4.7).
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The engineering strain of the major axis underestimated the average strain for all the
nuclei. However, the engineering strain measure was more reasonable than the change in

area or aspect ratio measurements which were near zero or dramatically off, respectively.

4.5 Discussion and Conclusions

Iterative warping using deformable image registration measured low error in the
intranuclear strain fields created by a forward finite element analysis. Although texture
correlation was not used in this validation study, in previous single material validation
study, it was used and warping was found to have a lower error’. Using a two component
nucleus in this validation allowed for a more complex intranuclear strain field with high
strain pockets that theoretically better match what is known about the relative mechanics
between euchromatin and heterochromatin”. The forward simulation with the
interchromatin being 10 times stiffer and acting as a shell with no chromatin pockets of
high or low strains may be a reasonable estimation because the nucleus is a multi-
component material with several structural components such as lamins that are not

considered in this validation study.

The strengths of iterative warping are that a large amount of spatial intranuclear
deformation is gained and the analysis is semi-automated. The automated iterative
process has taken out the guess-and-check procedure of finding DIR parameters that
appear like they will give a reasonable solution. It dramatically reduces the time to find a
solution by incrementing the mesh stiffness while running in parallel the 6 warping
analyses load curves which reproducibly behaves the same way during the stiffness
sweep (Table 4.1). There is currently no other technique that can measure the complex
intranuclear strain patterns that were simulated in the forward analysis at such a high
spatial resolution. By looking at the overlaid perimeter outlines in Figure 4.3, it would
appear that the nuclei were deformed in a very similar manner. The method comparison
bar graphs, Figure 4.7, quantitatively show that the simple bulk geometric measurements
cannot distinguish the complex intranuclear strain information found in the different

nuclei.



52

The weaknesses of this approach are the large solution times and sensitivity to image
quality issues. It takes substantially more time to process a single nucleus because a the
FE mesh is customized for each nucleus compared to bulk image processing
measurements that can measure hundreds of nuclei in a single run. The large amount of
data that is gained is worth the effort if processing a relatively low number of nuclei. But
for population responses in the thousands, this would be a very computationally
expensive process. To get the detailed intranuclear strain fields, high resolution
microscopy images are need of the nucleus with good textured quality. Other bulk
measurement techniques can have very poor image quality and the results will not change
much. A good example of this is where hundreds of nuclei are imaged at low resolution
with a high light source that saturates the detector and the image can still be processed.
The bulk measurements may not be altered with this imaging setup, but running a

warping analysis would be impractical.

A few considerations when running iterative warping is in the preprocessing of the
nucleus and selection of the starting mesh stiffness. The warping analysis looks for large
image gradients, so when making the mesh it has been found useful to make the mesh a
few pixels larger than the nucleus, and this will provide a large gradient for the start of
the registration process. Caution has to be made when interpreting the results at the edge
of the nucleus because this is where the largest errors are seen (Figure 4.4). As seen in
Table 4.1, not all of the nuclei have the same stiffness sweep. To save time when running
multiple nuclei from the same experiment, a wider stiffness sweep performed to find a

starting point for the mesh stiffness.

Future improvements would be to automate the mesh generation of the nucleus and to do
other fine tuning of the post-processing of the analysis. Also, depending on the
anticipated material response, other material types such as hyperelastic or temperature
dependent properties could be added to the mesh material properties. This analysis will
be beneficial in work that focuses on the interactions between mechanical stimuli and
biochemical reactions at the intranuclear level, potentially elucidating the

mechanotransduction mechanisms affecting the nucleus.



Table 4.1. Warping image registered normal termination for max penalty and mesh

stiffness (Pa). Image Registered Yes =1 No =0

Nucleus A Max penalty

Stiffness (Pa) | 1 1.5 2 2.5 3 3.5
350 1 0 0 0 0 0
400 1 1 0 0 0 0
450 1 1 0 0 0 0
500 1 1 1 0 0 0
550 1 1 1 0 0 0
600 1 1 1 1 0 0
650 1 1 1 1 1 0
700 1 1 1 1 1 0
750 1 1 1 1 1 1
Nucleus B Max penalty

Stiffness (Pa) | 1 1.5 2 2.5 3 3.5
350 1 1 1 1 1 0
400 1 1 1 1

Nucleus C Max penalty

Stiffness (Pa) | 1 1.5 2 2.5 3 3.5
350 1 1 1 1 0 0
400 1 1 1 1 1 0
450 1 1 1 1 1 1
Nucleus D Max penalty

Stiffness (Pa) | 1 1.5 2 2.5 3 3.5
350 1 0 0 0 0 0
400 1 0 1 1 0 0
450 1 1 1 1 1 0
500 1 1 1 1 1 0
550 1 1 1 1 1 1




Table 4.2. Hydrostatic strain error analysis statistics

Known

Nucleus mean min max
A 40.93 34.75 48.73
B 25.71 4.59 43.45
C 33.08 21.7 42.38
D 22.45 15.17 30.66
Measured

Nucleus mean min max
A 39.6 19.65 49.4
B 24.84 3.72 48.33
C 32.89 18.22 50.62
D 22.77 11.55 34.06
% Error

Nucleus mean min max
A -3.24 -43.45 1.37
B -3.38 -18.95 11.23
C -0.57 -16.03 19.44
D 1.42 -23.86 11.08
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Figure 4.1. Iterative warping using deformable image registration measures the deformation
between two nucleus images (Template and Target). An iterative procedure has been developed
to optimize image registration through an automated algorithm that increments the mesh stiffness
until a reasonable solution is found. The deformation can be visualized in several ways, 1)
directional strain fields in Cartesian coordinates (E, E,y and E,y) 2), strain invariants (I;, I,) or 3)
hydrostatic strain (E;) both being directionally independent and calculated from the directional
strain fields.
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Figure 4.2. Visual comparison of the recorded computer screen mouse movements and clicks
during the manual analysis (left) and after the semi automation Matlab algorithm was developed

(right).
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Stiffness (Pa) | Stiffness (Pa)
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D 100000 200000

Target A

Target C Target D

Figure 4.3. Four target images (A-D) were made with a forward FE model that applied and equal
normal force out ward on the perimeter of the mesh (arrows on mesh) to be used as the known
standard in validating warping to measure intranuclear strains. The nucleus was segmented into a
chromatin region (Template Mesh-blue area) and an interchromatin region (Template Mesh-red
area). The chromatin or interchromatin mesh stiffness was defined to be 2x or 10x stiffer,
respectively, as shown in the figure above. The color coded target perimeters are overlaid on the
Template Mesh image.



Nucleus A Nucleus B Nucleus C Nucleus D
Interchromatin Chromatin Chromatin Interchromatin
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Figure 4.4. Qualitatively seen in the nearly zero difference images, the hydrostatic strain fields
measured by iterative warping closely match the known forward analysis for all four of the
nuclei. There are slight edge artifacts where the image was not completely registered which are
seen as a few brighter pixels near the edge of the nucleus in the difference image.
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0 2 4
Max Load Penalty

Figure 4.5. Two independent variables, mesh stiffness and max load penalty, were varied to find
the combination that minimizes the error in the hydrostatic strain measurements. The RMSE for
known-measured hydrostatic strain and the RMSE for the warped target-template images are
plotted to find the global minima in the solution space. The mean of the hydrostatic strains are
not influenced by the changes in the mesh stiffness and load penalties. Whereas, the standard
deviation of the strains changes with mesh stiffness and load penalties.
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Figure 4.6 Intensity versus hydrostatic strain (b) is plotted and similar trends are seen among the
interchromatin stiffer A and D nucleus and the chromatin B and C nucleus. Segmentation of the
nucleus images into interchromatin and chromatin regions show how the total strain distribution,
blue histogram (red line), is a composite of the two strain distribution chromatin (green line) and
interchromatin (white line). To quantify the percentage of the total strain that is distributed
between the interchromatin and chromatin components, a stacked bar plot is shown for each of
the four nuclei.
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Figure 4.7. With all four nuclei, the mean hydrostatic strain measured by iterative warping is
closest to the known mean compared to the other bulk measurement techniques (engineering
strain for the major axis, change in aspect ratio and change in area).
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CHAPTER 5. DEDIFFERENTIATION OF CHONDROCYTES INFLUENCES
INTRANUCLEAR STRAIN TRANSFER MEASURED BY WARPING
DEFORMABLE IMAGE REGISTRATION

5.1 Abstract
Mechanical cues are important for cellular processes and in regulating gene expression by
influencing chromatin compaction. Cellular shape, size and gene expressions are known
to change with cells as they are passaged in 2D cell cultures. Previous cell substrate
stretched experiments have measured minimum strain transfer to the nucleus using bulk
measurement techniques. It is not known how strain is transferred to the intranuclear
structures because previous measurement techniques have low resolution strain maps.
Warping image registration provides high resolution intranuclear strain maps that can
spatially correlate chromatin strain regions. In this study passage zero (P0) and passage
four (P4) chondrocyte cells are subjected to equibiaxial stretch on untreated and collagen
I treated substrates. There was an increase in strain transfer ratio as the cell
dedifferentiated from PO to P4 with no significant difference between treated or untreated
substrates. Using warping to measure intranuclear strains provides new data to how strain
is locally distributed between chromatin and interchromatin regions when under stretch

and how it changes due to dedifferentiation.

5.2 Introduction
The nucleus is sometimes represented as a mechanically isolated stiff cellular organelle.
Recent studies have started to demonstrate that the nucleus is in fact not mechanically
isolated from the cell’®””. Several proteins have been found to be nuclear membrane
bound proteins that connect the underlining nuclear lamins and chromatin structures to
the cytoskeleton and cytoplasmic structures. The chromatin structures can mainly be

divided into euchromatin, lightly packed and active in gene transcription, and
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heterochromatin, dense and less active in gene transcription. The integrity of the nuclear
structures is important for cellular activities and the disruption of them can cause severe
diseases such as laminopathies which is a group of genetic disorders caused by the

disruption of nuclear lamina’ .

Several studies have focused to understand how the cell regulates mechanical cues from
the local environment to the nucleus. With cells in deformed cartilage plugs it has been
measured that the bulk nuclear deformation is dependent on the location of the cell in the

88081 " Mechanical properties such as stiffness have been

depth varying cartilage structure
measured for the nucleus with micropipette aspiration and the results were modeled to
calculate strain transfer through the cell to the nucleus®® . There are also other
experimental methods with isolated cells on stretchable substrates that measure
intracellular and nuclear deformation with texture correlation®’. Texture correlation is an
image pixel passed correlation of deformed images with spatial resolution limits and
accuracy based on size of unique texture in the image®. Because the intranuclear
structures are small and lack unique image texture it is difficult to measure a high
resolution strains. An alternative to pixel based correlation is finite element modeling
based on deformable image registration (DIR)**. With DIR the registration quality is

related to mechanical model parameters and how the solution space is searched for the

best deformed registration (chapter 4).

The objective of this study is to use iterative warping deformable image registration to
measure intranuclear strain transfer of cells on stretchable substrates. Two hypotheses
will be tested: 1) is there a difference in strain transfer based on cell differentiation state,
and 2) does the substrate coating affect the strain transfer. To test cellular
dedifferentiation chondrocytes at passage zero (P0) and passage four (P4) will be used
because it is well characterized that chondrocytes dedifferentiated into a fibroblast
phenotype over passages®*. The substrates tested will be an untreated and a collagen I

coated substrate.
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5.3 Methods

5.3.1 Cell staining and imaging
Primary bovine chondrocytes from the weight bearing region of the medial condyle were
harvested from young cows less than 6 months old. To visualize the structural
differences between passage zero and passage four cells on the substrates coated with or
without collagen I the following staining procedures were used. The cells were sparsely
plated and incubated on the substrates for 24 h to allow for complete adhesion to the
substrates. The cells were fixed with 2% paraformaldehyde, washed with 1 x PBS, and
then permeabilized with 1% trition and washed three times with 1x PBS. The actin
cytoskeleton was fluorescently labeled with Alexa488-phollodin (Invitrogen, Life
Technologies). The nucleus was labeled with Hoechst stain. Microscopy was performed
using a Widefield Nikon inverted microscope with a 60 X 1.20 na with 1.5 magnification
with the appropriate filters for Alexa488 and Hoechst dyes. The substrates with the fixed
cells where inverted onto a cover slip for viewing, because the short working distance of

60X objective was insufficient to view threw the substrates.

5.3.2 Quantitative Real-Time PCR - qPCR
Total RNA has been extracted from cultured primary chondrocytes using the AurumTM
Total RNA Mini Kit (Bio-Rad Laboratories) following the user’s manual for cell cultures.
Amount of isolated RNA has been determined by spectrometry using the NanoDrop ND-
1000 (Thermoscientific Fischer). cDNA has been synthesized via iScriptTM Reverse
Transcription Supermix for RT-qPCR (Bio-Rad Laboratories) and the thermocycler
CFX96 TouchTM (Bio-Rad Laboratories) using between 400 and 1000 ng RNA per
reaction. For every sample, the concentration of cDNA was adjusted to 1 ng/pl.
Quantitative Real-Time PCR has been performed using the SsoAdvancedTM Universal
SYBR® Green Supermix (Bio-Rad laboratories) with a final concentration of 5 uM for
each primer and 3 ng cDNA template per 20 pl reaction. The cycling protocol was as
follows: 95°C for 30s, 40 cycles of 95°C for 10s and 56°C for 25s; melting curves were
determined by raising to temperature from 65°C to 95°C with 0.5°C increments between

read outs. A custom MATLAB code has been written to calculate initial fluorescence
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intensities (theoretical fluorescence intensity from initial number of templates) which can

be determined from amplifications curves using sigmoidal curve fitting analysis®’.

Primer pairs were designed such that at least one partner was binding to an exon-exon
junction and/or be separated by at least one intron, if possible; exclusions: COMP, SUN2
and LMNB?2 because no exon information was available for the bovine genome and
COL2A1 as no specific primers could be found with such premises. However, melting
curves were specific and showed no signs of primer dimerization or genomic DNA
contamination. All primers were specific for all known isotypes besides primer for TTN
(titin) that were specific for the N2A-isotype. Suitable housekeeping genes have been
found using the Genevestigator gene expression databank tool
(https://www.genevestigator.com/gv/) by searching for stable genes between
chondrocytes and fibroblasts, as with ongoing passages cells seem to recapitulate a
fibroblastic phenotype. Potential candidates selected were CSNK1A1, HPRT1 and
RPL10A of which HPRT1 showed the most stable expression with >1% change in gene
expression between fresh isolated and passage 4 chondrocytes. All primer sequences can

be obtained from the list below.

5.3.3 Device calibration
The device to deform the substrate and image the strain transferred to the nucleus is a
modified Flexcell stage device. The StageFlexer purchased from Flexcell International
Corp was modified in several ways. The first modification was to convert it from a
vacuum device to a positive pressure device by placing a cap above the substrate Figure
5.1. The second modification was to drill out the bottom support bracket under the
loading post to allow for a 40X Olympus water dipping objective with a 3.5 mm working
distance to fit inside the device to view the cells prior and post deformation. The
magnitude of the substrate stretch varied linearly with change in pressure which was
controlled by a pressure regulator ran with program in Labview. To calculate the
substrate deformation, a Matlab code was implemented that tracked the displacements of

the nuclei centroids. To validate the Matlab code to accurately calculate the substrate
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deformation fluorescent spheres were used as fiducial markers and measured by tracking

the centroids and with digital image correlation.

5.3.4 Cell stretching experiments
Cells were plated on substrates 24 h prior to the stretching experiments. DNA was stained
with Hoechst prior to loading the membranes onto the StageFlexer. A small amount of
silicone lubrication was applied to the loading post followed by the substrate which was
covered with 3 ml of L-15 cell culture imaging media. Two photon microscopy (740 nm
wavelength and 250 mW power) was used to take three z stack images three minutes
apart prior to loading using a 40X water dipping objective. Two images were captured
the cell image, by transmitted light, and the nucleus images by the Hoechst stain. The
substrate is stretched and the cells are relocated within 5 to 10 minutes of the applied
stretch and three more images are taken (Figure 5.1). Equibiaxial strain is calculated
from the average engineering strains ey, and ey, which are measured by tracking the

nuclei centroid as fiducial markers.

5.3.5 Nuclear strain measurements
To measure the nuclear strain fields, z projection of the nucleus were used in the warping
analysis. Briefly, warping analysis uses deformable image registration to calculate the
local deformations of the nucleus. The process to optimize the warping analysis
parameters to minimize the error in the strain fields was determined from a blinded
known digitally applied deformation study (chapter 4). Nuclear dynamics was established
by observing cell movement during the three pre-stretched nuclei images. Any cells that
were moving prior to stretching were not included in the analysis. The nuclear
deformation due to the membrane stretch was measured between the images just prior to

and post substrate stretch (Figure 5.1).

Image segmentation was done by a Matlab code. The DNA nuclear image was threshold
at 65% of max intensity for all the images. The bright regions were called chromatin and
lighter areas interchromatin. The threshold was arbitrary selected as seen in Figure 5.4.
Chromatin nuclear regions are typically characterized in the literature as euchromatin and

heterochromatin, with euchromatin being more tightly packed then heterochromatin.
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This classification would mechanically imply that euchromatin is stiffer and therefore

must have a lower stain than heterochromatin, which may not be the case.

5.4 Results

5.4.1 Morphological Differences
To measure geometric differences PO and P4 cells were plated on treated and untreated
substrates. The cells were fixed and stained for actin and DNA. Cell and nuclei area and
aspect ratio were measured and found to be significantly different between PO and P4 on
both substrates (n=100 to 170, p < 0.05) (Figure 5.2A-C). The cells shape for PO were
mostly spherical with cellular and nucleus aspect ratios near 1 and had an actin shell
distribution around the periphery of the nucleus. This is phenotypical for chondrocytes.
P4 cells were non spherical and had phenotypical fibroblast focal adhesion structures.

The actin stain showed organized actin stress fibers all throughout the cell.

5.4.2 Shift in Gene expression
To confirm the shift in differentiation from PO to P4, chondrogenic and fibroblastic gen
markers have been analyzed. Indeed, all chondrogenic expression markers (SOX9,
ACAN, PRG4, COMP and COL2A1) were significantly reduced and all fibroblastic
markers (COL1A2, VIM, S100A4 and Thy1) showed and high increase up to >10,000
fold in P4 cells compared to PO cells (Figure 5.3). To better understand the observed
changes in nuclear area and aspect ratio, gene expression of nucleoskeleton components
has been furthers investigated. Generally, a decrease in nucleoskeletal gene expression
can be observed. Nuclear envelope proteins that provide nuclear stability like Lamin A/C,
obscurin, MANI1 and titin show an high down regulation of their respective genes from
63% (LMNA) to 95% (LEMd3). This would suggest a softening of the nucleus toward P4.
Similarly, LINC-complex proteins Sunl and Nesprins show significant decrease in gene
expression from 77-86%, which leads to the expectation of a decrease strain-transfer to
the nucleus. In contrast, LINC-complex gen Sunl as well as the structural protein emerin
sowed no significant decrease after passaging. Lamin B proteins are known to be

ubiquitously expressed between various cell types and differentiation states and seem to
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play a crucial role in cell survival, similar expression levels between PO and P4 were

therefore expected.

5.4.3 Strain Transfer Ratios
Using iterative warping intranuclear strain patterns were measured from undeformed and
deformed nucleus images taken immediately prior and post substrate strain. The nucleus
image was segmented into chromatin and interchromatin regions by making a mask of
the nucleus based off of 65% max nuclear intensity, respectively. The strain field
distribution was measured for the total area or for each of the masked regions, chromatin
or interchromatin. Two strain fields with total and regional distributions are provided in.
The nucleus area, and chromatin patterning differs between these two nuclei. The smaller
nucleus is a PO and the larger nucleus is a P4 cell. PO compressive regions are spatially
correlated to the chromatin regions and the majority of the tensile regions are spatially
correlated to the interchromatin. Between the PO and P4 cells in Figure 5.4, the
interchromatin and chromatin distributions switch when looking at the P4 cell. Figure 5.4
is provided to show a visual measure of how the total strain distribution can be spatial
correlated to the different, user defined, structures in the nuclear image. The exact

distributions vary from cell to cell.

Knowing the substrate strain and intranuclear strain for each nucleus a strain transfer
ratio is measured. For each of the experimental factors (cell passage and substrate
coating) at least 5 substrates were stretched with 2-9 cells in the same imaging area for
each experiment. A total of 111 nuclei were analyzed with PO, n=20 and P4, n=22 on the
untreated substrates and PO, n=34 and P4, n=34 on the collagen treated substrates. Strain
transfer ratios (STR) were calculated as the average intranuclear hydrostatic strain
divided by substrate equibiaxial strain. The STR is calculated for the different areas of
the nucleus total area, interchromatin and chromatin regions (Figure 5.5). There is a
significant increase in STR for all the measured regions between PO and P4 cells. With
the PO chromatin area on average is related to a compressed region and interchromatin to

tensile regions. In contrast the P4 strain transfer ratio for all the regions is tensile but as
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seen in Figure 5.4 this does not mean there are not local compressive regions. Those

regions are just a smaller percentage of the strain distribution.

5.5 Discussion and Conclusion

The primary findings of this paper are made possible because of the newly developed
iterative warping measurement of intranuclear strain fields. By knowing the applied
substrate strain a STR is calculated which increases from PO to P4 and is not sensitive to
the substrate coatings selected in these experiments. In summary of the results as seen in
Figure 5.6, there is an increase in cell area, aspect ratio and actin organization that may
all aid in transmitting more strain to the nucleus in PO (chondrocyte) versus P4
(dedifferentiated fibroblasts) by allowing the cell to attach to the substrate more firmly.
Another possible factors contributing to a higher STR is the decrease in chromatin
condensation, making the cell less dense. Also, the decrease in nuclear envelope gene
expressions would mean a less stiff cell. Especially lamin A, which decreases by 63%, is
known to be the main contributor to nuclear stiffness. In contrast, the decrease of LINC-
complex protein gene expression would theoretically indicate a lower STR. The decrease
in nuclear connections to the cytoskeleton might be to protect the “soft” nucleus from
rupturing in consequence to strain transfer overload as the cell dedifferentiates and
deformed in different mechanical environments. However, the effect of nuclear softening

might outweigh or even be the reason of the observed increase STR.

The strength using warping is that high spatial resolution strain fields can provide a
higher resolution stain map of the nucleus compare to other bulk measurements. In a
similar cell substrate stretching experiment, texture correlation was used to calculate a
bulk STR to the nucleus by only measuring a few points in the nucleus™. That study
reported STR around 0.17 to 0.38 depending on orientation of the cell because the
uniaxial substrate stretched. Using warping to measure intranuclear strain we not only
have an average nucleus response but can also measure interchromatin and chromatin
STR which varied and had a much larger range even giving negative STR ratios (Figure
5.5). The negative STR can possible be attributed to active cellular remodeling of the

nucleus and not a passive strain transfer. In the texture correlation paper the measured
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average nuclear strains around 2% with max values around 8%. To generally compare
our average stains were around 2 and we had similar STR for the total nucleus, but the
high pockets of strain measured with warping can reach max values round 10-30% tensile
or compressive stain. If the STR values around 1-2 would be measured if these max
pockets are used in the analysis. However, a measure of STR is convoluted because there
are so many other active mechanics that can cause the nucleus to deform that the

deformation measured might not be from the applied substrate strain.

Some example of nuclear shape regulation is seen by regulating cell shape with
micropatterns®®. Other active methods of nuclear deformation are by knocking out

nucleoskeletal components such as lamin-A/C*"

. In this study the shape and genes
expressions changes for chondrocyte dedifferentiation are similar to previously
results’™. Cell regulated nuclear shape or changes in gene expression for nuclear
structures and dynamics are confounding mechanism as an explanation for why there is
an increase STR from PO to P4. There appear to be no difference with the selected

substrate coatings but it is well known that some cell types are very sensitive to substrate

stiffness and coatings for attachment®.

There is large cell to cell variability even with in the same imaging area during substrate
stretching. Some of the variability could be because of active remolding mechanics.
However, other passive strain transfer variables such as how firmly and directionally the
cell was attached to the substrate were not possible to measurable in this experimental
setup. Substrate bead force traction microscopy or micro-post force experiments could
provide a measure of cellular adhesive force explaining variability in cell populations.
Future studies are needed to tease apart these underling mechanisms of intranuclear
mechanics that regulate how a cell can sense and transmit local mechanical cues to the

nucleus for gene expression and other cellular activity.
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Figure 5.1. A) Microscope mountable device to visualize deformed nuclei of cells attached to a
substrate that is stretched over a loading post when a positive pressure is applied. B) To watch for
cell dynamics six images are taken (blue boxes), three before and three after the pressure is
applied. C) An equibiaxial strain is applied to the substrate translating the cells outwards as
visualized by the green stained nuclei. D) A calibrate curve was made to validate the device that
wigh increasing the applied pressure there is an linear increase substrates mean hydrostatic strain
(R*=0.977).
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Figure 5.2. A) There is a distinct visual morphological difference between passage zero (P0) and
passage four (P0) cells and nuclei (red=actin, green=nucleus, n=100 to 170, p < 0.05). However,
there is very little difference in cell and nuclei area B) and aspect ratio C) when they are platted
on untreated or collagen treated substrates. D) Cell aspect ratio versus nucleus aspect ratio show
similar trends between untreated and collagen treated substrates.



73

Differentiation Marker

A)

/

4

0.0001

vd 03 0d Woxy
uo1ssa1dxd Qua3 ur d3ueyd [21

COLIA VIM S100A4 Thyl SOX9 ACAN PRG4 COMP COL2A1

Nucleoskeleton

~

aa)

\

L

ns

S
vd 03 0d Woy
uoISSa1dxd Qua3d ur d3ueyd 21

—

LMNB2 LMNBI EMD SUN2 LMNA OBSCN N2B SYNEI SYNE2 SUNI LEMD3

0.011—

epresent SEM.
fied

n-significant) as verified via

omponents. Error bars r

(ns no

ion of passage 4 chondrocytes relative to fresh isolated cells

d B) nucleoskeleton ¢

significant from 1.0 (p<0.05) if not indicated as

4.

Xpress

for A) markers of differentiation an

Figure 5.3. Change in gene e
Changes are

post-hoc t-test; n



-0.1 0 .
Hydrostatic Strain

0.2

0.1
Hydrostatic Strain

Figure 5.4. Strain distributions for two nuclei (A=P0 and B=P4) with different patterns of
chromatin regions that are segmented according to the pink and green mask. The histograms
fitted with the yellow line are the total distribution of hydrostatic strains. The pink (chromatin)
and green (interchromatin) lines correspond to the strain distribution of the pink and green areas
in the masked nucleus (histograms not shown). Note that the chromatin and interchromatin
distributions switch sides of the total distribution.
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significant difference in the STR between PO and P4, but not the substrates. The interchromatin

STR was on the only measure that had a significant interaction between substrate and passage.

(n=20-35, p > 0.05)
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Figure 5.6. Changes in morphological and nucleoskeletal expressions for chondrocyte cells (P0O)
that dedifferentiates into a fibroblast phenotype (P4) will be helpful to the nuclear strain transfer
ratio increase seen between PO to P4 cell.
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CHAPTER 6. CHANGES IN CELL-SUBSTRATE ADHESION AND
INTRANUCLEAR STRAINS ARE CORRELATED DURING OSMOTIC
LOADING OF CHONDROCYTE CELLS

6.1 Abstract
Cells can sense both chemical and mechanical changes in the local environment. For a
mechanical stimulus, the cell and nucleus are deformed by direct mechanical linkages
from the extracellular matrix to the nucleus. The cytoskeleton is thought to be the internal
cytoplasmic structure of the cell that transmits the mechanical stimulus to the nucleus. In
chemical osmotic challenges, the salt concentrations are altered and osmotic pressures
drive water in or out of the nucleus and cell causing cytoskeletal independent
deformation. Bulk nuclear deformations have been measured during osmotic challenges
providing limited information about how non direct chemical stimulus can mechanically
deform the nucleus. Iterative warping is a method that has been developed that measures
intranuclear mechanics, providing greater detail about the nuclear mechanics during
chemical and mechanical stimuli. Force traction microscopy is used to measure what it is
mechanically happening during osmotic loading at the cell-substrate interface. In this
study, intranuclear strain maps and cell-force adhesion fields will be measured
simultaneously. Cell-substrate adhesion is negatively linearly correlated to the
compressive intranuclear strain for the first ten minutes after a hyperosmotic challenge of
passage four chondrocytes. These data suggest that cell mechanical interactions with the
substrate and the ability for the cell to maintain its nuclear shape are related to the

internal osmotic pressure of the cell and not just the cytoskeletal components.

6.2 Introduction
The cell interacts with its mechanical and chemical environment in many ways that

regulate gene expression. The nucleus is mechanically connected through the
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cytoskeleton to the extracellular matrix *. Mechanical signals translated to the nucleus
that deform the euchromatin and heterochromatin regions are starting to be considered as

1741 1n contrast to directly pulling on the cell and

mechano-regulators in gene expression
transducing signals through the cytoskeleton osmotic pressure can change the volume of
the cell and nucleus through passive transport of water even when the cytoskeleton is
disrupted”®®'. Additionally osmotic loading of cells has shown to alter gene expression
yet the mechanism of how this happens is still unknown®***. It is hypothesized this

happens because during hyperosmotic loading chromatin condensation occurs.

Cellular force traction microscopy can be used to understand the cell-substrate interface
by measuring the cellular adhesion force. Force maps are calculated from the
displacements of beads in a substrate that are imaged before and after the cell is
chemically removed. Many chemical treatments have been studied, such as adding
chemicals to activate or disrupt the cytoskeleton to see the changes in force traction
maps’". The objective of this study is to explore the use of iterative warping to measure
intranuclear strains while simultaneously measuring cell-substrate adhesion fields during
osmotic loading. This study will provide time course information about the mechanical
state of both the cell-substrate interface and the intranuclear regions of cells deforming to
better understand how gene expression can be influenced by mechanical forces

transmitted to the nucleus.

6.3 Methods
6.3.1 Fabrication of substrates
A Sylgard 184 silicone elastomer kit (Dow Corning) was used to prepare PDMS
substrates of varying stiffness. The curing agent and silicone elastomer were measured by
mass. Small 0.5um red fluorescent beads were placed into the PDMS mixture. PDMS
droplets of 40uL per substrate were allowed to set for 20 minutes to degas. The gels were
then cured at 70°C overnight. After the completion of curing, the glass slides were lifted

carefully off the petri dish and coated with fibronectin for cell attachment for 1 hour.
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6.3.2 Two Photon microscopy imaging.
Primary bovine chondrocytes from the weight bearing region of the medical condyle
were harvested from young cows less than 6 months old. Harvested cells were cultured
and split around 80% confluence until passage 4. Prior to testing, cells were plated at a
sparse density onto fibronectin coated substrates for 2 hours. For population responses to
osmotic loading, cells were plated at low density, 5 to 9 cells per 106x106 pm imaging
area, to minimize cell to cell interaction. For single cell bead displacement experiments
cells were highly diluted for a very sparse plating so only one cell is in the imaging area
to eliminate displacement of the substrate by multiple cells. The cells were stained with

DNA Hoechst stain and incubated for 15 minutes.

Two photon imaging was performed using an Olympus Confocal Microscope stage
adapted with a tunable Mai Tai pulse laser that exited at a wavelength of 740nm. The
detectors wavelength ranges were set to 430-500 nm (set as green) and 540-600 nm (set
as red) to image the nucleus and fluorescent beads, respectively. Also detected in in the
green channel was the shape of the nucleus. This multiplexing of images on a single
excitation wavelength was made possible because indigenous NADH is excited by two
photon microscopy at wavelengths below 800nm peaking near 720 nm. The gel
substrates with stained cells were placed over a 60x water emission objective with a
rubber annulus placed on top to ensure liquid stayed on the gel. Two z stack images 1
minute apart were taken before treatment and 10 images, at the same time interval, after
osmotic loading. Another image was taken of just the beads after the cells were removed

from the substrate with the addition of TypLE "~ Express (Life Technologies).

6.3.3 Osmotic Loading experiments
It is well established that hypertonic osmotic challenge causes a reduction in cellular and

. 18,95-97
nucleus cross sectional area ™

. The substrates were removed from the staining culture
media and the majority of the liquid was wicked off except for a thin film that wetted the
surface. An area of interest with cells was found quickly before the liquid dehydrated and
two z-stack images were taken. Immediately after the second image to change the

osmolality from approximately 320 mOsm in the thin film culture medium to a 500
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mOsm saline solution 500 uL was added by dropping it in to the well very gently. The
control experiment included taking images of the cells with the thin layer of culture
medium for 12 minutes, 1 minute apart. The addition of the 500 mOsm saline solution
was repeated exactly the same way for the population response experiment and for bead-

single cell deformation experiments.

6.3.4 Nuclear and substrate deformation measurements
All image processing was done using ImageJ and custom codes written in Matlab. The
average Z projection of the nucleus z stack for each time point was taken to calculate the
normalized cross sectional area and engineering strain of the major axis calculated as the
percent change in major axis. For the cell population osmotic challenge study the control
experiment measured 27 cells from 5 substrates and the osmotic loading results are of 32

cells from 4 substrates. Results are plotted as mean and standard error bars in figure 6.1.

For the single cell substrate and nucleus deformation, the first image and the images
taken at 2, 4, 6, 8 and 10 minutes after osmotic loading were used to calculate
intranuclear strain fields using iterative warping and substrate deformation. Substrate
displacement field images were measured using an iterative PIV (Particle Image
Velocimetry) ImagelJ plugin. Two substrate displacement fields are measured from two
different reference points. The first displacement field is the cell-substrate adhesion field,
which is measured by taking the last image as the reference (cell removed) and
subtracting each time point. The first time point is then considered the stable cell-
substrate adhesion field (Figure 6.2). The displacement field arrows point inward, which
represents the current adhesion state of the cell pulling in on the substrate. The first image
was used as the other reference point to measure the change in the cell-substrate adhesion
field. The displacement field is measured by subtracting the beads at each time point
from the first. Three cells, with different morphologies (2, 3, and 4 apexes), were selected
to determine how cell-substrate adhesion fields change with morphology and if
intranuclear strains correlate. To look at the time dependence of intranuclear mechanics
and substrate interactions a 3 apexes cell was selected and result were plotted versus time.

To measure the local bead movements at each of the apexes, 3 bead’s displacements were
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averaged at each apex (I, II and III). Based off of the directions of the arrows in the
displacement fields a magnitude displacement balance is achieved by adding the average

displacements at I and II to equal that at III (Figure 6.3D).

6.4 Results

6.4.1 Bulk nuclear changes during osmotic loading
A 12 min time series images of nuclei was taken for an osmotic challenge from 320 to
500 mOsm and for control nuclei (no osmotic challenge) (Figure 6.1). In the control
experiment a total of 27 nuclei from 5 different replica experiments were measured. The
control cells had on average no change in the nucleus area (slope=0.000 R?=0.3199) and
a very slight decrease in the percent engineering strain of the major axis (slope=-0.08
R?=0.8693). In the osmotic loading experiment a total of 32 nuclei from 4 different
replicas were measured. The hyperosmotic loaded cells saw a significant decrease in the

area (slope=-0.011 R?=0.9761) and percent engineering strain (slope=0.46 R?*=0.9716).

6.4.2 Cell-substrate adhesion maps correlate to morphology
To measure the substrate deformation when cells are osmotically challenged, the cells
were plated sparsely as to not confound the results. Three morphological shapes were
selected to compare the substrate displacement fields. Cells with 2, 3, or 4 apexes were
selected and osmotically loaded for 10 minutes. The different cell shapes showed the
similar patterns in the stable cell-substrate adhesion field with localized deformation at
the apexes of the cell Figure 2 A. The changes in cell-substrate adhesion fields are taken
at 10 minutes after osmotic loading. It shows the same patterns of displacement but that
the cell is still slightly attached after 10 minutes. If the cell was completely released the
displacements in Figure 6.2 A, B would be exactly the same. The change in cell-substrate
adhesion field displacements for the 2 and 3 apex cells are 2x that of the 4 apex cell.
This trend follows with the nuclear hydrostatic strain fields in that the compressive
strains in the nuclei for 2 and 3 are about twice as big as with the 4 apex cell. The nuclear
strains fields are mostly compressive with a few really large compressive regions and a

few zero or slightly tensile pockets Figure 6.2C.
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6.4.3 Changing with time after Osmotic loading
In figure 6.3 time series data is presented that provides more detail about how cell-
substrate adhesion and nuclear strain change as a function of time. In the time
measurement plots hydrostatic and percent engineering strain of the major axis are
plotted for 10 minutes after osmotic loading. The change in nuclear strain for both
measurements is linear with respect to time and has similar percent strain rates to that of
warping = -0.44 percent strain/min R*=0.9842 and Engr. Strain = -0.47 percent
strain/min, R*= 0.9945. The engineering strain underestimates the average hydrostatic
strain for all time points. The slope is linear for the average displacement versus time
plots for all three apex locations in the change in cell-substrate adhesion field, (slopes and
R values are in Table 6.1). Summing the displacements at apexes I and II equals IIL. This
would indicate that the cell is maintaining a force balance during the osmotic challenge as
it is releasing the substrate. The average bead displacement rate for all three locations is
62.8 nm/min. The bead displacement versus hydrostatic strain plot shows a linear

correlation with a ratio of 128 nm per 1% nuclear strain (R*= 0.9685).

6.5 Discussion and Conclusion

The average population response to hyperosmotic loading was similar to other studies
that look at the normalized cross section area change with time. However, in a previous
study the normalized area plateaued with in the first 40 seconds’”. The differences in that
study is that chondrocyte passage zero cells, that have spherical cell morphologies were
used compared to passage four chondrocytes with fibroblast phenotype morphologies that
were used in this study. The nuclear response measured with warping was linear over the
10 minutes time frame (Figure 6.1). Whereas, passage zero cells, showed a nonlinear
response for 140 seconds in a previous paper’". It is assumed then that if our studies had
lasted longer we could have seen this similar nonlinear response and could have
calculated a time constant for the osmotic response. What should be noted is that higher
resolution images for our nuclear strain measurements and changes to the nucleus due to

the osmotic treatment would be confounded by the longer imaging times.
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The three cell-substrate adhesion fields for the different cell morphologies all show
similar spatial trends of concentrated displacement at the cell apex. Local stress
concentrations at the cell apexes are similar for other cell types and for cells on 2D and in
3D substrates”®®. Among all three cell cases, there was one apex that had a larger
deformation than the others. The pattern of cell-substrate adhesion was maintained for 10
minutes after osmotic loading but with a decrease in magnitude. The intranuclear strain
maps show that there are pockets of high and almost non-compressive strain. The high
compressive areas in the nucleus are possible areas that had higher water content before
hyperosmotic loading. This is rationalized by understanding that osmosis occurs with
water leaving the nucleus and cell when the salt concentration is increased in the
extracellular space (Figure 6.4). These areas would be considered as euchromatin regions
where higher gene expression is occurring. With previous studies in the literature
experiements have shown changes in gene expression profiles due to osmotic

91,93,99

loading . The nucleus compression as mapped by the warping strain fields could be

used as a way to identify mechanical mechanism for altering gene expression.

Measuring intranuclear strain and change in cell-substrate adhesion over time allows for
the correlation of how the cell can mediate both. As water is leaving the cytoplasm and
nucleus, the cell deformation of the substrate decreases as the cell and nucleus area is
decreased. The strain in the nucleus and the substrate deformation are both linear and the
displacement vs. strain can be plotted. This plot is similar to a stress vs. strain plot in a
mechanics of materials tensile test experiment. The slope of the stress vs. strain curve is
proportional to the modulus of the material, which in our case would be the nucleus
modulus. To convert the displacements to stress would be very difficult with stress being
force of the cell divided by the area of the cell. This conversion is difficult because the
area where the cell is pulling is not known. Also, if we did get the stress at the cell-
substrate what portion of that stress is transferred to nucleus is still limited by not

knowing the cell modulus.

This study’s objective was focused on measuring intranuclear strain simultaneously with

substrate deformation during hyperosmotic loading of cells. Construction of the force
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traction fields was attempted but because of discontinuities in the displacement field, a
large amount of noise was calculated (results not presented). Different smoothing
algorithms and methods can be applied but currently were not incorporated in this work.
However, the results presented as displacement maps provide an approximation of the
directions, but not magnitude of the force traction maps. It will be beneficial to know the
traction force field values for future work where strain transfer from the substrate to the
nucleus could be modeled and the force values could be used as a boundary condition in
determine nucleus material properties. Understanding the change in cellular forces and
intranuclear mechanics will help elucidate how cells sense and regulate gene actives due

to mechanical and chemical extracellular cues.
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Figure 6.1. No significant change in the bulk measures of normalized area and engineering strain
of the major axis for the control study. Area (slope=0.000 R*=0.3199) and percent engineering
strain (slope=-0.08 R*=0.8693) for 27 cells from 5 substrates. There are liner compressive
changes in the 320 to 500 mOsm loading for both normalized nucleus area and engineering strain
with respect to time. With significant decrease in the area (slope=-0.011 R*=0.9761) and percent
engineering strain (slope=0.46 R>=0.9716) for 32 cells from 4 substrates. Mean and standard
error bars are plotted.
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A) Stable Cell-Substrate Adhesion Field
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C) Nuclear Stain After Osmotic loading (10 min)
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Figure 6.2. The shape of substrate deformation matches that of the shape of the nucleus from cells
with 2, 3, and 4 apexes. The nuclear strain compressive magnitudes are similar to the general
magnitude of substrate displacement between the three cells. With substrate 2 and 3 being on a
scale 2x that of cell 4 and the compressive intranuclear strains are about have as much in 4 than
they are in 2 and 3.
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Figure 6.3. By tracking the deformation of the nucleus D) and substrate C) after osmotic loading
the effects of water leaving the nucleus and cell can be seen as linear correlation between bead
displacement and %strain of the nucleus E). There is a force balance between the three apexes (I,
II, I marked in C) of the cell which can be seen in the adhesion maps or seen in plotting the

displacement of the locations E).
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Table 6.1: Linear regression slope and R? values for the strain and displacement plots in

figure 3.

% Strain Rate/min R’
Warping -0.44 0.9842
Eng Strain -0.47 0.9945

Bead Displacement rate

(nm/ min) R’
I 453 0.8324
11 43.3 0.7055
11 99.7 0.9796
I+11 88.7 0.8175
* Average(L,ILIII) 62.8 0.9564

Cell Deformed Substrate

Isotonic

Released Substrate After Osmotic Loading
Hypertonic

H0

Figure 6.4. An illustration of the substrate release and compression of the cell and nucleus during
osmotic loading when the extracellular fluid goes for isotonic to hypertonic. The mechanism of
cellular and nuclear deformation is the loss of water through osmosis.
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CHAPTER 7. INTRANUCLEAR MECHANICS: SIGNIFICANCE AND POTENTIAL

The three way intersection of mechanics, biochemistry and the nucleus is gaining more
attention because of the understanding that the nucleus is a mechano-sensor. However,
how it works and by what mechanisms is still unknown. In diseases like laminopathies
where patients have cells with mechanically compromised nuclear lamins, the nucleus
acting as a mechano-senor is compromised. Using iterative warping to further study
nuclear mechanics in disease states will provide local chromatin level mechanics that
may causes the altered cellular activity found in many diseases and cancers'"*!%.
Chapter three of this dissertation was published in 2013 and in 2014 it already has two
citations from other labs that work on nuclear lamin mechano-responsive properties'’
and cytoskeleton and nucleus biomechanical responses'®®. The findings that intranuclear
mechanics are complex and mechanically dynamic were cited by the other researchers.

Basic geometrical measurements simply underestimate the deformations that occur in

many experimental settings.

In this dissertation, three completely different cell mechanics experiments were
performed each having its own strengths and weaknesses. The cartilage tissue shear
experiments’ strength was that the cell was able to be in its native 3D matrix allowing for
a close representation of what a cell will actually mechanically sense and what gene
regulation might be like in vivo. The limitation of doing cell mechanics in tissues is that
knowing the exact loading condition from one cell to the other can be confounded by its
location in the microstructure of the tissue. With the applied distant force is transferred
differently throughout the structure. The strength of the cell stretching experiment is that
the applied mechanical stimulus is directly applied to the cell and the confounding factors
of the matrix are eliminated. However, the weakness is that cell’s phenotypes change

while in cell culture and the biological relevance is lost when the cell population is not in
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its native microenvironment. It was seen that the P4 chondrocytes were more like
fibroblast and had different strain transfer ratios compared to PO chondrocytes. The
novelty of the cell-substrate adhesion and intranuclear strains measured during osmotic
stress is that mechanical deformation measured did not have to come from a mechanical
stimulus. A limitation is that by not controlling the cell shape, every experiment is

different, because the cell gripping force changes based on cell shape.

Potential future studies that would provide a mechanistic insight into how strain is
transferred to the nucleus would be to control some parameters that are controlled in
typical material testing experiments. One parameter would be the cross sectional area to
be the same in the loading experiments. This could be accomplished by micro-patterning
the substrates in both the substrate stretching experiment and osmotic force traction
experiment. It would be the equivalence of always having the same grips and specimen
size in a tensile test. A second parameter where error can be reduced would be in sensing
the force that the cell is applying during experimental treatments. Stretchable substrates
with tracking beads have non-uniform stiffness and surface roughness and the location
where the cell is anchored is nonspecific compared to cells on micro post. The full
potential of measuring intranuclear mechanics will be realized when real time individual
genes and gene expression can be imaged. Then the loop of intranuclear mechanics and
gene expression a can be completed and how the nucleus is a mechanosensor will become

useful in disease treatment and cell tissue engineering.
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ARTICLE INFO ABSTRACT

Artide hisorye Cells remarkably are capable of large deformations during motility and when subjected to mechanical
Accepbed 4 July 2013 force. Measurement of mechanical deformation (e displacements strain) is critical to understand

functional changes in cells and biological tissues fbllowing disease, and to elucidate basic relationships
Kiywerds : between applied force and cellular biogynthesis. Microscopy-based imaging modalies provide the

ahbility to noninvasively visualize small cell or tssue structures and track their motion over time, often
using two-dimensional (20) digital image (tesxture) comelation algorithms. For the measurement of
complex and nonlinear motion in el and tissues implementation of texture comelation algorithms
with high onder ap procimations of displacement map ping terms are needed to minimize ermer. Here, we
extend a texture correlation algorithm with up to third-omrder approcim ation of displacement map ping
terms for the measurement of cell and tisue deformation. We additionally investigate relationships
between measurement ermr and image tescture, defined by subset entropy. Displacement measurament
emor is significantly reduced when the order of displacement mapping terms in the texture comelation
algorithm matches or exceeds the arder of the deformation observed. Displacement measurement emor
is also inversely proportional to subset entmpy, with well-defined cell and tissue structures leading to
high entropy and low emor. For cell and tissue studies where complex or nonlinear displacements are
expected, texture cormelation algrithms with high order terms are required to best characterize the

Texture mmelatian
Digital image mmelation
Digital volume @melation
Cell and tissue machanics
Sulset entropy

ohsemved defirmation

@ 2013 Ekevier Ltd. All rights reserved.

1. Imroduction

Cells and tissues in the body are capable of large deformation
both @ vitm and in vivoe. In controlled studies by micopipette
aspiration (Pravincumar et al, 2002) and optical tweezers ( Henon
et al, 1999), applied mechanical forces or pressure cause cels to
undergo compled and visooelastic changes in shape that relate to
dynamics of the cytoskeleton. Flow and signal transduction path-
ways greatly influence cell polarization and motility with large
changes to cellular shape (Maree ot al, 2012} Red blood oells
(Mills et al, 2004) and granulooytes (Evans and Kukan, 1984)
undergo extreme deformations during flow. At the tissue level,
excessive strain and strain rates have been linked to conoussion in
traumatic brain injury {Viano ot al, 2005).

Because mechanical foroes act upon our bodies, eligting a
diverse set of cellular responses, it is important to understand
how our cells perceive and respond to force in the surrounding
environment One approach to address this question is to observe
the cellular response to the mechanical forces and determine

* Carrespanding authar. Tl 41 765 496 1426, fax: 41 765 454 (902
E-mail addracs: qpneudpundue sdu (CF. Neul

N2 1-9290§% = see front matter & 2013 Elkevier Lbd_ All rights neserved.
it jfebed i orgf 10106/} jhiomech 2013072035

mechanistic relatonships to the elidbted chemicl activity (Bershadsky
etal, 2006; Janmey and McoCulloch, 2007 ; Vogel and Sheetz, 2006;
Zhu et al,, 2000}, To understand the influence of mechanial force
on cells and tissves, unique methods are required to determine, in
part, distributions of deformation (e.g. displacements and strain)
throughout cellular subcomponents, including cytoskeleton, mito-
chondria, and the nuclkeus, as well as the surrounding tssue
microenvironment { Gilchrist et al., 2004; Knight et al., 2006).

Texture correlation, a modified digital mage correlation (DIC)
procedure, utilizes the natural texture of biological tissues to
measure displcement fields between two onsecutive digital
images (Bay, 1995) The texture correlation algorithm tracks the
moton of a pixel within an image that is characterized by a unique
intensity pattern defined by a subset of surrounding pixels. The
displacement of the unigue subset @an be tracked by comparing
images representing an object in a reference (ie. nitial) and
defarmed (ie. current) configurtion, Texture cormelation has been
applied to quantfy bone, soft tissue, and intracellular deforma-
tions (Bay, 1995; Gikchrist et al., 2004,2007; Knight et al, 2006
Thompson et al,, 2007; Wang et al., 2002; Zhang and Arola, 2004;
Zhao and Simmons, 2012).

There are several unresolved concerns in the application of
textune correlation algorithms to cell and tissue mechanics studies.
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Fig 1. Measurement error for a exture carrelation algorithm with up to 3rd-order displacement mapping terms wa determined using micrascopy images and applied
deformations. (2) Microscopy images of bovine pulmanary arterial endothelial (BPAE) cells revealed actin (Texas Red ), micotubules (GFP), and nuclei (DAPI), which were
merged for subkequent analysis in the study. Known deformation, defined by displacement mapping terms, was applisd to subset points: (b) reference; (c) 1st-arder
deformation (10%au/ay); (d) 2nd-arder defarmation (1% #v/axdy); (¢) 3rd-arder defarmation (1% &’u/ax#y); (f) combination of 1st- and 2nd-order deformation
(10% au/ay + 1% v/axty); (3) combination of 1st-, 2nd-, and 3rd-order deformation (10% au fay + 05% & v/axay + 1% u/axa’y). and (h) combination of 2nd- and 3rd-

arder defarmation (1% & v/axays1% 8w/ y + 1% v/Fxay)

First, to reduce displacement measurement error for objects in
complex motion, higher order ( 1st- and 2nd-order) displacement
mapping terms were introduced to the algorithm (Chu et al, 1985;
Lu and Cary, 2000; Vendroux and Knauss, 1998) However, for
most studies of cell and tissue deformation, only 1st-order algo-
rithms have been used to date (Gilchrist et al., 2004; Knight et al,
2006; Wang et al., 2002). High order approximations for displace-
ment mapping terms may be required to best desaibe complex
cell and tissue motion, especially when long image acquisition
times limit the ability to visualize temporal changes, often occur-
ring on millisecond time scales (e.g. (Pravincumar et al, 2012;
Viano et al,, 2005)). A related concern is that the distinct intensity
patterns needed for texture correlaton might not be found in
small subset regions, especially in the extracellular matrix or the
cytoplasm. A relatively large subset region (on the order of tens by
tens of square pixels) may be necessary to provide a unique
pattern that is tracked using the algorithm. In this ase, however,
linear deformation mapping may not be appropriate in the large
subset region to characterize internal motion.

Second, relationships between the subset texture and measure-
ment error of the algorithm have been largely unexplored Two
methods have typically been used to define subset texture: subset
entropy and subset roughness (Gilchrist et al., 2004; Hamlicket al,
1973; Sun and Pang, 2007). Subset entropy is a statistical measure
of randomness of pixel values within a subset, in comparison to
the entire image. Subset roughness depends on the standard
deviation of the pixel values within a subset. Previous studies
demonstrated an increase in subset entropy or roughness with the
measurement accuracy. However, previous results were typically
obtained using a single-loop simulation, ie. only a pair of pre-
and post-deformation images was used. Since texture correlation
algorithms are sensitive to the image noise, it is not clear how the
magnitude of error varies over multiple simulations representing
arbitrary images acquired with superimposed random noise,
a case more closely representing practical application of the
algorithm.

In this study, we propose a texture correlation algorithm
enabling higher order (up to 3rd-order Taylor series) approxi-
mation of the displacement gradients. We compare the utility of

texture correlation with Oth-, Ist-, 2nd-, and 3rd-order displace-
ment gradients for cell and tissue mechanics studies. Furthemmore,
we applied Monte-Carlo simulations to determine the relation-
ship between subset texture, defined by entropy, and the error of
displacement measurements.

2. Methods
21. Texture correlation algorithm

In this study, 2 exture correlation algorithm wath up to 3rd-arder displacement
mapping terms was implemented. Texture mrmelation algorithms, that ncluded
Oth-, 15t-, and 2nd-arder terms, were previously presentsd by Bay (Bay, 1995)
Vendroux and Knauss (Vendroux and Knauss 1998), and Lu and Cary (Lu and Cary,
2000), respectively The 3rd-arder algorithm s an expansion of the 2nd-order

Igarith idering dek ion in two & > with pixels of interest
ilentified in image pairs that depict an object in ref iginal ) and def d
(curent) cnfigurations for each paint (eg. pixel) of interest in the ref-
erence image, kol texture centersd about the point was defined using image
intensity values in 2 square subset of pixels The coordinates of each subset paint in
the reference image, (x, y). were mapped to their cunterpart in the deformed
image. (£, ). wing

X=2%+Uxy)
¥=Yo+ Vixy) oy

where U and V are the displacement components of each subset paint. Uand V can be
appraximated wtilizing up to 3xl-order Taylorseries ex pansion douta pixel of interest
(Xa, ¥l & detailed in the Appendix. Briefly, the Taylor series expansion inchudes upto
twenty displacament porametess, and allowed for the representation of @mplex
deformations (Fig. 1) Bicubic spline interpolation was introduced to describe motian,
in xddition to 3 scaling perameter, w, © account for diferences in refesnce and
dedc d i i ities. To find the mapping Uand V, 2 least-squares
carrelation e fiicient id Newon- Raphson optimization method was implementad.
Impartantly, 2 simple demonstration code for the algorithm, TextureCorrDemo ', is
available for downloxd 25 3 supplement online.

22 (Cdlularsale image and simulated deformation

To compare the utility of a texture mmelation algorithm with Oth-, 1st-, 2nd-,
and 3rd-order displ pping terms, ref and deformed images of
single cells were aqquired and simulsted, respectively. An image of bovine
pulmonary artery endothe lial (BPAE) cells (Invitrogen Inc., Carlshad, CA), 2 madel
cell type with representative cytoskeletal and nuclear structures expected in 2
broad range of eukaryotic aells, was acquired by wide field fluorescent micascopy




(EclipmeTy, Mikan Inc, Mehille, NYL Adtin (Texes Red) micotbules (CFPL and
nudei (DAM) were visualized and merged into a single reference image for
subsequent analysis (Fig. 1al Deformed images were generated wsing the referene
image and known deformations of increasing (Oth=, 1st=, 2nd, and 3rd-order)
complexity using clossd-form sohsions and MATLAR (RN O, Mathweorks, Natick,
MA ) software. For the (th=arder deformation, a translation of 5,10, or 15 pixslsina
harzontal (+y) dinsction was applisd to the reference image For the ist-order
defmmations, 0, 10, 20, 30 or 0% shear (2 /ay) was applisd in sddition to the
aforementionsd 5 pixelks tramlation. For the 2nd-order deformations, @, 05, 1, ar
158 #v/axsy was applied in combination with the 5 pinels translation and 108
shear (gujay) For the Srd-order deformation, @5, 10,01 152 5%y /oy wa applied
in addition to the 5 pixels translation, 10% shear (au/ay), and L5 Pvjary. The
imtensity value of each pixel in the (simulated and) deformed image was then
determined by cubic spline interpalation.

23, Megurement smor with dthe, 15, 2nd-, or 3rd-ord e ap prodmetions af
displagement gradimi

Mexsurement emor was estimated for 2 exture correlation algorithm with
multi-order displaoement mapping termes implementesd in MATIAR software. To
charadterniz deformation throug howt the populaion of o=l (Fig. 12}, a =t of paints
af interest {n =20) was randomly selected within the @21k in the reference image.
The same setaf points, sach with a subeet sime af 31 x 31 pivels determinesd using a
gray level co-acoqurmence matrix (Lane =t al, 2008), was chasen for every pair of best
{referenes and deformed ) images Displacements of each point were determinesd
using the texture carmelation algorithm with Othe, 1sts, 2nds_ or Srd-ander terms._
The Oth-arder algorithm caloulsted displacement refined to the nearest 116th
pixel using icubic spline interpalation. For higher-arder algorithms, in onder to
apply Newton- Raphson optimization method, an inital guess of displaceme nt was
nesded, which was provided by the Oth-ander algorithm. The me xurement smors
for each algorithm were then compared by cakulating the radial distance error
(RDE L defined a5 the square roat of the sum of perpendicul ar axial emors

24. Tizae-swal images and relationships between emmor and entropy

Ta extend the algorithm for tisue.scals shudies, and to establich rel stionships
betvesen. measure ment erar and entropy, addition studies wene conducied using
explanted articular cartilage explants. Freshefromen juvenile bovine ritilags
explants (full thidines, diameter—=5 mm) were imaged by confocl microscopy
Explants were cut alang the depth dirsction o reveal an intemal flat (out) surfaoe
af the explant hemisphere for imaging. Collagen (predominantly type 1) of the
carntilage extracellular matrix (EOM) was imaged using @nfocal reflection micn-
smpy with an Olmmpus Flumview FYI000 micoscope system (488 nm) (Ohympus
Carp, Takya, japan ) Additionally, compared to images of BPAE cells, imaging of the
Ed provided Lager range of entropy computed 25 2 statistical mexsumre of
randomness and wmad o characterine the image texture at sach pics] of intenest
(MATLAB)

Maonte Cardo simulations wers used o estimate 2 relatioship between the
mezsurement ermor of displacement and sntrapy for microscopy-hased imagss_
Sirmul ations were used becuse ermor, expaded ta be a function of object displace-
ment and noise from the imaging system, was not known a priond. For simulations,
the imxge of the ECM wx wmed ax the reference image A simple 10 picels
harzontal tramslation, chosen to be represemtative of common small motion
alserved in cell and tissue studies (Chan and Mew, 2002 was applisd o generate
a deformed image For each of the 100 simulstion iterations, and to mimic the
signal-to-noise abeerved in our micascopy images, random (Cassian) nodse with
om0 mean and a standard deviation of 030 was applied separaiely to the referene
and deformed image A =t of ampling points (n—=120) was randomly seleated on
tthe ECM image, withthe condition that 2 least 15 data paints shoukd be chasen for
each equally speced entropy interval observed (ranging from 1 ta 7L The Exture
camelation algorithm with 3rd-order displacement mapping terms was wsed, with
a subset sive af 19 19picels (Lane &t al 2008) for exch sampling point RDE and
radial angular errar (RAE) were alailstsd for sach point in all the simulstion
iterations Radial angle wers defined as the inverse tangent of the ratio of y Jocation
to x-location. RAE is the difference betwesn the expected radial angle and the
measured radial angle. The number of sucessful @mnvergence for esch sampling
paint was also anmibed. Graphs of average RDE and average RAE versus entropy
were plotted, and 2 poweer curve with 953 confidence level was fitted to the
average RDE versus entrapy graph. Impartantly, greater than 100 iterations did not
change the results presented hensin significantly (Heu etal, 2005, Newand Walon,
2008

25, Sratictim| analysis

Ta compare ermr for algarithm of wrying onders, 2 one-wary analysic of van e
wa performied using stndax] statistial softwar (Minitab 161, Minieb Inc, Sae
Callege PA)L Multiple ymparisons amang algarithmes for each applisd dsformation was
evaluzisd using a post-hoc Tukey's honestly sgnificant difisrence tet.
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3. Results

31, Mexsurement error with O0th-, 151-, 2nd-, or 3Ird-order
approximations of displacement grdients

Measurement error for texture correlation algorithms depe nds
on the indusion of high order approximations of displacement
gradients and on the order of the deformation observed For Oth-
order deformations, the algorithm with Oth-order displacement
gradients produced an average RDE of 0.079 +0.021 pixels over
the range of applied displcements. Indusion of higher (ie.
1st-, 2nd-, and 3rd-) order approximations produced displaoe-
ments that matched the expected values for the imaged cells
(ie. RDE=0 pixels )

For applied 1st-omder deformations ( Fig. 2a), the texture corrdation
algorthm with induded 1st-, 2nd-, and 3rd-order approximations of
the displorment gradient provided compamble measurement ermoms,
Regardless of the magnitude of 1st-order deformation, the measure-
ment emor of the algorthm with a Oth-order apprximation was
significantly larger compared to the algorithm with induded higher
omer appmximations (p<0.001) The avemage RDE increased with
increased percent shear for all algorithms, athough the awrags RDE
produced by the Oth-algonthm showed the most dmmatic changes,
increasing from 373% of that produced by 1st-, 2nd-, and 3rd-order
algonthm in 10% shear to G52% in 30% shear.

With an increase in the magnitude of 2nd-order deformation
(Fig. 2b), the average RDE produced by the algorithm with Oth-
and 1st-order terms were similar, while error from the algorithm
when 2nd- and 3rd-order terms were induded remained lower by
an order of magnitude. The average RDE produced by the algo-
rithm with Oth- and 1st-order terms was significantly larger than
that produced by the algorithm when 2™- and 3"-omer terms
were induded (p<0.001) when the magnitude of Znd-order
deformation exceeded 0.5% & v /dedy.

For applied 3rd-order deformations, the average RDEs for each
implementation of the algorithm was not significantly different
when the magnitude of deformation was 0.5% 4% u/axs y. However,
when the magnitude of deformation exoreded 0.5%, the average
RDE produced by the agorithm with 3rd-order terms was sig-
nificantly lower than the other algorithms with lower order terms
(p=0.003) (Fig. 2c).

32 Tesue-scale Imoges and relationships between ermor and
entropy

The Monte Carlo simulation revealed that the measurement
error of displacement was inversely proportional to the subset
entropy (Fg. 3). A power relationship was determined for the RDE
data, with RDF = 5.1 = entropy—=51, and R*=0.87 With entropy
larger than 3, the RDE dmopped to within 001 pixels. The similar
relationship was shown between the RAE and the entropy.
The RAE was small even with low entropy (RAE= 4 0.00015 rad
or 4+ 0.0086°) and it decreased drastially with the inoease
in entropy. In addition, the number of successful comvergenc
reached by the 3rd-order algorithm in the 100-loop simulations
was directly proportional (F*=0.88) to the entropy.

4. Discussion

The purpose of our work was to extend a texture orrelation
algorithm to inchide 3™-order approximations for displacement
gradients to minimize potential errors in characterizing large
deformation in cells and bioclogical tissues. The main findings of
our work are: (1) to minimize error, the order of approximations
for displicement gradients in the texture correlation algorithm
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Fig. 2. Mexaurement srmor is minimized when the order of displacement mapping
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deformation imeges of cells (a) The 1st-order deform ations applied werne= 0,10, 20
and 3 sufay, ogether withS pixels translation in v The 18-, 2nd-, and 3rd-arder
algorithms provide d com parable error while the average RDE produced by the (th-
ander was consistenty larger than ather algorithmes (p = 0.001] (b) The 2Znd-onder
deformations with @, 0.5, 1, and 1.5% v /a2y, in addition o S pixels translation in
v and 10% Ju/ay. When the #v/dndy magnitude wexs larger than 0.5, the Oth- and
Ist-order dgorithms produced average RDE larger than the 2nd- and 3rd=onder
algarithms (p0.001) i) For the 3rd-arder deformations with 0 0.5, 1, and 153
P faxy, in addition to 5 pixek ramlationiny, 102 & /oy, and 155 2 v axay. The
average RDE producsd by the 3rd-order dgorithm was significandy lower than
thoze by the kwer arder algorthm when deformation magnitude sxcesdsd 051
2y fary (p < L003) * —significant difference from unmarked bars in the group,
with aforementioned pevalues.

must match or eoeed the order of the expected deformation in
the imaged object (e cell or tissue); (2) the use of higher order
disphcement mapping terms dedeases the measurement error;
(3) the measurement error of displacement is inversely propor-
tional to the subset entmopy; (4) the occurrence of sucoessful
mnvergence is directly proportional to the subset entropy.

Error in measured displacement can be minimized when the
order of displacement mapping tems of the texture correlation
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algorithm matches or exoeeds the order of the deformation in
images of cells or tissues. The higher order displacement mapping
terms act as modifiers to the measured displacements to help to
decmease the measurement error. Bven in the Oth-order ozl
deformations, where error produced by Oth-order algorithm was
small (0080 + 0,021 pixels), the 1st- and 2nd-order algorithms
climinated the measurement errors (mean and S0= 0 pixels). This
finding may be particularly important in cell mechanics studies.
For instance, in the study of chondrocyte mechanotransduction, it
is speculated that the intracellular strudure and organization in
single chondrogytes is inherently different from one another with
a diversity of response to mechanical stimuli that is observed
within a heterogeneous cell populaton (Knight et al, 2006; Lec
ct al, 2000} Thus, to account for variable deformation types that
may be encountered within a cell population, a higher order
algorithm may be necessary o overmome errors expected with
the use of lower order algorithms alone. Furthermore, high order
displacement mapping terms may be needed even when relatively
simple motion is acguired with a low temporal resolution, where
motion {eg. migration) may acoumulate.

The use of hig her order displacement mapping terms decreased
the measurement error. For 1st-omder deformation, due to the
linear deformation within the subset, the assumption made by the
Oth-order algorithm that a subset remains square after deforma-
tion was not valid, and thus the measurement error increased. The
measurement error 'was not different for the algorithm with 1st-,
2nd-, and 3rd-omer approximations. By adding in 2nd-order
deformation, non-linear deformation occurred within each subset.
Even with a slight 2nd-order deformation (v /dxay=0.005), the
average RDE produced by the Oth- and 1st-order algorithms
inreased The error increased further with the increase in defor-
mation magnitude. The same was observed in the 3rd-order
deformation. The average RDE produced by the Oth-, 1st-, and
2nd-order algorithms inoeased with the inoease in the magni-
tude of the 3rd-omder deformation while the 3rd-order algorithm
provided identical measurement error.

The high computational cost required for the 1st-, 2nd-, and
3nd-order algorithms is offset by the fast convergence rate char-
acteristic of the Mewton-Raphson optimization prooess (Lu and
Cary, 2000} With a subsct size of 31 = 31 pixels, the computa-
tional time of each pixel of interest required for the Oth-order
algorithm with displacement refined to the nearest 1/16th pixel
was B2 s while that for the 1st-, 2nd-, and 3rd-order algorithms
added only 44, 52 and 6.1 5, respectively.

Since the texture oomelaton algorithm wtlees the natumal
textume of biological tissue and oells, the measurmement error
depends strongly on the unique subset tectume within an image.
Consequently, quantification of subset texture is important to
estimate the emor expected for a given point of intensst. The
imeersdy proportional reltionship between the subset entropy
and the RDE obtained in our study agmeed with the results shown
in previous studies (Gilkchrist o al, 2004; Sun and Pang, 2007).
Although two different methods were wsed to quantify subset
textume, namely the subset roughness and entropy, there was
a linear relationship between the two (P=0710). The two quanti-
fiation methods were considered interchangeable, and in this
study, only subset entmopy was applied. Moreover, the application
of Monte Carlo simulation helps to mimic the real and practical
cffects of imaging, ie the random noise added through the use of
microscopy systems during the amuisibion of any given pair of
images. In previous studies, only a fixed pair of digital images was
used to determine the relatonship between the measurement
accumcy and the subset tecture The aforementioned error of the
algorithm is sensitive to the subset texture, which in turn is sensitve
to the noise superimposed by the imaging device. As a result, the
effect of random noise, induded through Monte Carlo simulations, is
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Based on the mathematical rebtionship between subset
entropy and RDE obtained through the Monte Carlo simulations,
it is possible to estimate the range of measurement error that
might be enmountered when applying the texture oorrelaton
algorithm to arbitrary images. For example, wsing RDE=5.1:=
entropy 5%, we can estimate the range of RDE in the cell
and tissue images (Fig. 4), identifying regions of expected high
and low measurement errors, It is important to note that when a
different type of (e g magnetic resonanoe) maging devioe is used,
due to the different technical specifiations, a separate Monte
Carlo simulation may be neecded in order to obtain an appropriate
mathematical relationship. For the BPAE cells (Fig. 4b), large RDE
was observed (as expected) in the extracellular region where the
entropy values are low compared to the intracellular strucune.

In the Monte Carlo simulation wsing the 3rd-order algorithm,
we observed that the ocourrence of suooessful convergenoe
increased with the subset entropy. However, since the deforma-
tion type applied was a Oth-order deformation, Le. horizontal
translation, suooessful convergenoe may decrease if higher order
moton is encountered. Also, the region of low entropy (in the
range of 1 to 2.5) corresponded to noisy badkground megions
without any wvisualized cell components. With a subset entropy
larger than 3.5, the sucoessful convergence rate reached at least
75%. Therefore, if high order motion is suspected, a high order
algorithm is advised, and must be applied with caution sinoe
convergenoe for all 21 parameters is not always achieved, espe-
cially in regions with low entmopy. If needed, convergenoe riteria
may be adjusted to enable a best estimate of the result for higher
order motion, for example through averaging of the parameter
values in the st few loops of the optimization process.

While the 3rd-omder algorithm in this study considered defor-
mation in two dimensions, the algorithm can be naturally

extended for studies in three dimensions, For a 3D implementa-
tion, additional displacement mapping parameters (see Appendic)
would be required to account for (out of plane ) motion, with an
assodated higher mmputational cost and s lower conv ergenoe rate.
Also, itis not dear whether errors computed in 20 (Rg. 2 ) would
b comparable to those measured in 30, One important considera-
tion is the need to acquire multiple image slioes (Le. as a z-stack of
confocal micoscopy images) to visualize oells or tissues, which ane
often separated at a distance that is perhaps an order of magnitude
larger than the (in-plane | image spatial resolution. Theretone, close
packing of image slices is likely mequired, and necessary 30 spline
interpolation to account for moton would further increase the
computational time.

In mndusion, in order to contain all deformation types that
may be encountered in cell and tissue mechanics studies, a higher
order algorithm is needed. However, sinoe convergence for all 21
parameters in the algorithm is not always achieved, an algorithm
with high order approximation of displacement terms must be
appliecd with caution Additionally, high entropy in a subset of
pixels is needed to minimize displaccment errors, and can be
achieved through increases in the signal-to-noise ratio and spatial
resolution of microsmopy images, often at the cost of spatial
resolution, thereby reguiring a texture correlation algorithm with
increased (up to 3md-order) approximations of displacement
gradients. Application of the algorithm to other imaging modal-
ities, eg. magnetic resonance imaging (Meu et al., 2005; Meu and
Walton, 2008), may also be possible, provided high entropy of
pixel subsets is achieved to minimize error.
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Appendix

The implementation of a third order texture correlation algo-
rithm, available as a simple demonstration code and supplement
online, extends the work of Bay (Bay, 1995), Vendroux and Knauss
(Vendroux and Knauss, 1998), and Lu and Cary (Lu and Cary,
2000). Here, coordinates of subset points in the reference mage,
(x, y), are mapped to their deformed coordinates, (%,¥), using

x =xo + Ux,y)
V=Yo+Vixy 2)

with U and V as displacement components of each subset point. U
and V @an be approximated with a third-order Taylor series
expansion about the pixel of interest (x, o), leading to:

%=x+ Uy+ U Ax+ UAy —i o AXZ —;)U,,Ayz + U AxAy

1 1
gl + g

U, Ay + %U,,,Ax.‘syz :o%UmAxlAy
v V. Vv V. ! 2 ! ' 2
V=y+ Vo +V,ax+ ,A_v-,--;VMAx ﬂ--’-\ wldy

1 1 1 5754
+VayAxAy ’EV’“‘M! - gv,,,A_r’ + 5Vay AXAY + 5V A Ay
3)

A Taylor series expansion introduces up to twenty displacement
parameters for a third-order desaription of motion, with Ax =x—xa
and Ay =y-yg. Uo and Vo are the zemth-order displacement
parameters at (X, ¥, ). Uy, Uy, V,, and V, are first-order displce-
ment gradients; Ux, Uy, Usy, Vi, Vyy. and Vi, are second-order
displacement gradients; and Ui, Uyy, Ugy, Uny. Vix, Viyy. V.
and V, are third-order displacement gradients. Complex
deformation of a subset of pixels can be represented using the
1st-, 2nd-, and 3rd-order displacement gradients (Fig. 1)

Bicubic spline interpolation was implemented to obtain deter-
mine grayscale pixel intensities and ensure continuous gradients
at any loation within the reference and deformed images.
Differences in image intensities (eg. brightness) between refer-
ence and deformed images was accounted for using a saling
parameter, w, as follows:

3 3
hEy)= T 3 Puk ¥ +W “)
m=02=0

where h is the intensity value at pixel (%, ¥) in the deformed
image, and p,, is the bicubic spline coefficient

A least-squares correlation coeffident, C is used to determine
optimal displacement parameters, defined as:

¥s, o s(&(Sp)—h(S,, P)?

s s «s82(Sp)

(5)
For the optimization, g and h are the intensity values in the
reference and deformed images, respectively, and S is the subset of
pixels centered about the pixel of interest, with S, as each subset
pixel within S. P represents the twenty-one mapping parameters,
ie. Ug, Vo, Uy, Uy, ViV, Up, Uy, Upy, Via Vi Vig U Uiy Ungy
Uy, Vi, Viewy . Vi, Vi, and w. The correlation coefficient, C, was



minimized when P represents the displacement parameters that
best mepresent the deformation. A simplified Newton-Raphson
optimization method was implemented to find the minimum
value of C, as:

WYC(Pa P —FPy) = —VC{Pa) {6)
with Pa representing the initial guess of the solution and P
representing the next iterative approximate solution. VWG, a
second omder gradient, or Hessian Matrix, of C @an be approxi-
mated following Vendrowx and Knauss (Vendroux and Knauss,

1998):
#C - [ 2 (5, P 5, Py
- [d’,aP‘] =121 I_E!plixz(sr-’!rzls af, afy

=121

)
where P, represents the ith element of the displacement para-
meter vector P. Here, the equations for the first-derivatives of h
with respect to the displacement mapping pammeters are:

=% $=2
e -9
i, =Y oy = ¥
e .
Ay - 2y
Zi e
At é%ﬂff
LT TP a:,= Lk o
= axiay ;-,49“"”
a_ 18]

with oh/d% and ch/47 as the partal derivatives of the bicubic
spline interpolation polynomial of the deformed image. The partial
derivatives can be obtained by the following equations:
——ﬂm + BT BT AP+ 2800k + 20, 5

R BT+ 2o E T+ B E + B TR+ B T+ 3 T

§=ﬂm + 2 + 3o + Prik + Wi + Pl +ha

X T+ IaE T T + L BT + 3BT L)
Appendix A. Supporting information
Supplementary data assodated with this artide an be found in
the online version at http:/ fdxdoiorg 101016/ jbiomech 2013.07.
035,
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Direct Measurement of Intranuclear Strain Distributions and RNA
Synthesis in Single Cells Embedded within Native Tissue

Jonathan T. Henderson," Garrett Shannon,” Alexander |. Veress,* and Corey P. Neu™
"Weldon School of Biomedical Enginesring, Purdus University, West Lafayette, Indiana; and *Department of Mechanical Engineering,
Uniersity of Washington, Seatle, Washington

ABSTRACT Nuclear structure and mechanics play a critical role in diverse cellular functions, such as organizing direct access
of chromatin to transcrptional regulators. Hene, we use a new, to our knowledge, hybid methed, based on microscopy and
hy penelastic warping, to deteming three-dimensional strain distributions inside the nuclei of single living cells embedded within
their native extracellular matix. During physiclogically relevant mechanical loading to tissue samples, strain was transfered to
individual nucled, resulting in submicron distributions of displacements, with compressive and tensile strain pattems approaching
a fivefold magnitude increase in some locations compared to tissue-scale stimuli. Moreover, nascent ANA synthesis was
obsernved in the interchromatin regions of the cells studied and spatially coresponded to strain patterns. Our ability to measure
large strains in the interchromatin space, which reveals that movement of chromatin in the nucleus may not be due to random or

bicchemical mechanisms alone, but may result from the transfer of mechanical force applied at a distant tissue suface.

INTRODUCTION

The nucleus is a membrane-bound organelle and regulation
center for gene expression in the cell (1). The position of a
gene in the interior of the nucleus changes when it becomes
highly expressed, and is often found o extend out of its
chromosome lerritory into the interchromatin space (2).
The accessibility of DNA regions by transcription factors
may be driven by a variety of mechanisms, including diffu-
sive or thermal conformational changes (3.4), or through
biochemical processes (5), which affects the chromatin
structure and the complex local binding affinities of the
chromatin and RNA molecules surrounding a gene. Less
clear is the role of mechanical force transfer as a directed
movement mechanism for DNA accessibility, due perhaps
o the technical challenges in measuring small-scale me-
chanics inside the nuclei of cells embedded in their native
extracellular environment.

Mechanical forces transfer 1o the nucleus directly and
indirectly through specific cellular pathways and cytoskel-
etal structures (6.7). Them is increasing evidence that
mechanical forces are ransferred w the nucleus w orches-
trate transcriptional activity (8). Protein dynamics inside
the nucleus are additionally imponant for maintaining the
nuclear structure and in facilitating pene expression ot the
transcription level (9). Probing spatictempom] relationshi ps
between distributed mechanical forces and localized gene
expression (i.e., biophysical and biochemical interactions)
in the nuclei of individual cells is necessary becanse the in-
dividual cells experience different mechamical stimuli re-
sulting from wvariations in local cell and extracellular
matrix interactions. Studies that provide average measures
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over cells ina given tissue would oversimplify the heteroge-
neity intrinsic 1o the population. To understand the inherent
variahility of large cell populations, innovative methods are
therefore required for combined measurements of single
nuclei biophysical and biochemical interactions in cells
maintained in their three-dimensional (3D) extracellular
MAlrix Microenyironment.

Current methods used to simultaneously probe biophysi-
cal or biochemical interactions in small subeellular struc-
tures like the nuclens are lacking. Methods to characterize
nuclear mechanics typically study isolated cells or cells
embedded in 3D gel matrices, and often report aspect ratio
and volume change measures (10-12) that do not easily
reveal the inherent complexity of internal strain patterns.
Additionally, such methods lack the spatial resolution
necessary for the correlation of intranuclear biomechanics
and simultaneous internal biochemical activity. Recent
approaches o link nuclear mechanics o biochemical re-
sponses have explored unique microscopy-based experi-
mental designs, including the use of photobleaching and
fluorescence resonance energy transfer pairs (13.14).

We simulated physiologically -relevant shear loading to
tissues while simultaneously measuring nuclear mechanics
and nascent RNA synthesis, Applied dynamic or static tis-
sue shear loading mimics routine activities of cartilage-lo-
cartilage contact in the body that may be seen during
walking or standing activities. Here, we describe detailed
patterns of intranuclear strains and newly synthesized
ENA in the nuclei of single cells in situ during tissue-scale
loading. The use of a new, 1o our knowledge, hybrid imaging
technique  enabled us o measure biomechanical and
biochemical activity in the nuclel of single cells, and con-
tributes to our understanding of whether mechanical force
applied directly to tissue surface transfers (o the nuclei of
embedded cells w0 possibly influence pene expression.
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element mesh was created from the confocal images depicting DNA, and
a hyperelastic warping algonthm (nike3d) was used © calculste dsplace-
ment and strain patterns throughout the nuclear volume (Figs. | and 4)
(17,18). The algonthm deformed a 3D mesh of the zstack image of
the mucleus in the reference configuration until 1t makched the target im
age of the nucleus i a deformed configurstion based upon the mimmsi
zation of the differences in image miensities between the reference image
Nodal displacements were used to
compuie finite lagrangan 3D strain fields, and princpal strains and

and the deformed image (192

directions.

Validation: measurement of error in displacement
fields using simulations

To valida®e ow hybnd method, in particular the use of hyperelatic waping
© quantify strain fiekds in e mtenor of small muclear strucmres, and to
deermine the emor sssociaked with the hybnd technxue overall we used
exiensive forward finite element simulstions. A 3D mesh was creared

Shearoaded Sample

Biophysical Journal 105(10) 2252-2261

100 200 300 &0 3500 600
Target Position Encoder Reading (pm)

700 incolor, goonline.

from the z-stack images of & nocleus that was deformed in a finite element
samulation with known displacement and strain magnitudes representative
of those observed in the nucle of living cells. A deformed image dats set
was crested based upon the displacements of the forward fimee element
maodel. These images were analyzed using hyperelastic warping, and addi-
tonally, dats were also directly compared 1o well-known (conventional)
exture corelation echnques. Forward finite element stimulations were
used 1o creste a known displacement fiek and determine emvor (quantified
i erms of rool mean-square errar (RMSE), biag and grecision) of the hy-
perelsstic warping and e xture comrelation echniques The forward simula
ton generated a known 3D duplacement field and inages of the deformed
nuclews that was representative of experimental data, Gaussian nose was
added to the image sets © vary the signal-to-noise (SNR) and contrast-to-
naise (CNR) ratics 1o span the range of expenmentally observed valuwes.
In-plane (x and y displacement) companisons between the technxues
were made in image slices through the center and at the edge of the image
volume. Differences between calculated and known displacements were
used 1o estimate the average RMSE biss, and precison, over the range
of smulated SNR and CNR ration.

FIGURE 3 Caontrol
plants exhibited a reduce number of cells with

mdeformed) 1sswe  ex

nascent RNA expression compared 1o explants
exponed 10 mechanical shear The images shown
are 7 projections of X zslces and the nascent
RNA (green channel) was filtered © elimmnate un-
even hackground mienstes so that 3 threshold
coukl be appled © facihive cell counting. The im-
age posiprocessing was performed with Imagel
(NIH, Betiesda, MD). The control sample showed
14 out of 54 cells (26%) with nascent RNA expres
sion, wheress mechanical shear of the deformed
(treated) sample resulted m 44 ow of 75 (59%)
cells with nascent RNA expression. Nucki in

Figs 4 and 7-9 were analyzed from gus deformed
image field of view (Scale bar = 10 pm). To see

this figwre m colar, go online
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FIGURE 4 Inwanuclearstrain patierns in a single cell are spatially complex in three dimemsions and heerogeneous even duning simple shear af the tssue
surface. (a) Five z-slices from an unde formed and de formed nucleus showing nascent RNA and the merged DNA-RNA image. Spatial patterns of strain, and
DNA and nascent RNA images, vary by slice location. (b) However, overlaid graphs (Fig 8) show that the relationship between strains and RNA or DNA
miensity had very hide variaton between shices. (Scale bars = 2 pm) To see this figure in color, go online.

Nascent RNA synthesis in situ

AClhick-iT RNA Alexa Fluor 488 Imagmg Kit (Invitrogen) was used totag
and unage newly synthesized RNA over 3 &) min penad of deformaton
(Fig. 1 b). Nascent RNA deection was performed by a click chemistry re-
action between an RNA incorporated S-ethynyl undine tag and an azide-
12). Briefly, after
mcubation duning loading, e samples were fixed with 2% formaklehyde in
PBS, permeabilized with 0.1% Triton X-100 n PBS, and exposedio freshly
epared Click-1T reaction coclaail, while still in the loading apparams.
To image nascent RNA synthesis in sim, two prebiminary studies were
addionally perfarmed tosuccessfully transiaie the RNA detection technol

containing dye afler cell fixation and permealslzation (2

ogy from its developed wse in monolayer cells{21,22) into a 3D tissue envi-
ronment Fist we minimuzed the background autofluorescence of collagen
and the nonspecific binding of the fluorescent tag. We selected an appro-
misle emissions range on the confocal detecior © minimize signal from

collagen, and in addition we applied an image enhancing Nocking reagent
(Image4T FX Signal Enluncer, Invitrogen) to help minimize nonspecific
bindng (Fig. 3). To remove nomspecific hackground staining in owr studies,
260 mun mcubation of the blocking reagent was used before the final image
acquisition. Second, we determined the dwration of Setynyl widine incu
bation to enhance RNA sgnal detection following mechanical shesr
loading. It should be noted that excessive incubation tmes resulted in an
olserved RNA signal from the combined effects of shexr deformation
and routine (e.g., housekeeping) cellular RNA synthesis (21). Using time
duation Sudies, we determined that routine RNA synthesis was deected
above background fluorescence levels in the cells of dssues that were un-
laded and incubated for 60 min, indicating a time duration that could be
used © best detect RNA signal enhancement due © mechanical bading
To futher conval for sample vartation in routine RNA synthesis, one
half of the ussue explant (1., one half of the henucylinder) was loaded,
whereas the second half was used & the mnloaded control (Fig. 3).

Biophysical Joumnal 105(10) 22522261

116



Relationship between intranuclear strains
and newly synthesized RMA

Tor explone inls between the intemnal nue lear mechanics and newly synthe-
azed BNA, the inramclear sirsin fields werne spatially companed qualits-
tvely and udng quanlitve correlation analyses with custom MATLAB
oode {The MathWorks, Natick, MA). Comelation measures were made at
three levels, 12, witlin a given image slice through 3 angle nucleus, within
an image volume represening a whae single nic ks, or among nuck:
from single oells identified in the field of vew of the confocal images.
The raw data conststed of srain valoes that wene comelaed 1o the image
(DMA or BNA) inensity values ateach vosel location of the nuclews. To
facilitate correlations between strain and BMNA or DNA image inemities,
the dats were binned acoording 1o the image inensity (hin size = (02).
The data were binned for each imEge slce, amd the Wnned nesilis wene
additionally sveraped for a single slice and averaged z-stacks. Corme lation
Aalnies (eg., I: valies) wene calculed from the binned dats ses.

RESULTS

Hybrid microscopy reveals complex intranuclear
displacements and strains

Intranuclear deformation, defined by displacements and
strains, were found o be heterogeneous and complex in
living cells embedded within their native extracellular ma-
trix. Intranuclear strains were both amplified and attenuated
compared Lo tissue-scale stimuli. During & 15% simple shear
strain, intranuclear displacements overall were consistently
submicron in magnitude, with differences approaching only
10 s of nanometers depending on the size and location of the
regions used for comparison (Fig. 5). Strong displacement
gradients resulted in large intranuclear sirains, typically
< 75% in magnitude, depending on location in the nucleus
(Fig. 4). In contrast, nuclei in nonloaded control cartilage
showed minimal intranuclear strain compared to those
from loaded canilage (Fig. 52).

The hybrid of microscopy and hyperelastic warping quan-
tified heterogeneous and complex intranuclear strain with
minimal emor. OF importance, the v and v displacement
fields for the middle slice of the nucleus showed that hypere-
lastic warping matched more closely to the known (simu-
lated) displacements compared to conventional (1st order)
texture correlation algorithms (Fig. 5). The known displace-
ments were related to the displacements measured by
hy perelastic warping (slope = 111, r* = 0.958) and texture
correlation (slope = 0.97, = 0477). Hyperelastic warping
and texture correlation were alse compared using experi-
mental data of a nuclews in undeformed and deformed states
(Fig. 5 k). A comparison of warping and texture correlation
displacement predictions with those of the forward model
indicated similar qualitative displacement  distributions,
However, the texture correlation results were lower in
magnitude than the hyperelastic warping results. We further
noted that texture correlation displacement fields were
biased by the bright areas in the image and around the
miclens perimeter, which was qualitatively observed in the
known and experimental displacement fields (Fig. 5).

Bioghysical Journal 105{10) 2252-2361
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FIGURE § Displacement faelds from hypenelastic warping, but not
lexiure cornelabion, match known simulations, thus enabling the meaamne-
menl of small-scale mobon n individes ] nucked (o) A simulsted deforma-
ton wasappliedio a 3IDnocleus, with he middle - dice images shown The
x and y displacement fields are shown for the known applied deformations,
followed by the mesmred neale from hyperelastc warping and tesmne
comelation. (& The 1 and y displacement fields from experimental data
of a representative nucleus are shown for hyperelastic warping and texmrne
comelalion methads, Hyperelaste warping describes deformation with
lower hiss aml incresed preciion compared o textre oomelation
(Fig. o). {Scale hars = 2 pm) To see this figure n color, go online.

Texture
Cormelation

Hyperelastic warping consistently resulted in displacement
data with lower error (avg. RMSE = 0.017) compared to
texture correlation (avg. RMSE = 0.091), and without sen-
sitive dependences on SNR and CNRE ratios (Fig. 6).

Interchromatin regions and nascent RNA
synthesis

Mascent RNA synthesis was observed in the interchromatin
regions within nuclei of single cells embedded in their
native extracellular matrix during shear loading at the tissue
scale. For the nucleus depicted in Figs. 7 and 8, changes in
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chromatin position, defined in terms of strin, were also
found to correspond to regions of nascent RNA synthesis,
Magnitudes of principal strains and maximum shear strains
approached a fivefold tensile increase over the 15% simple
shear strain magnitude applied at the tissue surface in some
egions of the nucleus. Different regions within the nucleus
exhibited compressive or tensile strains, indicating that the
magnitude of the applied shear at the tissue surface was
amplified and attenuated depending on the internal region
of the nucleus under investigation (Fig. 7). Principal direc-
tions for Epy and Egs were predominately in the imaging
plane (i.e., in the xy plane), whereas Ey directions were
largely through-plane. Qualitative comparisons of the strain
patierns revealed a correspondence between high tensile
strain regions with increased intensities of the RNA and
DNA patterns for max shear (RNA)and Eys (DNA), respec-
tively., Strain pattems tended to correspond visually to
observed DNA and RNA patierns, suggesting that specific
stimuli, e.g., localized maximum strin, may cause changes
in the chromatin structure © influence newly synthesized
FMA in nuclear regions with low DMNA content.

namaisa 228

FIGURE & Hyperelasiic warping consitently
provided data with low BMSE and bias, and high
precision, companed o exmre comeladon SNR
and CHE were caleulsied for each image s afier
the additon of Gausdan | mmdem) image nose.
Three ermor messurements (EMSE, bias, and prec-
st were used for companism bemween the twoe
technigques. The mosl noliceable difference be-
tween the teclniques was he increse in boas
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4. The other messurements of emor doow similar
performance of the technigues on esch image dice.
{Scale bar = Eylu:l Ty e thas rlg ure in cokor, go
onhine.
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Relationships between DNA, RMNA, and strain were quan-
tified at multiple levels, ie. within a given image slice
through a single nucleus (e.g. Fig. 7), within an image vol-
ume representing a whole single nucleus (e.g., Fig. B), or
among nucle from many single cells (e.g. Fig. 9). For the
single image slice in Fig. 7, significant correlations (p <
0.007) were Eqmd between DINA interlsiti.e-s and Epyy ("
0.238), Ep» (r 0.506), and Eys (r~ = 0.833), but not
max shear (" = 0.000:; p = 0.984). Significant correlations
(p = 0.0001) were also found between RNA intensities and
Epi (r* = 0.617), Egs (r* = 0.754), and max shear (r*
0.827), but not Eg, (r~ = 0.214; p = 0.096). Similar correla-
tions were observed for a whole single nucleus (Fig. B), after
pooling  values from each slice of the image volume, with
DNA and RNA related to Ey [rf 0.543, r 0.668). Ep
(" = 0.677, r” = 0471}, Eys (1" = 0889, r~ = 0.473), and
max shear (1 = 0,192, * = 0.694), respectivel v.

Relationships between strains and DNA and RNA inten-
sities varied among the cell nuclei studied (Fig. 9). Nascent
RNA synthesis was consistently observed in the interchro-
matin regions, although specific intranuclear suatistical

Biophysical Journal 105(10) 2252-2261
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FIGUREE 7 Prncipal strain magniiudes and directions commegond o te

mtengty of DMA and nascent BNA. A magnification box highlighis a m-
clear region with heterogensos (amplified and agenusted) sraine. The
Arain direction for E.y wis predominanty through the imaging plane,
whereas the hE‘-' 4 directions were largely in the imagmg plane. Although
only one nepresenalive image slice from the middle of the nuclens is
shovwn, the resulis were conasien in other z-shoes { Figs. 4 and ). A angle
line scan at the mght of the strain maps depicts the ems-sectimal profiles
for [MA (red), RNA (green), and @rain magniiudes (block). Whike lines of
the arain map are edees of he DNA image inienmdty caleulsied by an edge
deecton function in MATLAR to help spatally visusbize the high and low
DNA regions. (Scale bars = 2 pm) To see this figure in color, go online.

correlations covered a broader range when compared cell
cell. Significant statistical correlations (p < 0.015) were
ﬁ'u‘.md in all cells sludic::d between DNA intensities and Eyy
= ﬂ.S?SmmelEp_- (r= = 0.735), and between RNA inten-
sities and Eps (17 = 0.641), with aforementioned coefficients
of determination pooled over all nuclei shown in Fig. 9. Sta-
tistical correlations varied among cells between DNA inten-

Biophysical Journal 105(10) 2252-2061

sities and Eys (1° = 0.550, p < 0:443) and max shear (°
0.575, p < 0.306), and between RNA intensities and Ey,
(" = 0357, p < 0379), Epa (° = 0.492, p < 0.295), and
max shear (r~ = 0.374, p < 0954). with 6 of 20 total
possible correlations (i.e., five relationships for the four cells
shown in Fig. 9) not significant (p > 0.040).

DISCUSSION

Diffusive or biochemical processes are thought o drive the
movement of genes o different regions of the nuclens,
perhaps due o changes in binding affinities in addition 1o
conformational alterations in the chromatin structure. Addi-
tional studies, involving the use of relatively insensitive
methods based on texture correlation, indicate that the
deformation in the nuclens is minimal compared to cell
and extracellular matrix strains (23). These studies imply
that the relative stiffness of the nucleus is high compared
o surrounding cellular structures, resulting in minimal in-
ternal deformation for a given applied load. The concept
of a relatively stiff nucleus would indirectly support the
idea that specific (e.g., diffusive) mechanisms alone may
drive gene expression. because the nucleus interior would
he more isolated from physical deformation occurring in
the extranuclear regions, and would require alternative
mechanisms for transcription and other rgulators to access
DNA.

Here, we find that movement of the nuclear structures,
quantified by strain, is highly heterogeneous and is both
amplified and attenuated durdng even simple mechanical
loading at the tissue scale. Given a reasonable compliance
of chromatin, the heterogeneous strains would be expected
to shift and reposition the relative internal position of genes,
thereby altering the dynamics of regulation. Interestingly,
the compliance of individual chromatin fibers has also
heen noted as a possible physical basis for DNA accessi-
hility (24). However, we do nol vet know the extent that
either chromatin remodeling, or passive chromatin deforma-
tion in response (o the applied load. explains the intranuclear
strain patterns described. In light of this current himitation,
and in contrast to single molecule studies conducted in
controlled in vitro experiments, we overcame technical
challenges in obtaining measurements within the nuclei of
cells embedded in extracellular matrix in sit. The experi-
mental setup and hybrid microscopy technique allowed us
o propagate realistic and physiologically relevant mechan-
ical forces through native structures to better quantify the
extent that strain transfer may directly influence nuclear
mechanics. The hybrid method, based on microscopy and
hyperelastic warping, allowed the measurement of internal
deformation (displacements and strains) in small nuclear
structures at high spatial resolutions, limited most by the
time constraints of image acquisiion. Interestingly, the
simultaneous detection of newly synthesized RNAs reveal
localized expression corresponding to mechanical loading
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and patterns of principal and shear strains. The measure-
ment of large (e.g., shear) strains in the interchromatin space
that spatially correspond o the localization of nascent RMNA
expression supports the hypothesis that localized movement
of chromatin in the nuclens may not be due o random or
biochemical mechanisms alone, but instead can occur sim-
ply as a result of mechanical force transfer applied at a
distant tissue surface. However, significant transport of
RMA over the incubation time (e.g., Fig. 1) indicates that
the nascent RMNAs observed may not be a true response of
the nucleus o deformation. Additionally, RMA expression
wis observed in nucleus regions that were expected to be
more naturally transcriptionally active. Nevertheless, these
regions corresponded with unexpectedly high levels of
strain, suggesting that the nocleus structure may be

routinely regulated through a variety of casual physical ac-
tivities that involve tissue loading, which in wrn allow for
transeriptional and other regulators of biological activity
and gene expression.

Our experimental analysis demonsirated the hierarchical
transfer of strain over large distances and log scales from
the tissue surface to the interior of individual nuclei
in situ. In our study, simple shear strain applied at a distant
tissue surface transfer to individual nuclel, amplifying strain
up to fivefold in localized nuclear regions. Interestingly, we
note reports of novel quantitative approaches Lo measure
detailed internal biomechanics in individual cells, but these
techniques largely ignore the intranuclear strain and gene
expression (12). Quantification of intranuclear strains is
important, because they possibly extend the concept of

Biophysical Journal 105(10) 22522361
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FIGURE 9 Strain magnitudes and nascent RNA
expressions in nuclei vary among single cells
within in a tissue volume subjected to uniform
shear. (a) The undeformed DNA image, deformed
DMNA, and merged DNA-RNA images are shown
for four cells from the same imaging field of
view seen 3. The nuclei were from the
same region in the tissue, although there were
several physical characteristics, such as shape,
size, and long-axis orientation that may influence
how the strain was transferred from the tissue to
the nucleus. (&) The average image intensity versus
strain for the four nuclei were graphed in matching
colors as boxed in (a). Three of the four nuclei
(excluding nucleus two) exhibited similar trends
in DNA and RMA intensity patterns. The ENA
graphs also show that there were different RNA im-
age intensities between nuclei, which were qualita-
tively observed in panel (a). (Scale bars = 2 um)
T see this figure in color, go online.

in Fig.




nuclear mechanics arising due to physical links to the cyto-
skeleton or extracellular matrix (6,7), to also include remote
links through pericellular and extracellular molecules, e.g.,
type VI and type II collagens, respectively, in the hierarchi-
cal organization of complex tissues like cartilage. Using the
hybrid method, we did not yet in the current configuration
tease apart the relative influence of load transfer through
solid or Hmd phases (25), or specify candidate matrix or
cytoskeletal molecules that result in strain transter. Howev-
er, candidate molecules may be identified and visualized by
fluorescent tagging in subsequent studies. In this work, it is
important to emphasize the nondestructive nature of the
hybrid technique, coupled with the ability to reveal internal
spatiotemporal dynamics in living cell nuclei in situ for the
first time, which enables the study of diverse cell-laden
materials, including hydrogel or polymer constructs, and
diseased tissues, that contain unique or rare cell populations.

The nucleus-to-nucleus variation of intranuclear strain
field patterns (Figs. 4, ¥, and Y) suggested that the applied
tissue load was not uniformly transferred to every nucleus,
possibly due to the spatially heterogeneous mechanics of
cartilage explants that arise from cell location and spatial
density in the tissue (26). This observation indicates the pos-
sibility of subtle and variable underlying cell-matrix con-
nections or other structural parameters that dictate how
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load is shared over hierarchical scales. Interestingly, newly
synthesized RNA was also observed outside of the nuclear
region of the cell, illustrating transport during the short in-
cubation time, which has also been reported in other cell
types tollowing treatments with soluble factors (21.22).
Furthermore, we observe that the time-dependent response
of the individual nuclel varies among nuclel to the applied
shear (Fig. 53), suggesting more complicated (e.g., visco-
elastic) mechanisms may play a role in the biomechanics
and RNA expression in some cells. For example, the
arrangement of structural elements in the microenviron-
ment, and the local composition of extracellular and pericel-
lular molecules (e.g., proteoglycans), influence the rate of
torce transmission to the cell, and were not measured in
this study. Variations in cell shape and orientation were
observed, suggesting that variations in other physical struc-
tures were present as well. Moreover, the cartilage may not
yet have achieved a mechanical equilibrium, with time-
dependent changes in interstitial fluid pressure and flow, in
combination with constituents in the local microenviron-
ment, possibly influencing strain patterns observed. Strain
maps measured from DNA images taken at 10 min and
60 min postdeformation indicated an increase, decrease, or
no change in the intranuclear strain patterns and magnitudes
between the two time points. In contrast, very small



differences in aspect ratios of nuclei between 10 and 60 min
indicate little to no bulk deformation of the nucleus between
the two time points (Fig. 53).

CONCLUSION

These data suggest that cells in situ can sense an applied
load that is transferred over relatively large distances and
log scales to alter intranuclear deformation and to possibly
directly influence new RNA synthesis, and may regulate
other actions as well, including the transport of mRNA or
other molecules through nuclear pores. The direct corre-
spondence of strain and DNA or RNA patterns may suggest
specific mechanical stimuli, e.g., shear strain, that influence
spatially localized gene expression in individual cells,
although it remains to be determined the extent that me-
chanics directly regulate nuclear mechanobiology in larger
cell populations. We expect that this hybrid method, based
on microscopy and hyperelastic warping, will enable a
wide variety of future investigations into mechanotransduc-
tion mechanisms, including transcription of specific RNAs,
and translation and control of downstream protein synthesis.
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MNugclear mechanics play a pivotal role in cell survival and
geneexpression. Mechanical stimulation of cells and nuclei
regulates specific mechanotransduction pathways that aid
in cell homeostasis. This chapter describes current and
emerging methodologies that are used to study nuclear
mechanics at the single cell level. We highlight a hybrid
method based on optical microscopy and hyperelastic
warping that was developed to measure intranuclear
strain within individual nuclei maintained in cultured tis-
sue explants. The combined use of imaging and postpro-
cessing methods allows for the study of nuclear mechanics
and mechanobiclogy in single cells, permits simultane-
ous study of newly synthesized RNAs, and overcomes
limitations in competing factors like spatial and temporal
resplution of acquisition systems. We discuss the imple-
mentation of methods to measure nuclear mechanics, as
well as their potential to increase understanding of dis-
eases involved in compromised nuclear structures.

—
33.1 Introduction

Diseases such as osteoarthritis, laminopathies, and spe-
cific cancers are shown to have compromised tissue,

cellular, and nuclear mechanics, potentially interrupting
normal mechanobiological processes and providing an
origin point for disease progression.-* Ostecarthritis of
cartilage and articulating joints has a multifactorial eti-
ology resulting in part from a homeostatic imbalance in
the tissue. Cartilage degradation causes an altered micro-
mechanical environment, increasing the expression of
degrading enzymes that exacerbate the disease state?
Laminopathies specifically compromise the rigidity of
the nuclear envelope and are linked to premature aging
and muscular dystrophy. Cancer cells actively alter their
nuclear stiffness, facilitating cell mobility and metasta-
sis,* and pluripotent cells alter their nuclear structure
and stiffness prior to cell lineage commitment® To better
understand healthy and diseased or damaged tissues,
and how mechanical forces applied to tissues and cells
influence individual cell nuclei, it is important to mea-
sure the mechanics (e.g, strain) in the nucleus and quan-
tify how nuclear mechanics regulate gene expression.
The nucleus is largely cocupied by chromatin, dynamic
structures that are influenced by diverse chemical and
mechanical signals.™ Chromatin itself is a hierarchi-
cal structure composed of DNA molecules wrapped
around histones to form nucleosomes, which are then
further packed together to form chromatin structures.
Within the nucleus, chromatin is often classified as
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TABLE 33.1
Common Techniques for Measurement of Nuclear Mechanics

Isolated or
Measurement Spatial Bulk or Local Embedded (2D/3D)
Technique Description Resolution Measurement Cells References
Fluorascence andsotropy Local compaction High Local [solated /210 11-13
Aspact ratio Maorphological change Low Bailk Isolatad /210 /30 1415
Volume change Morphological change Low Baallk Isolatad /200730 1617
Micropipette aspiration Material properties Medium Bulk Isolated 18,19
Manoindentation Materlal properties High Local (surface) Isolated n.2
Texture correlation MNuclear straim High Local Isolated /200730 7223
Hyperalastic warping Intranuclear strain High Local Isolatad /200730 24

heterochromatin, i.e, tightly packed structures that are
thought to be areas of relatively silenced gene expres-
sion, or euchromatin, e, lower density structures that
exhibit higher levels of gene expression. Gene expres-
sion is affected by nuclear receptors, secondary messen-
gers, and other chemical signaling cascades triggered
from chemical binding to cellular receptors. Recently,
direct regulation of gene expression by mechanical
force has been hypothesized to work in parallel with
chemical signaling, with transcriptional activity and
accessibility regulated through physical changes in
DNA regions 10

Several methodologies have been developed to mea-
sure nuclear mechanics and help identify the role of
the nuclear structure in the mechanoregulation of gene
expression. Methods to measure nuclear mechanics
are numerous and include fluorescence anisotropy,
micropipette aspiration or nanoindentation, changes
in nuclear aspect ratios and/or volume, and texture
correlation or deformable image registration (Table
331). Understanding the strengths and limitations
of each method better define their best applications
for intended experimental needs and objectives. This
chapter will cover different methodologies that are
used to investigate nuclear mechanics, with special
attention paid to the new implementation of deform-
able image registration using hyperelastic warping
and concurrent quantification of nascent RNA expres-
sion in single cells.

33.2 Deformed Nucleus

33.2.1 Connecting the Nucleus to the
Cell and Extracellular Matrix

The nucleus is a distinct structure inside the cell that
is linked through cytoskeletal components to the extra-
cellular matrix (ECM). Among different tissue and

cell types, the structures connecting the nucleus to the
extracellular environment can be very unique. In this
chapter, we will largely focus on the primary cell type
(chondrocyte) found in cartilage, a load-bearing tissue
with significant relevance to human disease (e.g., osteo-
arthritis) 5% In the chondrocyte, there are multiple
structural elements that connect the nucleus to the ECM
(Figure 33.1). The cell is anchored to the ECM by cell
membrane proteins (eg, integrins and CD44), which
bind to collagen and proteoglycans. These anchoring
transmembrane proteins are associated with intracellu-
lar cytoskeletal components such as actin, intermediate
filaments, and microtubules. The microtubules interact
with the endoplasmic reticulum (ER), which is con-
tinuous with the outer nuclear membrane. The micro-
tubules, along with other cytoskeleton components,
are also connected to the nucleus through a group of
nuclear transmembrane proteins called the linker of
nucleoskeleton and cytoskeleton complex (LINC). These
structural connections from the ECM to the nucleus
provide a mechanism for stress and strain to directly
transfer to the nucleus when applied at relatively distant
tissue surfaces.

33.2.2 Nuclear Structures: Form and Function

Within the nucleus, there are many specific structural
elements that help to regulate gene expression. DNA
nucleotides that code for genes make up the majority of
material in the nucleus. Nuclear function is regulated
by transcription factors, ¥ nuclear pores,® and the nucle-
olus,® about which the referenced reviews provide more
in-depth detail. Within the nucleus, distinct euchromatin
and heterochromatin regions are observed, in addition
to the interchromatin space, where nuclear components
are located, such as the nucleclus, which synthesizes
rRNA.2¥ Like a shell, the nuclear membrane is made
up of a network of lamins that provide structural rigid-
ity to the nucleus. Distributed in the nuclear membrane,
nuclear pores regulate the transport of molecules in and
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Structural components transfer strain from the tissue and ECM to the cell nucleus. Strain is transferred from an applied load (eg., compres-
sion or shear) at the tissue surface to the cells and nuclei maintained alive within the interior. Articular cartilage is shown here as a model
hierarchical system that normally undergoes many thousands of loading cycles during daily activities like walking. Multiple structural com-
ponents, including surface receptors, cytoskeletal proteins, and the nuclear lamina, connect the ECM to the nucleus.

out of the nucleus (e.g, RNA; Figure 33.1). The integra-
tion of the nuclear components and global structures
provides the biophysical conditions for the nucleus to
maintain the integrity of the DNA and regulate cellular
biosynthesis by modulating the shape, size, and internal
patterns of deformation (e.g., displacements and strain).

Local mechanical deformations within the nucleus
are thought to alter early transcriptional activities for
gene expression. One proposed mechanism is that
intranuclear mechanical deformation alters the struc-
ture of the chromatin domains thereby modulating the
gene expression in the cell.™

——
33.3 Measuring Nuclear Mechanics
and Mechanobiology

33.3.1 Nuclear Imaging, Deformation,
and Measurement Techniques

Imaging of intranuclear mechanics in single cells is
challenging. Several contemporary methods attempt

to meet this need through the use of high-resolution
imaging (e.g., superresolution microscopy, scanning
electron microscopy), although visualization of cell and
subcellular structural morphology does not necessarily
provide information describing how these structures
may deform under applied loading or during active
cytoskeletal or chromatin remodeling. Typically, imag-
ing involves visualization of chemically fixed cells,
preventing an analysis of deformation and associated
mechanotransduction activity. Widefield and confocal
microscopy have visualized nuclei in living cells before
and after applied deformations” and methods have
been used to mechanically deform the nuclei of isolated
or tissue/matrix-embedded cells® (Table 33.1 and Figure
33.2). A commonality among the deformation and mea-
surement techniques is that the nuclei are fluorescently
imaged in predeformation and postdeformation states,
so that motion in a current configuration can be mea-
sured from a reference configuration.

Considering the variety of methods available to mea-
sure nuclear mechanics (Table 33.1), we focus on three
common ways to measure predeformation and post-
deformation changes of the nucleus (Figures 33.2 and
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Common methods to measure mechanical deformation in the miclews.
Flow and stretch methods deform tissues and isolated calls in 2D
{monolayer) or 30 (embedded) native or engineered microenviron-
ments. Simple measures of nuclear shape and morphology changes
are documented by changss in the aspect ratio. Texture corralation
and hyperelastic warping methods provide details of internal strains
with differant lavels of error as described in Figure 333,

33.3), each with distinct strengths and weaknesses.
First, changes in bulk morphology of the nucleus (eg,
aspect ratios, nuclear volume, or major/minor axes)
enable an average mechanical response of nuclei after
mechanical perturbation, often using automated or
semiautomated algorithms. While bulk measurements
can be acquired from large numbers of cells, important
spatial information from within individual nuclei is
not captured or described. Second, texture correlation
measures intranuclear strain fields by tracking intrinsic
high contrast regions, revealed by spatial distributions
of fluorescent markers, in the images depicting unde-
formed and deformed nuclei.Z Unfortunately, the small
volume of the nucleus, coupled with large subset sizes
required to help minimize error,Z limits the ability to
reliably quantify intranuclear strain. Third, deformable
image registration (e.g. hyperelastic warping) permits
intranuclear strain measurements by iteratively deform-
ing a three-dimensional (30)) finite-element mesh rep-
resenting the undeformed nucleus until it matches the
deformed nucleus™ A 3D intranuclear strain field is
calculated from the displaced nodes of the registered
nuclear mesh.

Bulk morphology of the nucleus, texture correlation,
and hyperelastic warping increasingly predict known
nuclear deformations applied in simulations (Figure 33.3).

Compared to the known deformation applied, texture
correlation underestimates the magnitude of the strain
field, and the (bulk) engineering strain measured by
changes in width fails to capture the strain distribution

m Mean w Max = Min

b3 m % change major axis
£ 18
b
%= B
-2
-12
L KEnown 2. Warping 3. Texture 4. Engineering
strain
FIGURE 33.3

Simple comparison of three techniques w0 quantify nuclear deforma-
ton. A finite-element model was used & apply a known deforma-
tion (strain) to a nucleus and create the deformed nucleus from the
undeformed z-stack images (a). Knowing the applied intranuclear
strain (al), three measurement tadml.que-s, hy]:lerelastlc warping
(b.Z}, texture correlation (b3), and engineering strain in the direction
of the major axis (b.4), were used to measure the strain fields for com-
parison between the techniques. Results from the hyperelastic warp-
ing method best described the known deformation, with decreased
sensitivity observed from texture correlation and engineering strain
MAasurEments (o).

or magnitudes. In contrast, hyperelastic warping best
approximated the known magnitude and spatial distri-
bution of the applied known strain field, with decreased
error (Le., higher precision and minimal bias).

33.3.2 Design Criteria to Combine Nuclear
Mechanics and Mechanobiology

Limitations in the spatial and temporal resolution of
image data, and the impact of these limitations on image
quality (e.g., signal-to-noise ratio [SNR]), must be con-
sidered when designing techniques to study nuclear
mechanics and mechanobiology in single cells. Trade-
offs in spatial and temporal resolutions may be accepted
for specific applications, noting that the error of intra-
nuclear deformation depends largely on the ability to
track the motion of structures on the organelle inte-
rior with a sufficient SNR. Methods that analyze long-
term responses ranging from minutes to days may
provide insufficient temporal resolution o capture direct
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relationships between nuclear structure and gene expres-
sion. ™% For example, to capture nuclear mechanics
and mechanobiclogy in a single cell, the measurement
technique needs to be fast enough to capture a possi-
ble rapid gene expression response to the applied load.
The technique also needs to have a high enough spatial
resolution to image the nuclear shape changes due to
the applied load. Spatial resolution is often sacrificed
to improve temporal resolution, and vice versa, when
designing techniques for the study of single cells.®

33.4 Hybrid Technique—Microscopy
and Hyperelastic Warping

A hybrid confocal and hyperelastic warping method-
ology has recently been demonstrated to measure and
calculate intranuclear mechanics and biophysical activi-
ties.® Combining the high spatial resolution of optical
(e.g., confocal or multiphoton) microscopy with hyper-
elastic warping to measure intranuclear strain maps
has provided detailed intranuclear strains compared
to bulk measurement of nuclear deformation (Table
33.1). Optical microscopy also enables imaging deep
within tissues to calculate nuclear mechanics of cells
maintained in native tissue cultures. Z-stack images
capture the full volume of the nucleus in the unde-
formed and deformed state. The volume of the nucleus
is conwverted into a finite-element mesh that is used inan
iterative hyperelastic warping-based method, where the
undeformed nuclear mesh is optimally warped until
it matches the deformed nucleus, to measure 30 intra-
nuclear deformations (Figure 334). The intranuclear
strain map can be spatially and temporally compared
to any fluorescent indicator of gene expression that can
be imaged concurrently with the nuclei stain in a sec-
ond imaging channel, such as nascent RNA synthesis
{Figure 33.4).

33.4.1 Strain Transfer: Tissue to Nucleus

Strain transfer to the nucleus from an applied mechani-
cal load at a distant tissue surface can be measured
as amplification and attenuation in local subnuclear
regions by microscopy and hyperelastic warping. When
cartilage explants undergo shear loading, there is higher
tissue strain in the superficial zone that diminishes in
the deep zone™ (Figure 33.5). Likewise, compressed car-
tilage explants influence nuclei more near the articulat-
ing surface (superficial zone) and progressively less in
the middle and deep zones.® These bulk nuclear volu-
metric strain results demonstrate a depth-dependent
strain transfer from the applied tissues strain to the cell.

Start RNA
imcubation

Shear (pm)

e
Time (min) o 1 &0

Undeformed

Deformed

BNA and DNA

. &)

0.4 Max shear

FIGURE 33.4

Experimental overview for methods to measure single-cell intra-
nuclear mechanics and BMNA synthesis. For articular cartilage, a tis-
sue explant is created as a half cylinder from a cored osteochondral
plug and placed in an electronically controlled deformation device
that allows for single cells to be imaged within the deforming Hssus
using optical ja.g, confocal, multiphoton) microscopy. Immediately
after shearing, newly synthesizing ENAs are labeled using a click
chemistry-basad incubation. The deformed nuclews is imaged at 10 min
and then at the end of the incubation time (60 minj, and the data are
used for the measurement of intranuclear strain using hyperelastic
warping. Images of the nucleus are taken from the center z-slice {red =
DMA stain, green = RNA stain) (Scale bar = 1 pm).

However, more detailed intranuclear strains are resolved
by using hyperelastic warping that shows amplification
and attenuation of strain that the bulk measurement
techniques do not reveal. The combined use of optical
microscopy and hyperelastic warping provides a new
method that gives 3D local nuclear deformations that
were previously immeasurable by bulk measurement
techniques.

33.4.2 Measuring Single-Cell 3D Intranuclear
Time-Dependent 5train Fields

Single-cell intranuclear strain fields show complex
strain patterns with time-varying magnitudes that are
spatially correlated to DNA intensity. Confocal z-stack
images of chondrocyte nuclei taken before and at 10 and
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Strain transfer from the tissue surface to intranuclear regions. A shear load was applied at the articular cartilage surface (blue arrow), and
texture correlation was used to measure the E_ strain field for the tissue scale deformation (10x objective) using cells as fiducial markers.
Hyperelastic warping was used to measure the strain fields of the nucleus highlighted by the smaller boxes in images acquired using 10x and

60x objectives. l)emm‘.llng on the intranuclear region, the measured tissue scale strain (

6%; Le,, tissue texture correlation E_ [%] strain

field) was amplified or attenuated when compared to the nucleus warping E_, (%) strain field.

60 min after a shear load is applied to the articular
surface of a cartilage explant show similar strain field
patterns within a cell, although the magnitudes of the
patterns at the two time points differ cell to cell?* The
intranuclear strain field patterns are spatially complex,
with brighter DNA intensity regions in specific cell
populations studied typically corresponding to tensile
strain regions. A current challenge remains to define
mechanisms of strain transfer, including specific cyto-
skeletal elements responsible for load transmission in
situ. Also, the role of directionally concentrated strains
in the physical regulation of gene expression is not yet
known. However, the hybrid methodology does provide
high spatial resolution strain maps of the intranuclear
space that will allow for future investigation of these
questions.

33.4.3 Detecting Nascent RNA
Synthesis in Single Cells

Combining measurements of intranuclear mechan-
ics with biosynthesis assays, e.g., detection of nascent
RNAs, facilitates analysis of mechanoregulated gene
expression within the nuclei of single cells. Nascent
RNA detection has been measured in cells embedded
in their native ECM? using a commercially available
global RNA detection kit (Click-iT® RNA Alexa Fluor®
488 Imaging Kit, Invitrogen, Carlsbad, California).®* In

previous studies, the incubation for nascent RNA detec-
tion began immediately after the deformation and lasted
for 60 min, and the sample was subsequently fixed for
fluorescent labeling (Figure 334). In the cell population
studied, the RNA was located in the lower intensity DNA
regions, i.e, the interchromatin space, where the DNA
is less densely packed and thought to be highly active
for transcription.®**! The spatial location of RNA was
typically correlated with the more compressive nuclear
regions. However, the spatial correlation of mechanics
and biosynthesis should be interpreted with caution
because it was observed that RNA was also transported
outside of the nucleus during the incubation period. Ina
control study, with no tissue scale deformation applied,
there were fewer nuclei (26%) with detectable RNA syn-
thesis compared to the deformed nuclei results (59%).
The mechanism for why the nuclei in the mechanically
strained tissue had more detectable RNA nuclei has
not been explained, but it is nevertheless important to
employ methods that allow for direct spatial correlation
of intranuclear strain fields and RNA synthesis in nuclei
to help elucidate pathways for gene expression in single
cells.

33.4.4 Specificity and Experimental Tradeoffs

There is still a need to increase the specificity of hybrid
microscopy and hyperelastic warping methods to reveal
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biophysical and biosynthesis actions at even smaller
spatial and temporal scales. Labeling of genes related to
disease pathogenesis or tissue regeneration may allow
for the discovery of local mechanical factors that can
alter clinically relevant gene transcription. One chal-
lenge is the development of high (e.g., super) resolution
imaging to better reveal spatial patterns while also not
sacrificing temporal resolution of the desired response.
For example, an experimental protocol that captures
time-consuming high-resolution images of cell nuclei
and fast calcium signaling is affected by competing
spatiotemporal factors. Calcium fluxes can occur on the
order of seconds to milliseconds, a time duration that
is faster than the time required for image acquisition
depicting nuclei at high resolution. In contrast, biosyn-
thesis processes like RNA transcription can occur over
longer time durations and may be more appropriately
combined with higher-resolution imaging to simulta-
neously provide intranuclear strain fields (Figure 334
and Table 33.1). However, the localization of specific
gene activity or gene products is not often resolved in
living single cells,® and it is likely that bictechnology
advances for gene expression profiling, coupled with
hybrid microscopy, will only improve our understand-
ing of mechanotransduction overall.

33.5 Conclusion

This chapter has demonstrated that a hybrid method
combining optical microscopy and hyperelastic warp-
ing provides detailed intranuclear strain patterns and
represents a balanced approach to meet the competing
acquisition factors of spatial and temporal resolutions.
The measurement of nascent RNA synthesis was a fun-
damental step to show that intranuclear mechanics and
gene expression-related events can be measured within
the same nucleus maintained in a native 3D microen-
vironment. As research objectives turn toward target-
ing specific genes or profiling of mRNA expression in
single cells, new approaches will be developed and will
be easily included for spatial correlation of strain fields
measured by hyperelastic warping,
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