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ABSTRACT

More than 54 million Americans have or are at high risk of developing a metabolic bone disease; disorders of bone
strength that leave individuals with fragile bones and disabilities. The gold standard to evaluate these diseases is dual
energy x-ray absorptiometry, but this only measures mineral content. These diseases, however, impact collagen and
mineral integrity which impede the bone’s ability to store hormones, proteoglycans, and glycoproteins imperative to
homeostasis. We have established a second harmonic generation (SHG) polarimetric assay that describes bone collagen
organization. To further our analysis, we propose multimodal optical evaluation of bone quality with third harmonic
generation (THG) to measure osteocyte dendritic processes. This method of analysis could be used to evaluate the
disease state of bone and response to therapy.
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1. INTRODUCTION

Osteocytes are the most abundant cells in the bone!. Osteocytes are formed when osteoblasts, bone-forming
cells that secrete collagen and mineral, become trapped in the mineralized extracellular matrix?. During this process of
terminal differentiation from osteoblast to osteocyte, cells go from a cuboidal shape to a stellate cell with 40-100
dendritic processes, with 50 processes on average?. The chemo-regulatory mechanisms that control this transformation
are unknown' as are the homeostatic implications of the number and length of dendritic processes on the cells®.
Osteocyte cell bodies reside in lacunae, voids in the collagen matrix with unique collagen fibril organization that are
typically 15-20 microns wide?, and connect to one another and other types of cells via canaliculi, small channels between
lacunae that allow for the connection of dendritic processes that form the osteocyte network®. Without connections to
other cells, osteocytes may succumb to cell death®; but while connected, osteocytes regulate the homeostasis of bone.

The osteocyte network regulates the homeostasis of the bone including mineral metabolism?, response to
mechanical forces!, and remodeling by sending chemical cues to osteoblasts and osteoclasts, bone-absorbing cells®.
Osteocytes are able to regulate mineral metabolism through DMP-1, PHEX, and FGF-23*, molecules highly expressed in
osteocytes. These osteocyte molecules regulate one another to control the amount of circulating phosphate excreted by
the kidneys®. Osteocytes have a mechano-sensory function as well. Mechanical loading impacts osteocyte function as
well as gene expression® and it is known to increase bone mass®. Osteocytes inhibit osteoblast formation when they
undergo apoptosis by releasing proinflammatory cytokines”® and upregulate the endocytosis of dying osteocytes by
osteoclasts, thereby modulating bone resorption processes’. Beyond the bone, osteocytes secrete factors that act directly
on the kidneys, the heart, the lungs, and blood vessels while impacting the functions of the intestine indirectly!'®. Thus,
the osteocyte network has an endocrine function and is critical in maintaining homeostasis in the rest of the body as well.

The lacunocanalicular network not only allows for osteocyte regulation of bone and body homeostasis, but is
regulated by osteocytes as well. The surface area of the lacunocanalicular network is many orders of magnitude larger
than the surface area of bone!!, thus the removal of a few angstroms of mineral from the surface of the network near
each osteocyte would greatly impact the systemic ion levels®. Enlarged lacunae have resulted from hibernation'?, space
travel', and renal osteodystrophy disease'*. In addition, patients with X-linked hypophosphatemic rickets have had
periosteocytic lesions!®. These morphological changes to the lacunocanalicular network impact the mechano-sensory
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function of osteocytes and fracture risk'®. Therefore, understanding both the osteocyte and lacunocanalicular network are
important in the understanding of bone homeostasis.

The mature osteocyte and lacunocanalicular network interacts closely with the mineralized collagen fiber mesh
network in bone. However, due to challenges in analyzing the bone and osteocyte structure in highly scattering whole
bone tissue, osteocyte chemical and metabolic analysis has been largely performed in vitro!. The interaction between
osteocytes and the lacunocanalicular network has largely been studied ex vivo, visualizing the interaction with confocal
or scanning electron microscopy, but typically without integrated analysis of the surrounding matrix>. However, the
osteocyte responses in vitro lack the natural mechanical matrix deformation of the collagen mesh that is likely to impact
osteocyte lacunocanalicular network response®. Thus, it is imperative researchers develop methods to analyze the
osteocyte and lacunocanicular networks together with the surrounding bone collagen.

Second harmonic generation (SHG) is a non-linear label-free coherent imaging strategy that is useful in
describing collagen, a non-centrosymmetric molecule. When high-energy laser pulses interact with collagen molecules
that are parallel to the polarization of the excitation beam, the emitted signal is twice the excitation frequency'’. The
induced polarization, P, is dependent on the second order susceptibility tensor, ¥, the number of molecules present, N,
and the average orientation of collagen molecules, <f>. Thus,

P yVE (1)
and
2 =Ny <p> @)

such that when the polarization of the excitation light is aligned with the majority of the collagen molecules, the
resulting SHG image is of overall higher intensity when compared to when the polarized light is rotated orthogonally'.
Conversely, the emitted SHG signal will be of the same intensity regardless of polarization orientation when the collagen
molecules are perfectly disorganized. In bone, collagen fiber orientation is heterogeneous. Collagen fibers are organized
into lamella sheets, structures roughly 5 microns thick containing fibers oriented in the same direction'®?!, with
neighboring lamella sheets are arranged orthogonally to one another. The collagen of muscle, bone, tendon, and skin
have been evaluated with SHG using linearly or circularly polarized light?>?*. However, because the emitted SHG signal
is impacted by the highly scattering nature of bone, bone is often sectioned before evaluation and 3-D spatial
organization is lost®.

Third harmonic generation (THG) is a label-free, non-linear imaging strategy that combines the energy of three
photons to generate a photon with a wavelength that is one third of the excitation wavelength?®. Unlike SHG, which is
dependent on nonlinear scattering in noncentrosymmetric crystals, THG signal is generated at the interface between two
structures with different refractive indices, with a third-order nonlinear susceptibility, ¥*.26*” Therefore, THG is useful
at the interface between aqueous interstitial fluids and lipid-rich cell membranes. Various skin cells, the cornea, bones,
and muscles have been images with THG to visualize the types of cells present, invasion of disease, and response to
therapy®®33. Thus, THG and SHG are methods that could be used together to evaluate bone health in vivo to monitor cell
health and collagen deposition in diseased states and in response to therapy.

In this work, we find that SHG and THG can be used together to provide understanding of collagen deposition
in newly formed bone. We use linearly polarized light rotated over 180° to describe collagen deposition surrounding the
lacunae. We further describe the organization of collagen with gray level co-occurrence matrix (GLCM) measures. THG
is useful in the identification of the osteocyte network and the connections made by individual osteocytes. This
implementation of SHG and THG analysis could be used as a guide for researchers in bone health to describe the
lacunocanalicular network and osteocyte health.

2. METHODOLOGY
2.1 Animals

The use and experimentation upon all animals in this study was approved by The University of Georgia
Institutional Animal Care and Use Committee. Wild type B6/129 mice were sacrificed at two weeks of age. The skulls
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were skinned and embedded with dental cement to prevent movement. The calvaria bones were stored at -20°C and
hydrated with PBS during imaging.

2.2 Optical setup

The optical setup for imaging experiments used a two-photon microscope described in our previous efforts.>*
The optical setup consists of a Ti:Sapphire ultrafast laser (Chameleon ultra II) that produces light from 680nm to
1080nm. We adjust the group velocity dispersion to shorten the pulses and maximize the THG signal intensity. The epi-
detected second harmonic generation (SHG) signal of collagen was collected with a PMT (Hamamatsu) and a 525/50
bandpass filter while the back-propagated Third Harmonic Generation (THG) signal of osteocytes was collected with a
PMT and a 356/30 bandpass filter.

2.3 Data analysis: collagen texture

Both ImageJ 1.50e (Wayne Rasband, National Institute of Heath, USA) and MatLab (Matlab and Statistics
Toolbox Release R2017a, The MathWorks Inc., Natick, MA, USA) were used to analyze SHG image stacks containing
angle-encoded information to visualize collagen orientation. Color images were formed with each stack normalized to the
maximum intensity. Images were normalized to the reciprocal of a standard set of CFSE images and every 10° of
polarized light was assigned a different color. To describe the orientation and organization of the collagen lamella sheets,
the final color-coded image was created by selecting the maximum intensity of each colored pixel.

In order to quantify the variation of collagen orientation seen, we used the gray-level co-occurrence matrix
(GLCM). The GLCM is a spatial statistical method that compares how often different combinations of gray-level
intensities occur within an image. The matrix is made when the pixel of interest is compared to its neighbors at 0°, 45°,
90°, and135° within a defined neighborhood of pixels. We defined this neighborhood as 50 pixels (6.9 um) and
examined the homogeneity, correlation, energy, and contrast. Each parameter was defined as:

Homogeneity = X p(i,j) /[1 + |i-j[] 3)
Correlation = X [(i-pi)(-1i)p(i,)) /oioj 4)
Energy = X p(i,j)* )

Contrast = X i p(i,j) (6)

Where i is the gray level of interest, j is the gray level being compared, p(i,j) is the number of times that gray-level pair
occurs in the image, and p is the mean while o is the standard deviation of the overall GLCM. A total of 20 gray levels
were used for analysis. Matlab software was used to compute all values.

2.4 Data analysis: lacunae

Osteocyte lacunae were visualized with Matlab by exploiting the voids of the SHG images. A 3-D minimum
filter (o = 2) was applied and followed by a 3-D Gaussian filter (¢ = 1.5). A 3-D adaptive threshold was applied to each
stack. Holes in the binary images were filled and only objects larger than 1,400 microns® were permitted to pass and be
viewed.

2.5 Data analysis: osteocytes

Osteocytes were visualized and analyzed with ImageJ. The original THG image was processed by removing
bright outliers, applying a 3-D Gaussian filter (c = 1.0), and an adaptive threshold was applied before a final smoothing.
Objects larger than 27 microns® were permitted to pass and be viewed.
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3. RESULTS
3.1 Collagen texture
The calvaria of a mouse was imaged using a two-photon microscope and rotated linearly polarized light at each
depth. Each angle of light was assigned a color and a maximum projection image was formed (Figure 1A). The

projection allows us to see aligned lamella sheets. Stacked and neighboring lamella sheets have opposing colors,
indicating that the collagen fibers that compose those sheets have roughly orthogonal orientations.
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Figure 1. Second Harmonic Generation allows for collagen and lacunae analysis. (A) 3-D SHG image obtained using linearly
polarized light depicts the formation of lamella sheets. (B) Analyzing the collagen fibers that compose the lamella sheets with GLCM

describes the texture of the collagen fibers. (C) Analyzing the voids of the SHG image allows for the 3-D reconstruction of osteocyte
lacunae. (D-E) The parameters of the osteocyte lacunae can be quantified.

The collagen texture of lamella sheets can be described with the GLCM. To do so, we used and SHG projection of
the average of all angles of polarized light capturing bone 5 microns from the surface. Lacunae were omitted with an
Otsu threshold and not considered in this analysis. Homogeneity describes how similar the gray levels are to one another
within a given image, with values close to 1 indicating like gray values and values of 0 indicating dissimilar gray values.
Here, when comparing pixels at all angles (0° — 135°) the homogeneity factor indicates similar gray levels for all
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neighboring pixels within the first micron (Figure 1B(i)). Likely, these pixels are within the same collagen fiber. As the
neighborhood is expanded to nearly 7 microns, the homogeneity drops to 0.4.

Similar to homogeneity, correlation determines similarities between pixels of interest while accounting for the
mean of the image, thus it determines how dependent pairs of gray levels are on one another. Perfectly negatively or
positively correlated images have values of -1 or 1, with a constant image having a value of NaN. The correlation of this
SHG image indicates that similar gray levels are found within the first micron of neighbors (Figure 1B(ii)), but the
intensity of pixels that are near 7 microns away are not well correlated to one another.

The energy parameter of a GLCM describes the orderliness or uniformity among neighboring pixels, with
values ranging from [0 1]; 1 indicates a constant image. The energy of our SHG image is very low even when examining
neighbors that would likely be within the same collagen fiber (Figure 1B(iii)).

Finally, we examined the contrast of the image using the GLCM, describing the sum of square variance, with a
range of [0 ((number of gray levels)-1)?]. Here, a value of 0 indicates a constant image. We see low contrast values when
we examine pixels within the first micron, indicating similar gray levels, but again we see a sharp increase in the contrast
when we move farther away from the pixel of interest, indicating dissimilar gray values (Figure 1B(iv)).
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Figure 2. THG images of visualize osteocytes and permit quantification. (A) The 3-D THG image of osteocytes was
reconstructed with color indicating depth of feature. (B) The resultant processed THG image that is used for segmentation. (C)
The segmented dendrites of the osteocytes. (D-E) The properties of dendrites can be quantified to measure average and
maximum branch length, Euclidean distance, as well as number of branches and junctions.

3.2 Lacunae

The absence of SHG signal indicates a lack of collagen. Here, we are able to visualize these gaps, lacunae,
where osteocytes reside (Figure 1C). With segmentation, we can identify individual lacunae and describe them. On
average, the lacunae have a volume of 618 microns’. Parameters such as the major axis length (17.5 £ 5.0 microns),
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diameter (10.0 £ 2.5 microns) and proximity of lacunae (nearest: 22.0 + 6.0 microns; farthest: 64.2 + 8.6 microns) can
also be determined (Figure 1-D-E). Values given are the average and standard deviation of 9 lacunae.

3.3 Osteocytes

THG is able to identify osteocyte bodies and dendrites due to the difference in refractive index between the cell
and the surrounding interstitial fluid. First, we visualized osteocytes with a 3-D reconstruction, color coded by depth
(Figure 2A). Next, to describe osteocytes, we needed to process the image to allow for segmentation (Figure 2B).
Finally, by skeletonizing the image, we can visualize the dendrites of the osteocytes (Figure 2C). The resulting
skeletonized image allows for quantification of average branch length (19.3 + 6.0 microns), Euclidean distance (15.5 +
5.4 microns), number of branches (206 + 436), number of junctions (112 + 238), and the longest connection of dendrites
(70.8 + 25.9 microns) (Figure 3D-E).

A)

Figure 3. SHG and THG methods provide complimentary information about bone health. (A) SHG projection of lamella
sheets. (B) THG projection of osteocytes. (C) Merge of SHG and THG images. Scale bar 15 microns.

4. DISCUSSION

This paper demonstrates how SHG methods of collagen analysis can be used together with THG analysis of
osteocytes (Figure 3). SHG analysis is critical to understanding how collagen fibers are oriented. Disruption to the
layering of collagen fibers can be indicative of disease state. This method of analysis can evaluate how disease responds
to therapy. By incorporating the statistical method of analyzing the texture of collagen with GLCM, these SHG images
can be analyzed. Here, we visualized collagen sheets represented by different colors. Our GLCM results indicated that
gray levels of the pixel of interest were like neighbors within 1 micron. Past 1 micron, the GLCM demonstrated that the
gray levels became different from their neighbors. This indicates collagen molecules within a given fiber share similar
intensities. It is possible that overall lamellar regions are brightest at a given angle of polarized light, the intensity of the
light generated among neighboring, aligned collagen fibers may be different. Further analysis of the GLCM using
images from one angle of linearly polarized light may elucidate these findings. This work should also be carried out on
different types of bone. Here, we used juvenile bone that is undergoing extensive remodeling. The transformative nature
of this bone may be contributing to the empirical GLCM results. Our lacunae data showed consistent measurements of
lacunae within the field of view, with standard deviations among the group never surpassing 30%. Future work is needed
to determine baseline lacunae and GLCM measures for different types of bone at various stages of development.

Osteocyte health is critical to bone homeostasis, but due to their location intertwined in collagen, osteocytes
have been difficult to study. Here we demonstrate quantifiable measures that can obtained from THG images of
osteocytes. As expected, the average branch length, maximum branch length, and Euclidean distance of the dendrite
clusters were positively correlated with one another. In addition, more branching of dendrites also indicated that more
junctions among dendrites would occur. Like the SHG measurements, more bone samples need to be examined to
determine the homeostatic baseline for these measures. One of the dendrite clusters that we measured had considerably
more dendrites than the others. When visually examining the clusters of dendrites, this large cluster consists of dendrites
originating from several cells. Moving forward, it will be important to separate these dendrites and identify the origins
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and synapses of the dendrites. Improving this segmentation will help determine how the number of dendrites on an
osteocyte impact bone health.

The work in this manuscript demonstrates the integration of quantifiable SHG and THG imaging for bone

health analysis and seeks to serve as a basis of investigation for other researchers.
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