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Abstract

Osteocytes are believed to play a crucial role in mechanosensation and mechanotransduction which are important for
maintenance of mechanical integrity of bone. Recent investigations have revealed that the preferential orientation of bone
extracellular matrix (ECM) mainly composed of collagen fibers and apatite crystallites is one of the important determinants
of bone mechanical integrity. However, the relationship between osteocytes and ECM orientation remains unclear. In this
study, the association between ECM orientation and anisotropy in the osteocyte lacuno-canalicular system, which is thought
to be optimized along with the mechanical stimuli, was investigated using male rat femur. The degree of ECM orientation
along the femur longitudinal axis was significantly and positively correlated with the anisotropic features of the osteocyte
lacunae and canaliculi. At the femur middiaphysis, there are the osteocytes with lacunae that highly aligned along the bone
long axis (principal stress direction) and canaliculi that preferentially extended perpendicular to the bone long axis, and the
highest degree of apatite c-axis orientation along the bone long axis was shown. Based on these data, we propose a model
in which osteocytes can change their lacuno-canalicular architecture depending on the mechanical environment so that they
can become more susceptible to mechanical stimuli via fluid flow in the canalicular channel.
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Introduction Recently, ECM micro-organization, and in particular, the

anisotropic arrangement of collagen molecules and apatite

Osteocytes inhabit the bone extracellular matrix (ECM) and
are believed to play a pivotal role in mechanosensing and
mechanotransduction [1-4] which ultimately result in well
mechanically functionalized bone material under a specific
mechanical environment. To date, the mechanisms by which
osteocytes respond to mechanical stimulation to cause bone
mechanical integration and resistance to breaking have been
widely investigated using in vitro and in vivo assays at the
genetic, cellular, and tissue level [5—12]. However, the major
focus of these studies in bone adaptive responses was bone
mass and/or BMD.
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crystallites, has been recognized, in some situations, as an
important determinant factor of bone mechanical function
[13, 14], rather than BMD [15]. Although bones are required
to mechanically function under the anisotropic stress field,
BMD which is defined as a mineral amount per volume [mg/
cm’] does not encompass any anisotropic features of bone
materials and cannot be an explanatory parameter for the
anisotropic mechanical functions of bone. It is generally
accepted that crystallographic texture and orientation—the
orderly arrangements of elemental atoms, ions, and mol-
ecules—strongly determine the function of materials, such
as metals, ceramics, polymers, etc., independent of their
volumetric densities. Bone has unique ECM orientations
depending on the bone type [16]; for example, unidirectional
orientation is seen in the long bones and mandibular corpus,
and two-dimensional orientation is seen in the skull bone,
although they have a similar BMD. The bone with a highly
oriented ECM showed significant anisotropy in Young’s
modulus [17, 18], yield stress [17], ultimate stress [17, 19],
and toughness [19, 20], so that the values in the oriented


http://orcid.org/0000-0003-0081-0591
http://orcid.org/0000-0002-8427-7124
http://orcid.org/0000-0001-8052-1698
http://crossmark.crossref.org/dialog/?doi=10.1007/s00223-021-00852-1&domain=pdf

Quantitative Evaluation of Osteocyte Morphology and Bone Anisotropic Extracellular Matrix... 435

direction were higher, while bone with poorly oriented
ECM, such as regenerating bones [21, 22], showed relatively
isotropic and degraded Young’s modulus [23]. This repre-
sents the importance of appropriately oriented ECM for the
mechanical performance of bone.

To date, the osteocyte’s role in regulating bone ECM ori-
entation, which largely determines bone mechanical integ-
rity, is unclear, although the knowledge of the osteocyte’s
role in regulating bone mass and BMD is increasing. Vatsa
et al. [24] suggested that the osteocyte has the potential to
detect the “direction” of principal mechanical loading by
observing paxillin that localizes to the mechanosensing site
in the cell [25]. Moreover, the structure and orientation of
the cellular cytoskeleton are reported to be influenced by
external mechanical stimuli, especially, the direction of prin-
cipal strain [26, 27], which affects cell shape [24, 26]. It is,
therefore, hypothesized that the osteocyte changes its cell
shape and cytoskeleton organization to effectively detect dif-
ferent mechanical environments [28], which is anisotropic
in many cases. These studies, however, did not consider
whether and how the anisotropic mechanical environment
detected links to ECM orientation in bone.

In this study, we investigated the quantitative correlation
between the orientation (anisotropic arrangement) of ECM
and anisotropic osteocyte morphology using a rat femur
which is mainly uniaxially loaded along bone long axis
[29], focusing on the efficacy of the osteocyte in sensing an
anisotropic stress field. As a rat model has been widely used
to study osteocyte’s mechaobiology, usage of rat model is
suitable for the present purpose.

Materials and Methods
Animals and Bone Specimen Preparation

Five-week-old male Sprague—Dawley rats (n = 7) were pur-
chased from Japan SLC. To eliminate the effects of varia-
tions in body weight due to sex differences, only male ani-
mals were used in this study. The left femur was harvested
after euthanasia. All animal procedures and protocols were
approved by the Animal Experiment Committee of Osaka
University Graduate School of Engineering (Approval Num-
ber: 19-4-2). Longitudinal cortical bone sections (sagittal
plane, 200400 pm) were cut with a diamond band saw (BS-
300CP; Exakt Apparatebau, Germany). The sectioned speci-
mens were immediately placed into a fixative for electron
microscopy (0.5% glutaraldehyde, 2% paraformaldehyde
in 0.05 M cacodylate-sodium buffer, pH 7.4) [30] for 48 h
at room temperature. The cortical sections were, thereaf-
ter, ground with emery paper (2000 grid; Riken, Japan) to
a final thickness of approximately 70 pm and dehydrated

progressively in 75%, 95%, and 100% ethanol for 5 min for
each step.

Osteocyte Observation Using Confocal Laser
Scanning Microscope

Osteocytes embedded in the bone matrix were visualized
via fluorescent staining [31]. FITC (F7250; Sigma-Aldrich,
USA), diluted in 100% ethanol at a concentration of 1%,
was used to stain the osteocyte lacuna and canaliculus. The
specimens were immersed into the solution for 2 h to trans-
fuse fluorescent dye into the lacuna and canalicular space.
The cortical specimens were then rinsed in 100% ethanol,
air dried, and cover-slipped with a fluorescent mounting
medium (S3023; Dako North America, CA, USA).

A confocal laser scanning microscope (CLSM) sys-
tem (FV1000D-IX81; Olympus, Japan) with UPlanSApo
60 x oil objective lens (numerical aperture = 1.35) was used
for osteocyte observation. FITC was excited with a 488-nm
laser, and emission fluorescence was detected at a wave-
length of 510 nm. The refractive index of the immersion
media (Immersion oil Type-F; Olympus, Japan) was 1.518.
The theoretical resolutions of the xy-axes and z-axis were
0.184 and 0.565 pm, respectively. The CLSM observations
were conducted at the same region of the pXRD measure-
ments (Fig. 1a and b). The frame size of the image (x—y) was
258 pmx 258 pm (0.5 pm/pixel) with a 16-bit color depth.
Confocal images were obtained at a depth of up to 10-20 pm
from the specimen surface (Fig. 1c), with a 0.5-pm step size
(z), which is comparable to the z-axis resolution. In total, 21
images/frames were obtained.

Quantitative Analysis of Shape and Alignment
of Osteocyte Lacunae and Canaliculi

The brightness (B) of images taken by CLSM was attenuated
exponentially by increasing the depth (d) from the speci-
men surface in which the image was taken; the brightness
was adjusted by an exponential function [B= a exp(—fd),
where a and 3 are fitting parameters] utilizing TRI/3D-BON
(RATOC System Engineering, Japan). The images were
then binalized and the osteocyte lacunae and canaliculi
were separately extracted. Large fluorescent-stained pores
corresponding to blood vessels were eliminated from the
analyses. The osteocyte lacunae and canaliculi were pro-
jected onto the x—y plane and the projected 2D image was
used for analyses.

All quantitative analyses of osteocyte lacunae and cana-
liculi were performed using CellProfiler (www.cellprofiler.
org) [32]. Osteocyte morphology was individually approxi-
mated to an ellipse which has an equivalent cross-sectional
moment of inertia as the original osteocyte lacuna. The
aspect ratio (AR) of the osteocyte lacuna was calculated as
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Fig. 1 Representations of analyzed portions in rat femur anterior
cortices. a Five regions of interest (ROIs) along the femur longitudi-
nal axis. b Three measurements of microbeam X-ray diftraction and
confocal laser scanning microscopy (CLSM) in each ROI were per-
formed. ¢ CLSM images were taken from the region indicated by a
square (10-20 pm deep from specimen surface)

AR =1L, /L,

where L; and Lg are the long and short axis length of the
elliptically approximated osteocyte lacuna, respectively. The
degree of osteocyte lacuna alignment (DA) along a reference
axis was quantitated using the following equation [33]

DA = 2({cos’p) — 0.5)

2n 2
(cos’@) = / cos’p « n(p)de/ / n(@)de,
0 0

where ¢ is an angle between the osteocyte long axis and the
longitudinal axis of the femur as a reference axis (y-axis),
and < cos’¢p > is the averaged cos¢ for all osteocyte lacu-
nae within the analyzed area. If the osteocyte lacunae in the
analyzed region are completely aligned parallel and perpen-
dicular to the bone longitudinal axis, DA should be 1 and
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— 1, respectively. Random osteocyte lacunar alignment was
assigned a DA of 0. Osteocyte canaliculi directionality was
also quantified as the angle of canaliculi at their base with
respect to the long axis of the lacuna of the canaliculi.

Analysis of the Preferential Orientation of Apatite
c-Axis

In bone tissues, apatite crystallizes on the collagen tem-
plate in an epitaxial manner [34] through an in vivo self-
assembly process. As a result, the crystallographic c-axis
of apatite is almost parallel to the longitudinal direction
of the collagen fibrils [35]. Therefore, the preferential
apatite c-axis orientation mirrors collagen orientation.
The degree of preferential apatite c-axis orientation was
analyzed conducting a microbeam X-ray diffractometer
(pXRD) (R-Axis BQ; Rigaku, Japan) with a transmission
optical system and Mo target. A Mo-Ka line was gener-
ated at 50 kV and 90 mA (4.5 kW) and a double-pinhole
metal collimator with a diameter of 200 pm was used. The
pXRD measurements were carried out in the five regions
of interest (ROI 1-5) in the anterior cortical bone as shown
in Fig. 1a; ROI 3 corresponds to the middiaphysis of the
femur. In each ROI, three observations were carried out
as described in Fig. 1b and the data were averaged. Inci-
dent beam was radiated perpendicularly to the thinned
bone specimen and the diffracted beam was counted for
1200 s by an imaging plate (Fuji Film, Japan). From the
obtained Debye ring (Fig. 2a), the diffracted intensity (/)
from (002) and (310) planes were integrated along the
azimuthal angle (y) at an angle step of 1° and the intensity
distributions as a function of y (I(y)) were approximated
by the following function (modified ellipse) using a least-
square method [36, 37]:

P

Iy = { cos’(y =) _ sin’(y — ) }
a2 b?

where a, b, ¢, and y are fitting parameters and y is the angle
at which the intensity becomes maximum (Fig. 2b). Finally,
the intensity ratio of (002)/(310) was calculated at each y
(Fig. 2¢) in order to evaluate the degree of apatite orienta-
tion [16, 38]. This value for the randomly orientated apatite
(NIST #2910: calcium hydroxyapatite) was confirmed to be
0.6. In the case of Fig. 2 which represents typical pXRD
data from a rat femur middiaphysis, the apatite c-axis is pre-
dominantly oriented along the bone long axis, which is clear
described with a radar diagram (Fig. 2d). The intensity ratio
in the femur longitudinal axis was used for the assessment of
the degree of preferential apatite c-axis orientation [13, 15].
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Statistical Analysis

All data are presented as mean + standard deviation (SD)
(n="17 animals). The differences in AR, DA, and the degree
of apatite c-axis orientation among the ROIs were analyzed
using one-way ANOVA followed by Games-Howell multiple
comparison test. Pearson’s correlation analysis was used to
determine the relationships between AR, DA and the degree
of apatite c-axis orientation. P <(0.05 was considered sta-
tistically significant. IBM SPSS Statistics Base 20 software
for Windows (IBM, Japan) was used for all the statistical
analyses.

Results

Osteocyte Canalicular Directionality Depending
on Lacunar Elongation

The osteocyte canaliculi originate in a radial fashion from
the osteocyte lacuna, therefore, canalicular directional-
ity seems to be largely affected by lacunar elongation as
shown in Fig. 3a and b with relatively lower (2.3) and
higher (4.8) AR, respectively. Figure 3¢ shows the fre-
quency of canalicular direction, with respect to the lacunar
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long axis, as a function of lacunar AR. For relatively round
osteocyte lacunae (AR: 1-2), the direction of distribution
is almost homogeneous; the higher the lacunar AR is, the
higher the frequency of canaliculi that ran perpendicularly
to the lacunar long axis. For elongated lacunae with an
aspect ratio > 4, more than 65% of canaliculi originated at
60° to 90° from the lacunar long axis. The directionality of
the canaliculi is largely dependent on lacunar elongation.

Morphology and Alignment of Osteocyte Lacunae
Along with Femur Long Axis

Figure 4a-e shows typical FITC-stained images taken at
each ROI. The AR and the degree of osteocyte lacunar
alignment are quantified in Fig. 4f and g, respectively.
Lacunae are highly elongated and their long axes are pref-
erentially aligned in the femur longitudinal direction at
the middiaphysis (ROI 3); they become less anisotropic in
shape and show relatively dispersed direction of alignment
in the proximal and distal cortices. Considering this and
the canalicular directionality to the lacunar long axis, a
large part of the canaliculi in the femur middiaphysis runs
perpendicularly to the bone longitudinal direction.
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Fig.3 Osteocyte canalicular
directionality distribution. a, b
Representative confocal laser
scanning microscopy images of
the osteocyte lacunar-canalicu-
lar system acquired on a single
z-plane. Scale bar: 10 pm. ¢
Angular distribution of cana-
liculi that originated from the
osteocyte lacuna with respect to
the lacuna long axis, depend-
ing on the lacunar aspect ratio
(n=17). *Indicates statistical
significance as determined by
post hoc multiple comparison
test (P <0.05)
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Fig.4 Observation and quantitative analyses of the osteocyte lacuno-
canalicular system. a-e Confocal laser scanning microscopy images
of the osteocyte lacuno-canalicular organization of each ROI. Scale
bar: 50 pm. f Osteocyte lacunar aspect ratio (AR) of each ROI (n=7).
g The degree of the osteocyte lacunar alignment along the bone lon-
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gitudinal axis (DA) of each ROI (n=7). Both AR and DA showed a
statistically significant position dependency (P <0.05 for both) via a
one-way ANOVA. *indicates statistical significance between ROIs
determined by a post hoc multiple comparison test (P <0.05). ROI,
region of interest
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Preferential ECM Orientation Along with Femur
Long Axis
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Fig.5 Analysis of ECM orientation. a Distribution of the degree of
the preferential apatite c-axis orientation determined as the diffracted
peak intensity ratio of (002)/(310) along the bone longitudinal axis
(n=17). The apatite orientation showed a statistically significant posi-
tion dependency (P <0.01) using a one-way ANOVA. *indicates sta-
tistical significance between ROIs determined by a post hoc multiple
comparison test (P <0.05). b Schematics of oriented apatite/collagen
structure with higher and lower degree of orientation
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Fig.6 Anisotropic association between osteocyte architecture and
ECM micro-organization. Correlations between the degree of the
preferential apatite c-axis orientation and a the osteocyte lacunar
aspect ratio (r=0.67, P<0.01), and b the degree of osteocyte lacu-
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The degree of the preferential apatite c-axis orientation
calculated as the relative intensity ratio of (002) diffraction
peak and (310) peak is shown in Fig. 5. In all ROIs, the
intensity ratios along the femur longitudinal axis were over
0.6, showing that rat femur cortices show uniaxial prefer-
ential apatite c-axis orientation along the longitudinal axis
in which the rat femur is predominantly loaded [29]. The
degree of apatite orientation depends on the ROI (Fig. 2); it
peaks at middiaphysis of the femur (ROI 3) and decreases
in the proximal and distal ROIs.

Correlations Between the Osteocyte
and the Preferential ECM Orientation

The degree of the apatite c-axis orientation was significantly
and positively correlated with AR (r=0.67, P<0.01) and DA
(r=0.73, P<0.01) of the osteocyte lacunae (Fig. 6). The
degree of the apatite orientation synchronously varied with
the osteocyte lacunar anisotropy along the femur longitu-
dinal axis.

As a result, the bone portion with a higher degree of
apatite c-axis orientation showed more osteocyte canaliculi
perpendicular to the apatite oriented direction. Synchronous
change of the degree of ECM orientation and that of osteo-
cyte anisotropy is clearly recognized.

Discussion

Anisotropic in vivo stress applied to bone should trigger the
formation of anisotropic bone ECM organization because
the bone needs to be strong enough to bear the anisotropic
mechanical environment. The long bone is subjected to a
mixture of axial load in the longitudinal axis and bending
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[29]. Bending is converted to axial stress along the longi-
tudinal bone axis with a stress gradient from the endosteal
to periosteal surface [39], hence, the long bone is predomi-
nantly loaded by a principal stress along its longitudinal
axis. Moreover, during the direct measurement of bone strain
using a strain gauge, the principal stress peaked at the long
bone middiaphysis [40, 41]. As has been reported, the osteo-
cyte in the uniaxially loaded bone elongates and aligns in
the principally loaded direction. The osteocyte lacuna ana-
lyzed in the present study also anisotropically elongated and
aligned with respect to the bone longitudinal axis (Fig. 4).
The elongation and alignment of osteocytes peaked at the
femur middiaphysis and became less anisotropic as a func-
tion of the distance from the middiaphysis. The directional-
ity of canaliculi radiation from a lacuna is greatly influenced
by the lacunar shape (Fig. 3). The more elongated lacunae
possessed a higher frequency of canaliculi originating per-
pendicularly to the lacunar long axis. The directionality of
the canaliculi is largely dependent on lacunar elongation.
As a result, many of the canaliculi ran perpendicularly to
the bone longitudinal axis at the middiaphysis, while the
directionality became more random at the periphery. This
supports the hypothesis proposed by Vatsa et al. [24] that
the osteocyte optimizes its lacuno-canalicular distribution to
adapt to the stress environment to exert moderate sensitivity
as a mechanosensory cell. However, in the human osteonal
bone, most of the canaliculi are aligned perpendicular to
the osteonal lamellae; however, laterally extended canaliculi
appear to co-align with collagen fibers within the lamellae
[42], which is more complex than that in rat bone which
lacks osteons.

This osteocyte lacunar-canalicular morphology should
contribute to the effective detection of uniaxial stress. The
theory based on fluid flow-induced shear stress stimulation
around osteocyte was proposed as a most potent mechano-
sensing mechanism [43]. The osteocyte body and process
which are located in a lacuna and canaliculus, respectively,
are both considered to function as a stress (strain) sensing
site [44, 45]; however, the in vitro study suggested that the
mechanosensitivity of the osteocyte cell processes was
much higher than that of the cell body [46]. When bone is
loaded, the bone matrix surrounding the canalicular chan-
nels deforms and the canaliculus thin space is mechanically
compressed, thereby, generating interstitial fluid flow in
the canalicular channel which induces shear stress onto the
cell membrane of the osteocyte process. The shear stress
is the tangential force generated at the surface of the cell
process by the gradient of velocity in the laminar fluid flow.
Bones are subjected to different stress fields depending on
the anatomical site, for example, the long bone is loaded
by longitudinal stress [29]. Based on the fluid-flow theory,
the directionality of the osteocyte canaliculi will affect the
deformability of canalicular channels and subsequently, the
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efficiency of mechanosensing under the anisotropic stress
field. However, the effect of osteocyte canaliculi directional-
ity in mechanosensing has not been well documented to date.

In Fig. 7a, in a canaliculus extended perpendicularly
to the principal stress direction, the entire part of tissue
strain (le) is used to deform the canaliculus, resulting in
the effective generation of fluid flow in the canaliculus. In
contrast, in a canaliculus extended obliquely to the stress
direction, only a part of tissue strain (e siny) was used to
deform the canaliculus as a function of inclination angle
w, which might mean that in the obliquely extended canali-
culus, the interstitial fluid-flow rate was smaller than in the
perpendicularly extended canaliculus to the principal stress
direction. The magnitude of shear stress is dominated by
the fluid-flow rate [47, 48] and bone cell response to fluid
shear stress is fluid-flow rate-dependent. Bakker et al. [48]
reported that the production of NO and PGE2 from bone
cells which regulate osteoclastic and osteoblastic activi-
ties was enhanced in a shear stress rate-dependent manner.
Bacabac et al. [49] found a similar fluid shear stress rate
dependency of NO production. According to an analytical
model, the fluid-flow rate varied among canaliculi depend-
ing on the canalicular radiation direction [50]. As illustrated
in Fig. 7b, an osteocyte that is elongated and aligned in the
loading direction, with increased unidirectionality of its
canaliculi and processes, may show enhanced sensitivity to
the specific stress field—the uniaxial principal stress that is
perpendicular to the canaliculi. Moreover, a lacuna that is
elongated and aligned in the loading direction experiences
less strain (deformation) than one that is aligned in the off-
loading direction or is spherically shaped. Having lacunae
that are parallel to the loading direction would be benefi-
cial for osteocyte mechanosensing because the fluid flow
generated by canalicular deformation can be sensed without
being disturbed by deformation of the lacuna. In contrast, the
osteocyte with canaliculi which randomly extend is unsuit-
able for sensing specific uniaxial principal stress; conversely,
such osteocytes, typically seen in the non-weight-bearing
bone [51-53], are considered more sensitive to weak and
isotropic stresses [53].

The degree of preferential c-axis orientation of apatite
significantly correlated with osteocyte anisotropy (Fig. 6),
which leads to the hypothesis that the osteocyte regulates the
production of oriented ECM in response to the magnitude of
applied stress the osteocyte detects, although this production
mechanism is largely unclear. Kerschnitzki et al. [54] pro-
posed that the aligned and collective action of ECM-produc-
ing osteoblasts, which might be regulated by signaling from
osteocytes, is required for the formation of a highly oriented
ECM. In vitro investigation by Matsugaki et al. [55] showed
the aligned osteoblast forms oriented ECM whose degree
is dependent on the degree of osteoblast alignment, which
partly supports the hypothesis of Kerschnitzki et al. Further
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studies should be performed to clarify how the osteocyte
translates the information from the anisotropic stress field
into the factors that regulate the formation of the ECM ori-
entation, focusing on the cellular behaviors and production
and distribution of soluble agents induced by mechanical
stimulation to govern cellular behaviors.

The relationships between the magnitude of stress, osteo-
cyte anisotropy, and ECM orientation will provide impor-
tant insight into the functional adaptation of the bone. As
has been discussed thus far, adaptive responses of bone to
mechanical environment take place through changes in bone
mass or bone geometry [56] which is an important index
contributing to the overall mechanical functions of bone
from the structural aspect. However, the adaptive response
of the intrinsic material parameters, that is, the other essen-
tial aspects of the mechanical functions independent of the
structural parameters, remains poorly understood. Material
anisotropy, as represented by the ECM orientation in this
study, might be an important material parameter because

orientation between the two types of osteocyte lacuno-canalicular
organizations: elodngated and highly aligned lacunae with homoge-
neous directionality of their canaliculi perpendicular to the principal
load, and randomly distributed lacunae with scattered canalicular
directionality. ¢ indicates matrix strain

it can strengthen the bone in the dedicated direction where
the principal load is applied, which effectively optimizes the
mechanical function of the bone under anisotropic mechani-
cal conditions. On the contrary, changing bone quantity
inevitably increases bone strength in not only principally
loaded direction but also in other all directions, which may
not always be efficient.

Conclusion

The osteocyte lacuno-canalicular network and preferential
ECM orientation in male rat femur were quantitatively ana-
lyzed to understand their correlation. We first demonstrated
the quantitative correlation between the anisotropy in the
osteocyte lacuno-canalicular network and that in the ECM
arrangement. Osteocyte canaliculi that take the central role
in mechanosensing originated radially from the lacuna;
therefore, canalicular directionality largely depended on
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lacunar elongation and alignment. Bone portions including
osteocytes with highly anisotropic lacuno-canalicular system
with respect to the bone longitudinal axis showed a highly
oriented bone ECM to enhance Young’s modulus along the
loaded direction. Modification of ECM anisotropy may be
able to strengthen bone in the loaded direction more effi-
ciently, which is very interesting as a new aspect of bone
function adaptation.
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