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The dependences of osteocyte network on bone
compartment, age, and disease
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Osteocytes, the most abundant bone cells, form an interconnected network in the lacunar-canalicular pore
system (LCS) buried within the mineralized matrix, which allows osteocytes to obtain nutrients from the blood
supply, sense external mechanical signals, and communicate among themselves and with other cells on bone
surfaces. In this study, we examined key features of the LCS network including the topological parameter and
the detailed structure of individual connections and their variations in cortical and cancellous compartments, at
different ages, and in two disease conditions with altered mechanosensing (perlecan deficiency and diabetes).
LCS network showed both topological stability, in terms of conservation of connectivity among osteocyte
lacunae (similar to the “nodes” in a computer network), and considerable variability the pericellular annular
fluid gap surrounding lacunae and canaliculi (similar to the “bandwidth” of individual links in a computer
network). Age, in the range of our study (15-32 weeks), affected only the pericellular fluid annulus in cortical
bone but not in cancellous bone. Diabetes impacted the spacing of the lacunae, while the perlecan deficiency
had a profound influence on the pericellular fluid annulus. The LCS network features play important roles in

osteocyte signaling and regulation of bone growth and adaptation.
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INTRODUCTION

As the most abundant cells in bone, osteocytes form an
extensive cellular network through numerous cell pro-
cesses emanating from individual cell bodies. These cel-
lular protfrusions and cell bodies are housed with an
extensive pore system, the lacunar-canalicular system
(LCS), and buried within the bones mineralized matrix.
This cellular network allows osteocytes to obtain nutrients
from the blood supply, sense external mechanical signals,
and communicate among themselves and with ofther
cells on bone surfaces.! Previous experimental studies?™
have demonstrated that osteocytes in intact bone
change their metabolic activity rapidly after mechanical
loading, indicating their function as mechanosensors.
There is increasing evidence that osteocytes sense mech-
anical loading through the interstfitial fluid flow around
osteocyte cell membranes in the LCS.4” The spatial and
temporal profiles of load-induced flow depend not only
on the loading parameters but also the architecture of

LCS. Alterations to the LCS structures are expected to
impact how osteocytes perceive external mechanical
stimulation during the ‘‘outside-in’’ mechnosensing pro-
cesses®'° by modulating the levels of stimulatory forces,
such as fluid shear stresses’ and drag forces on the peri-
cellular tethering fibers of osteocytes.!’ In response to
these cellular stimulations, osteocytesrelease many signal-
ing molecules like nitric oxide (NO), adenosine fripho-
sphate (ATP), sclerostin, prostaglandin E2 (PGE2), and
osteoprotegerin/receptor activator for nuclear factor
ligand (OPG/RANKL), which regulate osteoblastic bone
formation as well as osteoclastic-targeted bone resorp-
tion.'%'2715 Because the principle intracellular transport
mechanisms that enable these molecules to reach their
target cells are diffusion and/or convection through
the LCS, the LCS structure also plays an important role in
osteocytes’ ‘‘inside-out’’ signaling process.'"'® Using a
mathematical model,' we previously demonstrated
that solute fransport can be altered with varied LCS
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parameters.Z° Furthermore, the surface area encasing the
fluid-filled pericellular space in the LCS represents a signifi-
cantinterface for the regulation of mineral homeostasis. It
is not surprising that LCS morphology has been recently
shown to correlate with tissue mineralization.?'-22

Because of its importance in bone physiology, the LCS
morphology has been studied extensively using imaging
tools with varied resolution (20 um-1 nm) and 2D- or
3D-imaging capability (see a recent comprehensive
review?3). These studies provided quantitative assessments
of the overall size, shape, volume fraction (porosity), and
distribution density of the vascular channels, osteocyte
lacunae, and canaliculi in different bones from many
species.?® For example, lacunae were on the order of
290-455 um? (volume) and distributed at a number density
of 26-90 lacunae per mm?® and lacunar separation of
21-40 um from mouse to human bones. Canaliculi ranged
from 95 to 553 nm in diameter and were distributed at
41-387 per lacuna for different species, with a mean matrix
distribution of ~0.55-0.85 per um?. Significant variations
reported among these measures may be due fo the differ-
ent methodologies and subjects used in the studies, but
they also likely reflect the dynamic nature of the LCS struc-
ture in normal and diseased conditions.

These data lead one to ask what the invariant and vari-
ant features of the osteocyte network are present in the
adult skeleton of normal and diseased subjects. Similar to
telecommunications or computer networks, the osteocyte
network consists of multiple nodes (lacunae) and intercon-
necting links (canaliculi) of potentially varying bandwidth
(i.e., capacities of signal fransfer) among the nodes. As the
telecommunication or computer networks allow digital
signals to pass among nodes, LCS network’s primary func-
fionis to allow osteocytes to obtain nutrients, sense mech-
anical loading through fluid flow, and communicate with
other cells through molecular signaling. In this study, we
focused on examining selective features of the osteocyte
network in terms of the overall topology (such as the num-
ber density of canaliculi emanating from the lacunae)
and detailed link bandwidth (such as the pericellular fluid
annular gap). We quantified these network features in
both corficaland cancellous compartmentsinlong bones
from younger and older adult mice as well as from mice
with perlecan deficiency and in mice with diabetes, both
of which exhibited altered responses to mechanical load-
ing.'""?* Because the central role of osteocyte LCS in fluid
flow and bone mechanosensing, their changes, if any,
would be important to understand the pathology assoc-
iated with two disease conditions (perlecan deficiency
and diabetes). The objective of the present study was to
identify the invariant and variant features of the osteocyte
LCS network. This information will help understand the
mechanisms for intercellular communication among
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bone cells as well as the roles of bone fluid flow in bone’s
response to mechanical forces, a potent anabolic factor
regulating bone growth and adaptation.

MATERIALS AND METHODS

Experimental groups

Five groups of male mice (N = 3 mice in each group) of
various ages and genotypes were used. Group 1 included
adult, 15-week-old wild-type (WT) C57BL/6J mice (Jackson
Laboratory), which served as younger controls to Group 2.
Group 2 included 32-week-old C57BL/6J mice (older
adults), which also served as WT controls to the perlecan-
deficient micein Group 3. Group 3 consisted of 32-week-old
C57BL/6J mice with homozygous C1532Yneo mutations
in the PLN/HSPG2 gene. Inifially developed to model
human Schwartz-Jampel Syndrome, these mice (termed
‘"Hypo'’ herein) exhibited a significant deficiency in perle-
can expression®® and were bred back to C57BL/6J mice
background in-house. Bones from Hypo mice were found
to have altered canalicular structure?® and attenuated
bone formation in response to tibial uniaxial loading'! in
our previous studies. Group 4 consisted of 20-week-old
Akita mice with heterozygous Ins2Akita mutation, a spon-
taneous type 1 diabetes model (Jackson Laboratory). Akita
mice developed severe hyperglycemia from 5 weeks of
age. Our previous work has shown that they failed to
respond fo anabolic ulnar loading when compared fo
age-matched WT mice.?” Group 5 included age-matched
WT controls to Group 4 (20-week-old C57BL/6J). The
University of Delaware Institutional Animal Care and Use
Committee approved the handling and use of all animals
in this study.

Confocal imaging and analysis of 3D osteocyte

LCS macrostructure

Plastic embedded processing of basic fuchsin-
stained specimens. Immediately after sacrifice and dis-
section the right femora were prepared for basic fuchsin
staining and plastic embedding following previously
established protocols.?® Briefly, intact right femora were
fixed in 10% neutral buffered formalin for 24 hours at 4 C,
repeatedly rinsed in phosphate-buffered saline, and bulk
stained in 1% basic fuchsin dissolved in ethanol solutions
with ascending concentrations (70%, 70%, 90%. 90%,
100%, 100% ethanol v/v) with solution changes every 2-3
days. Affer clearance and embedding in methyl metha-
crylate, the distal one third of the femora were isolated
and cut sagittally info ~0.20-mm thick slices using a low-
speed saw (Ilsomet, Buehler) and a diamond blade
(Buehler). All sections were then polished to ~0.15 mm in
thickness using graded sandpapers of decreasing grit size
(600, 800, 1200 grit; Buehler) and polishing liquids (6 & 1-um;
Buehler) to achieve a scratch-free finished surface.
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Figure 1. A representative confocal preview image (a) of basic fuchsin
stained sagittal section of a murine distal femur, showing the two ROIs
located in metaphyseal cortical and cancellous bone compartments.
(b&c) Due to larger number of lacunae in ROI1, a grid was overlaid on
the image and 30-40 lacunae that fell on the inter-sections of the grid, as
outlined by the yellow boundaries, were selected for a quick check of
full-depth structures. Ten lacunae with intact 3D structures were chosen
for high-resolution 3D imaging. For ROI2, ten lacunae were randomly
chosen per animal without the grid.

The polished sections were then mounted on glass slides
using Eukitt’'s mounting media and #1.5 glass coverglass.

Confocal imaging. Two regions of interests (ROI) were
selected for study, including (i) femoral cortex and (ii)
cancellous bone that were 1.5-2.15 mm, and 0.25-1 mm
below the epiphyseal growth plate, respectively (Figure
1a). Ten lacunae were randomly selected for each ROI
per animal. In the cortical ROI, a regularly spaced grid
was placed atop a preview image (Figure 1b and c) cap-
tured via aninverted confocal laser-scanning microscope
(Zeiss LSM510, Carl Zeiss, Inc. NA., Thornwood, NY). Ten
lacunae that fell on the grid intersections and showed
intact full-depth structures under a quick z-stack imaging
were selected for subsequent high-resolution 3D imaging.
For the cancellous ROI, due to a smaller number of avail-
able lacunae, a selection grid was not utilized. Instead, 10
lacunae with infact full-depth structures were randomly
chosen per animal from the region of cancellous bone.
To quantify individual lacunae measurements, such as
lacunar size and canalicular number density, z-stacks of
high resolution, 2048 X 2 048-pixel, images were captfured
for each of the selected lacunae and their canaliculi,
utilizing the following optical parameters: excitation
wavelength = 561 nm, emission wavelength = 650 nm,
objective = 40X (1.2 NA) water lens (C-Apochromat W
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Korr, Carl Zeiss, Inc. NA), pinhole = 1 AU (optical slice thick-
ness = 1.0 um), zoom = 5, pixel = 0.022 um, scan speed =
62 s/frame, frame averaging = 8, z-step = 200 nm.
Detector gains and offsets were adjusted to maximize
the dynamic range within a given image stack and a lin-
ear gain/offset compensation protocol was employed to
insure consistent image signal/quality as individual z-stack
scans imaged deeper into the tissue blocks. For measure-
ments of lacuna density, individual 2 048 X 2 048-pixel
frames were randomly captured throughout the tissue
regions using a 10X (0.20 NA) objective and similar
imaging settings as described above (0.44 um per pixel).
For groups 4 (Akita mice) and 5 (WT controls), only meta-
physeal cortices were examined.

Quantitative measures of 3D LCS macrostructure. Three-
dimensional renderings of individual lacuna and their
associated canaliculi were reconstructed from con-
focal z-stacks using the VOLOCITY software package
(PerkinElmer). Using VOLOCITY, aninitial selection and crop-
ping of a ROI containing a single individual osteocyte
lacuna and the emanating canaliculi was performed.
Osteocyte lacunae were oriented such that the major/long
axis of the osteocyte was aligned with the transverse (xy)
plane of the image stack. The image stack was then filtered
using an edge preserving smoothing filter to reduce the
presence of noise in the image while maintaining structural
infegrity. 3D volume renderings of individual lacunae
and their associated candaliculi were then generated
(Figure 2a). Using these 3D renderings, the number of cana-
liculi emanating from the surface of each lacuna was
counted directly. In order to calculate lacunae dimensions,
individual lacunae were segmented from their associated
candliculi by outlining the lacunar body in each frame
using the AMIRA software package (Visage Imaging, Inc.,
Figure 2b). Individual osteocyte lacunar volume, surface
area, and the lengths of the major and minor axes of each
ellipsoidal-shaped lacuna were measuredin AMIRA. To cor-
rect for the distortion (stretching) of images in the axial (z)
direction that is inherent in confocal microscopy, an axial
correction factor of 0.803 was applied to the quantitative
measures of rendered surfaces and volumes, which was
experimentally measured for mineralized, basic fuchsin-
stained cortical bone using an established protocol.?” The
number density of canaliculiemanating from an individual
lacuna was calculated as the ratio of the total number of
canaliculi and the lacunar surface area, and expressed as
number per mm?Z.To calculate the number density of osteo-
cyte lacuna in each bone region the number of lacunae
within each 10X confocal image were counted and
divided by the traced area of bone fissue in the same
image and expressed as number per mm?.
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Figure 2. Representatix&% 3D renderings built from z-stack confocal images of lacunae and associated canaliculi were used to quantify (a) canalicular

number in VOLOCITY

TEM analysis of osteocyte LCS ultrastructure

Processing for TEM imaging. Immediately after harvesting
left metaphyseal femora were cut info small segments,
each ~1 mm in height, using a low-speed saw (lsomet,
Buehler) and a diamond wafering blade. In order to pre-
serve the cellular and pericellular structure of the LCS, fem-
oral bone segments were immersion fixed in cold (4 C)
fixative contfaining 4% paraformaldehyde, 2% glutaralde-
hyde, 0.7% ruthenium Il hexamine ftrichloride (RHT) in
0.05 molsL”! cacodylate buffer (pH 7.5) for 24 hours, as
described previously.* Bone samples were then decalcified
in 10% EDTA containing 1% paraformaldehyde in 0.1 molsL™!
Tris-HCI buffer (pH 7.4) for 14 days. Decalcification was per-
formed at 4 C; the decalcification solution was refreshed
every 2 days. After decalcification the samples were
repeatedly washed in 0.1 molsL™! sodium-cacodylate buf-
fer, postfixed for 3 hours with 1% osmium tetfroxide in 0.1
cacodylate buffer, and washed. The samples were dehy-
drated in an ascending series of acetones and infiltrated
with ascending Quetol

651-NSA/n-butyl glycidyl ether mixtures before being
embedded in 100% Quetol 651-NSA resin and polymerized
at 60 C, as described previously.2® After polymerization,
resin blocks containing the bones/bone segments of interest
were isolated using a low-speed saw and faced for thin
sectioning. Most sample blocks containing femoral meto-
physeal bone segments were faced for sagittal sectioning,
except for samples of groups 4 and 5, which were prepared
using cross sections. Ulirathin sections (60-70 nm per sec-
fion) were then cut on an ulframicrotfome (Ulfracut E;
Reichert-Jung) and collected onfo 200-mesh formvar/car-
bon-coated copper grids forimaging. Prior fo imaging sec-
fions were post-stained with a saturated solufion of uranyl
acetate in methanol, followed by Reynolds’ lead citrate .2

Transmission electron microscopy. Bone sections were
imaged using a Libra 120 TEM (Carl Zeiss, Inc. NA) operated

at 120 kV, and images were collected with a Gatan
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and (b) lacunar volume, surface area and major and minor radii in AMIRA™ .

Ultrascan 1000 CCD camera.? Low magnification images
(100 %, 0.1um pixel) were acquired to identify frabecular
and cortical bone and to prevent re-imaging of osteo-
cytes on separate sections. High-resolution images of
osteocyte canaliculi/processes and lacuna/cell bodies
were acquired at 6 300X magnification (1.70 nm per
pixel). Forimaging lacunae, which were much larger than
candliculi, multiple adjacent, non-overlapping, TEM
images were captured using the Gatan Digital
Micrograph software and stitched together to generate
high-resolution montage images. All images were
exported as uncompressed TIFF files.

Quantitative analysis of osteocyte LCS ultrastructure. LCS
ultrastructure was quantified by manually fracing lacu-
nae, osteocyte cell bodies, canaliculi, and osteocyte cell
process boundaries using Adobe Photoshop (Photoshop
CS4; Adobe) and a digitizing pen display (Wacom Version
6.1.4). The lacunar wall and cell membrane as well as
canalicular wall and cell process membrane were clearly
delineated in the images (Figure 3a). These traces were
batch exported as TIFF images to the BonelJ plugin in the
ImageJ software and the dimensions of lacunae and the
pericellular fluid spaces between the mineralized matrix
walls and the cellmembranes were obtained using alocal
thickness method, alternatively known as a ‘‘bubble
method,”” and the mean thickness of the spaces was
reported (Figure 3b and c). Similar analysis was applied
to transversely oriented canaliculi, defined as having a
shape factor (length/width) less than 2.5, in order to avoid
measurement of oblate sections that were indicative of
obliquely or longitudinally oriented canaliculi (Figure 4).

Statistical analysis

Descriptive data are presented as mean + standard devi-
ation. Measurements from individual animals within the
same groups were pooled because no differences were
found among individual animals using analysis of variance

© 2015 Sichuan University
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Figure 3. The ultrastructural measurements of ostecyte lacunae were obtained from TEM images by (a) tracing the lacunar wall and cell body in
Photoshop® for (b) quantifying the shape of the lacuna (width/height), the cross-sectional areas of lacuna, cell body, and the pericellular annulus in
Image]. (c) The mean thickness of the pericellular annular gap was measured using the “bubble” method implemented in the Bone] plugin of Image J.

(not shown). The total numbers of lacunae and canaliculi
that were assessed for either confocal imaging or TEM
analysis were reported. Unpaired Student's t-tests were
performed to determine the differences between cortical
and frabecular LCS parameters within each group. To
determine the effects of age, perlecan deficiency, and
diabetes on the LCS measurement outputs, unpaired
two-sided Student’s t-tests were performed between
groups 1 and 2 (15 weeks vs. 32 weeks), between groups
3 and 2 (perlecan-deficient bones vs. WT), and between
groups 4 and 5 (diabetic bones vs. WT), respectively. All
tests were performed in GraphPad (San Diego, CA) with
a significant level set at P < 0.05.

RESULTS

Confocal-based measurements

The lacunar volume, surface area, major axis diameter,
and density as well as canalicular number and number
density were measured and compared.

Pericellular Area
Canalicular Area (Y+R)

Compartmental comparisons (cancellous vs. cortical). For
the three groups of animals (C57BL/6J-15 weeks, C57BL/
6J-32 weeks, and Hypo-32 weeks), there was a general
frend that most measurements of lacunae and canalicular
numbers were smaller than those in cortical bone
(Table 1). However, only a few measures such as the major
axis diameter of lacuna, lacunar density, and canalicular
number reached stafistical significance (P < 0.05, Table 1).

Effects of age (32 weeks vs. 15 weeks). Older adult mice
(32 weeks) had significantly reduced (8.1%, P = 0.03)
lacunar density in cortical bone, whereas many other
LCS measurements were not significantly different. If is
noted that aging tended to decrease lacunar volume,
lacunar surface area, lacunar density, canalicular num-
ber, and canalicular density in cancellous bone; yet, these
changes did not reach significance (Table 2).

Effects of perlecan deficiency (Hypo vs. WT). All the LCS
measurements showed varied levels of decrease in the

Pericellular Thickness

(Local Thickness
“Bubble Method)

Shape Facror (W+H)

Figure 4. Measurements of osteocytic canaliculi were obtained from TEM images following the same procedure as the measurements of lacunae. (a) Traces
of canalicular wall and cell process; (b) Quantification of areas of cell process, canalicular wall, and pericellular regions; (c) Measurements of pericellular

thickness in canaliculi using the “bubble” method.
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Table 1. Confocal-based LCS measurements—compartmental comparisons

C57BL/6J Mice (15 w)

C57BL/6J Mice (32 w)

C1532Yneo perlecan hypomorph Mice (32 w)

Measurement/Unit Cortical Cancellous Difference Cortical Cancellous Difference Cortical Cancellous Difference
No. of lacuna. 30 30 30 30 30 30
Lacunar volume/pum?> 449.7 + 173.7 4009 +133.1 -10.8% 4472 £209.4  399.7 £ 141.1 -10.7% 368.6 = 168.7 3054 + 1504 -17.1%
P=0.23 P=0.31 P=0.13
Lacunar surface 410.0 + 108.0 384.7 +95.3 -6.3% 390.8 + 1204 3504 +830 -10.3% 3477 £97.4 3165+ 1263 -89%
Area/pm? P=0.34 P=0.14 P=0.29
Lac. major axis/um 158+29 128+ 25 -189% 16,5 +3.7 13.6+36 -17.6% 154 =37 123+28 -20.1%
P<0.001 P=0.003 P=0.000 5
Lacunar density /um™ 1200.7 + 149.0 10782 2139 -10.2% 11039+ 187.1 10499 +2390 -49% 10755+ 1853 1010.5+253.7 -6.0%
P=0.01 P=0.33 P=0.26
Canalicular No. 73.8 £20.1 68.3 = 13.0 -7.5% 77.5*12.0 67.3+88 -13.2% 653+ 15.2 59.3 = 17.2 -9.2%
P=0.21 P<0.001 P=0.16
Canalicular No. 0.209 + 0.048 0.210 £0.050 0.5% 0.209 +£0.043  0.200 £0.039 -4.3% 0.190 £0.020  0.190 £ 0.020 P>0.99
Density /um™—2 P=0.94 P=0.40

Note: Difference represented difference between compartments and it was calculated as (Cancellous-Cortical)/Cortical.

Hypo animals relative to the WT conftrols (Table 3).
Canalicularnumber and canalicular number density were
significantly reduced by 15.7% and 9.1% in the Hypo cor-
fical bone compartment and lacunar volume and cana-
licular number showed 23.6% and 11.9% reduction in Hypo
cancellous bone compartment (Table 3).

Effects of diabetes (Akita vs. WT). Although the LCS mea-
sures tended to be lower in diabetic Akita mice, only the
lacunar density showed a significant decrease (10.1%)
relative to the non-diabetic WT controls (Table 4).

Summary of the results. A few compartment-, age-, and
disease-associated changes in confocal-based LCS mea-
sures such as lacunar size, spacing, and their associated
canaliculi were observed (Tables 1-4). Notably, perlecan
deficiency and diabetes affected the LCS to different
degrees. While perlecan deficiency resulted in significant
decreases in more parameters (such as lacunar volume
and the canalicular number density), diabetes impacted
only the lacunar density. However, among all the exam-
ined parameters, the canalicular number density was
highly consistent among all groups with mean values in
the range of 0.190-0.210 per pum? and coefficients of vari-
ation in the range of 11-24%. In comparison, the variations

Table 2. Confocal-based LCS measurements—effects of age
Difference/%-(32 w-15 w)/15 w

Measurement/Unit Cortical Cancellous

Lacunar volume/pm?® -0.6% P=0.96 -0.3% P=0.97
Lacunar surface area/pm? -4.9% P=0.52 -8.9% P=0.15
Lac. major axis/um 4.2% P=0.42 6.3% P=0.32
Lacunar density/um2 -8.1% P=0.03 —2.7% P=0.63
Canalicular No. 5.0% P=0.39 -1.5% P=0.73
Canalicular number density/um2 0 P>0.99 -4.8% P=0.39

Note: Comparisons were made between 15 weeks and 32 weeks WT male mice.
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seen in the size of lacunae were much higher (coefficients
of variationin volume: 30-49% and in surface area: 21-40%).

TEM-based measurements

The pericellular area and thickness in lacunae, the cross-
sectional areas of canalicularwall and cell process, as well
as the pericellular area and thickness in canaliculi were
measured and compared using TEM-based approaches.
Please note that the numbers of lacunae and canaliculi
examined under TEM may vary among groups. Although
the numbers of animals, bone segments, and sections
were the same for all the groups, we did not confrol the
total bone areas and imaged all the available lacunae
and canaliculi with good imaging quality.

Compartmental comparisons (cancellous vs. cortical). In
contrast with the confocal-based measures, significant
decreases were observed in the mean values of most
measurements (with the exception of cell process cross-
sectional area) in the cancellous compartment com-
pared with cortfical bone for the three groups of animails
(C57BL/6J-15 weeks, C57BL/6J-32weeks, and Hypo-
32 weeks) (Table 5). Cell process cross-sectional area
was consistently greater in cancellous bone, and only

Table 3. Confocal-based LCS measurements—effects of perlecan
deficiency

Difference/%-(Hypo-WT)/WT

Measurement/Unit Cortical Cancellous

Lacunar volume/um?® -17.6% P=0.11 —23.6% P=0.02

Lacunar surface area/um? -11.0% P=0.13 -9.7% P=0.23
Lac. major axis/pm —6.7% P=0.25 -9.6% P=0.12
Lacunar density/um= -2.5% P=0.56 -3.8% P=0.54
Canalicular No. -15.7% P=0.001 -11.9% P=0.03
Canalicular No. density/um -9.1% P=0.03 -5.0% P=0.22

Note: Comparisons were made between 32 weeks-old WT and perlecan deficient
(Hypo) male mice.

© 2015 Sichuan University



Table 4. Confocal-based LCS measurements—effects of diabetes
WT Akita

Difference/%-
(Akita-WT)/WT

Measurement/Unit Cortical Cortical

No. of Lacuna 30 30

462.4 = 177.7 403.4 =120.0 -12.7% P=0.14

449.4 +129.5 420.3 =87.0 -6.5% P=0.31
183 +38 182 +28 -0.55% P=0.91

Lacunar density/um 1073.3 +167.8 965.1 +132.6 -10.1% P=0.008

Canalicular No. 934 +231 8553x16.3 -8.5% P=0.13

Canalicular No. density/um™ 0.210 + 0.013 0.205 + 0.022 -2.4% P=0.29

Lacunar volume/um?®
Lacunar surface area/pum?
Lac. major axis/um

Note: Measurements were made on 20-weeks-old C57BL/6J (WT) and C57BL/6-
Ins2Akita/J (Akita) male mice (three animals per group).

canalicular wall area remained unchanged in 15 week
WT and 32 week Hypo mice (P > 0.05, Table 5).

Effects of age (32 weeks vs. 15 weeks). Again, in contrast
with the confocal-based measures, all parameters (with the
exception of lacunar pericellular thickness) showed signifi-
cant changes in cortical bone from 32-week-old mice. In
particular, the cortical canalicular measures were signifi-
cantly larger at 32 weeks, while these measures remained
unchangedin the cancellous bone compartment (Table 6).

Effects of perlecan deficiency (Hypo vs. WT). Perlecan
deficiency reduced all the TEM-based measures with high
statistical significance, excepft for the cell process area in
cancellous bone (Table 7). The impact was broad and
independent of the bone compartment.

Effects of diabetes (Akita vs. WT). Diabetes did not signifi-
cantly alter the pericellular space in lacunae and only
marginally within the canaliculi, while the canalicular wall
area and cell process area were significantly reduced in
diabetic cortical bone (Table 8). However, the alterations

Table 5. TEM-based LCS measurements—compartmental comparisons
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seen in diabetes were less dramatic than those seen in
perlecan deficiency (Table 7).

Summary of the resulfs. In comparison with the confocal-
based measures, more extensive changes in the TEM-based
measures were observed with different compartments,
ages, and disease conditions. Among the factors examined
herein, tissue compartment and perlecan deficiency
showed greater effects on variations of the pericellular
space than age and diabetes (Tables 5-8).

DISCUSSION
Measurements of the morphology of lacunce and
canaliculi in five experimental animal groups presented
comprehensive snap-shots of the dimensions of the
osteocyte network, from which the invariant and variant
features of the network were derived by comparisons.
The mostrevealing finding from this study is that the cana-
licular number density emanated from individual lacunae
was highly consistent, regardless of the size and location of
the lacunae, animal age, and the status of diabetes or
perlecan deficiency (Tables 1-4). This suggests that, as an
osteoblast differentiates from a surface lining cell to an
osteocyte embedded in bone maitrix, it is likely programed
to incorporate into the pre-existing LCS network via a spe-
cified number of canaliculi, and the number is likely deter-
mined mainly by the surface area of the lacuna containing
the cell body. The number of canalicular connections
appears to be quite conserved (~1 canaliculus per 5 um?
lacunar surface) within the age range examined here. In
contrast, the synapse connections found in neural networks
are susceptible to age-related loss.2'3® Furthermore, we
did not find any difference in canalicular number density
between cancellous and cortical compartments, although

C57BL/6J Mice (15 w)

C57BL/6J Mice (32 w) C1532Yneo perlecan hypomorph Mice (32 w)

Measurement/Unit Cortical Cancellous Difference Cortical Cancellous Difference Cortical Cancellous Difference

No. of lacuna 36 32 33 39 24

Lac. pericellualr Area/pm? 9.28 = 1.17 7.15+1.87 -22.9% 7.72+188 527 +1.77 -31.7% 6.85+1.85 293 +0.87 -57.2%
P<0.005 P<0.005 P<0.005

Lac. pericellular thickness/um ~ 0.49 = 0.15  0.25 + 0.04 -48.9% 0.47 = 0.09 0.33+0.12 -29.8% 041 +0.09 0.20 +0.05 -51.2%
P<0.005 P<0.005 P<0.005

No. of canaliculi 721 718 334 475 280

Canalicular area/pm? 0.071 = 0.029 0.072 = 0.033 1.4% 0.081 = 0.040 0.072 £0.032 -11.1% 0.066 = 0.031 0.062 = 0.035 -6.1%
P=0.54 P<0.005 P=0.10

Cell process area/pm? 0.015 = 0.008 0.021 +0.012 40% 0.017 £ 0.013 0.021 = 0.013 23.5% 0.015 +£0.009 0.022 =0.016  46.7%
P<0.005 P<0.005 P<0.005

Can. pericellular area/um? 0.056 = 0.025 0.052 £0.025  -7.1% 0.065 = 0.034 0.052 = 0.024 -20% 0.053 +£0.026 0.041 £0.024 -22.6%
P<0.005 P<0.005 P<0.005

Can. Pericellular thickness/um 0.095 + 0.028 0.084 = 0.027 -11.6%  0.101 +0.032 0.084 =0.028 -16.8% 0.089 + 0.027 0.066 + 0.026  -25.8%
P<0.005 P<0.005 P<0.005

Note: Difference represented difference between compartments and it was calculated as (Cancellous-Cortical)/Cortical
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Table 6. TEM-based LCS measurements—effects of age
Difference/%-(32 w-15 w)/15 w

Measurement/Unit Cortical Cancellous

-16.8% P<0.005
—4.1% P=0.48

-26.3% P<0.005
32% P<0.005

Lac. pericellualr area/pum?
Lac. pericellular thickness/um

Canalicular area/um? 14.1% P<0.005 0 P>0.99
Cell process area/pm? 13.3% P<0.005 0 P>0.99
Can. pericellular area/um? 16.1% P<0.005 0 P>0.99
Can. pericellular thickness/um 6.3% P<0.005 0 P>0.99

Note: Comparisons were made between 15 weeks and 32 weeks WT male mice.

the average age of bone tissue (and hence the age of
osteocytes) was likely younger within the cancellous com-
partment due to higher bone turnover.3* We did detect a
change inlacunar shape (as shown in the longer major axis
and thus more elongated osteocyte shape in cortical
bone) among compartments, which was consistent with
previous studies where the shape of osteocyte was found
to depend on local stress distribution.3> As for the effects of
diabetes on the LCS, we did not expect fo see significant
changes in the morphology of cell processes because the
integrity of an osteocyte process is mainly dependent on
actin and microtubules,*¢®” which may not be altered in
the presence of diabetes. However, the number density of
lacunae in diabetic cortical bone was 10% lower than that
in the normal age-matched mice, possibly due to
impaired osteoblast differentiation commonly associated
with diabetes.®83? In the other disease condition exam-
inedin this study, areduction in osteocyte canalicular den-
sity was foundin bones from mice deficientin perlecan, an
extracellular matrix heparan sulfate extracellular matrix
proteoglycan. While it remains unclear how perlecan reg-
ulates canalicular density, these results are consistent with
our previous findings.?¢ The consistent canalicular number
density demonstrates that the topology of the overall
canalicular connections is an invariant feature of the
osteocyte network. This agrees with the notion that one
of the major purposes of the extensive LCS network is to
ensure the survival of osteocytes encased in mineralized

Table 7.
deficiency

TEM-based LCS measurements—effects of perlecan

Difference/%- (Hypo-WT)/WT

Measurement/Unit Cortical Cancellous

-11.3% P=0.04

-12.8% P<0.005
-18.5% P<0.005
-11.8% P=0.006
-18.5% P<0.005
-11.9% P<0.005

—44.4% P<0.005
-39.4% P<0.005
-13.9% P<0.005
4.7% P=0.39
-21.2% P<0.005
-21.4% P<0.005

Lac. pericellualr area/pum?
Lac. pericellular thickness/um
Canalicular area/pm?

Cell process area/pm?

Can. pericellular area/pum?
Can. pericellular thickness/um

Note: Comparisons were made between 32 weeks-old WT and perlecan deficient
(Hypo) male mice.

Bone Research (2015) 15009

matrix by facilitating the fransport of nutrients and cell-cell
signaling molecules through the network.

Although the architecture of the canaliculi branches,
i.e., topology, of the LCS network appears to be very
robust, the dimension of the pericellular space surrounding
the osteocyte cell body and cell process, a critical parao-
meter determining the overall permeability of fluid/solute
fransportin the LCS and analogous to the bandwidth of an
individual network link, is quite sensitive fo changes in age
and the composition of the pericellular matrix (Tables 5-8).
With increasing age, the gap of the pericellular space
increases in cortical canaliculi, mainly due to an expan-
sion of the canalicular wall that exceeds the enlargement
of the cell process (Table ). In young WT animals
(15 weeks), larger pericellular gaps were found in the cor-
fical compartment than the cancellous compartment.
However, the compartmental difference disappeared in
older animals (Table 5). Among all factors considered,
perlecan deficiency is associated with the most profound
changes in the pericellular space observed in this study —
the pericellular fluid annulus around bone lacunae and
canaliculi of the perlecan-deficient bone decreased in
both cortical and cancellous compartments (Table 7).
This result agrees with our previous findings that perlecan
is an essential component of the pericellular matrix, which
maintains adequate fluid/solute transport pathway by
possibly inhibiting mineralization of the pericellular
space.?® In contrast, diabetes shows no effect on the peri-
cellular space, while it doesreduce the areas of the cana-
licular wall and cell process simultaneously (Table 8).

These data suggest that the osteocyte LCS is a network
with relatively stable nodes (lacunae) connected by
canaliculi with a consistent number density (Figure 5).
While metabolic factors such as diabetes can influence
the spacing of the lacunae, the overall structure of the
networkisrobustly determined within a very narrow range
of the number density of canaliculi branching out of indi-
vidual lacunae (~1 canaliculi per 5 um? lacunar surface
in adult mice). Such conservation of canalicular number
is likely achieved through genetic pre-programing to
meet the metabolic requirements for osteocyte survival
so that larger lacunae are wired with more canaliculi.
Meanwhile, the LCS network is very dynamic, dem-
onstrating significant variations and modifications on
the pericellular fluid annulus around each canalicular
connection or lacunar node (Figure 5). It becomes
increasingly clear that osteocytes are capable of releas-
ing osteolytic agents such as MMPs to modify their
surroundings,“® especially under lactation, hibernation,
or pregnancy due to the need of releasing mineral from
the skeleton.*' Furthermore, our results show that proper
composition of the secreted osteocyte pericellular matrix
plays an important role in maintaining the pericellular

© 2015 Sichuan University



Table 8. TEM-Based LCS Measurements—Effects of Diabetes

Networking features of the osteocyte LCS
X Lai et al

C57BL/6J WT mice (20 w)

C57BL/6-Ins2™/) Adult Akita (20 w)

Measurement/Unit Cortical Cortical Difference/%-(Akita-WT)/WT
No. of lacuna 68 69

Lac. pericellualr area/um? 297 =174 3.78 £ 3.03 27.3% P=0.06

Lac. pericellular thickness/um 0.23*0.14 0.28+0.21 21.7% P=0.10

No. of Canaliculi 206 211

Canalicular area/pm? 0.059 + 0.023 0.054 = 0.019 -8.5% P=0.02

Cell process area/pm? 0.015 = 0.007 0.013 = 0.006 -13.3% P<0.005
Can. pericellular area/um? 0.045 = 0.018 0.042 = 0.015 -6.7% P=0.06

Can. pericellular thickness/um 0.079 = 0.020 0.078 = 0.018 -1.3% P=0.59

Note: Measurements were made on 20-weeks-old C57BL/6J (WT) and C57BL/6-Ins2Akita/J (Akita) male mice (three animals per group).

fluid annulus, as shown by the profound changes in the
perlecan-deficient LCS. Since aging induces catabolic
and anabolic cellular changes, the age-related differ-
ences in the LCS morphology may be attributed to
increased osteolytic and decreased anabolic activities
in aged osteocytes.!! 42743

There were several limitations in the study. Artfifacts such
as tissue shrinking during TEM sample processing are
always a concern in such quantitative studies. To minimize
the potential artifacts, we sectioned the mouse femora
info smaller segments for faster and better penefration of
fixatives. The addition of RHT in the fixatives helped stabilize
the pericellular matrix as well.?” We also excluded sections
when the pericellular spaces around lacunae were
devoid of pericellular matrix, indicating poor fixation and
possible tissue shrinkage. Since the TEM measurements
were performed on 2D sections, the orientation of the sam-
ples could impact the data, especially the overall shape
and dimension of the lacunae and canaliculi. To minimize

Osteoblasts

Osteocytes W

this effect, we sampled a large number canaliculi (211-
721) and excluded those with shape factor larger than
2.5. However, we should treat the data of lacunar pericel-
lular area and thickness with caution, since they might be
more susceptible to orientation artifacts. It is also noted
that the confocal measurements using basic fuchsin-
stained samples reflected more on the structures of LCS
pore system rather than those of osteocytes, because
the dye could stain both the cellular components but also
the pericellular space encased in the mineralized bone
matrix. However, due to the submicron thickness of the
pericellular space inlacunae and canaliculi, the measure-
ments of lacunae should be very close to those of osteo-
cytes. The other limitation was that the data were derived
from a small sample size of animals (three mice per group).
However, the numbers of osteocytes studied were much
higher (N = 30) and we did noft find any difference among
individual mice within the same group. Additional
limitation was the small span of age (15-32 weeks) investi-

‘W/ m\\N\W
AR \‘l

Aged

Normal

PIn Deficiency

Figure 5. Osteoblasts are differentiated into osteocytes, which form an orderly network through the connecting canaliculi. The number of canaliculi is
determined mainly by the surface area of lacuna (N = S[um?]/5) regardless of bone compartment, age, and disease conditions. In cortical bone, aging is

associated with larger canalicular annulus area and lower fiber density, while perlecan (PIn) deficiency reduces both annulus area and fiber density

compared with wild types (Tables 6 and 7).
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gated herein. It would be better to know how LCS evolves
during the entire developmental and aging process. Due
to the technical limitation, all data have to be derived
from individual time points and from different osteocyte
populations. It would be ideal if the LCS network can be
fracked longitudinally and quantified in the same cells.
Advances in bioimaging in combination of transgenic
mouse models where osteocytes are labeled with green
fluorescent proteins could potentially make this feasible in
the future.

In summary, key features such as the canalicular number
density and pericellular fluid annular gap of the osteocyte
lacunar-canalicular network were analyzed in trabecular
and cortical compartments, in young and old bones, as
well as from two diseased conditions (perlecan deficiency
and diabetes). The LCS network showed both topological
stability in terms of conserved numbers of connections, and
considerable variability of “‘bandwidth’ (communication
capacity) of individual connections in terms of the pericel-
lular annular fluid gap around lacunae and canaliculi. Our
examination of diabetic cortex and perlecan-deficient
bones revealed that the former condition mainly impact
the spacing of the lacunae (the nodes in the LCS network),
while the latter had profound influence in the pericellular
fluid annulus (the connection's bandwidth). Age, in the
range of our study (15-32 weeks) affected mainly the
pericellular fluid annulus, possibly through altered osteolytic
and anabolic activities in osteocytes. Quantifying the
morphology and structure of the osteocyte lacunar-
canalicular network will help enhance our understanding
of osteocyte physiology and alterations associated
with aging and skeletal disease conditions. The osteocyte
LCS networking characteristics obtained in this study
shed new insights onto not only the intercellular commun-
ication among bone cells but also the role of bone fluid flow
in bone’s response to mechanical forces, a potent ana-
bolic factor regulating bone growth and adaptation.
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