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Lactation alters fluid flow and solute transport in maternal skeleton:

a multiscale modeling study on the effects of microstructural changes and loading frequency
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ABSTRACT: The female skeleton undergoes significant material and ultrastructural changes to meet
high calcium demands during reproduction and lactation. Through the peri-lacunar/canalicular
remodeling (PLR), osteocytes actively resorb surrounding matrix and enlarge their lacunae and

canaliculi during lactation, which are quickly reversed after weaning. How these changes alter the
1
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physicochemical environment of osteocytes, the most abundant and primary mechanosensing cells in
bone, are not well understood. In this study, we developed a multiscale poroelastic modeling technique
to investigate lactation-induced changes in stress, fluid pressurization, fluid flow, and solute transport
across multiple length scales (whole bone, porous midshaft cortex, lacunar-canalicular pore system
(LCS), and pericellular matrix (PCM) around osteocytes) in murine tibiaec subjected to axial
compression at 3N peak load (~320ue) at 0.5, 2, or 4 Hz. Based on previously reported skeletal
anatomical measurements from lactating and nulliparous mice, our models demonstrated that loading
frequency, LCS porosity, and PCM density were major determinants of fluid and solute flows
responsible for osteocyte mechanosensing, cell-cell signaling, and metabolism. When loaded at 0.5 Hz,
lactation-induced LCS expansion and potential PCM reduction promoted solute transport and
osteocyte mechanosensing via primary cilia, but suppressed mechanosensing via fluid shear and/or
drag force on the cell membrane. Interestingly, loading at 2 or 4 Hz was found to overcome the
mechanosensing deficits observed at 0.5 Hz and these counter effects became more pronounced at 4
Hz and with sparser PCM in the lactating bone. Synergistically, higher loading frequency (2, 4 Hz)
and sparser PCM enhanced flow-mediated mechanosensing and diffusion/convection of nutrients and
signaling molecules for osteocytes. In summary, lactation-induced structural changes alter the local
environment of osteocytes in ways that favor metabolism, mechanosensing, and post-weaning
recovery of maternal bone. Thus, osteocytes play a role in balancing the metabolic and mechanical
functions of female skeleton during reproduction and lactation.

KEYWORDS: osteocyte; lactation; lacunar-canalicular system (LCS); pericellular matrix (PCM);
bone fluid flow; mechanosensing
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Highlights:

1. Multiscale modeling of lactating and nulliparous murine tibiae under loading
2. Loading frequency, LCS porosity, PCM density determine fluid/solute flows in bone
3. Lactation causes deficits in osteocyte mechanosensing under 0.5 Hz loading

4. Higher frequency (2, 4 Hz) overcomes deficits and enhances transport in lactation

5. Osteocytes are important for maintaining female skeletal homeostasis
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1. Introduction
As early as a century ago, enlargement of osteocytic lacunae was observed in various

-2 and animal bones *, and later referred to as “osteocytic osteolysis” by

pathological human
Belanger *. Although the relevance of osteocytic osteolysis has been debated >, its critical role in
maintaining calcium homeostasis during female reproduction became increasingly accepted "'°.
In the past decade, several studies convincingly demonstrate a robust peri-lacunar/canalicular
remodeling (PLR) process during lactation, followed by a quick recovery after weaning & 114,
Intriguingly, lactation offers some surprising benefits such as enhanced sensitivity to mechanical
loading '° and reduced menopausal bone loss in later life '¢. The structural and material property
changes in maternal skeleton have been quantified at the whole bone and tissue levels 7?2, and the
osteocyte lacunar and canalicular level ® ' 12, Consistently, enlarged lacunae/canaliculi and

reduced bone mineral density were found in lactating bone  !!- 12

, which rapidly returned to basal
levels after weaning 2. Activation of the parathyroid hormone receptor 1 (PTHR1) signaling and
upregulation of degradation enzymes such as tartrate resistant acid phosphatase (TRAP), cathepsin
K, and matrix metalloproteinases in osteocytes have been identified to occur during the PLR
process 42323 What drives the rapid recovery post-lactation, however, remains unclear, although
altered fluid/solute transport and osteocyte mechanosensing were proposed to be involved '°.

Osteocytes are the primary mechanosensing cells in bone 7-26-28

and their surrounding lacunar-
canalicular pore system (LCS) serves as the main conduits of interstitial fluid flow, nutrient supply,
and cell-cell signaling in bone 2!, Upon application of external mechanical loading, the porous

bone matrix undergoes solid deformation and fluid pressurization in the LCS pores, driving

interstitial fluid flow around osteocytes ?’. This loading-induced flow results in shear stress on the
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cell process membrane, fluid drag on the transverse tethering elements connecting the cell process
with canalicular wall, or bending of primary cilia protruding from the cell body 7 27> %% 32 33,
Reduced fluid flow stimulation on osteocytes contributes to diminished anabolic response to
mechanical loading in vivo 34, Secondary to fluid flow, these mechanical stimuli can trigger various
responses in osteocytes, including elevated intracellular calcium, activated mechanosensitive

pathways, and altered release of signaling molecules 3>’

, including small molecules (e.g., nitric
oxide (NO), adenosine triphosphate (ATP), prostaglandin E2 (PGE2)) and larger proteins (e.g.,
sclerostin, receptor activator for nuclear factor ligand (RANKL), dentine matrix protein 1 (DMP1),
osteoprotegerin (OPG)) that act on neighboring osteocytes, as well as surface osteoblasts and
osteoclasts 7 2%, To reach their target cells, these molecules pass through the pericellular matrix
(PCM) in the LCS via diffusive and/or convective mechanisms 2°, and the transport rate is not only
dependent on the size and shape of the molecule but also on the sieving property of the LCS %37,
Since the LCS structure is a major determinant of fluid and solute flows that are essential for

osteocyte function 27> 4

, we hypothesize that lactation-induced LCS changes in the maternal
skeleton increase the fluid flow-mediated mechanical stimulation of osteocytes and transport of
signaling molecules in the LCS, which may contribute to its rapid recovery after lactation.

The objective of the present study was to quantify and compare load-induced fluid flow, flow-
mediated mechanical stimulation of osteocytes, and solute transport in lactating and nulliparous
skeletons using a multiscale modeling approach. We derived key LCS features based on
experimental data published in previous literatures and developed customized models of lactating

and nulliparous murine tibiae. The model outputs include the stress field at the whole-bone level,

pore fluid pressurization at the tissue level, and fluid-solid interactions at the cellular level. The
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quantitative analysis provides critical insight for a better understanding of the potential drivers of
maternal skeleton adaptation during and after lactation.
2. Methods
2.1. The Multiscale modeling framework, model parameters, and fluid flow calculation
We have developed a hierarchical model of a murine tibia under cyclic axial loading (Fig. 1),

38,40 and is summarized herein. In this model,

which has been described in our previous publications
the murine tibia is axially compressed with cyclical loading through its proximal and distal ends
(Fig. 1A). The loading is set to be 3 N (~320pue at the anteromedial surface of the midshaft) *® at
either 0.5, 2, or 4 Hz **** (Fig. 1A, Table 1). The loading magnitude was chosen because previous
fluid flow and solute transport experiments were performed under a peak load of 3 N **. The results
could be scaled linearly to other loading magnitudes for frequency domains less than 5 Hz *°. The
three loading frequencies selected are to mimic physiological loading conditions experienced by
the tibia during slower (0.5 Hz) and faster (2, 4 Hz) locomotion. The midshaft is idealized as a
hollow cylinder bounded by endosteum (radius ri) and periosteum (radius r,), with an offset
distance L from the long axis of the whole bone (Fig. 1A) *°. The normal stress distribution at the
midshaft cross-section under dynamic compression and bending can be readily obtained using
beam theory *° (Fig. 1A). Our region of interest (ROI) is the LCS located at 30 pm below the
medial surface, which is also the ROI in previous in situ imaging studies due to easy access >* %
# (Fig. 1A). The dynamic stress induces fluid pressurization in the porous bone tissue that contains
the interconnected LCS channels (n = 74 canaliculi per lacuna, Fig. 1B, Table 1). The hierarchical

LCS structure determines the hydraulic resistance to fluid flow 2’ and the mathematical formula

(Egs. A1-A6) are detailed in Supplemental Materials. At the ultrastructural level, the pericellular
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matrix (PCM) that fills the fluid space between the cell membrane and the mineralized wall
provides major hydraulic resistance (Fig. 1C), where the PCM permeability k;, increases with larger
fiber spacing A, i.e., lower fiber volume fraction kvf (Supplemental Materials, Eqs. A1-A3). At the
tissue-level, permeability k is scaled with the average porosity of the LCS that varies with the
canalicular annular fluid gap and the number of canaliculi emanating from the lacuna
(Supplemental Materials, Eqs. A4-A6) %°. The fluid pore pressure in the bone tissue is driven by
the dynamic loading according to Biot theory (Supplemental Materials, Eqs. A8-10) 27> %, Under
the boundary conditions of zero pressure at the endosteum and no leakage at periosteum
(Supplemental Materials, Eq. All), the fluid pressure, pressure gradients, and Darcy’s flow
velocities in both circumferential and radial directions are obtained (Supplemental Materials, Egs.
A12-20). Detailed spatial velocity profile of the canalicular fluid flow is calculated using the
Brinkman equation (Supplemental Materials, Eq. A21) 2" %, Since our ROI is close to the
impermeable periosteum, radial fluid flow is negligible *° and all the subsequent calculations are
based on flow in the circumferential oriented canaliculi (~22% of total canaliculi, n = 16 *, Table
1). The flows in individual canaliculi merge within the lacunar fluid space, where the flow velocity
is scaled inversely with the size of the fluid conduit owing to the principle of mass conservation.
The spatial profile of the velocity across the lacunar fluid gap is obtained similarly using the
Brinkman equation (Supplemental Materials, Eq. A21). The multiscale modeling is mechanically
coupled: the mechanical stress field at ROI is a result of the external force applied at the whole
bone and serves as input for the tissue-level poroelasticity modeling. Subsequently, the pore
pressure and pressure gradients obtained from the tissue-level modeling are inputs to the

fluid/solute flow modeling at the LCS level (Figure 1). Thus, this multiscale modeling framework



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

integrates the mechanical stress, fluid pressure, and velocity profile from the whole bone level (in
mm) to the LCS level (in pm), and to the PCM level (in nm).

Two sets of modeling conditions are adopted to simulate fluid flow and solute transport in the
nulliparous and lactating female murine skeleton, respectively (Fig. 1C and Table 1). At the whole
bone level, it is assumed that the bone size, curvature, and bending rigidity for the two conditions
remain the same values as in our previous study *’ because of the minimal changes on cortical bone
induced by lactation '°. At the bone tissue level, the lacunar/osteocyte size (major and minor radii),
canalicular/cell process radii, canalicular length and total canalicular number per lacuna, and fluid
gaps in the lacuna and canaliculi for the nulliparous case are derived from previous studies of
confocal and electron microscopy imaging on 4-5 month old mice *> 4’ (Table 1). Parameters of
the osteocyte cell body and processes and the number and spatial distribution of canaliculi
emanating from the lacuna are assumed unchanged in the lactating bone, due to the relatively short
duration of lactation in rodents (~3 weeks). However, lactation-induced enlargement of the cross-
sectional area of the lacunae and canaliculi (12.87%, 15%) reported by Qing et al. (2012) ® and
Kaya et al. (2017) '? are taken into account in the lactating model parameters, including the 6.24%
and 7.24% increase in the radii of the lacunar and canalicular walls and the resultant larger fluid
gaps and fluid cross-sectional areas (Table 1). At the ultrastructural PCM level, the tethering fibers
are assumed to be 2 nm in radius for both lactating and nulliparous conditions, which is based on
measurements of perlecan **, a main component of the PCM around osteocytes *°. The fiber volume
fraction (kvf = 0.061) and the fiber spacing of the PCM (10.35 nm) for the nulliparous case are
based on measurements of sieving properties of the osteocytic PCM in young adult mice of 4-5-

month old **. Although there have not been any published reports on the PCM changes around
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osteocytes in lactating bone, lactation induces an upregulation of matrix degradation enzymes in

osteocytes during the PLR process 2> 23051

, which may lead to degradation of the proteoglycan-
containing PCM around osteocyte cell processes **. While the extent of PCM degradation remains
to be determined, we parametrically vary the PCM to be 50%, 75% or 100% of the original fiber
volume fraction (termed as 50%kvf, 75%kvf, 100%kvf, respectively) in the lactation model to
explore the influence of PCM density reduction. The reduction in the PCM density leads to
increased hydraulic permeability at the PCM- and tissue-levels in the lactating bone model (Table
1). Under both conditions, the PCM sieving properties, fiber volume fraction, and fiber spacing in
the lacuna are modeled to be the same as those in canaliculi. Within the lacunar fluid space, the
primary cilium protruding from the cell body, a mechanosensing apparatus 2, is modeled as an
elastic rod of 2 pm in length and 200 nm in diameter >2. Osteocyte body is assumed to remain the

same in nulliparous or lactating bone. Parameters for the two sets of modeling conditions are

summarized in Table 1.
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FIGURE 1. The multiscale model consists of a three-tiered hierarchy including the whole bone
level (A), the porous tissue level (B), and the lacunar-canalicular level (C). (A) A murine tibia is
subjected to a dynamic loading f{¢). The tibial midshaft, idealized as a hollow cylinder, is loaded
with f{¢) applied at an offset distance L and the resulting normal stress is calculated using beam
theory. (B) A schematic of the porous bone tissue containing extensive lacunar-canalicular pore
system (LCS). The dynamic stress deforms the bone tissue and pressurizes the fluid pore pressure
according to the Biot poroelasticity theory. The tissue-level permeability £ is estimated from the
anatomical features of the LCS, assuming a regular array of osteocytes and homogenous
canalicular distribution. (C) Fluid flow in the LCS fluid space filled with pericellular matrix (PCM)
fibers interacts with the cell membrane, tethering fibers, primary cilium, and provides mechanical
stimulations acting on the cell process and cell body. Longitudinal (left) and cross-sectional views
(right) of the osteocyte LCS (schematics not drawn to scale). Note: the model incorporates
numerous canaliculi and dendrites (n = 74) emanating from the osteocyte body. For illustration
purposes, only two canaliculi are shown in this schematic. Lacunar and canalicular walls are
expanded in lactating vs. nulliparous bone. This multiscale model couples mechanical stress, fluid
pressure, and fluid flow driven by pressure gradients from the whole bone level (in mm) to the
LCS level (in um), and to the PCM level (in nm).
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195

196
197  Table 1. Parameters in the multiscale fluid flow models of nulliparous and lactating bones
Parameters Nulliparous Lactation
Loading Peak force (N)/normal stress (MPa) 38 40.43 3/4.4
parameters Frequency (Hz) 3% 40-43 0.5;2; 4
Whole bone level = Off-center distance of loading (mm) 4 1.52
(murine  tibial = Cortical bone periosteum radius (mm) #° 0.571
midshaft) Cortical bone endosteum radius (mm) 4° 0.327
Osteocytic Lacunar radii (Rmajor/Rminor)(pum) & 12- 46,53 7.900/3.900 8.393/4.143
lacunar level Lacunar volume (um?) 503.320 603.442
Osteocyte body radii (fmajor/Tminor)(um) 46> 33 7.410/3.410
Osteocyte volume (um?) 360.924
Lacunar fluid gap n (um) 0.490 0.733
Lacunar fluid cross-sectional area (um?) 9.012 14.448
Osteocytic Cell process radius (nm) >3 69.116
canalicular level = Canalicular/cell process length (um) 4 30
Canalicular wall radius (nm) %33 150.371 161.258
Canalicular annular gap (nm) 81.255 92.142
Total # of canaliculi per lacuna 74
# of circumferential canaliculi per lacuna 16
Canalicular fluid cross-sectional area
(circumferential direction) (um?) 0448 0.533
Nullipa- Lactation
rous 50%kvf  75%kf  100%kvf
Pericellular PCM fiber radius (nm) *8 o)
matrix — (PCM) ' g o volume fraction kyf™ 0.061 0.031 0.046 0.061
fevel Fiber edge-to-edge spacing (nm) 3 10.35 16.30 12.57 10.35
Permeability ky: permeability of PCM (nm?) 2745 13.94 40.67 22.05 13.94
k: the tissue-level permeability (nm?) 2743 0.010 0.032 0.018 0.012
198
199
200 2.2. Flow-mediated stimulations on osteocytes and their cell processes
201 The multiscale models of nulliparous and lactating murine tibiae are subjected to a sinusoidal
202 compression loading scheme with a peak load of 3N at either 0.5, 2 or 4 Hz. Following the
203 procedure outlined above, the canalicular velocity profile can be obtained (Supplemental Materials,

11
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Eq. A21), from which the flow-mediated stimulations at the canalicular level are derived, including
shear stress (Eq. A22), shear force on the cell process membrane (Eq. A23) and the drag force on
the PCM fibers (Eq. A24) per unit length (um) of the cell process. Similar outcome measures,
which act on the cell body via fluid shear and drag force, are derived at the lacunar level.
Furthermore, flow-induced bending moment on primary cilium can be derived for both nulliparous
and lactation cases, by first obtaining the distributed drag force on the primary cilium using the
solution of a cylinder in low Reynolds number Stokes flow >* and then integrating the bending

moment along the entire length of the primary cilium (see Eqs. B1-B4 in Supplemental Materials).

2.3. Sensitivity of flow-mediated stimulations to the LCS structural variations

Although the two sets of model configurations allowed us to compare the flow-mediated
stimulations between nulliparous and lactating murine bones with predetermined LCS parameters
(Table 1). In reality, the LCS dimension could vary in a wider range, depending on the animal
species, age, and location of bones. To understand the sensitivity of those flow-mediated forces to
the LCS structural variations, we performed a parametric study, where the mineralized walls
outlined the lacunae and their associated canaliculi are assumed to vary between 80% and 140%
of the reference nulliparous values, and the loading is 3 N at either 2 or 4 Hz. LCS reduction and
expansion have been observed in cases of perlecan deficiency *°, and Paget’s disease or renal

osteodystrophy 3

, respectively. These LCS structural variations could affect the overall behavior
of the fluid flow and flow-mediated stimulations on osteocytes. Other model parameters were kept

the same as listed in Table 1.

12
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2.4. Transport of molecules relevant to the osteocyte function

The presence of PCM fibers in the LCS fluid conduits is expected to hinder the transport of
various molecules secreted by or acting on osteocytes. This sieving property is quantified by the
reflection coefficient o, which describes the reduction of solute convection relative to the fluid
motion owing to the finite size of the solute and the steric exclusion effect from the PCM fibers
(i.e., solutes cannot penetrate into PCM fibers). We have derived a close-form mathematical
solution for the reflection coefficient of a solute penetrating fiber arrays as a function of the solute
radius, the fiber radius (2 nm), and the fiber spacing (or fiber volume fraction) **. The formula (Eq.
C1 in Supplemental Materials) allows us to evaluate how PCM in lactating bone, assumed to be
50%, 75%, or 100% of the basal level in nulliparous bone, affects the velocity and volumetric flux
of a particular solute under the specific loading condition (3N at either 0.5, 2, or 4 Hz). The solutes
of our interest are the following molecules with molecular weight increasing from 40 to 140,000
Dalton: calcium, glucose, estrogen, PGE2, ATP, Insulin-like growth factor 1 (IGF-1), parathyroid
hormone (PTH), sclerostin, soluble RANKL, transforming growth factor beta (TGF-p), tartrate-
resistant acid phosphatase (TRAP), OPG, DMP-1, Romosozumab (sclerostin antibody) (Table 3).
The solute velocity Uy in the lacuna and canaliculi conduits is reduced from the fluid velocity uy
(obtained in the preceding section) by a factor of (1-0), i.e., Us= (1-0)xuy.

The solute diffusivity in the LCS of nulliparous and lactating bone is also sensitive to changes
in PCM density due to the solute-fiber interactions. Curry and Michel established a fiber matrix

model °7 to describe the reduced diffusivity (D) of a solute (radius 5) in a random array of fibers
(radius ry) from the free diffusivity in water (Dy): Dﬂ = exp (—,/ kvf (1 + :—5>>, which is used to
0 f

estimate the reduced diffusivity for the solutes of our interest (Table 3). The free diffusivity Dy is
13
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estimated from the molecular weight (MW) using the Polson method D, = A is a constant

A
Mw (1/3)°
with value 2.85x107° cm?-sec ' -g!*-mol™' 3% %, The hydrodynamic radius (R,) of a solute can be

kgT

estimated from the free diffusivity Dy using the Stokes—Einstein equation: R, = P where kg

0’
is the Boltzmann constant (1.38x1072 J-K™!), T'is room temperature (298 K) and p is the viscosity
of water (1.06x107> kg-m ! s7!). Furthermore, the volumetric influx of three representative solutes

(ATP, IGF-1, and sclerostin) in the canaliculi can be derived based on the solute velocity and fluid

cross-sectional area.

3. Results

3.1. Fluid pressure gradients and fluid flow profiles in lactating vs. nulliparous bone

Load-induced fluid pressure gradient varies with loading frequency and PCM density, which
collectively determine the spatial fluid velocity profiles within the lacuna and canaliculi (Fig. 2).
Under 3 N (~320 ue) axial compression at either 0.5, 2, or 4 Hz (Figs. 2A-2C), the peak values of
the radial and circumferential pressure gradients at our region of interest (Fig. 1A) are higher at 2
or 4 Hz than 0.5 Hz (Figs. 2D-21). Moreover, the circumferential pressure gradients (Figs. 2D-2F)
are more than ten times higher than the radial pressure gradients (Figs. 2G-2I), thereby justifying
our focus on the circumferential flow in the subsequent calculations. Lactating bone with sparser
PCM (50% or 75%kvf) experiences ~50% lower pressure gradients relative to the nulliparous bone
under 0.5 Hz loading (Figs. 2D, 2G), while such differences are reduced under 2 Hz loading (Figs.
2E, 2H) and nearly abolished under 4 Hz loading (Figs. 2F, 2I). As expected, increasing the loading
frequency from 0.5 to 2 or 4 Hz results in ~2-4 fold increases in the pressure gradients, depending

on the PCM density (Figs. 2D-2I). As for the flow velocity profiles resulting from the above peak
14
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circumferential pressure gradients, the magnitude of the canalicular flow is ~ 20 times higher than
that of the lacunar flow, regardless of the loading frequency or PCM density (Figs. 2J-20).
Furthermore, the profile of the canalicular flow is closer to that of plug flow while the profile of
the lacunar flow is nearly parabolic (Figs. 2J-20). In lactation, the expansion of fluid gaps alone
(92 vs. 81 nm in canaliculi or 490 vs. 733nm in lacuna) flattens the velocity curves with lower peak
values (nulliparous vs. Lactation 100%#kvf), while the peak velocity is elevated with PCM density
decreasing, i.e., the peak fluid velocity is ranked as 50%kvf > 75%kvf >100% kvf (Figs. 2J-20).
Synergistically, a higher loading frequency (2 or 4 Hz) with sparser PCM density (50% or 75%kvf)

leads to higher peak velocities in lactating bone than in nulliparous bone (Figs. 2J-20).
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FIGURE 2. Loading induces fluid pressurization and fluid flow in bone. (A-C) Tibiae are
dynamically loaded with 3N at 0.5, 2, or 4 Hz. (D-F) Radial pressure gradients and (G-I)
circumferential pressure gradients (> 10-fold higher) induced by loading in nulliparous or lactating
murine tibial midshaft below periosteum (region of interest shown in Fig. 1A). Circumferential
velocity profiles in the canaliculi (J-L) or lacuna (M-O) in nulliparous or lactating tibia. The PCM
density of lactating bone is assumed to be 50%, 75%, to 100% of that of nulliparous bone (kvf).
The width of the canalicular or lacunar annular fluid gap is enlarged in the lactating bone. CM: cell
process membrane, CW: canalicular wall, OM: osteocyte body membrane, LW: lacunar wall.

3.2. Flow-mediated mechanical stimulations in lactating vs. nulliparous bone

16




292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

Relative to the nulliparous bone, flow-mediated shear force and drag force on the osteocyte
cell process and cell body in the lactating bone are shown to mostly decrease at 0.5 Hz but begin
to increase at 2 or 4 Hz, especially in the cases of sparser PCM. In contrast, the bending moment
of the primary cilium increases in the lactating bone regardless of the loading frequency (Table 2).
When comparing the lactation 100%#kvf case vs. the nulliparous case at the 0.5 Hz loading
frequency, the increased LCS dimension alone reduces the mean canalicular fluid velocity by
13.5%, shear stress (force) on cell process by 16.9% (15.4%), the mean lacunar fluid velocity by
35.8%, and shear stress (force) on cell body by 36.4% (36.2%) in lactating bone. Meanwhile, the
increased LCS dimension (lactation 100%#kvf vs. nulliparous case) increases the bending moment
on primary cilium by 43.4% with relatively small change in total force (summation of shear and
drag force) along cell process (+0.8%) or cell body (-1.5%) in lactating bone (0.5 Hz, Table 2). For
the three assumed PCM density cases in lactation (50%, 75%, or 100%#kvf), 26 out of 33 model
outputs decrease relative to the nulliparous case (as shown in negative percentages of change)
under 0.5 Hz loading (Table 2). Meanwhile, when loading frequency is increased from 0.5 Hz to 2
or 4 Hz, the magnitudes of model outputs increase substantially regardless of nulliparous or
lactating status or PCM density (Table 2). Relative to the nulliparous bone, 2 Hz loading of
lactating bone induces an increase in 20 out of 33 model outputs, including flow-mediated total
force along cell process (+1.6%, +13.6%, +13.9%) and cell body (-7.5%, +8.2%, +11.2%) and
bending of primary cilium (+231.8%, +132.0%, +62.1%) for a given PCM density of 50%, 75%,
or 100%kvf (2 Hz, Table 2). More model outputs (25 out of 33) are increased in lactating bone
under 4 Hz loading relative to nulliparous bone, and specially, the total force along cell process

and cell body as well as bending of primary cilium are all increased regardless of PCM density (4
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314 Hz, Table 2).

315
316 Table 2. Loading-induced flow-mediated stimulations in lactating vs. nulliparous bones
. Lactation
Nulliparous (% change relative to Nulliparous®)
(veference)
50%kvf 75%kvf 100%kvf
Loading Frequency (Hz) 0.5
Fluid velocity in canaliculi (mean 43.93 45.09 41.54 38.00
value, um/sec) (+2.6%) (-5.4%) (-13.5%)
Shear stress on cell process (Pa) 6.10 4.69 4.93 5.07
(-23.1%) (-19.2%) (-16.9%)
Shear force on cell process (pN/pm) | 2.6 2.0 2.1 2.2
(-23.1%) (-19.2%) (-15.4%)
Drag force on cell process (pN/um) = 23.0 11.3 17.5 23.6
(-50.9%) (-23.9%) (+2.6%)
Total force on cell process (pN/um) = 25.6 13.3 19.6 25.8
(-48.0%) (-23.4%) (+0.8%)
Fluid velocity in lacuna (mean @ 2.18 1.67 1.53 1.40
value, pm/sec) (-23.4%) (-29.8%) (-35.8%)
Shear stress on cell body (Pa) 0.22 0.11 0.13 0.14
(-50.0%) (-40.9%) (-36.4%)
Shear force on cell body (pN/um) 4.7 2.3 2.7 3.0
(-51.1%) (-42.6%) (-36.2%)
Drag force on cell body (pN/pm) 2294 109.0 168.8 227.7
(-52.5%) (-26.4%) (-0.7%)
Total force on cell body (pN/um) 234.1 111.3 171.5 230.7
(-52.5%) (-26.7%) (-1.5%)
Bending moment on primary cilium = 2.05 3.49 3.22 2.94
(pN.nm) (+70.2%) (+57.1%) (+43.4%)
Loading Frequency (Hz) 2
Fluid velocity in canaliculi (mean 70.77 141.54 99.05 69.11
value, pm/sec) (+100%) (+40%) (-2.3%)
Shear stress on cell process (Pa) 9.82 14.73 11.75 9.23
(+50%) (+19.7%) (-6.0%)
Shear force on cell process (pN/pum) = 4.27 6.39 5.10 4.01
(+49.6%) (+19.4%) (-6.1%)
Drag force on cell process (pN/um) = 37.01 35.53 41.80 43.02
(-4.0%) (+12.9%) (+16.2%)
Total force on cell process (pN/um) = 41.28 41.92 46.9 47.03
(+1.6%) (+13.6%) (+13.9%)
Fluid wvelocity in lacuna (mean @ 3.52 522 3.65 2.55
value, um/sec) (+48.3%) (+3.7%) (-27.6%)
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Shear stress on cell body (Pa) 0.36 0.34 0.30 0.25
(-5.6%) (-16.7%) (-30.6%)
Shear force on cell body (pN/um) 7.62 7.20 6.45 5.44
(-5.5%) (-15.4%) (-28.6%)
Drag force on cell body (pN/um) 369.76 341.72 401.79 414.03
(-7.6%) (+8.7%) (+12.0%)
Total force on cell body (pN/um) 377.38 348.92 408.24 419.47
(-7.5%) (+8.2%) (+11.2%)
Bending moment on primary cilium = 3.30 10.95 7.66 5.35
(pN.nm) (+231.8%) (+132.0%) (+62.1%)
Loading Frequency (Hz) 4
Fluid velocity in canaliculi (mean 72.95 189.33 112.72 72.85
value, pm/sec) (+159.5%) (+54.5%) (-0.1%)
Shear stress on cell process (Pa) 10.12 19.70 13.37 9.73
(+94.7%) (+32.1%) (-3.9%)
Shear force on cell process (pN/pum) = 4.4 8.6 5.8 4.2
(+95.5%) (+31.8%) (-4.5%)
Drag force on cell process (pN/um) = 38.2 47.5 47.6 45.4
(+24.3%) (+24.6%) (+18.8%)
Total force on cell process (pN/um) = 42.6 56.1 53.4 49.6
(+31.7%) (+25.4%) (+16.4%)
Fluid velocity in lacuna (mean 3.63 6.98 4.16 2.69
value, pm/sec) (+92.3%) (+14.6%) (-25.9%)
Shear stress on cell body (Pa) 0.37 0.45 0.34 0.27
(+21.6%) (-8.1%) (-27.0%)
Shear force on cell body (pN/um) 7.9 9.6 7.4 5.7
(+21.5%) (-6.3%) (-27.8%)
Drag force on cell body (pN/um) 381.3 456.9 457.9 436.8
(+19.8%) (+20.1%) (+14.6%)
Total force on cell body (pN/um) 389.2 466.5 465.3 442.5
(+19.9%) (+19.6%) (+13.7%)
Bending moment on primary cilium = 3.40 14.64 8.73 5.64
(pN.nm) (+330.6%) (+156.8%) (+65.9%)

317

318  Note: * The % values in the parentheses are calculated as [lactation/nulliparous-1]*100
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FIGURE 3. Parametric sensitivity study. The variations of LCS porosity and PCM fiber density
affect (A) shear force, (B) drag force on the cell process, and (C) shear force, (D) drag force on the
cell body, as well as (E) bending moment on the primary cilium protruding from the cell body. The
LCS porosity is reduced or expanded, varying from 0.8 to 1.3 with the porosity of nulliparous bone
being the reference (1.0). The PCM density is varied at 50%, 75%, and 100% of the basal level in
nulliparous bone (kvf = 0.061). Other bone parameters are kept the same as listed in Table 1. The
bone is modeled under axial loading at 3N peak load and 4 Hz. The region of interest (30 pm under
the medial surface) is shown in Fig. 1A.

3.3. Sensitivity of flow stimulations to the LCS structure variations

Upon examining a wider range of LCS porosity variations from the reference nulliparous
condition, we can observe that shear force on the cell process decreases almost linearly with
increasing LCS porosity and its rate of decline is higher with sparser PCM (Fig. 3A). In contrast,
the drag force on the cell process increases nearly linearly with increasing LCS porosity and the
rate of increase does not differ substantially at various PCM densities (Fig. 3B). In the lacuna, the

shear force on the cell body decreases nonlinearly with increasing LCS porosity and the rate of
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decline is higher at a smaller LCS and sparser PCM (Fig. 3C). In contrast, the drag force on the
cell body increases nearly linearly with the LCS porosity and the rate of increase does not differ
substantially at various PCM densities (Fig. 3D). The bending moment of the primary cilium
increases nearly linearly with increasing LCS porosity (Fig. 3E). Similar patterns are observed for

2 Hz loading (Supplemental Materials-Figure 1S).

3.4. Solute transport in the LCS of the nulliparous vs. lactating bones

As expected, the reflection coefficient in the PCM-filled LCS increases with molecular weight
and the increase is higher with denser PCM (Fig. 4A). The reduced diffusivity in the LCS (D/Dy,
relative to free diffusion) decreases with increasing molecular weight and the rate of decrease is
higher with denser PCM (Fig. 4B). In the case of nulliparous and lactation with 100%#kvf, solutes
relevant to osteocyte function with molecular weight ranging from 40 to 146,000 Dalton would lag
behind fluid flow by 0.1% to 48.6% and diffuse at 77% to 48% of their respective free diffusion
rates (Table 3). When the PCM density is reduced in lactating bone (75% or 50% kvf), these solutes
would experience reduced sieving and increased diffusion and the extent of change (relative to
100%/kvf) is more pronounced for larger solutes (Table 3). For three representative solutes (ATP,
IGF-1, and sclerostin), the solute influx into the osteocyte lacuna at the region of interest is elevated
in the lactating bone compared to that in the nulliparous bone, and the increase is higher with
sparser PCM (50% vs. 75% vs. 100% kvf) and amplified at higher loading frequency (2 or 4 vs.

0.5 Hz) (Figs. 4C-4E).
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363 FIGURE 4. The effects of varying PCM density on solute transport. (A) Reflection coefficient and
364 (B) reduced diffusivity (D/Dy) as a function of solute molecular weight for nulliparous or lactating
365 bones with their PCM density being 100%, 75%, or 50%kvf (kvf = 0.061). Total solute influx Js
366 for three representative molecules (ATP [507 Da], IGF-1 [7600 Da], and sclerostin [24000 Da]) in
367 the nulliparous or lactating bone under cyclical loading of 3N at either (C) 0.5 Hz, (D) 2 Hz, or (E)
368 4 Hz. (Note the different scales in panel C-E)
369
370
371 Table 3. Effects of PCM density on solute transport in the LCS
Nulliparous
MW Stokes  Free P . . Lactation (75%£kvf) = Lactation (50%kvf)
Solutes (Da) radius | diffusivity Lactation (100%kvf)
a
(nm) Dy (um?/s) Refl. coef D/Dy | Refl. coef | D/Dy | Refl. coef | D/Dy
Calcium 40 0.103 778 0.001 0.77 0.000 0.80 0.000 0.83
Glucose 180 0.433 504.8 0.009 0.74 0.007 0.77 0.005 0.81
Estrogen 272 0.497 439.7 0.012 0.73 0.009 0.77 0.006 0.80
PGE2 352 0.541 403.6 0.014 0.73 0.011 0.76 0.008 0.80
ATP 507 0.633 387.5 0.018 0.72 0.014 0.75 0.010 0.79
IGF-1 7600 1.540 150 0.092 0.65 0.071 0.68 0.050 0.73
PTH 9500 1.623 134.6 0.101 0.64 0.078 0.68 0.055 0.73
sclerostin 24000 2.210 98.8 0.173 0.59 0.134 0.64 0.095 0.69
sRANKL 24000 2.210 98.8 0.173 0.59 0.134 0.64 0.095 0.69
TGF-B 25000 2.241 97.5 0.177 0.59 0.137 0.63 0.097 0.69
TRAP 35000 2.506 87.1 0.215 0.57 0.166 0.62 0.117 0.67
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OPG 60000 3.000 72.8 0.293 0.54 0.226 0.59 0.159 0.64
DMP-1 100,000 | 3.557 61.4 0.392 0.50 0.303 0.55 0.215 0.61
OPG 120,000 | 3.779 57.8 0.435 0.49 0.336 0.54 0.238 0.60
Romosozumab | 146,000 @ 4.035 54.1 0.486 0.48 0.375 0.52 0.265 0.59

372  Note: The PCM fiber radius = 2 nm (size of perlecan core protein, major component of the PCM fibers)
373 * and the fiber volume fraction of the PCM in the nulliparous LCS = 0.061 **. Reflection coefficient
374 was calculated based on the sieving model by Wang et al. *® and the reduced diffusivity was predicted
375  using the Curry-Michel model *’.
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4. Discussion

The motivation behind this multiscale computational study was to understand how lactation-
induced microstructural changes affect the local biophysical and biochemical environment of
osteocytes, and the potential consequences on the metabolism and mechanobiology of the maternal
skeleton. Robust peri-lacunar remodeling has been demonstrated convincingly in lactating bone,
which shows higher sensitivity to mechanical loading '° and more resistance to postmenopausal
bone loss later in life '°. These intriguing observations prompted us to ask whether lactation alters
loading-induced fluid flow around osteocytes and increases their sensitivity to mechanical loading
10 The multiscale modeling presented herein allowed us to quantify and compare various flow-
mediated stimulations on the mechanosensing complex of the osteocyte, including the cell
membrane, pericellular tethering fibers, and primary cilium. The effects of lactation on convection
and diffusion of signaling molecules and nutrients relevant to osteocyte function were also
investigated, using models incorporating key LCS features of lactating and nulliparous murine
tibiae.

This study revealed three major findings. First, for a given loading magnitude, loading
frequency and two structural parameters, LCS porosity and PCM density, were found to be major

determinants of fluid flow and solute transport in bone, all of which osteocytes depend on for
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mechanosensing, cell-cell signaling, and metabolism. Second, while lactation-induced LCS
expansion and PCM thinning were shown to promote solute transport and bending of the primary
cilia under 0.5 Hz loading, the fluid shear and/or drag force were significantly decreased on the
cell membrane, demonstrating lactation-induced deficits in osteocyte mechanosensing under low-
frequency loading. However, increasing the loading frequency to 2 or 4 Hz, which were commonly

used to elicit in vivo bone formation 4% 60 6!

, can counteract these deficits. Remarkably, the
countering effects were shown to be more pronounced in the canaliculi of lactating bone with PCM
loss (75% kvf or 50%kvf vs. 100% kvf). Third, loading at a higher frequency and sparser PCM
synergistically promote solute transport in the LCS. Overall, these findings demonstrate that the
biophysical and biochemical changes caused by lactation could serve as feedback control signals,
and this self-regulation loop may contribute, at least partially, to the rapid recovery of the maternal
skeleton by enhanced solute transport and increased sensitivity to loading associated with fast
locomotion.

These simulations align with our experimental study '°, in which we compared bone formation
rates among virgin, pregnant, lactating, and post-weaning rats subjected to 2-week tibial loading
at 1500 pe and 2 Hz. We discovered that the fold change of periosteal bone formation rate (loaded
vs. non-loaded tibiae) was significantly greater in lactating rats (~25 fold) than in the other three
groups (~5 to 10). In mice and rats, the ultimate load and stiffness of the whole bone and the
intrinsic modulus of bone tissue were fully recovered one to three weeks post-weaning to the levels

62.63 and microindentation tests '2. Thus,

of nulliparous controls as shown by three-point bending
our experimental and modeling results are consistent with previous observations that lactation

imparts no adverse fracture risk for the maternal skeleton and even provide some long-term
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benefits in bone health in human and animals '* ¢4, The history of reproduction and lactation may
prime the osteocytes to better respond to anabolic mechanical loading.

In addition, the present multiscale model advances the understanding of load-induced fluid
and solute transport during lactation. The LCS enlargement and potential PCM thinning during
lactation lead to higher hydraulic permeability in bone. While one may expect increased fluid flow
as a result, our calculations instead showed decreased fluid velocity in the case of slower loading
rate (e.g., 0.5 Hz). This counter-intuitive result is due to the interplay between loading frequency,
fluid pressurization/relaxation, and hydraulic permeability. In a porous medium with higher
permeability, fluid relaxes relatively faster, and thus pressure build up does not occur. With the
widening of fluid gap in the canaliculi and lacuna in lactating bone, fluid velocity, fluid shear, and
fluid drag become lessened even more due to the principle of continuity of fluids. In contrast, when
loading frequency is increased, the inability of fluid to quickly relax in between loading cycles
causes fluid pressure to accumulate, and as a result higher fluid velocity and greater fluid forces
are generated. This frequency-dependent enhancement is more pronounced at the cell process than
the cell body, and the former has been found to be a more sensitive site for osteocytes to detect
mechanical stimulation ®. Consistently, the expansion of the lacunae leads to higher bending
moment on primary cilia, which could also activate osteocytes *2. Furthermore, lactation enhances
solute transport owing to the expansion of the transport conduits and lower sieving effects. We
found faster diffusion, reduced hindrance in convection, and elevated total volumetric influx of
nutrients and signaling molecules in lactating bone, regardless of molecule size or loading rate.
Solute transport is essential for osteocyte survival (nutrient supply and waste removal) and

osteocyte function (cell-cell signaling) ?°. Taken together, lactation-induced structural changes alter
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the biophysical and biochemical environment of osteocytes in ways that could favor maternal
bone’s post-weaning recovery, metabolism and mechanosensing.

The modeling approach employed in this study has several noteworthy strengths. The
multiscale modeling framework takes several interconnected structural levels into consideration,
spanning from whole bone (~15 x 2 mm size), to porous bone tissue (~0.2mm cortex), to individual
lacunar and canalicular fluid conduits (~0.1-1 pum fluid gap), and to the pericellular matrix fibers
(~10 nm fiber spacing). Adopting the theoretical framework pioneered by Weinbaum et al. 2”3

34,38,40,43, 48 ' \ve established two model scenarios for

and further developed by us and others
nulliparous and lactating bones where the poroelastic properties of bone tissue, hydraulic
permeability, and sieving property of the pericellular matrix surrounding the osteocytes are based
on available experimental measurements. In particular, the discovery of perlecan as a major
component of the pericellular matrix tethering element *, the subsequent measurement of the size
of perlecan *8, and the fiber volume fraction of the PCM density in young and aged mice ** greatly
improve the capability of predicting flow-mediated stimulations and solute transport characteristics.

Our study also has some limitations. The model of lactating bone incorporates not only the
enlargement of the lacunae and canaliculi ® '2, but also potential degradation of the PCM fibers, a
reasonable extrapolation based on the capability of the osteocytes in matrix lysis ®° !4, The PCM
density in lactation bone has not been quantified experimentally and thus was parametrically varied
and reduced than that of the nulliparous control. However, the actual value remains to be
determined experimentally. In addition, the murine tibial midshaft was simplified as a hollow
cylinder. A more complex 3D finite element modeling based on bone architecture * could improve
the model predictions. To simplify the modeling approach, isotropic mechanical properties and
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permeability of midshaft cortex were assumed *° due to the presence of few vascular pores. The
contribution of vascular pores to bone fluid flow, especially their role of a low-pressured fluid
reservoir, has been demonstrated in normal or osteoporotic bone 7 8. Furthermore, we chose a
region of interest below the periosteum at the medial surface to be consistent with previous studies
that provided key measurements that were subsequently used in the model 3+ 3 40- 4348 At this
location, circumferential flow is dominant, leading to more simplified calculations *°. Although the
numerical results may differ at other anatomical locations, we expect to reach the same general
conclusions regarding the comparisons between the lactating vs. nulliparous bone in the fluid flow
and solute transport. We also simplified canaliculi to resemble straight channels, based on our
measurements of their tortuosity (~1.2) at the midshaft lamellar cortex for both nulliparous and
lactating rats (Supplementary Materials, Figure 2S). Canalicular tortuosity is predicted to reduce
bone permeability and flow velocity as demonstrated by Lemaire ¢°. Last but not least, the model
outputs quantify the changes in the mechanical environment around osteocytes, however the
downstream cellular responses of osteocytes in lactating skeleton (such as mechanotransduction)
also depend on additional factors including hormonal changes, which are beyond the scope of this
study.

In summary, we investigated how structural changes in LCS and PCM during lactation alter
the local biophysical and biochemical cues for osteocytes, which may influence adaptation of
maternal bone to physiological load bearing and weight-bearing exercise postpartum and drive its
post-weaning recovery. We found that variations of loading frequency, LCS porosity and PCM
affect the local fluid environment and transport around osteocytes. In particular, we identified

deficits in flow-mediated stimulation of osteocytes in lactating bone under 0.5 Hz loading.
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Remarkably, loading at a higher frequency (2 or 4 Hz) can overcome most deficits and enhance
transport in lactating bone. These results support the roles of osteocytes and their local fluid
environment in the homeostasis of female skeleton and its adaptation to mechanical loading.
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Supplementary Materials

1. Theory and Calculations

1.1 The LCS permeability, fluid pore pressure, pressure gradient, shear stress, shear force and
drag force

The hydraulic permeability of a single canaliculus £, is given by

= (A1)

- )
kp  3kpi = 3kp2

where £k, is the Darcy permeability of the transverse fibers including the core proteins and 4,2 the
axial fibers. The expression for k,; is given in Weinbaum et al. ! as:

kp1 = 0.0572a§(A / ap)*377, (A2)
The expression for k> is given in Cowin et al. ? as:

kp, = 0.147a3(A / ay)>283, (A3)

where ao 1s the radius of the pericellular fibers and A is the edge-to-edge spacing of the fibers in

mr g2

the pericellular matrix and related to the volume fraction of the PCM as kvf = m.
Tf

The tissue level permeability is estimated from the anatomical features of the LCS as in

Weinbaum et al. '

__2mNa*q?

L 4, L0 /9) — gl ] + Bulaks ) — K (v / ] + B2, (ag)

q

where a is the radius of the osteocyte process, ¢ is the ratio of the radius of the canaliculus (b) to
the radius of the osteocytic process (a), d is the average spacing between two lacunae, N is the total
number of canaliculi emanating from one lacuna, y is a dimensionless length ratio between the
canalicular radius and its associated boundary layer thickness, which is approximated to be the
square root of the permeability of a single canaliculus (y = b/ \/k—p). A1 and B are defined as
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_ Ko(¥)-Ko(v/q)
Ay = Io(v /@Ko () ~1o (VKo (¥/@) (AS)

_ Ly(v/@)—Ip(y)
By = Io(v/ @Ko () =1 (YKo (¥/@) (A6)

Where Iy, Ko, I and K are modified Bessel functions of the first and second kind.
The characteristic fluid relaxation time, which will be used in the dimensionless Biot equation
listed below, is defined as:
T, =t (A7)
where u is the viscosity of bone fluid and assumed to be that of sea water (u = 1.06 x 10~ kg/ms);

7o 1s the radius of the periosteum.

The intermittent dynamic force is given below:

ft)=F (—% + %cos n—t), (A8)

ty

Where F is the peak-to-peak force (6 N in our case) and 2¢ is the loading period (=1/loading
frequency, 2 s for 0.5 Hz, 1 s for 2 Hz, and 0.5 s for 4 Hz loading).

The pore fluid pressure p in the LCS due to the applied loading can be calculated from a
previously developed equation based on the Biot poroelastic theory :

R s e (49)

Where c is the pore pressure diffusion coefficient (¢ = r,%/1;) and B is the Skempton parameter
indicating the relative compressibility between the fluid and solid phases in bone (B = 0.53).

Using a set of parameters [R = r/ro; © = t/1; T = wty; o = w/ti; and P = 3pA/ (BTF)] and

substituting the expression of loading f{t), the Biot poroelastic equation of the fluid pore pressure

is rendered dimensionless :

9%p 19P 1 9%2p 0P
— ——+————=—[1+
OR2 R OR R2 902 oT

LroA
I

R sin 9] X %sin(Tr) (A10)
where R, 7, T, and P are dimensionless radial position, time, frequency, and pressure respectively;
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w is the principle angular loading frequency; F is the peak force of the dynamic loading; A4 is the
cross-sectional area of the tibial midshaft; », is the exterior radius of the tibial midshaft, L is the
offset of the loading force to the center of the bone, / is the moment of inertia of the bone cross-
section along the medial-lateral axis >.

The boundary conditions are zero pressure at the inner endosteal surface and a leaky outer
periosteal surface as in previous models >:

P=0atR=A=rirs; o +1P =0 atR=1 (A11)

where 7 is the coefficient with # = 0 corresponding to no leakage condition and # — o
corresponding to free flow condition. In this study, we use no leakage condition ( = 0).

The analytical solution of dimensionless pressure is derived using complex function and

separate variables as follows °:

Lty
1

P(R,6,7) = Im{[= (1 + 222 Rsin0) + Co1Lo(VITR) + Doy Ko(VITR) +

(Coly(VITR) + Dy Ky (VITR) ) sin 6] €77} (A12)
where

C _ L \/i_TKl(\/i_T)_n[KO(\/i_T)_KO(’l\/i—T)] A13)
01 ™ 2iT I (AVIT) [VITK, (VIT) —nKo (VIT) |+ Ko (AVIT ) [VInT 1 (VIT ) +n1o (VT )] (

D. = L VIT 1 (ViT) +11[ 1o (VIT) 1o (AVIT)| Ald
01 = 57 1o (W) WiT Ka (ViT) —nKo (V) [+ Ko (W) VAT 1 (V) #1710 (V)] (Al4)

C. — _LroA AVITKo(ViT)+(1-m) K1 (ViT) |+ (1+n) K, (AViT)
11 —

20T 1, (AVIT) [ViT Ko (ViT)+(1—m) Ky (VIT) |+ [ViT 1o (VIT ) —(1—m)1y (ViT) | K1 (AVET)
(A15)

LroA AViT1,(ViT)-(1-m) 1 (ViT)]-(1+n)11 (AViT)

D =—=37 13 (AWVIT) [ViTKo (ViT) +(1-m) Ky (ViT) |+ [ViT 1o (ViT) - (1-n)1; (ViT)| K1 (AViT)

(A16)
The gradients of the dimensionless pressure in the radial and circumferential directions are

obtained:

2 = 1m {[£225in 0 + oy VT (VITR) = Doy VITK, (VATR) + (Coa VT (VITR) +

AR 20IT
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221, (VITR) — D11 ViTKo(ViTR) — 22 K, (\/i_TR)) sin 0] e!77} (A17)

R

% Im {[“"AR cos 6 + (1111 (VITR) + Dy, K, (VITR) ) cos 6 e’} (A18)

00 20IT
The corresponding canalicular fluid velocities in the radial and circumferential directions are

derived using Darcy’s law:

kp Op kpBTF 0P

Ur u or 3uroA oR ( 9)
kp Op kpBTF 0P

Ue Lur 96 3urd 36 (A20)

where p is the fluid pressure, P is the dimensionless pressure, and &, is the permeability of a single

canaliculus (defined in Eq. Al).

The above Darcy fluid velocity represents the mean value of the fluid velocity in the LCS
channels. To calculate the shear stress on the cell membrane and the drag force on the transverse
PCM fibers, the velocity profile across the fiber-filled canaliculi channel is given by Weinbaum et

al. ! as:

=522y (2) 0 )1 gt
where the y coordinate is along the long axis of the canaliculus and p coordinate is the radial
direction; b is the radius of the canalicular wall, y is a dimensionless length ratio between the
canalicular radius and its associated boundary layer thickness, which is approximated to be the
square root of the permeability of a single canaliculus (y = b/ \/k_p). A1 and B are defined in Egs.
AS and A6. [y and Ko are modified Bessel functions of the first kind.
The shear stresses acting at the inner surface of the annular region is obtained from the
gradient of the velocity profile !:
s(@) = 3 (@) = 2L AL (1 /q) — BiKy (/)] (A22)
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where a is the radius of the osteocyte process and g = b/a.
The integrated shear force fs on the entire cell process membrane is obtained from the shear

stress *:

_ — ou\ _ b) 2p AN 4
f; = 2mals(a) = 2mal (u ap) = 2nal (y) = A (q) BK, (q)] (A23)
where /1 and K are modified Bessel functions of the second kind; / is the unit length (= 1 pm in
this study).

The total drag force exerted on the tethering fibers can be obtained by integrating the

distributed force over the fluid annulus *:

fa = ZHlpr(:—pu)dp

= Zﬂlg—Z{g [A111(y) — B1K1()] — % [A111 (g) — B1K, (g)] - ngaz} (A24)

[

In the lacuna to which multiple canaliculi channels are connected, the Darcy’s fluid velocity is
calculated based on fluid continuity and the spatial profile is obtained by fitting the flow pattern as
described in Eq. A21 so that the average fluid velocity equals the Darcy velocity. The fluid shear stress
and fluid drag are calculated similarly as in Eqs. A23 and A24.

1.2. Calculation of the bending moment on the primary cilium
The bending moment of the protruded primary cilium was calculated as below. The lacunar
fluid space i1s simplified as an annulus along the major direction of the lacuna, where the inner
surface is the osteocyte cell body of radius a (~ cell body minor radius) and the outer surface is the
lacunar wall of radius b (~minor radius of the lacuna).
The 2D planar drag force per length acting on a primary cilium, treated as a cylindrical rod in

low Reynolds number Stokes flow is given by Venier et al. ° as:
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f(h) = in(lp/2d) (B)

in which y is the fluid viscosity, V(%) is the fluid velocity in the lacunar fluid gap, d is the diameter
and /, is the length of the primary cilium. The primary cilium length is set as 2um and diameter
200 nm from literature ®’

The concentrated force (F) on the primary cilium calculated through integration of the

distributed force f(7) from osteocyte body membrane to lacunar wall:

F=[) f(r)dr=— (‘:”/“Zd) [Pv@dr = mz‘l’;’;gd) 2], [A 10( )+BlKO( 0) - 1] dr  (B2)

where the y coordinate is along the long axis of the lacuna and » coordinate is the radial direction
of the fluid annulus; a is the osteocyte body minor radius and b is the lacunar minor radius; y, 41
and B are defined before (Eqgs. A4-A6); Ip and Ko are modified Bessel functions of the first kind.

The distance from concentrated force (F) point to cell membrane:

_ Lrroiar_ atgd [l )-h0/0)-silara ) -k /) M)

2 rar “ Tl Telasto(v5)+BiKo(vg)-1]ar

—-a (B3)

Bending moment on the cell membrane:

M=Fl= lng:;;d) ayf [A IO( ) + BlKO( _) B 1] dr

]_V(qz—l)}

atq? (Mlah D=L 0 /@1-Bilaks 1)K (r /)] -1L

kpy3 12 [a110(v5)+Biko(v5)-1]ar

—a (B4)

where ¢ is the ratio of the lacunar minor radius () to the osteocyte body minor radius (a).
In this calculation method, the bending moment is related to the permeability of PCM and
pressure gradient in the lacunar annular space. The bending moment is dependent on the fluid gap,

regardless of the tilt angle of the cilium.

1.3. Reflection coefficients of solutes
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We have recently quantified the relationship between the fiber matrix sieving effect and its

ultrastructure, in which the reflection coefficient of the molecules could be derived from the

osteocyte pericellular fiber volume fraction ®:

(a+B)? ln(1+ %)—azﬁz— adp- aﬁ—aT—?

4 2

a

2

o=

p2-Ein(p)-2

+

1- B4+2(1+BY)Inp

BY?] = 2(a + B)(1 +BHIn (1 +5)}

fa(1+2

m) [1+ B%(a+

(CI)

Where o = r¢/R, p = r7/R, rs is the solute radius, 7ris the fiber radius, and R is the radius of the

periodic fluid unit surrounding a fiber, which is related to fiber volume fraction R= ry (kvf/3)>.
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Figure 1S. Parametric study of LCS porosity on flow-mediated stimulations on osteocyte cell
processes (in the canaliculus) and cell body (in the lacuna) under loading (3 N, 2 Hz). The reference

LCS porosity (=1) is defined as that in the nulliparous bone (detailed structural parameters are listed
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in Table 1). The pericellular fiber matrix density is varied at 100%, 75%, and 50% of that in nulliparous
bone. The patterns are similar to 3 N and 4 Hz loading as in Figure 3 in the main text: as the LCS
porosity increases, shear force decreases, drag force increases, and bending moment of primary cilia
increases, while the changing rates for the shear and drag forces vary with the pericellular fiber matrix

density.

3. Canalicular tortuosity analysis
Seven-month old female Sprague Dawley rats were assigned to Lactation and age-matched Virgin
groups (n=6/group) for canalicular tortuosity analysis. Rats in the Lactation group underwent
pregnancy, followed by 2 weeks of lactation, and were euthanized on day 14 of lactation. Ploton
silver staining ? was performed on 8 um-thick longitudinal paraffin sections of the tibial cortex to
visualize the lacunar-canalicular network (Supplemental Figure 2S-AB), and a 133pm*133um
region of the periosteal tibial cortex from both medial and lateral sides located at I mm proximal
to the distal tibial-fibular junction was selected to measure canalicular tortuosity by ImagelJ. Briefly,
the lacunar-canalicular network stained by Ploton silver was image processed by local Otsu
thresholding, where all lacunae were isolated and removed, thereby resulting in a mask with only
canaliculi. The skeleton analysis was further performed to derive branch length and Euclidean
distance, and the ratio of branch length to Euclidean distance was interpreted as tortuosity.
Canalicular tortuosity varied from 1.20 to 1.24, and no difference in tortuosity at the periosteal

lamellar cortex was observed between Virgin and Lactation rats (Figure 2S-C).
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Figure 2S. Measurement of canalicular tortuosity in rat periosteal lamellar cortex. (A, B)
Representative images of osteocyte LCS in Virgin and Lactation rats (brown, Ploton Silver
staining). (C) Measurement of tortuosity of the canaliculi. No difference was found between

Virgin and Lactation rats.
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