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Abstract
Osteocytes are considered the primary mechanical sensor in bone tissue and orchestrate the
coupled bone remodeling activity of adjacent osteoblast and osteoclast cells. In vivo investigation of
mechanically induced signal propagation through networks of interconnected osteocytes is
confounded by their confinement within the mineralized bone matrix, which cannot be modeled
in conventional culture systems. In this study, we developed a new model that mimics this in vivo
confinement using gelatin methacrylate (GelMA) hydrogel or GelMA mineralized using
osteoblast-like model cells. This model also enables real-time optical examination of osteocyte
calcium (Ca2+) signaling dynamics in response to fluid shear stimuli cultured under confined
conditions. Using this system, we discovered several distinct and previously undescribed patterns
of Ca2+ responses that vary across networks of interconnected osteocytes as a function of space,
time and connectivity. Heterogeneity in Ca2+ signaling may provide new insights into bone
remodeling in response to mechanical loading. Overall, such a model can be extended to study
signaling dynamics within cell networks exposed to flow-induced mechanical stimuli under
confined conditions.

1. Introduction

It is widely accepted that osteocytes comprising more
than 90% of all bone cells are responsible for sens-
ing and transducing mechanical stimuli and integ-
rating hormonal signals to coordinate bone remod-
eling and homeostasis [1–3]. Mechanical loading of
bone induces interstitial fluid flow at the cellular level.
The resulting fluid shear force is sensed by osteocytes
and propagated across the lacunar-canalicular net-
work (LCN) along dendritic processes that connect
cells via gap junctions and/or soluble biochemical
signals [4–9] (figure 1(A)). Since disrupted osteocyte
signaling has been implicated in variety of physiolo-
gical skeletal disorders, an in-depth understanding
of osteocyte signaling is necessary [10–21]. However,

real-time observation of signaling across the osteocyte
network has been challenging due to their location
within opaque calcified bone matrix [8, 22–24].

Direct visualization of osteocyte signaling has his-
torically involved observation of live bone explants or
living animals. However, these procedures typically
require extensivemanipulation to enable perfusion of
fluorescent tracers, and complex apparatus allowing
loading and imaging for immediate analysis by time-
lapse microscopy [25–27]. Such approaches enforce
tight experimental timelines and have limited capa-
city to examinemultiple samples in parallel (e.g. drug
response). Furthermore, these systems can be con-
founded by anatomic variability of specimens, incon-
sistent tracer perfusion, cardiac/respiratory motion
artifacts, as well as limited depth of field for optical
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Figure 1. Experimental design to test osteocyte response under confined and nonconfined culture conditions. (A) Schematic
depicting osteocytes confined within mineralized bone matrix transmit Ca2+ upon mechanical stimuli. Cell processes of
neighboring osteocytes communicate with each other via direct gap-junctions and indirect paracrine signaling within
lacunar-canalicular network (LCN). (B) CAD file of a flow chamber. Schematic shows fluid flow stimulation on monolayer
osteocyte culture within the flow chamber. (C) Photograph of device after perfusion of blue dye within the central flow channel
for visualizing the flow direction. Schematic shows osteocyte confined within GelMA exposed to mechanical stimuli during
perfusion of fluid through central flow channel. (D) Fluorescence images of osteocytes cultured at low and high densities.
(Actin-Red; Gap junctions (Cx43)-Green; Nuclei-Blue) Scale bar: 100 µm (E) Histogram shows most cells have 0–1 connection at
low density, but 2–3 connections at high density. (F) Flow stimulation was applied at 30 s and stopped at 200 s. Changes in Ca2+

signal was continuously monitored from 0 s to 600 s. Yellow circles in B and C point to the locations of nonconfined and confined
conditions, respectively.

imaging. As a result, several in vitro models varying
in the degree of complexity have been developed. Easy
to use, two-dimensional platforms such as well plates,
laminar flow chambers, or micropatterning methods
[28], and microfluidic devices [29–31], have been
used to apply shear forces to osteocyte monolayers
[32–34]. In a typical setup, osteocytes are cultured

on a glass slide, and rockers, shakers or external
pumps are used to generate defined flow profiles. To
recapitulate in vivo like 3D confinement of osteocytes
within bone tissue, osteocytes have been encapsulated
within a hydrogel matrix (e.g. collagen, fibrin, base-
ment membrane extracts) [35–42], or have been cul-
tured on the surfaces of 3D microbead assemblies
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[41]. However, quantitative real-time live cell imaging
of osteocyte networks within these 3D constructs
has been difficult due to the cells being in different
planes and similar attenuation of excitation/emission
photons with increasing penetration depth into the
gel [43].

To balance the needs of mimicking physiolo-
gical complexity and real-time observation of sig-
naling dynamics across networks of interconnec-
ted osteocytes, we developed a flow-chamber-based
model that enables both time-lapse fluorescence
imaging and the application of fluid shear stimuli
under matrix-confined or non-confined conditions.
For these experiments, we evaluated the dynam-
ics Ca2+ signal generation and propagation in the
model osteocyte-like cell line Murine osteocyte-like
cell line MLO-Y4 (MLO-Y4) [44]. Confined condi-
tions were generated by overlaying monolayers of
MLO-Y4 osteocytes with photo-crosslinkable gelatin
methacrylate (GelMA) or GelMA mineralized in situ
by encapsulated osteoblast like cells (Saos-2). Using
this system, we identified distinct spatio-temporal
patterns of fluid shear-evoked Ca2+ responses across
the network of osteocytes, which varied as a func-
tion of their location and confinement conditions.
To our knowledge, this is first report to identify and
characterize heterogeneity in Ca2+ response and sig-
nal propagation across a network of matrix-confined
osteocytes. Considering the significance of intracel-
lular Ca2+ signaling in many biological processes
[45, 46], we expect this work will lead to yet undis-
covered insights into how osteocytes transducemech-
anical stimuli to orchestrate bone remodeling and
homeostasis.

2. Results

2.1. Experimental design
To generate in vivo like conditions, we developed
an in vitro model using a custom-built flow cham-
ber to study osteocyte networks under ‘confined’ and
‘non-confined’ conditions. (SI-figure 1) In the ‘non-
confined’ condition (figure 1(B)), osteocytes are dir-
ectly stimulated by fluid flow passing directly over
the cell monolayer, in the manner of a traditional
laminar flow chamber. In contrast, under the con-
fined condition, the fluid flow stimulus is restricted
to be experienced only by cells at the fluid-matrix
interface as media passes through the flow chamber
(figure 1(C)). We hypothesized that, under confined
conditions, osteocytes at the interface of the channel
directly receive fluid shear stimulation and relay this
stimulus along dendritic processes via gap junctions
and/or paracrine signals to cells further removed from
the channel wall. Perfusion of 0.1 mg ml−1 Fluores-
cein isothiocyanate (FITC)-dextran 20 kDa into the
chip showed only slight diffusion in the gel for time-
points relevant for this study (300 s, SI-figure 2).
For these experiments, we set the shear stress in the

channel to be ∼0.85 Pa. Numerical simulation res-
ults carried out with ABAQUS/Implicit shows that
shear stress experienced by monolayer of osteocytes
confined under GelMA hydrogel is between a narrow
range of 0.85–0.81 Pa; these values are at the lower
side of the 0.8–3 Pa range reported in the literature
[47] (SI-figure 3). To study the role of cellular con-
nectivity in Ca2+ signaling, osteocytes were seeded
at both high and low density (figure 1(D)), and the
number of direct cell–cell connections were counted
for individual cells. In low density condition, most
osteocytes directly contact one or fewer cells, while in
high density most osteocytes directly contact two or
more cells (figure 1(E)). This suggests that only few
cells in low density can transmit Ca2+ signals via gap
junction. The fluid flow stimulation was performed
according to a designed timeline (figure 1(F)). Ca2+

signals were recorded during the entire duration of
the experiment.

2.2. Heterogeneous Ca2+ signaling under
non-confined conditions
Timelapse fluorescence imaging showed an increase
in Ca2+ levels over time upon flow stimulation under
both non-confined high and low connectivity con-
ditions (figure 2(A)). After normalizing the fluor-
escence intensity to baseline data collected for 30 s
before flow stimulation was applied, three types of
Ca2+ signals were identified: single peak, multi-peak
and slow recovery (figures 2(D) and (E)). ‘Single
peak’ cells exhibit a rapid Ca2+ signal peak upon
flow stimulation. ‘Multi-peak’ cells have more than
one peak with decreasing peak height in second or
third spike. ‘Slow recovery’ cells show delayed peak
and slower recovery with full width at half max-
imum (FWHM) greater than 120 s. ‘Inactive’ cells
which showed no increase in Ca2+ intensity upon
stimulation were also characterized. Under high con-
nectivity condition, ‘single peak’ (23%) and ‘slow
recovery’ (69%) were found to be dominant cellu-
lar responses as compared to ‘multi-peak’ (2%) and
‘inactive’ (6%). Under low connectivity condition,
‘single peak’ and ‘slow recovery’ cells account for 23%
and 60% respectively, while ‘multi-peak’ and ‘inact-
ive’ only account for 8% and 9% (figure 2(F)). We
further quantified maximum peak intensity, time to
peak, FWHM, peak interval and final intensity of all
the active cells (SI, figure 4). Although most of the
parameters were at similar levels in both conditions,
it took longer time for ‘single peak’ cells (30 s vs
46 s, p = 0.008) and ‘slow recovery’ cells (109 s vs
160 s, p = 0.0004) to reach signal peak under low
connectivity.

2.3. Heterogeneous Ca2+ signaling under confined
conditions
Tomimic in vivophysiology of bone, where osteocytes
embedded within bone matrix indirectly sense and
respond to flow-induced mechanical stimuli, Ca2+
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Figure 2. Heterogeneous Ca2+ signaling under nonconfined high and low connectivity conditions. (A) Representative heat-maps
at specific time-points under nonconfined low and high-connectivity conditions. 20× objective was used. Scale bar: 100 µm. (B),
(C) Ca2+ response of osteocytes expressed as the fold change in [Ca2+] over baseline over time under high (n= 97) and low
connectivity (n= 94). (D), (E) Identification of single-peak, multi-peak and slow-recovery average Ca2+ responses under high
and low connectivity. The solid line is the population average. (F) Plot showing the percentage of cells with four types of Ca2+

responses.

signaling response of osteocyte monolayers con-
fined under crosslinked GelMA was investigated. An
increase in Ca2+ fluorescence intensity was detected
for most cells at high connectivity (figures 3(A) and
(C)), while few cells (figure 3(D)) are active under
low connectivity conditions. Under confinement and
low connectivity conditions, active cells were primar-
ily found directly adjacent to the fluid interface, while
those located away from the channel were largely
inactive. At cell high density, however, Ca2+ release
was observed throughout the construct. This indic-
ates that cells at the fluid interface can initiate the
mechanotransductive signal, but further propagation
requires downstream cells to be in direct contact or
in proximity. Therefore, we focused on cells at high
connectivity condition for remainder of the study.

Among actively signaling cells, we observed three
distinct patterns Ca2+ response: ‘single peak’, ‘slow
recovery’ and ‘plateau’ (figure 3(E)). As ‘single peak’
and ‘slow recovery’ responses appear in both con-
fined and non-confined conditions, we analyzed the
Ca2+ signal wave form for each cell in terms of its
maximum intensity, time to peak and FWHM.Osteo-
cytes under confined conditions exhibit similar amp-
litude of Ca2+ peak but a delayed response as com-
pared to non-confined conditions (figures 3(F) and
(G)). This can be attributed to indirect stimulation
of osteocytes under confined conditions. In the con-
fined condition, a new osteocyte response coined as
‘plateau’ was identified. The plateau response was

defined as no Ca2+ intensity decay (less than 0.05)
after reaching maximum intensity (figure 3(H)).
Under the confined condition, ‘plateau’ cells make
up the majority (41%) followed by ‘slow recov-
ery’ (24%) and ‘single peak’ (9%) (figure 3(I)).
This response does not appear under non-confined
conditions.

2.4. Zone-dependent cellular response
To further investigate how transmission distance
affects cellular response, we divided the confined area
into two zones: proximal Zone 1 (0–200 µm from
channel interface) and distal Zone 2 (200–400 µm
away from the interface). We observed that signal
propagation occurred as a wave initiating at the chan-
nel interface, gradually moving away, first through
the Zone 1 and then Zone 2 (figure 4(A)). Com-
paring the Ca2+ signal form between zones revealed
a significantly higher percentage of ‘Plateau’ cells
in Zone 2 (63% vs 19%, p = 0.0007), and fewer
‘single peak’ (2% vs 16%, p = 0.0003) and ‘slow
recovery’ (9% vs 38%, p = 0.0024) than in Zone 1
(figure 4(B)). These results indicate that the prox-
imal single peak and slow recovery responsesmay res-
ult from direct stimulation by fluid flow, and sub-
sequently propagate distally to the plateau cells that
predominate in Zone 2. We further compared max-
imum intensity and time to peak of all three types
in both zones. Although no significant differences
were found in ‘single peak’ cell between the zones
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Figure 3. Heterogeneous Ca2+ signaling under confined high and low connectivity conditions (A) Representative heat-maps at
specific time-points under confined low and high-connectivity conditions. 20× objective was used. Scale bar: 100 µm.
(B), (C) Ca2+ response of osteocytes expressed as the fold change in [Ca2+] over baseline over time under high (n= 109) and
low connectivity (n= 56). (D) Comparison of percentage of active cells under different conditions. NH= nonconfined high
connectivity; NL= nonconfined low connectivity; CH= confined high connectivity; CL= confined low connectivity.
∗ indicates P < 0.05 as compared to CH and CL. # indicates P < 0.05 as compared to CL. (E) Representative examples of single
peak, slow recovery and plateau response. (F)–(H) Average Ca2+ response of single-peak, slow-recovery and plateau with
comparison between key metrics under different conditions (i, ii). The solid line is the population average. (I) Plot showing the
percentage of cells with four types of Ca2+ responses.

Figure 4. Zone-dependent Ca2+ signal response under confined high connectivity condition. (A) Heat-maps at specific
time-points under confined high-connectivity conditions show Ca2+ signal transmitted from zone 1 (200 µm from the channel
edge) to zone 2 (200–400 µm from the channel edge). 20× objective was used. White arrows within zones 1 and 2 show Ca2+

propagation from channel interface to distal zone. Scale bar: 50 µm. (B) Plot showing the percentage of cells with four types of
Ca2+ responses within zones 1 and 2. (C)–(E) Characterization of signals from zones 1 and 2.

(figure 4(C)), both ‘slow recovery’ and ‘Plateau’ show
adelayed time to peak response in the distal zone, ulti-
mately achieving similar maximum intensity in both
zones (figures 4(D) and (E)).Next, signal propagation
times between single cell-pairs that exhibit same or
different types of Ca2+ responses were investigated

(figure 5(A)). In this case, only cells with physical
contact to another cell were evaluated. Results show
high propagation speeds for cell pairs that exhibit
single peak or slow-recovery responses while slow
speeds when one of the cells in the pair exhibits
a plateau response (figures 5(B)–(D)). In parallel,
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Figure 5. Characterization of signal propagation times between single cell-pairs. (A) Representative fluorescence images showing
Ca2+ changes of two adjacent cells and the corresponding Ca2+ signal curves. A is ‘single peak’, B is ‘slow recovery’, C is ‘plateau’.
Scale bar: 10 µm. (B)–(D) Time-to-peak delays between different combinations of Ots show that the ‘plateau’ response slows the
signal transmission speeds as compared to the ‘single peak’ or ‘slow recovery’ response.

a computational model was developed to represent
cell–cell signal propagation under confined condi-
tions (SI, figure 5). In our computational model, the
first osteocyte in a chain of cells is identified as ‘mech-
anically stimulated cell’; this represents osteocytes
at the channel edge that will be subjected to direct
flow stimuli. Osteocytes downstream of the mechan-
ically stimulated cells are identified as ‘chain stimu-
lation cells’; this represents osteocytes deeper inside
GelMA layer. By varying specific kinetic paramet-
ers, we were able to match computational modeling
results to experimentally observed ‘single peak’ and
‘slow recovery’ Ca2+ responses between osteocyte cell
pairs (SI, figures 5(C) and (D)). The details of the
model are provided in SI information.

2.5. Influence of extracellular Ca2+ depletion and
gap junction blockers on osteocyte signaling under
confined, high-connectivity conditions
Given that high-cell density was required for sig-
nal propagation away from the fluid interface, we
examined whether the signal propagation mech-
anisms may contribute to heterogeneity of Ca2+

responses. It is well understood that spikes in cyto-
plasmic Ca2+ can result from either extracellular
Ca2+ influx or release from the endoplasmic retic-
ulum (ER). To determine whether extracellular influx
contributed to the Ca2+ response to flow stimuli,
we repeated our experiments using Ca2+ free media.
Under these conditions, the Ca2+ response to flow
stimulation (figure 6(A)) was abolished, indicating
that extracellular influx Ca2+ is necessary for signal
initiation and propagation. This insight is valuable in

diseases where the numeric density of viable osteo-
cytes, and therefore their connectivity, is reduced (e.g.
osteoporosis, osteonecrosis), such that the efficiency
and dynamics of signal propagation in response
to loading could be altered, adversely affecting the
remodeling response of osteoblasts and osteoclasts.
To test how gap junctional communication contrib-
utes to cell signal heterogeneity, we treated osteocytes
with 18-Glycyrrhetinic acid (18-GA), a gap junction
inhibitor before starting flow stimulation. Interest-
ingly, when gap junctions were blocked, the number
of active cells did not change, but their Ca2+ response
changed from ‘plateau’ to a ‘slow recovery’ wave form
(figures 6(B) and (C)).We further compared themax-
imum intensity and time to peak between control and
treated group. The results show an increase in ‘single’
peak intensity and time delay in both ‘single’ and
‘slow recovery’ (figures 6(D) and (E)). This indicates
that, following the initial rise, cells that exhibit ‘plat-
eau’ response require supply of Ca2+ from neighbor-
ing cells through gap junctions to maintain a stable
Ca2+ signal and when gap junctions are blocked these
cells may default to the ‘slow recovery’ wave form.

2.6. Cellular response under mineralized confined
condition
Although GelMA provides a barrier for the cells to
be directly exposed to flow stimulation, a mineral-
ized matrix may better mimic the osteocyte network
in vivo. Thus, we encapsulated Saos-2, an osteoblast-
like cell line, within GelMA matrix and induced
them to mineralize the confining matrix above the
osteocyte monolayer (figure 7(A)). The confocal
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Figure 6. Influence of Ca2+ free media and gap junction blockers on Ot signaling under confined high-connectivity conditions.
(A) Ca2+ response of osteocytes expressed as the fold change in [Ca2+] over baseline over time under no Ca2+ media flow.
(B) Ca2+ response of osteocytes expressed as the fold change in [Ca2+] over baseline over time under 18-GA treatment. (C) Plot
showing the percentage of cells with four types of Ca2+ responses under control and 18-GA treated condition. (D),(E) Average
Ca2+ response of single-peak and slow-recovery with comparison between key metrics under different conditions (i, ii). The solid
line is the population average.

Figure 7. Heterogeneous Ca2+ signaling under mineralized confined condition. (A) Schematics show that Saos2 cells are
encapsulated in GelMA and MLO-Y4 osteocyte cells are confined under GelMA. After seven days of perfusion, minerals were
deposited within GelMA matrix. (B) Confocal images (depth= 0–220 µm) showing side view of osteocyte network confined
under Saos2-laden GelMA. (i, ii) shows images at depth of 30 µm and 200 µm. Scale bar: 50 µm. Most Saos2 cells are found on
top of MLO-Y4 osteocytes. White arrows point to few instances when Saos2 and MLO-Y4 are in the same z-plane within GelMA.
(C) Alizarin red staining showing mineral deposits (red) within Saos2-laden GelMA in zone1. Scale bar: 200 µm. (D) Fluo-4
Ca2+ indicator can only stain osteocytes in zone 1 after Saos2-induced GelMA mineralization. Scale bar: 200 µm. (E) Similar
heterogeneous responses and ratio was observed under mineralized confined condition (GelMA+ Saos2) as compared to zone 1
in non-mineralized confined condition (only GelMA) (n= 95).
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images show Saos2 distributed within GelMA on top
of osteocyte monolayer (figure 7(B)). After seven
days of osteogenic perfusion, the Alizarin red stain-
ing result shows mineralization within zone 1 (0–
200 µm) (figure 7(C)). Ca2+ signal responses of
osteocytes under mineralized GelMA are like those
under (unmineralized) GelMA, although osteocytes
demonstrate significantly fewer ‘single peak’ cells
(16% vs 6%, p= 0.016) (figures 7(D) and (E)).

3. Discussion

Fluid flow is sensed as shear stress by the primary
cilia and/or through deformation of the osteocyte
cytoskeleton, eliciting a rapid rise in intracellular cal-
cium (Ca2+) [48, 49]. Ca2+ signaling, a ubiquitous
secondmessengermechanism, regulates many down-
stream cellular activities in response to physical stim-
uli, and can be transmitted as a signal between cells via
gap junction channels [50, 51]. While many in vitro
models allow real-time observation of Ca2+ signaling
upon stimulation, none of the existing models focus
on how Ca2+ signaling is propagated between cells
in an confined environment. For instance, parallel-
plate flow chambers have been widely used to invest-
igate real-time signaling responses to fluid shear
stimuli [52–56]. Although conventional oscillatory
or pulsatile flow approaches have been developed
to mimic fluid flow patterns experienced in vivo,
these systems directly stimulate all cells in the flow
chamber. As a result, the ability to capture sig-
nal propagation from individual, directly stimulated
cells across networks connected but indirectly stimu-
lated downstream cells is confounded. In this work,
we developed an in vitro model that: (a) recapit-
ulates the confinement of osteocytes with defined
connectivity in a gelatin-based extracellular matrix
with or without osteoblast-mediated mineralization,
(b) restricts mechanical stimuli to the osteocytes at
the fluid-matrix interface and (c) allows real-time
imaging of dynamic cellular signaling events. Con-
finement was achieved by overlaying the osteocyte
monolayer with a photopolymerizable GelMA mat-
rix. The GelMAmatrix was selected because it chem-
ically resembles the native collagenous bone mat-
rix, contains integrin attachment sites that facilitate
interaction of the cytoskeleton and matrix through
focal adhesions, and is conducive to mineralization
by embedded osteoblastic cells as we have shown
previously [57–59]. Connectivity of the osteocytes
can be manipulated by varying the seeding density
of the osteocytes. The central flow chamber restricts
direct exposure to the fluid shear stimulus to those
cells at the channel interface, allowing their mechan-
otransduced signal to propagate to other cells loc-
ated deeper within the construct. Finally, this new
model system uses a monolayer of osteocytes within a
uniform optical plane that allows precise spatial and

temporal resolution of Ca2+ signaling dynamics for
several hundred cells in a single imaging session. In
initial experimental design, the real-time imagingwas
stopped by the end of flow stimulation (200 s). How-
ever, our results showed that few Ca2+ signals kept
increasing till the end of experiments under confined
high connectivity condition (SI, figure 6). Hence, we
extended the observation time to 600 s.

Intracellular Ca2+ signaling resulting frommech-
anical stimulation has been widely studied in osteo-
cytes in vitro or by using live bone explants. Most
existing studies typically report single peak or spike
response that is characterized by rapid rise in fluor-
escence intensity of Ca2+ markers when subjected
to mechanical stimuli [60], and cells are classified
as ‘active’ or inactive’. For instance, Adachi et al
found that osteocytes in calvaria deformed by using
a needle showed a rapid and prolonged increase of
Ca2+ concentration [61]. Jing et al found that osteo-
cytes in explanted mouse tibiae displayed repetit-
ive Ca2+ spikes in response to cyclic loading [60].
However, none have reported heterogeneity of fluid
shear evoked Ca2+ waveforms for single cells, nor
the impact of this heterogeneity signal propaga-
tion between adjacent cells, that we have shown
here. Similar variations in frequencies, amplitudes
and waveforms including ‘single’- and ‘multi-peak’,
‘plateau’ and ‘slow recovery’ in Ca2+ signaling have
been reported in other cell types, such as neurons,
endothelial cells, epithelial cell sheets or osteoblastic
primary cells [62–65].

Once induced by fluid flow, several factors are
reported to be involved in Ca2+ release and signal
propagation. Primary cilia and focal adhesions can
act asmechanosensors [49, 66, 67]; extracellular Ca2+

influx throughmechanical-sensitive ion channels [68,
69]; Ca2+ transmission through gap junction [70,
71]; and paracrine signaling induced Inositol 1,4,5-
triphosphate (IP3) binding and Ca2+ release from
ER [55, 72] (SI, figure 7) may contribute. In our
study, similar results were shown in non-confined
cells at low and high connectivity, indicating Ca2+

exchange between adjacent cells plays an insignific-
ant role in Ca2+ spike as compared to the initial
Ca2+ influx. Our results of 18-GA treatment show
that the ‘plateau’ is a gap junctional communication
based cellular response. Combining the trend of ‘slow
recovery’ and ‘plateau’, we propose that gap junc-
tional Ca2+ exchange acts after extracellular influx
and IP3 induced Ca2+ release to maintain intracellu-
lar Ca2+ levels in ‘plateau’ cells once peak is achieved.
The results that Ca2+ peak exhibits a zone-dependent
time delay also suggests paracrine signaling induced
intracellular Ca2+ release predominates, as the speed
of paracrine signaling is proportional to distance.
Another question is whether ‘single peak’ and ‘slow
recovery’ cells behave differently as both types appear
at all conditions. One possibility is that primary cilia
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or focal adhesion mediated sensing in nonconfined
conditions or at the fluid-matrix interface initiates the
extracellular Ca2+ influx detected as a ‘single peak’ or
slow-recovering signals but cells further with the con-
fining matrix assume the plateau phenotype due to a
combination of paracrine and gap junction propaga-
tion mechanisms.

In our model, three-dimensional confinement is
achieved by overlaying a biomimetic GelMA matrix
so that only cells at the channel wall interface are
exposed to fluid shear stimulus, allowing observa-
tion of Ca2+ propagation across a network of mono-
typic osteocytes naïve to the mechanical stimulus. In
contrast, Yvanoff and Willaert use a micropattern-
ing approach to create spatial confinement between
adjacent spots of MC3T3-E1 osteoblasts and MLO-
Y4 osteocytes, allowing measurement of intracellular
Ca2+ levels either under fluid shear or nanoindent-
ation stimuli [30]. Importantly, while both nanoin-
dentation and fluid shear stimuli evoke Ca2+ release,
they do so by activating different response mechan-
isms (focal-adhesion and primary cilia, respectively)
that utilize different repertoire of Ca2+ channels that
mediate extracellular calcium influx through voltage
gated channels or from intracellular stores released
from the ER via IP3R or RyR channels. Their nano-
indentation experiments showed Cx43 gap junctions
mediate Ca2+ signal propagation stimulated in osteo-
cytes and non-stimulated osteoblasts, similar to oth-
ers in the field [73]. In their fluid shear stimula-
tion experiment, spatially confined cell spots were
both exposed to the fluid shear, in a manner that
was essentially equivalent to our non-confined condi-
tion lacking the GelMA overlay. Both their ‘spatially
confined’ and our non-confined experiments showed
synchronous Ca2+ responses occurred across the
field of directly stimulated cells. However, yet there
appeared to be no difference in the Ca2+ dynam-
ics, for either cell type at heterotypic junctions, when
compared to their respective monotypic response to
fluid shear. We suspect that this is because all cells
observed were exposed to the fluid shear stimulus,
thus preventing observation of signal propagation
between stimulated and non-stimulated cells, as our
systems allows. Furthermore, Yvanoff and Willaert
did not report on waveform heterogeneity in their
experiments, reinforcing the novelty of this finding in
the current study.

The presence of cells with a plateau response
and their resistance to signal propagation as com-
pared to the other types is not clear. Our data
indicate that the slow recovery phenotype pre-
dominates in both unconfined cells (figure 2)
and confined cells close to the channel wall
(figure 4, Zone 1), though there is a large differ-
ence in the kinetics(time-to-peak) between them
(figure 3(G-ii), exact values given below) In con-
trast the ‘plateau’ phenotype predominates at greater

distances from the channel wall (Zone 2), and display
an even longer time-to-peak (∼400 s, figure 4(E)).
Furthermore, that the plateau phenotype disappears
upon 18-GA treatment (figure 6(C)), suggests that
the sustained Ca2+ signal in ‘plateau’ cells is sus-
tained by continuous signaling transduced via Cx43
gap junctions. That there is no difference in peak
signal intensity between slow recovery and plateau
in either condition cells suggest no intrinsic differ-
ence of intracellular calcium stores as a function of
confinement. It is also possible that confinement
may provoke differences in the ability of the cells
to normalize cytosolic Ca2+ either by outward flow
or recovery by the ER. However, we have not tested
this possibility, nor can we infer from the literature
that these mechanisms would be altered by matrix
confinement. Divergent Ca2+ waveforms between
confined and unconfined conditions may also be
due to differences in cytoskeletal signaling origin-
ating from activation of focal-adhesion/integrin
complexes, or reduced cellular deformation that
activates Ca2+ release via Piezo1 or Trpv4 channels
[74, 75].

While we did not examine other potentially relev-
ant signaling mechanisms in the current paper, this
simple model can also be extended to other virtu-
ally any other mechano-responsive cell types, signals
(voltage, adenosine, glutamate, ROS), other relevant
physiomimetic mechanical stimuli (range of shear
stresses, oscillatory or pulsatile flow modulation of
matrix stiffness), and inclusion of key biomolecules
(growth factors) or drugs. Our platform provides a
uniquemeans to study spatial and temporal release of
transientmolecules, and propagation of their respect-
ive signals across a network of connected osteocytes.
In this study we have used the MLO-Y4 cell line as
a model of osteocyte mechanotransduction and have
applied consistent stimulation. It has been shown that
differentiative heterogeneity is minimal with MLO-
Y4 cell line, as compared to cells primary cells or those
induced to differentiate from a more primitive state
[44, 76]. SinceMLO-Y4 are at approximately uniform
in their stage of osteocytic differentiation, neither
reverting to an immature stage, nor appear to proceed
beyond this terminally differentiated state, we reason
that the observed Ca2+ waveform heterogeneity het-
erogeneous response is independent of the differenti-
ation stage of osteocytes. The fact that response het-
erogeneity in the threshold to activate Ca2+ response
appears in both confined and non-confined condi-
tions may indicate that this is an intrinsic feature
of this cell line, and will require further validation,
for example with primary human osteocytes, to bet-
ter understand the relevance of this finding to the
maintenance of bone homeostasis in vivo. Also, the
effect of different amplitude/frequency of stimula-
tion, variations in culture condition or differentiation
stage (in case of primary osteocytes) or defined spatial
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organization of osteocytes, on the observed hetero-
geneous responses are needed. Our results show that
the cell-inducedmineralizedmatrix has no significant
influence on the heterogeneous response. However,
more detailed work, such as computational model-
ing, are required to elucidate howa flow that is applied
through amineralized gel in touch with osteocyte lay-
ers compares to a fluid flowwithin LCNwhere there is
only very narrow space between the cytoskeleton and
lacunar wall. While our results reveal that the hetero-
geneous response of osteocytes are related to various
Ca2+ release/influx pathways, how cells would integ-
rate these different mechanisms in response to mech-
anical cues remains an open question. More exper-
iments including blockage of specific ion channels,
depletion of stored intracellular Ca2+ need to be done
for better elucidate the heterogeneous Ca2+ signaling
mechanism. From a computational perspective, the
model remains under development, and we are accu-
mulating additional experimental data to validate the
model of mechanically-induced signal propagation
across osteocyte networks. We envision that, once
developed, such models will be valuable to study
signaling dynamics via an organized osteocyte net-
work subjected to spatiotemporally varying stimuli,
or genetic models of bone pathology.

To better mimic the in vivo like mineralized
microenvironment, we co-cultured Saos-2, an
osteoblast-like cell line, within GelMA matrix and
induced them to mineralize the confining matrix
above the osteocyte monolayer (figure 7). Brightfield
image (SI-figure 8) shows presence of cells through-
out the sample, not just in the regions near the flow
channel edge. Since the calcified environment along
the formed along the channel serves absorbs the
Fluo4 dye, preventing its diffusion in zone 2, we only
focused on zone 1 within this experiment. Our results
show a significant reduction of the single peak cells
(figure 7(e)) with yet onlymodest changes to the slow,
plateau and inactive populations in zone 1 when co-
culturedwithmineralizing osteoblasts. It is alsoworth
noting that, as shown in our experiments presented
as figure 4, that greatest changes observed in response
to fluid shear stimuli under the matrix confinement
conditions occurred in Zone 2 (figure 4). Unfortu-
nately, in the co-culture experiment, our ability to
detect Ca2+ in zone 2 was confounded by the absorp-
tion of the Fluo4 stain by the calcified matrix in zone
1, precluding its diffusion to zone 2. Based on the
confocal imaging data, we assume that there are relat-
ively few heterotypic (osteocyte:osteoblast) junctions
in our experiment as the majority of the osteoblastic
cells were suspended in the GelMA layer above the
osteocyte monolayer. Possibly, with longer culture
times, osteoblasts (SaoS-2) could migrate and form
several osteoblast-osteocyte contacts, but this was
not investigated in this work. Confounding effect of
Fluo4 dye retention in the calcified environment as a

technical barrier to observing Ca2+ dynamics in zone
2 of this model system.

4. Materials andmethods

4.1. Cell culture and procedure for flow stimulation
Murine osteocyte-like cell line MLO-Y4 (Kerafast,
Inc. Boston, MA) were cultured according to the sup-
pliers recommended protocol [76]. The cell culture
flasks were coated with 4 µg cm−2 rat tail type I colla-
gen (Sigma-Aldrich, Inc. St. Louis, MO) for 30min at
37 ◦C before cell seeding. Alpha-Minimum Essential
Media (Thermo-Fisher Scientific, Grand Island, NY)
supplemented with 2.5% fetal bovine serum (FBS,
R&D Systems, Minneapolis, MN), 2.5% calf serum
(Cytiva Life Sciences, Marlborough, MA) and 1%
penicillin/streptomycin (Thermo-Fisher Scientific)
were used as cell culture media. The cells were seeded
on collagen coated glass slides (Fisherbrand, Thermo-
Fisher Scientific) at a density of 10 000 cells cm−2 and
cultured for a period of 1–3 days. Human osteoblast
like Saos2 osteosarcoma cells (ATCC, Manassas, VA)
were cultured with Dulbecco’s modification of eagle’s
media (DMEM, Thermo-Fisher Scientific supple-
mented with 10% FBS (R&D Systems)), 1% penicil-
lin/streptomycin (Thermo-Fisher Scientific) and 1%
Glutamax (Thermo-Fisher Scientific) using standard
cell culture protocol.

4.2. Flow stimulation
Clear polycarbonate was used to create a flow
chamber that accommodates standard glass micro-
scope slide. The chamber consists of a top plate
(90 × 40 × 6.35 mm). Threaded barbed fittings
were attached to the top plate to allow for silicone
tubing to be attached. A computer numerical con-
trol (CNC) was used to mill openings on the bot-
tom plate to facilitate high-resolution imaging. A
pocket was machined with the exact dimensions of
the glass slide to allow for a tight fit and to ensure
the top surface of the slide aligns with the top sur-
face of the bottom plate (SI, figure 1(A)). A com-
mercially available laser cutter was used to cut a
high-purity high-temperature silicone rubber gasket
(thickness = 254 µm, 0.010 inch). The height of the
flow chamber (254 µm) was generated by inserting
the gasket between top and bottom plates. These flow
chambers were used without modification to estab-
lish the ‘nonconfined’ condition.

To generate ‘confined’ condition, GelMA hydro-
gel was spatially photo-crosslinked on top of osteo-
cyte monolayers, seeded on glass slides at a density of
105 cm−2 one day for 24 h before flow stimulation
was applied. Briefly, cells were first loaded with cal-
cium indicator, then assembled into the chamber and
confined with GelMA.

GelMA prepolymer was synthesized accord-
ing to our previous work [77]. Briefly, 10% (w/v)
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GelMA prepolymer solution with 0.5% (v/v) -
Lithium phenyl-2,4,6-trimethybenzoylphosphinate
(LAP) was perfused in the flow chamber within the
assembled flow chamber. Prior to UV crosslinking,
the chamber was placed in a 3D printed, acryloni-
trile butadiene (ABS) plastic frame with a 7 mmwide
mask, ensuring selective crosslinking of GelMA walls
on either side of a central 7 mm wide flow channel
(SI, figure 1(B)). GelMA was crosslinked at 395 nm
40 mW cm−2 for 15 s. After crosslinking, the cham-
ber inlet was connected to a syringe pump and culture
media was perfused into the chamber to remove non-
crosslinked GelMA, leaving central channel flanked
by crosslinked GelMA on either side. Then, the chan-
nel was perfused with 0.05% trypsin solution, incub-
ated for 5min at static to dislodge the cells, andmedia
was perfused to remove them from the flow channel.
Since 10% GelMA maintains its structurally stability
for several weeks after UV crosslinking, this formula-
tion was chosen for this study [78].

Prior to flow-stimulation, the cells were loaded
with Fluo-4 Ca2+ imaging dye (Thermo-Fisher Sci-
entific) for 20 min at 37 ◦C, followed by 20 min at
room temperature before starting the fluid flow stim-
ulation. The experiments were conducted at room
temperature. Fluorescence data recorded at 120 fpm
for 30 s under static flow conditions was used as a
baseline control (no flow stimulation). The media
perfusion was started from 30 s to 200 s at a flow
rate of 700ml h−1 for cells under nonconfined condi-
tions and 250ml h−1 for cells for cells under confined
conditions; the flow rates were varied based on the
cross-section of the channel to ensure identical shear
stress under both conditions. The shear stress was cal-
culated to be ∼0.85 Pa using the following equation:
= 6µQ

wh2 , where µ is the viscosity of fluid, Q is the flow
rate, w is the width of channel and h is the height of
the channel. This was further confirmed by computa-
tional modeling (SI figure 7). For both confined and
unconfined conditions, the flow was applied from 30
to 200 s, while Ca2+ response was recorded for either
200 or 600 s. Two rounds of flow stimulation were
performed on the same sample with a rest duration
of 10 min between rounds.

To establish more physio-mimetic conditions of
confinement within a bone-like mineralized mat-
rix, for some experiments, Saos2 (4 × 106 ml−1)
were encapsulated in the GelMA on top of osteo-
cyte monolayer and this setup was cultured for
seven days to provide a mineralized bone-like con-
fining matrix. Prior to flow experiments, the Saos2
cells were induced to mineralization by perfus-
ing the flow chamber with DMEM supplemented
with 100 µM L-ascorbic acid-2-phosphate (Sigma-
Aldrich) and 5 mM β-glycerophosphate (Sigma-
Aldrich) at 0.4ml h−1 for seven days. Prior to imaging
these experiments, the chamber was than loaded with
Fluo-4 Ca2+ solution for 3 h before imaging. After

imaging, the chamber was rinsedwith phosphate buf-
fer saline (PBS) and filled with 4% paraformaldehyde
(Sigma) at 4 ◦C overnight for fixation, before per-
fusing with Alizarin red staining solution (Sigma) for
5min and rinsing with PBS three times to verify Ca2+

mineral deposition by the suspended Saos2 cells. The
MLO-Y4 cells were stained with DilC12(3) (Thermo-
Fisher Scientific) and the Saos2 cells were stained
with DiOC18(3) (Thermo-Fisher Scientific) before
being seeded and encapsulated. The flow chamber
was perfused for three days with osteogenic media.
The chamber was then imaged using Zeiss LSM780
confocal microscope.

For Ca2+ free experiment, minimal essential
medium (MEM) (Thermo-Fisher Scientific) without
Ca2+ was used for flow stimulation. For gap junc-
tion inhibitor experiments, 18-GA (80 µM, Sigma)
was added to the Fluo-4 loading solution. Time-lapse
images were taken every 500 ms with Nikon Eclipse
Ti microscope, S Plan Fluor ELWD 20× Ph1 ADM,
FilterChanger GFPHQ with a Zyla 4.2 Plus sCMOS
camera (Nikon, Melville, NY).

4.3. Image processing and statistical analysis
Ca2+ signal intensity was quantified with ImageJ.
Each cell was selected as a region of interest for intens-
ity measurement. The intensity of first 30 s were
averaged to generate a baseline F0. Then intensity of
each frame was divided by baseline to get normalized
value F/F0. The maximum peak intensity, half peak,
FWHM, time to peak, peak interval and final intens-
ity were defined (SI figure 2). For cellular response
under fluid flow stimulation, (a) signals with FWHM
less than 120 s were defined as ‘single peak’, (b) sig-
nals with two or more peaks with FWHM less than
120 s were defined as ‘multi-peak’, (c) signals with
FWHMgreater than 120 swere defined as ‘slow recov-
ery’, (d) signals that exhibit linear increase in fluor-
escent intensity during the 200 s slow stimulus and
flatlines until 600 s were defined as ‘plateau’, and (e)
signals with F/F0 less than 1.05 were defined as ‘inact-
ive’. To estimate influence of proximity of osteocytes
to fluid stimuli, a zonal analysis was also performed
where zone 1 and 2 were defined as regions that are
0–200 µm and 200–400 µm from the edge of perfu-
sion channel. Experiments were repeated three times
for each condition. All the cells in time-lapse images
were quantified for fluorescence intensity. Only cells
with flat baseline in the first 30 s were selected for
further analysis. Descriptive statistics were calculated
in Microsoft Excel and two-tailed Student’s t-test
was performed to determine significant difference in
Prism, where p < 0.05 was accepted as significant.

4.4. Immunofluorescence staining
The cells within the flow chambers were fixed with
4% paraformaldehyde (Sigma) for 20 min, permeab-
ilized with 0.1% Triton X-100 (Sigma) for 20 min
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and blocked with 1% bovine serum albumin (Sigma)
for 1 h. Then, cells were labeled with a rabbit-anti
Connexin 43 polyclonal antibody (2 µg ml−1, Invit-
rogen 71-0700) overnight at 4 ◦C, followed by Alexa
Fluor 647 goat-anti rabbit secondary antibody (Invit-
rogen) and Alexa Fluor 568 phalloidin (Invitrogen) at
1:100 for 1 h at room temperature. Cells were incub-
ated in 0.5 µg ml−1 4̀ ,6-diamidino-2-phenylindole
(DAPI) solution (Invitrogen) for 5 min for nuclei
staining. Images were taken with either Nikon Eclipse
Ti microscope or Zeiss LSM780 confocal microscope.
To quantify the cellular connection in the network,
two cell dendrites contacting with a Cx43+ channel
was defined as one connection. Connections formed
by each cell were counted to generate a histogram
connection distribution.

4.5. Simulation of shear stress
A two-dimensional (2D) finite elementmodel to sim-
ulate the stress distribution in the gel strip subjected
to shear traction loading at the interface between the
solid and fluid was applied. As shown in SI-figure 7,
the modeled hydrogel strip has a length of 69 mm
and thickness of 6 mm. The left, top, and bottom
surfaces are perfectly bonded to the walls. The right
surface is adjacent to the fluid flow stimuli. Based on
the flow channel dimension and flow rate, we estim-
ate the shear stress at the gel surface is 0.85 Pa, which
was prescribed as a shear traction boundary condition
in the simulations. The deformation of the hydrogel
strip was assumed to be under plane-strain condi-
tion. The elastic properties and energy dissipation of
the hydrogel weremodeled as the fully incompressible
neo-Hookean material with Young’s modulus as
15 kPa (modulus of 7% GelMA). All the numer-
ical simulations were carried out with ABAQUS/
Implicit. The hydrogel was modeled with CPE4R ele-
ment. We adopted a fine mesh size (0.2 mm) to
capture the spatial distribution of the stress inside
the gel.
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