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Osteocytes regulate the response of osteoclasts and osteoblasts to mechanical loading through 
signaling molecules, the levels of which are controlled by post-translational modification or 
degradation and by differential gene transcription and translation. The magnitude and mode of bone 
tissue deformation that elicits a transcriptional response in individual osteocytes in situ has been 
difficult to quantify. We measured SOST, Wnt11, TNF, and FRZB gene expression in osteocytes within 
loaded and unloaded control porcine trabecular bone explants using RNAScope® and compared the 
local tissue level strain and strain gradient—which we used as an indicator of potential poroelastic fluid 
flow—in the tissue surrounding osteocytes with high vs. low gene expression. The measured expression 
of all four genes differed between loaded and unloaded explants, on average, with the mean SOST 
expression level decreasing by 45%. In the loaded explants, gene expression was altered from baseline 
in about 30% of the osteocytes, and they were surrounded by tissue with higher strain and strain 
gradient than the 20 to 25% of osteocytes that remained near baseline expression. Both deviatoric 
strain and hydrostatic strain gradient were sensitive and specific predictors of the mechanobiological 
response for individual genes as well as combinations. SOST expression was highly related to elevated 
strain gradient, providing evidence that osteocytes respond to fluid flow in the lacunar-canalicular 
system.

The study of bone mechanobiology dates to the nineteenth century when Julius Wolff and Wilhelm Roux 
postulated the functional adaptation of both the size and microstructure of bone in response to applied loads1–3. 
Mechanical loading is essential to normal skeletal development and growth4–8. In addition, mechanobiological 
signaling triggers the repair of damaged bone tissue9,10, plays a critical role in fracture healing11–13 and 
orthopaedic implant fixation14,15, and has recently been implicated in modulating cancer metastasis to bone16–18. 
Understanding the modes and magnitudes of loads that initiate or maintain cellular response in bone could 
provide important insight to harness or control this mechanobiological response.

Mechanobiological effects in bone are primarily governed by osteocytes19–21, although cells in the marrow 
also respond to loading and can affect bone formation22–24. The immediate response of osteocytes to in situ 
mechanical loading involves calcium signaling25, along with post-translational modification26, trafficking, and 
degradation of proteins27 involved in osteoblast and osteoclast differentiation and recruitment. A transcriptomic 
response involving thousands of genes can be measured within hours of mechanical loading, and the number of 
differentially regulated genes (DRGs) increases for at least 6 h28 following a single bout of loading and further 
increases following multiple days of loading29,30.

An ongoing challenge in osteocyte mechanobiology has been reconciling the response of osteocytes cultured 
on glass or tissue culture plastic with their in situ behavior. While 30,000 to 50,000 µstrain deformations of 
the cell membrane are required to affect gene expression and small molecule signaling in osteocyte-like cells 
on plastic, the strain in bone is normally less than 2000 µ-strain31,32. Indeed, trabecular bone tissue undergoes 
damage when subjected to compressive strains greater than 10,000 µstrain33–35. The discrepancy is partially 
explained by differences in cell shape36 and substrate stiffness37,38, which alter osteocyte mechanosensitivty. 
However, the most plausible explanation is that the strain on the osteocyte processes within the canaliculi is 
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highly amplified, either by the heterogeneity of the deformation39 or by the effects of fluid flow within the annular 
space between the processes and the canaliculi40–43. While the strain associated with altered gene expression and 
small molecule signaling in osteocytes in fluid flow chambers has been measured, strain levels in bone tissue 
surrounding osteocytes exhibiting a mechanobiological response have only been estimated from mouse tibial 
loading experiments44. Trabecular bone provides a unique environment to assess the strain magnitudes and 
modes associated with the osteocyte response, because the complex morphology results in heterogeneous strain 
and bone formation. In in vivo controlled loading experiments, regions of high and low strain energy density 
(SED) were more likely to contain forming and resorbing tissue, respectively45. However, the probability of bone 
formation was less than 50%, even at the highest levels of SED, and, similarly, the probability of resorption was 
less than 50%, even in unloaded regions45,46. Conversely, both formation and resorption were present at the 
extremes of low and high SED, respectively. This untargeted (re)modeling may result from diffusion of signaling 
molecules away from the source osteocytes, or from mechanobiological signaling in the marrow22–24,47. As such, 
the transcriptomic or proteomic response of individual osteocytes may provide a more precise indicator of the 
mechanobiological response.

The goal of this study was to quantify the relationship between the expression of mechanically regulated 
genes in osteocytes withy local tissue strain in situ and to determine both the modes and the magnitudes of strain 
that drive altered gene expression. Specifically, we subjected porcine trabecular bone explants to controlled 
mechanical loading, and (1) measured the expression of four genes that are differentially regulated by loading 
of trabecular bone—SOST, Wnt11, FRZB, and TNF29—within individual osteocytes, (2) compared the bone 
tissue strain and strain gradient surrounding osteocytes with high vs. low expression of each gene, and (3) used 
receiver operator characteristic curves to identify tissue strain signals and magnitudes that are associated with 
differential gene expression due to mechanical loading.

Results
We subjected trabecular bone explants to controlled mechanical loading in a custom bioreactor and measured 
expression of SOST, Wnt11, FRZB, and TNF in individual osteocytes using RNAScope® (ACDBio) (Fig.  1). 
These genes were chosen because they exhibited more than two-fold differential expression in this bioreactor 
culture model in a previous study (Supplemental Figs. 2, 3)29. RNAScope® probes bind to RNA transcripts, 
and the number of fluorescent probes is proportional to the number of transcripts. We found that the average 
fluorescence intensity of the probe channel within the nucleus increases with the number of bound probes 
(Supplemental Fig. 1), and hence we were able to analyze large numbers of osteocytes by using the intensity 
within the osteocyte as a measure of gene expression. The mean intensity of Wnt11 probes was 30% higher in 
loaded explants than in unloaded controls while the intensities of SOST, FRZB, and TNF were 30 to 45% lower 
in the loaded explants (Supplemental Table 1).

The gene expression in the osteocyte population was heterogeneous in both loaded and unloaded groups 
(Fig. 2). The histograms of TNF and FRZB intensity in loaded and unloaded samples had similar variance, while 
the intensity distribution for SOST had a higher variance in the unloaded explants than in the loaded group, with 
most osteocytes showing lower expression than the unloaded group (Fig. 2b). In contrast, the Wnt11 intensity 
distribution became bimodal in the loaded group (Fig. 2d). These changes in cell level gene expression mirror 

Fig. 1.  (a) Trabecular bone explants were prepared from the cervical vertebra of young female pigs. (b) 
Samples were cultured in a bioreactor and either subjected to cyclic compression (N = 4) or served as non-
loaded cultured controls (N = 4). (c) Loaded explants were subjected to 1200 cycles of a rest inserted triangle 
wave of compressive loading from 10 N to 195 ± 3 N at 4 Hz48. (d) Explants were loaded twice daily on day 
3 and day 4 with a one-hour rest period in between and one time on day 5 and fixed in formalin 6 h after 
the final loading bout. (e) Specimen specific finite element models were created from micro-Computed 
Tomography scans. (f) Fixed explants were processed for histology and in situ hybridization with RNAScope.
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the changes measured by bulk RNA sequencing (Supplemental Fig. 2)29, which were further validated by PCR 
(Supplemental Fig. 3).

We classified osteocytes as having high or low expression of each gene by fitting the histograms using kernel 
density estimation and finding the intersection between the curves for the loaded and the unloaded groups. 
In the loaded samples, 50% of the osteocytes had high TNF expression compared to 51% in the controls. In 
contrast only 43% of osteocytes had high FRZB expression in the loaded group compared to 62% in controls. The 
proportion of Wnt11-high osteocytes increased to 49% in loaded samples compared to 38% in controls, while 
the proportion of SOST-high osteocytes decreased to 38% from 72% in loaded vs. control explants.

Specimen specific finite element models were created from micro-computed tomography scans of each 
loaded explant. We used a mineralization-based modulus assignment and applied the measured displacements 
from the experiment as a single quasi-static load. The resultant force at the boundary of the explant was not 
significantly different from the average applied load of 195 ± 3 N (mean ± S.D.), which increases the confidence 
in our results (Fig. 3).

We registered the confocal images onto cross-sectional images of the finite element results to identify the 
pixel containing each osteocyte (Fig. 4). Osteocyte lacunae are approximately 10 µm49, and we mapped each 
lacuna to a single pixel. We calculated the mean strain and strain gradient in the eight nearest-neighbor pixels at 
10 µm resolution. TNF, FRZB and SOST probe intensity were weakly negatively correlated with both deviatoric 
strain and hydrostatic strain gradient (Spearman’s ranked correlation; p < 10–4, Table 1). In contrast, Wnt11 
expression was weakly positively correlated with deviatoric strain and hydrostatic strain gradient (p < 10–5, Table 
1). Because most of the tissue was in compression, the hydrostatic strain was negative in most of the tissue and 
decreased with loading. As such, the correlations were opposite but remained significant (Supplemental Fig. 4).

We compared the mean strain and strain gradient surrounding osteocytes with high vs low expression of 
each gene. The mean magnitude of the deviatoric and hydrostatic strain were higher by about 24 and 35%, 
respectively, surrounding osteocytes with high Wnt11 expression (p < 0.001, Fig. 5 and Supplemental Table 2). 
Similarly, deviatoric and hydrostatic strains surrounding TNF-low and FRZB-low osteocytes were higher in 
magnitude than osteocytes with high (i.e. baseline) expression of each gene (p < 0.001; Fig. 5). The deviatoric 
strain was similarly 24% higher near SOST-low osteocytes, but the hydrostatic strains did not differ (p > 0.05). 
As with the strains, the average strain gradient was higher surrounding Wnt11-high (28%), FRZB-low (34% 
higher), SOST-low (42% higher) and TNF-low (38% higher) osteocytes. In nearly all cases, the strains and strain 
gradient had high variances. However, while the strain gradient had a large variance near SOST-low osteocytes, 
the strain gradient was much lower among SOST-high osteocytes. We further investigated the simultaneous 
response of pairs of genes to loading using the multiplex kit, which accounted for approximately 30% of the 
osteocytes (Fig.  5g and k), while 20 to 25% of the cells remained at baseline. The mean mechanical stimuli 
surrounding cells with two responding genes was higher than that for a single gene, while the stimuli near 
osteocytes with no responding genes was lower (Supplemental Fig. 5).

Fig. 2.  Probability density functions (PDFs) were fit to the histogram of the mean intensities of isolated 
osteocytes. The mean intensity of TNF (a), SOST (b), and FRZB (c) probes was higher in the osteocytes in 
the unloaded samples than in loaded samples while the mean intensity of the Wnt11 probe was higher in the 
loaded explants (d). The intersections of the PDFs of the loaded and unloaded explants were used as thresholds 
to differentiate between osteocytes that exhibited high vs. low expression of each gene. The arrows indicate the 
region defined as baseline expression (See data in supplement Table 1).
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Fig. 4.  A custom workflow in ImageJ was used to automatically identify cells in the images. (a) 90% of lacunae 
were accurately identified with a 5% false positive rate. (b) An example of a histological section stained for 
SOST (green) and Wnt11 (red) gene expression. (c) The processed images were registered to a single slice of the 
finite element model and the 10 μm voxel containing each osteocyte was identified. (d) Pixels within each cell 
were identified, and the average brightness of each RNAScope® probe channel was calculated. (e) The mean of 
each strain measure in the eight pixels immediately surrounding each osteocyte was calculated.

 

Fig. 3.  Finite element models of each loaded explant were created from the micro-CT scans using 
mineralization based moduli to quantify the strain in the bone tissue. (a) The calculated reaction force was 
216 ± 42 N which was not significantly different from the applied load of 195 ± 3 N measured during loading. 
(b) Deviatoric strain, hydrostatic strain, and hydrostatic strain gradient were calculated. (c) The distribution of 
each deformation measure.
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We performed logistic regression between the stimuli and gene expression level (Table 2 and Supplemental 
Fig.  6). Both hydrostatic strain gradient and deviatoric strain were significant predictors of differential gene 
expression, but the correlations were weak, with R2 < 0.15 in all cases. Logistic regression for combinations of 
altered gene expression were similarly significant but weak.

Finally, we plotted Receiver-Operator Characteristic (ROC) curves for gene expression and deviatoric strain 
and hydrostatic strain gradients and calculated the area under the curve (AUC) as a measure of predictive power 
(Fig. 6). We found that the AUC was below 0.7 for both deviatoric strain and hydrostatic strain gradient for 
FRZB, TNF, and Wnt11 expression levels, and were hence relatively weak predictors of gene expression. For 
SOST, the AUC was 0.723 for hydrostatic strain gradient, and 0.671 for deviatoric strain. When we created 
ROC curves for osteocytes that either remained at baseline expression or exhibited simultaneous differential 
expression for both genes in the pair from each multiplex assay (Wnt11 and SOST or FRZB and TNF), the AUC 
for differential expression of SOST and Wnt11 was 0.788 for deviatoric strain and 0.811 for hydrostatic strain 
gradient (Fig. 6). For simultaneous differential expression of FRZB and TNF, the AUC was 0.691 for hydrostatic 
strain gradient and 0.724 for deviatoric strain.

Discussion
We investigated the heterogeneity of the transcriptional response of osteocytes during mechanical loading with 
respect to several strain measures. We found subsets of osteocytes exhibiting differential SOST, TNF, FRZB, and 
Wnt11 expression levels between loaded and unloaded bone, as was previously reported for these experimental 
conditions29. There were significant but weak correlations between gene expression and the local strain. 
However, when we classified the osteocytes as either high or low expression for each gene, the mean deviatoric 
strain and strain gradient were higher surrounding those with high Wnt11 expression and low FRZB, TNF, or 
SOST expression than their counterparts, indicating that differential gene expression occurs in those osteocytes 
located in more highly strained tissue. When we further investigated the subsets of osteocytes where two genes 
were expressed at levels associated with loading, we found that the surrounding tissue strain was higher than for 
a single gene response, and much higher than if neither gene responded, suggesting that measuring expression of 
a single gene within a single cell may not be a reliable measure of osteocyte response. Finally, logistic regressions 
showed that individual strain measures were a significant but weak predictor of gene expression, and these 
results were further supported by ROC curves. Notably, SOST gene expression was particularly sensitive to 
loading, and the hydrostatic strain gradient was the best discriminant of high vs. low SOST expressing cells.

Our study is unique in that we related the response of individual osteocytes to local strain in the surrounding 
tissue. This allowed us to capture strain and location dependence of gene expression that cannot be detected 
by bulk sequencing. The in situ model also allowed us to isolate the effects of loading the osteocytes in their 
native environment while also removing the effect of muscle and soft tissue inflammation, which could result 
in crosstalk that affects osteocyte gene expression. Moreover, the 3-D model of trabecular bone with controlled 
loading allowed us to indirectly measure the strain in the tissue surrounding individual osteocytes. By studying 
trabecular bone where the strain field is heterogeneous, we were able to study osteocytes within a wide range 
of mechanical environments, although a more porous bone or off-axis loading protocol could have provided 
even greater variability which would have strengthened our outcomes. We were able to show that the mean 
intensity of the RNAScope® fluorescent probes within the cell boundary were correlated to the number of probes 
at high magnification. The resulting fluorescence intensity histograms in the unloaded and loaded samples 
indicated differential regulation of the four genes following loading as has been previously reported29. Finally, 
our mineralization-based tissue moduli resulted in excellent agreement between the measured mechanical loads 
and the computational models, suggesting that the strain fields were similarly well captured.

There are also some important limitations to our study. While we were specifically interested in assessing 
fluid flow in the tissue, we used the surrogate measure of strain gradient. Although computationally tractable, 
poroelastic models would require the local permeability and boundary conditions at the trabecular surfaces to 
be assigned. Estimates and even some measurements of these have been published50, we felt that the associated 

TNF FRZB Deviatoric strain Hydrostatic strain Hydrostatic strain gradient

TNF 1 0.3509 − 0.412 0.333 − 0.37

FRZB 1 − 0.413 0.303 − 0.328

Deviatoric strain 1 − 0.725 0.827

Hydrostatic strain 1 − 0.5

Hydrostatic strain gradient 1

SOST Wnt11 Deviatoric strain Hydrostatic strain Hydrostatic strain gradient

SOST 1 − 0.149 − 0.535 0.364 − 0.144

Wnt11 1 0.55 − 0.534 0.216

Deviatoric strain 1 − 0.859 0.503

Hydrostatic strain 1 − 0.623

Hydrostatic strain gradient 1

Table 1.  Spearman’s ranked correlation coefficients for gene expression and strain measures. All correlations 
are significant (p < 10–4). See Supplemental Fig. 4.
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uncertainty did not warrant the added complexity. Similarly, we did not consider viscoelasticity in our model. 
In addition, we only considered four genes in our analysis. Higher-fold multiplex systems could be applied 
to consider a more complete signature of osteocyte response. While we used an objectively selected intensity 
threshold to classify osteocytes with high or low gene expression, our results may be sensitive to the threshold. As 
such, we tested the sensitivity of the results to this value. While raising or lowering this threshold decreased and 
increased, respectively, the magnitude of the differences in the mechanical stimuli surrounding the osteocytes, 
differences were still detected (Supplemental Fig. 7). Another limitation of the study is that registration was done 

Fig. 5.  (a) The mean deviatoric strain surrounding FRZB-Low, SOST-Low, TNF-Low, and Wnt11-High 
osteocytes was higher than that surrounding FRZB-High, SOST-High, TNF-High, and Wnt11-Low osteocytes, 
respectively (*p < 0.05). (b) The hydrostatic strain surrounding SOST-High and SOST-Low osteocytes did 
not differ (p > 0.05), while hydrostatic strain gradient (c) was higher surrounding cells with differential gene 
expression from baseline. Deviatoric strain (d) Hydrostatic strain (e), and Hydrostatic strain gradient (f), were 
higher near cells with low expression of both FRZB and TNF than near osteocytes that are FRZB-High and 
TNF-High (p < 0.5) corresponding to 29% of osteocytes (g). Deviatoric strain (h), Hydrostatic strain (i), and 
Hydrostatic strain gradient (j) were higher surrounding osteocytes with low SOST and high Wnt11 expression 
than near osteocytes that were SOST High and Wnt11 Low. (k) 32% of osteocytes responded to loading. Note 
that the hydrostatic strain axes are inverted.
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manually. However, we showed that the results are not sensitive to the size of the mesh (Supplemental Fig. 8), and 
therefore, small misalignments of the sections would not have a large effect the results.

We looked at three genes—SOST, Wnt11, and FRZB (secreted Frizzled Related Protein 3)—that affect Wnt 
signaling, which is central to osteoblast differentiation44,51–54. Transcriptionally, these three genes are regulated 
independently of one another, and could potentially be regulated by different magnitudes or modes of tissue 
deformation. SOST codes for the protein sclerostin which is an antagonist of the Wnt/B-catenin signaling 
pathway, a major driver of osteoblastogenesis44,55. FRZB is also a Wnt antagonist that binds to soluble Wnt 
proteins or to Frizzled on the cell membrane to modulate Wnt signaling53,54. However, FRZB can also enhance 
diffusion of Wnts56 In contrast, Wnt11 acts on the non-canonical Wnt pathway to regulate R-spondin 2 which 
is necessary for canonical Wnt signaling and osteoblastogenesis47,51. We also measured TNF (Tumor Necrosis 
Factor) expression, which is primarily associated with osteoclastogenesis57. However, when TNF binds to its 
membrane receptor it can act on the SOST promotor through NFKB57. We did not measure protein expression 
of TNF, and cannot say whether this pathway played a role in SOST gene expression in this system.

While the response of individual genes is highly heterogeneous, we found that when two genes were 
differentially regulated from their baseline expression (i.e. Wnt11-high/SOST-low and FRZB-low/TNF-low) 
the associated tissue mechanical stimuli were higher than where a single gene responded, which were in turn 
higher than those surrounding osteocytes where neither gene changed from its baseline (i.e. Wnt11-low/SOST-
high and FRZB-high/TNF-high). This suggests that some stochastic gene expression occurs, but when multiple 
differentially regulated genes are detected, that mechanical regulation is more likely to be the cause.

Deviatoric strain, hydrostatic strain, and the hydrostatic strain gradient were all moderately correlated 
with each other, making it difficult to isolate their effects. The logistic regressions indicated that all three 
strain measures were significant but weak predictors of gene expression. The weak regressions reflect that the 
mechanical measures were heterogeneous, that the baseline gene expression may vary, and that osteocytes may 
influence gene expression in their neighbors through gap junction communication. However, the hydrostatic 
strain gradient surrounding nearly all SOST High cells was very low (about 4.2 µ-strain/µm vs. 6.0 µ-strain/
µm). This suggests that the hydrostatic strain gradient, and hence fluid flow, is associated with downregulation 
of SOST, while the other genes may respond to different strain measures or combinations of strain measures.

The relationship between strain gradient and gene expression supports Weinbaum’s hypothesis that fluid flow 
through the lacunar-canalicular network is the physical stimulus sensed by osteocytes42,58–60. Theoretical and 
computational models indicate that the shear stress reaches magnitudes of 8–30 dyn/cm258–60, which is similar 
to the shear stress experienced by other cells in which an intracellular Ca2+ response has been observed61.

The differentially expressed genes detected in in vitro studies that employ fluid flow across the surface of 
osteocytes to study their response to loading62–65 do not always reflect the in vivo or in situ studies29,30,28. This 
may be because both baseline gene expression and response to mechanical loads differ between 2-D and 3-D 
culture66. Our in situ culture system allowed us to pinpoint specific mechanical stimuli in a physiologically 
relevant loading scheme, while being able to control the loading more tightly than in an in vivo study.

Our data provide further insight into in vivo studies of bone formation in murine models with respect to 
local strain. Although bone formation was found in only 30 to 50% of regions with high strain energy density, 
formation was more common than quiescence or resorption in those regions45,46. Our data show that the 
osteocyte response is more strongly related to strain or strain gradient than this. We hypothesize that diffuse 

Gene response Strain measure R2 p

SOST

Deviatoric 0.101 4.0 × 10–11

Hydrostatic 0.046 4.7 × 10–10

Hydrostatic gradient 0.125 3.3 × 10–13

Wnt11

Deviatoric 0.056 1.2 × 10–15

Hydrostatic 0.672 2.0 × 10–16

Hydrostatic gradient 0.041 3.0 × 10–9

SOST + Wnt11

Deviatoric 0.0822 2.0 × 10–16

Hydrostatic 0.0419 2.0 × 10–16

Hydrostatic gradient 0.0775 2.0 × 10–16

TNF

Deviatoric 0.032 2.0 × 10–16

Hydrostatic 0.006 4.0 × 10–15

Hydrostatic gradient 0.013 2.6 × 10–12

FRZB

Deviatoric 0.037 8.6 × 10–18

Hydrostatic 0.010 3.0 × 10–5

Hydrostatic gradient 0.021 7.5 × 10–11

FRZB + TNF

Deviatoric 0.0356 2.0 × 10–16

Hydrostatic 0.00656 4.3 × 10–6

Hydrostatic gradient 0.00656 3.9 × 10–6

Table 2.  Logistic regression outcomes for differential expression of genes or combinations of gens from 
baseline versus each mechanical stimulus.
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transport of the signaling molecules to progenitor cells, imprecise targeting of cell migration, or failure to control 
the lifetime of the bone multicellular units might explain some of the stochastic aspects of formation67. Our 
data also indicates some untargeted osteocyte response (i.e. large standard deviations), which may be due to 
intracellular communication among osteocytes or to normal variations in the baseline gene transcription.

Our results also complement a recent study that found that SOST expression was reduced in a mouse tibial 
loading model68. However, in contrast to our results, they found that SOST expression was higher in the mid-
diaphysis of the tibia, where the bone was subjected to higher deformation and strain gradient than would 
occur near the metaphysis. They suggest that osteocytes may respond to loading differently depending on their 
previous loading history, which is plausible based on RNAseq data29,30.

SOST gene expression exhibited an approximate on–off behavior in our study, with high expression 
corresponding to a relatively narrow range of strain gradient, and a very weak correlation with strain gradient. 

Fig. 6.  ROCs indicate that deviatoric strain and hydrostatic strain gradient were both relatively weak 
discriminators of altered TNF (a) and FRZB (b) expression. Altered SOST expression was better identified by 
strain gradient (c), while Wnt11 expression was similarly discriminated by each measure (d). Excluding the 
osteocytes where only one gene was altered increased the AUC in all cases. (e) Hydrostatic strain gradient was 
a better predictor than deviatoric strain for combined SOST and Wnt11 expression than deviatoric strain. (f) 
Deviatoric strain was a better predictor of TNF + FRZB expression than hydrostatic strain gradient.
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Wnt11 gene expression was similarly poorly correlated to strain gradient but elevated at high strains. This is 
consistent with Ca2+ flux—an early secondary messenger response—in osteocytes in loaded mouse metatarsals, 
where the intensity of the response did not depend on load magnitude for strain levels in the range we studied 
here, but more cells responded as the peak strain increased25. Three-point bending induces a strain field that 
increases linearly both from the neutral bending axis to the upper and lower surfaces of the bone and from the 
outer supports to the center loading point. As such, their observation that the number of cells increased without 
spatial dependence on the strain could be further evidence of strain gradient rather than strain dependence.

When synthesized with previous studies, our data provide strong evidence that mechanotransduction in 
osteocytes is related to fluid flow in the lacunar-canilicular network. Fluid flow in porous solids depends strongly 
on strain gradients and strain rate (e.g. frequency in cyclic loading), and the concomitant dependence of gene 
expression and Ca2+ flux on these parameters, respectively, supports a fluid flow mediated mechanism. Further 
studies of osteocyte response in in situ or in vivo models where a functional lacunar-canalicular network is 
present are needed to further understand this mechanism.

Methods
Bone preparation and culture
Cervical spines from 8 female pigs around 9 mon of age were obtained from a local abattoir (Martin’s Custom 
Butchering, Wakarusa, IN) within one hour of slaughter. Male pigs were excluded because male pigs are typically 
castrated at a young age and the effects of castration on bone physiology are unknown. Cylindrical trabecular 
bone explants, 8 mm in diameter, were excised from the C3, C4, and C5 vertebrae using a diamond coring bit 
under constant irrigation with cold saline supplemented with 3% antibiotic/antimycotic (10,000 units/mL of 
penicillin, 10,000  µg/mL of streptomycin, and 25  µg/mL of Amphotericin B, Corning Inc.). The cores were 
parallel to the axis of the vertebral body which is the primary loading axis of the bone in vivo and coincides 
with the principal trabecular orientation. Both ends of the explants were cut flat and parallel using a diamond 
wafering saw to a final length of 10 mm.

The prepared explants were cultured in a custom compression bioreactor12. Explants were bathed in high 
glucose (4.5 g/L) DMEM (Corning) with 10% FBS (Hyclone), and 1% AB/AM (Corning) circulating at a rate of 
45 mL/hr.

Explants were equilibrated for 48 h with no load to allow the osteocytes to establish a baseline gene expression. 
Starting on day 3, four explants were subjected to cyclic compressive loading using an electromagnetic load frame 
(TA Instruments, Electroforce 5500, New Castle) with a 4 Hz rest inserted triangle wave pattern48. Explants 
were loaded twice a day, except on day 5 when they were loaded once, for 5 min using a 4 Hz rest inserted 
triangle wave from 10 to 200 N (0.20 to 3.98 MPa). The average load achieved by the controller was 195 ± 3N 
(3.87 ± 0.06 MPa). Four additional control explants were cultured without loading. Explants were fixed in 10% 
neutral buffered formalin for 48 h at 4 °C.

Finite element model
Micro-computed tomography images of the fixed implants were obtained at 20 µm resolution to capture the 
geometry for finite element analysis. The X-ray source was set at 70  kVp and 114  mA current and 200  ms 
integration time. Reconstructed mages were Gaussian filtered with a variance of 0.8 and support of 2.0, and 
segmented using a fixed threshold of 210/1000, which corresponds to a mineral density of 252 mg HA/cm3 on 
our scanner. Finite element models were created from the micro-CT scans to quantify the strain in the bone 
tissue. Voxel-based meshes were created directly from the thresholded volume with 20 × 20 × 20 μm hexahedral 
elements. The mean trabecular thickness (Tb.Th*) of the loaded samples was 133 ± 17 µm, which was over six 
times the element size, indicating that the stress and strain fields were converged69,70. The bone was modeled as 
an isotropic linear elastic material, with the modulus of each element calculated based on the mineralization of 
the bone at that voxel71. The Poisson’s ratio was set to 0.3. The explant specific displacement measured during 
loading was applied as a compressive boundary condition with free lateral expansion. The models were solved 
with our custom software35,69 and the deviatoric and hydrostatic strain were subsampled within each element 
to obtain strains and strain gradients at 10 μm resolution, which is approximately the size of an osteocyte. The 
hydrostatic strain gradient was calculated using the Image Gradient Magnitude function in VTK (Kitware, 
Clifton Park, New York) as a surrogate measure of poroelastic fluid flow (Fig. 3). The relationship between strain 
gradient and fluid flow is based on linear poroelasticity theory (c.f.72 where the fluid pressure, p, depends on the 
change in the fluid mass from the reference, ζ, the trace of the strain tensor E, which is 3 times the hydrostatic 
strain, and Λ, a scalar combination of the bulk moduli of the solid and fluid components:

	
p = (ζ − trE)

Λ
� (1)

The fluid flow rate, q, depends on the pressure gradient according to Darcy’s law:

	 q = K∇p = (∇ζ − ∇trE) /Λ� (2)

where K, is a 2nd order tensor of permeability coefficients and ∇ is the spatial gradient operator. Note that ζ 
depends on fluid flow and changes with time until the gradient of fluid content change is equal to three times 
the gradient of the hydrostatic strain gradient. We assumed that the fluid flows primarily through the lacunar-
canalicular pores although we did not directly model the flow, which would require a multiscale model39,73,74.
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Fluorescence in situ hybridization
Explants were demineralized in Ethylenediaminetetraacetic acid (EDTA) for approximately 3 weeks. EDTA was 
replaced weekly, and the mineralization was verified by X-ray. Explants were removed from the EDTA once 
micro-CT showed that the explants were fully demineralized. Explants were embedded in paraffin such that the 
sections were perpendicular to the axis of loading. The embedded explants were sectioned at a thickness of 5 μm 
and affixed to Vectabond treated SuperFrost slides and allowed to dry.

In situ hubridization was performed using the ACDBio RNAScope® Multiplex kit (Biotechne, Minneapolis, 
MN). Tissue sections were warmed in an oven at 60  °C to prior to rehydration in xylene (2 × 5 min), 100% 
ethanol (2 × 5 min), 90% ethanol (2 × 5 min), and 70% ethanol (2 × 5 min). A barrier was drawn around each 
section using a hydrophobic pen (ImmEdge, Vector Laboratories, Newark, CA). In lieu of the standard protease 
and antigen retrieval step, a custom treatment specifically formulated for bone by ACDBio was used. The slide 
was submerged in this solution for 30 min at 40 °C in a prewarmed humidity control tray (HybEZ oven, ACDBio) 
containing dampened filter paper.

Custom probes for porcine TNF, FRZB, SOST, and Wnt11 were designed and obtained from ACDBio 
(Supplemental Table 3). TNF and FRZB probes were applied to half the slides while SOST and Wnt11 probes 
were applied to the other half. Autofluorescence of the bone did not allow for visualization of more than two 
probes for each section. The slides were incubated at 40o C for two hours, then washed in RNAScope® wash 
buffer. Each channel was amplified using its respective reagent. Opal 520 and Cy3 fluorophores were conjugated 
to the two channels. Each section was then incubated in DAPI for 1 min prior to cover slipping using Cytoseal. 
The slides were stored at 4 °C protected from light until they were imaged.

The sections imaged on a Nikon AXR confocal microscope. Fifteen individual images of 0.61 mm2 were 
taken of each section. The Opal 520 dye was imaged using the FITC filter, and the Cy3 dye was imaged using 
the TRITC filter. The sections were also imaged in the brightfield channel using phase contrast to identify the 
osteocyte cell body.

A negative control probe was used with both fluorophores to validate that there was minimal non-specific 
binding of the fluorophores in osteocytes, although some non-specific fluorescence was observed in the marrow 
(Supplemental Fig. 9).

Image processing and analysis
The z-stack for each channel was projected using the Maximum Intensity Projection function in ImageJ and 
saved as a separate image. Image masks were created by thresholding the phase contrast brightfield images to 
identify the lacuna locations. Two images from each section were manually analyzed to determine the efficacy 
of the workflow in ImageJ, demonstrating a 5.1% false positive rate and a 9.8% false negative rate. The mask was 
applied to the individual fluorescence channels using the Image Processing Toolbox in Matlab (Mathworks, 
Natick, MA), to label image pixels belonging to individual osteocytes. For each osteocyte, the average intensity 
of the pixels within the boundary of the osteocyte was calculated for each channel. The intensity level was used 
as a measure of the relative level of expression of that gene (Supplemental Fig. 1).

Probability density functions were fit to histograms of the intensity level of each gene in the pooled 
osteocytes from the loaded and unloaded bones using the fitdist() function and kernel density method in Matlab 
(Mathworks, Natick, MA). The kernel density method is a non-parametric method to estimate the probability 
density function of a variable. The intensity where the probability density functions of the loaded and unloaded 
explants intersected for each gene was used to classify osteocytes as having either high or low expression of that 
gene.

The RNAScope® images were manually registered to the corresponding location on the finite element 
model result images. The resolution of the registered confocal images was adjusted to the corresponding 10 μm 
resolution of the model results. For each pixel in the cross-section corresponding to an osteocyte, the strains and 
the strain gradient of the eight surrounding pixels were averaged to determine the strain associated with that 
osteocyte.

We modeled the binary of high expressing and low expressing osteocytes using logistic regression75. We also 
constructed receiver operator characteristic (ROC) curves and calculated the area under the curve (AUC-ROC) 
to determine whether the strain measures were predictive of gene expression level.

Data availability
The original data is available on the public archive: https://doi.​org/ht​tps://doi.or​g/10.7274/2​8030580
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