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Abstract:  At first glance, tendon may seem to be a relatively simple tissue with the straightforward function 
of transferring muscle forces to the bony skeleton. A closer look reveals that it is actually a complex 
physiological system, with tightly coordinated interplay between an “intrinsic compartment” comprising the 
fibrous collagen core (tendon cells and the multiscale arrangement of collagen assemblies), and an 
“extrinsic tendon compartment” consisting of synovium-like tissues that interface with the immune, vascular, 
and nervous systems. The extent of intrinsic and extrinsic compartment coordination in functional repair, 
and discord in degenerative processes, is still poorly understood. In this workshop segment, we aim to 
make the case that explant models from rodent tail tendon provide a powerful platform to identify, 
investigate and understand aspects of the complex cellular and cell-matrix interplay in tendon tissue, and 
offer potential to reveal central mechanisms of connective tissue homeostasis and repair. 

Background: Tendon is an under-researched tissue, a fact that that can be at least partly attributed to a 
shortage of physiologically and clinically relevant research models. Almost all existing data regarding basic 
mechanisms of tissue physiology or tendon damage and repair thus stem either from a limited range of 
non-primate animal models or from in vitro experiments on isolated animal or human tendon cells in 2D or 
3D tissue culture.  Although 2D and 3D culture systems are widely used due to their practicality, these 
experimental models are really only amenable to the study of robust cellular mechanisms that are realtively 
insensitive to physiological context and/or subtleties of the biochemical and biophysical cellular niche.  The 
physiological contexts that 2D and 3D adequately capture arguably include neotendon formation after an 
acute injury, or the study of acute interactions between recruited tendon cells and an implanted biomaterial.  

In contrast, the physiological contexts of tendon tissue homeostasis, disease, and repair of focal tissue 
damage involves cellular niches in which the extracellular matrix (ECM) architecture, ECM biophysics, 
context dependent cell-matrix interactions, and spatially regulated cell-cell contacts all play critical yet still 
poorly defined roles in system behavior. These aspects of the extracellular niche are extremely difficult, if 
not impossible, to adequately recapitulate in vitro using engineered 2D or 3D culture systems. 

Tendon explant models, in contrast to 2D and 3D tissue culture, include key anatomical and biophysical 
aspects that other in vitro systems cannot currently capture.  In this workshop, we present some early 
investigations from rodent tail tendon explants that demonstrate their potential utility in controlled parametric 
investigation of tendon physiology and pathology.  We aim to highlight the potential value of these systems 
for making rapid progress in identifying central mechanisms of human tendon disease and repair. We also 
attempt to provide a balanced look at their limitations, and how these models may optimally complement in 
vivo animal models and ultimate verification using human cells and tissues. 

The rodent tendon fascicle as an in vitro model of tendon - advantages and limitations: A tendon 
fascicle can be considered the basic “functional unit” of tendon.  These units are ordered into higher 
structures that yield a wide range of biomechanical properties. In contrast to highly cross-linked load-
bearing tendons, rodent tail tendon fascicles can be readily extracted from these positional tendons with 
minimal mechanical or biological damage. Given their ease of isolation and high degree of mechanical and 
biological reproducibility, rat and mouse tail tendons have played an important historical role in studies of 
tendon structure-function (Rigby et al., 1959).  

There is widespread dogmatic skepticism regarding the physiological and clinical relevance of rodent tail 
tendon as a model of human tendon diseases and repair.  The most commonly cited shortcomings include 
1) the disparity in the functional role of the tail tendon as a positional tendon and suspected related 
deviations at the cellular (epigenetic) level 2) the lack of covalent collagen cross-links in the extracellular 
matrix and 3) its non-human origin (genetic disparities). However, we have argued that a tail tendon explant 
nonetheless represents the most reproducible and human-relevant in vitro model of “core tendon” 
physiology that is now available (Fessel and Snedeker, 2011; Snedeker and Foolen, 2017). Mechanical 
properties are comparable to mature human tendon, with rodent fascicles ranging in elastic modulus from 



several hundred MPa to over 1 GPa, depending on the anatomical location of tail tissue harvest, as well as 
the age, breed, sex, and/or diet of the animal Additionally, the failure properties of isolated tail tendon 
fascicles reflect those of whole human tendon, with failure stresses on the order of 80 MPa and failure 
strains of approximately 10% However, it must be acknowledged that mechanical properties at the fascicle 
level depend highly on the structural organization of the collagen fibers and the degree of cross-linking 
within and between fibers, and that the nature of rodent tail tissue cross-linking (divalent aldimine crosslinks) 
diverges substantially from human load bearing tendon (combined divalent aldimine and trivalent histidine 
crosslinks) (Avery and Bailey 2005). In this sense, the tail tendon fascicle is likely not well suited for 
investigation of tendon damage from mechanical overload or fatigue. Still, within non-damaging 
physiological ranges of mechanical loading, the tail tendon model seems to be exceptionally well suited for 
investigations of biophysical cell-matrix interactions. Aside from the noted molecular differences in collagen 
crosslinks, the extracellular matrix biochemical composition and architectural structure (including cell-cell 
and cell-matrix interfaces) of rodent tendon is similar to healthy human tendon (Arnoczky et al. 2002, 
Gautieri et al. 2017).  Similarly, the genetic regulation involved in native tissues and in response to tendon 
injury is remarkably close to that of human tendon – suggesting that many of the basic biological 
mechanisms of tendon are conserved across species and anatomical origin (Snedeker and Foolen, 2017).  

Tail  tendon models of tendon pathology (credit Stefania Wunderli, University and ETH Zurich): Our 
ongoing work investigates the reaction of the tendon core (“intrinsic compartment”) to unloading as 
modulated by the extrinsic niche - specifically tissue vascularity. In these studies, explanted murine tail 
tendon fascicles serve as a model of an independent and underloaded unit of the intrinsic compartment. 
These studies investigate tendon fascicle behavior in niches of varying temperature, oxygenation and 
nutrient supply that are conceived to mimic pathological and vascularized states of different severity (Figure 
1). Using this approach, we have compared the evolution of tissue mechanical properties, cell viability, 
metabolic activity, tissue morphology, transcriptome and secretome.  Below we briefly summarize the 
methods, and initial findings from this work. 

 
Figure 1: (A) Tendon is a hierarchically structured tissue consisting of densely packed collagen type I matrix and 
tendon cells (tenocytes) that are responsible for tissue maintenance. The tendon fascicle is the basic functional unit 
of the tendon (tendon core) and represents the intrinsic tendon compartment. Due to tendon overloading, it is thought 
that ruptured tendon may remain in an unloaded state. The extrinsic compartment comprises a wrapping layer with 
synovium-like character that interconnects the immune, vascular and nervous systems. Wrapping layers are present 
at several hierarchical levels and are named endotendon, epitenon and paratenon (from lowest to highest level). It is 
thought that intrinsic and extrinsic compartments interact with each other at all levels to ensure proper tissue 
maintenance. (B) In our ex vivo model the impaired tendon core is represented by an unloaded murine tail tendon 
fascicle. By varying temperature, oxygen and serum content of the culture conditions we mimicked the degree of 
involvement of the extrinsic compartment on the cell-driven healing process. 



Methods: Tendon fascicles were extracted from tails of freshly euthanized 12-13 weeks old wild-type 
C57BL6/J mice and distributed among the treatment groups in a non-biased fashion (Fig. 2A). The 
treatment groups comprised different culture environment and were analyzed at fixed timepoints (6, 12, 18, 
24 days). Tissues were cultivated in absence of mechanical load. Culture environments were varied by a 
combination of different oxygen saturations (‘LoO2’ = 3% O2 or ‘HiO2’ = 21% O2), temperatures (‘LoT’ = 
29°C or ‘HiT’ = 37°C) and serum contents (‘+’=with serum or ‘–‘ = without serum) (Figure 2A). To 
discriminate active cell-mediated extracellular matrix remodeling from passive thermodynamic or proteolytic 
effects of the culture medium, control tissues were devitalized by three freeze-thaw cycles before incubation. 
Cell viability and proliferation were assessed by fluorescence staining (Hoechst and Ethidium Homodimer-
1) and microscopic image analysis by normalizing values to tissue volume (n=2). Mechanical properties 
were also evaluated (n=6). RNA sequencing was used to determine differentially expressed genes between 
cultured, “pathologic” (HiO2HiT+, HiO2HiT–, LoO2LoT+, LoO2LoT–, all at 6 days) and healthy, native 
fascicles (n=3). Differential expression between the HiO2HiT+ and LoO2LoT+ group and HiO2HiT+ and 
HiO2HiT– was used to detect possible temperature / oxygen or serum dependent processes involved in 
matrix degradation, respectively. Process and pathway analyses were performed with MetaCore database 
via GeneGo tool from Thomson Reuters (threshold: fold change = 2, p-value = 0.01). All animal experiments 
were ethically approved by the Cantonal Veterinary office of Zürich. 
 
Results: Control tendons were functionally stable across all time points, with elastic moduli of devitalized 
tissues being unaffected by all tested culture conditions. Similarly, intact fascicles cultured in serum-free 
medium (“–“) displayed no mechanical degradation by day 24 (Fig. 2B). In contrast, macroscopic tissue 
contraction was evident in fascicles cultured for 12 days in serum-containing environment, with length at 
preload (0.015N) increasing significantly (Ctrl: 20.46mm, sd = 0.15mm | HiO2HiT+: 22.05, sd=1.03mm | 
LoO2HiT+: 21.74mm, sd=0.48 | HiO2LoT+: 21.06mm, sd=0.43mm | LoO2LoT+: 21.34mm, sd=0.47mm). 
Culture for 12 days at high temperature in serum resulted in significantly decreased tissue elastic modulus 
(HiO2HiT+, LoO2HiT+). Lower temperature slowed the degradation process and in combination with low 
oxygen levels did not affect tissue integrity within 24 days. Cell viability was not markedly altered by either 
of the culture conditions, however a tendency towards increased cell density in the experimental groups 
cultured in serum-supplemented medium was observed, while cell number in the serum-free group 
remained essentially constant (Fig. 2C). The total number of differentially regulated genes was lowest in 
the LoO2LoT– group (Fig. 2D), suggesting this environment as closest to the healthy native condition (Fig. 
2C). In contrast with the microscopic analysis, next generation RNA sequencing showed a re-regulation of 
genes involved in mitotic cell division processes in all the analyzed test groups, independently of the 
presence of serum in the medium. In the group mimicking severe tendon damage/pathology (HiO2HiT+) 
transcriptome analysis also revealed the activation of pathways involved extracellular matrix and structure 
organization. Further, pairwise comparison between the HiO2HiT+ and the LoO2LoT+ group showed that 
temperature and oxygen had a large impact on immune system related genes. 
 

 
 



Discussion: Using a tail tendon explant model, we demonstrate that cellular regulation and downstream 
mechanical properties in load-deprived tendons are heavily dependent on the niche mimicked by applied 
explant culture conditions. Culture environments that simulate increased tissue vascularity (serum, elevated 
temperature and oxygen levels), strongly induce cell proliferation and tissue degradation as reflected in 
gene expression and tissue biomechanical function. Our results suggest that loss of tissue integrity driven 
by the activation of catabolic enzymes in the initial phase of healing is temperature dependent and can be 
slowed in low oxygen conditions. However, this catabolic potential was effectively absent in quiescent cells 
(no serum). Summarizing, minimal culture conditions (low temperature and oxygen without serum) are 
favorable for maintaining tissue homeostasis ex vivo. Further studies are needed to examine whether 
mechanical load may protect the tendon collagen matrix from catabolic turnover within a pathologic 
environment. The analysis of gene regulated signaling in these conditions may identify possible key targets 
underlying diminished regenerative response and potentially provide a focus for the development of novel 
therapies. 

This study shows that standard culture conditions mimic a pathological environment for tail tendon explants 
that results in accelerated tissue proteolysis of the tendon core. Unravelling the contribution of different 
extrinsic factors on tissue degradation (temperature, oxygenation and nutrient supply among others) may 
provide important insight into the remodelling process of tendon tissue after damage.  

Conclusion: Rodent Tail tendon is a highly tractable experimental model that provides an extraordinary 
playground for experimental investigation.  We demonstrate, for instance, how tissue culture conditions can 
be varied to explore sensitivity to physiological context (wound healing).  The model also lends itself 
exceptionally well to basic study of matrix structure function, and biological investigation of tendon cell 
mechanotransduction and focused study on tendon cell-matrix interactions.   
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Utilizing in vitro organ culture for mechanistic studies of the intervertebral disc 
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Abstract  

The intervertebral disc (IVD) is a cellularized fibrocartilaginous structure that serves to transmit and 
dampen loads in the spine.  Within the IVD there are microstructures that contain distinct cell types as well 
as unique extracellular matrices.  Whole organ culture of the FSU preserves the native extracellular matrix, 
cell phenotypes, and cellular-matrix interactions. Thus, organ culture techniques are particularly useful for 
investigating the complex biological mechanisms of the IVD.  Like all model systems, however, it is critically 
important to acknowledge the limitations of this approach. Here, we discuss our implementation of whole 
lumbar mouse FSUs in in vitro organ culture, as well as practical considerations in designing experiments 
that allow the mechanistic investigations of the IVD.   As a case study, we describe our implementation of 
the organ culture method in conjunction with genetically modified animals for the precise molecular 
monitoring of the IVD in response to injury and therapies. 
 
Introduction  

Low back pain (LBP) is the leading factor for global disability and lost productivity in the workplace, 
and intervertebral disc (IVD) degeneration is among the most significant risk factors for LBP1.  Although 
animals model are widely accepted as preclinical models for investigating disease progression and 
therapies, the complex interactions of multiple circulating factors and confounding responses of the in vivo 
environment poses challenges in isolating the precise causal mechanisms and their downstream effects.  
Cell culture models are essential for understanding molecular pathways and the cell’s response to 
engineered environments2, but they do not allow observations  are limited in to fully understand how the 
cells interact with their native extracellular environment.  Organ culture systems, whereby surgically isolated 
IVDs or functional spine units (FSU) are kept intact and incubated under media conditions, offer a 
reductionist compromise between cellular and organismal models3-7.  These systems are reduced to only 
the native cell population and the surrounding extracellular matrix, thus enabling the direct interpretation of 
the effects of external stimuli on IVD biology.  A practical benefit of organ cultures is the ability to 
longitudinally and non-destructively monitor the expression of cytokines, proteases, and metabolites by 
assaying the media throughout the culture period. 

Organ culture models of the IVD have been implemented for humans8, bovine3, rat9,10, and mice5-

7,11,12.  As with all model systems, there are strengths and limitations to each, and several considerations 
are listed in Table 1.  The dimensions and the size of the size for several 
different animals and how they compare with human IVDs have been 
described else where13, and the dimensions directly impact the ability of 
the cells within the organ explant to receive sufficient nutrition.  For larger 
systems such as bovine and human, bioreactors may be required to 
deliver sustenance to the cells furthest away from the tissue surface.  It is 
also important to consider whether the inclusion of the adjacent vertebrae 
and encapsulating end-plates are necessary to impair the free swelling of 
individual IVDs14.  Likewise, to control the effects of swelling, it may be 
important to mechanically constrain the IVD.   The desired outcome 
measures will also influence the selection of the animal / human model.  
For example, if MRI is desired, then the large animal or human tissues 
should be utilized in order to achieve adequate spatial resolution relative 
to the whole IVD.  The final two considerations are somewhat inter-related: 
availability of tissues and genetic homogeneity – rodent tissues are 
relatively abundant and are genetically controlled, while it may be 
challenging to assure such consistency in larger organisms.   

Here we focus on the utilization of mouse models.  Mouse models are attractive due to their 
relatively low cost and scalability, as well as the large number of genetically modified animals that allow for 
the rapid targeted screening of degenerative mechanisms and potential therapies.  In particular, using our 
prior works as a case study, we demonstrate the use of a reporter mouse for monitoring the IVDs' 
homeostatic, mechanical, structural, and inflammatory patterns over time6,7.   

Table 1: Considerations when 
selecting the appropriate model 
system for IVD organ culture 
• Dimension / size of the IVDs 
• Passive diffusion vs 

bioreactor 
• Free floating vs 

mechanically constrained 
• Outcome measures: 

mechanical, imaging, 
compositional, gene 
expression, cytokines, 
histology, etc. 

• Availability of tissues 
• Genetic homogeneity 



 
Methods  
Animals and specimen preparation 
            For details on specific 
methods, please consult references 
6 and 7.  Briefly, all animal 
experiments were performed with 
approval from the Washington 
University Animal Studies 
Committee. Two strains of mice were 
used for this study, BALB/c and a 
nuclear factor kappa-B-luciferase 
reporter animal (NF-kb-luc) which is 
bred on a BALB/c background 
(Taconic Model #10499, BALB/c-
Tg(Rela-luc)31Xen). After 
euthanasia, a longitudinal vertical cut 
was made using a no. 11 blade 
scalpel on the dorsal surface of the 
mouse to expose the body cavity. 
The lumbar spine from each animal 
was dissected out and excessive soft 
tissues surrounding the spinal 
column were removed. Spinal 
columns were then further dissected 
into functional spinal units (FSUs) 
(Fig. 1).  
 
Validation assays 
 Verification that the culture conditions has 
maintained the cellular function and viability is a critical 
first step in validating the in vitro organ culture. 
Moreover, since no assay is perfect, it is important to 
utilize multiple assays to verify cellular and tissue 
function.  A number of assays are suggested in Table 
2.  For example, the alamaBlue metabolic assay 
provides a longitudinal assessment of whether the 
organ is metabolically active and offers the advantage 
of requiring just the exchanged media.  However, it is 
important to couple this assay with the tetrazolium nitro 
blue assay to identify the specific cells which are active 
and viable, however this can only be conducted after 
the culture period has ended and requires histological preparation (Fig. 2).  The cultured samples 
should also have appropriate negative and positive controls, but it should also be compared with 
the freshly extracted samples whenever possible.  As an example of a positive control, 
lipopolysaccharide (LPS), an exotoxin that is commonly used for induce NFkB activity, is used to 
ensure that the IVD robustly expresses the reporter for the duration of the culture period (Fig. 3).  
In contrast, the negative control containing only the base media, shows little luciferase activity.   
 
 

Table 2: Validation assays 

• Diffusion (fluorescein) 
• Metabolism and viability (tetrazolium nitro 

blue / DAPI; alamarBlue metabolic assay) 
• Mechanical function (Dynamic 

microcompression) 
• Structure (MicroCT and laser micrometer)  
• Composition (DMMB and collagen assays) 
• Cytokine production (ELISA and reporter 

activity)  
• Comparison with Fresh 
• Comparison with Negative Control 
• Comparison with Positive Control 

Figure 1: (A) Intervertebral disc functional spinal units (FSUs) were dissected from 
the lumbar segments of the mouse; the FSUs contained two intact vertebrae, the 
cartilaginous endplates, and the intervertebral disc. (B) Following dissection, 
samples were divided into treatment groups and cultured in vitro for 21 days. 
Afterwards, samples was used for mechanical testing, biochemical assays, and 
histological analysis.  Adapted from (7). 



 
Discussion 

The organ culture approach can also be revealing of tissue-specific mechanistic effects of 
a treatment or therapy.  For example, it is reasonable to conclude that the responses observed in 
the organ culture is the result of IVD cell adaptations.  The ability to conduct high-throughput 
analyses, in combination of molecular reporters, make them an attractive choice for the first-order 
screening of translational and preclinical therapies.  However it is critical to verify that the culture 
methodologies do not alter the relevant characteristics of the IVD, and careful controls are 
required to ensure the validity of the experimental results.  Certainly as with all models, one must 
be mindful of the limitations of the system, and in this system, mechanical loading / constraints 
were not implemented.  Despite this, there were no swelling or detectable differences in tissue 
mechanical behavior, suggesting that at least in this experimental setup, the lack of directed 
mechanical stimulus does not trigger an anabolic response of the explants.  In our example here, 
we are able to concurrently maintain a high number of mouse IVD FSUs on 24-well culture plates.  
Moreover, we are able to conduct real-time monitoring through novel imaging methods 
(bioluminescence) and ELISA of the exchanged media.  Taken together, the IVD organ culture is 
a powerful platform for revealing mechanistic insights to IVD homeostasis as well as rapid 
screening of drugs and therapies. 
 
  

Figure 3: (A) After 21 days in culture, Safranin O staining 
(red) shows that proteoglycan content is maintained in both 
the AF and NP in the Control samples. (B) The Stab samples 
(puncture site indicated by arrow) showed decreased 
proteoglycan content in both the AF and NP. (C) 
Tetrazolium blue staining (blue) shows co-localization. (D) 
DAPI staining shows that cells are metabolically active and 
viable after 21 days in organ culture.   Adapted from (7). 

Figure 2:  Positive and negative controls are used to verify the 
responsiveness of the NFkB-luc reporter in both the injury 
condition and the exposure to the exotoxin, lipopolysaccharide 
(LPS).  Bioluminescence activity confirms that LPS induces the 
elevated and sustained activity of NFkB, and the negative control 
expresses minimal NFkB activity.  These controls help to 
contextualize the stab-injury group as a pro-inflammatory 
condition.  
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Experimental studies of bone
mechanoadaptation: bridging in vitro and
in vivo studies with multiscale systems

Genevieve N. Brown, Rachel L. Sattler and X. Edward Guo

Bone Bioengineering Laboratory, Department of Biomedical Engineering, Columbia University, New York,
NY 10027, USA

Despite advancements in technology and science over the last century, the

mechanisms underlying Wolff’s law—bone structure adaptation in response

to physical stimuli—remain poorly understood, limiting the ability to effec-

tively treat and prevent skeletal diseases. A challenge to overcome in the

study of the underlying mechanisms of this principle is the multiscale

nature of mechanoadaptation. While there exist in silico systems that are

capable of studying across these scales, experimental studies are typically

limited to interpretation at a single dimension or time point. For instance,

studies of single-cell responses to defined physical stimuli offer only a lim-

ited prediction of the whole bone response, while overlapping pathways

or compensatory mechanisms complicate the ability to isolate critical targets

in a whole animal model. Thus, there exists a need to develop experimental

systems capable of bridging traditional experimental approaches and

informing existing multiscale theoretical models. The purpose of this article

is to review the process of mechanoadaptation and inherent challenges in

studying its underlying mechanisms, discuss the limitations of traditional

experimental systems in capturing the many facets of this process and high-

light three multiscale experimental systems which bridge traditional

approaches and cover relatively understudied time and length scales in

bone adaptation.
1. Introduction
The skeleton is often thought of as a static organ system whose main function is

support for locomotion and protection of internal organs. Yet, the skeleton is

made up of, arguably, some of the most dynamic tissue in the body. In fact,

more than 100 years ago, German surgeon Julius Wolff recognized the dynamic

nature of healthy and unhealthy bone and developed a theory, known today as

Wolff’s law, positing that changes in the physical requirements for bone to sup-

port the human body are manifested as changes in the internal architecture and

external form of the bone [1,2]. A century later, much research has supported

the outcome of Wolff’s law, demonstrating that bone tissue is capable of adapt-

ing to altered mechanical environments to either improve bone quality when

greater support is required or diminish bone structure when that support is

no longer necessary. To the former point, a seminal study in 1977 compared

cortical thickness in the arms of professional tennis players and found an

approximate 30% difference between the serving and non-serving arms, with

repetitive serving conferring an advantage [3]. Multiple studies since have

reported impressive positive gains in bone mass and quality in response to

exercise [3,4]. At the other end of the spectrum, the loss of bone and ensuing

diminishment of bone quality has been reported in situations of unloading

such as paralysis, spinal cord injury [5], bed rest [6] and microgravity [7,8].

Further, the adaptation of bone does not just occur in extraordinary mechanical

environments; bone turnover is constant throughout life. Unfortunately with

age, it is thought the ability of bone to adapt to its mechanical environment

diminishes and that this loss of dynamic function underlies several skeletal

http://crossmark.crossref.org/dialog/?doi=10.1098/rsfs.2015.0071&domain=pdf&date_stamp=2015-12-18
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pathologies of great clinical concern, including osteoporosis

and related fractures [9]. It is estimated that osteoporosis

will affect 10% of females worldwide that reach age 60 and

40% of those that reach age 80. The disease also affects

men, though to a lesser extent [10]. Thus, with an ageing

population worldwide, there is considerable motivation, in

both clinical and basic science, to elucidate mechanisms guid-

ing this adaptive process. A better understanding of the

skeleton’s ability to adapt to physiologic mechanical loads

has potential to reveal new strategies for mitigating the

more extreme demands placed on bones in pathologic con-

ditions and to inform novel, innovative and more precise

treatments for patients with bone disease.
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Figure 1. Mechanoadaptation (light grey oval) is a feedback process with
underlying mechanisms spanning large spatial and temporal scales. Briefly,
forces applied to the whole bone are transmitted from the tissue level
down to cells within the bone, and then different cells release factors, initiate
cascades and modify bone accordingly, resulting in changes that scale back
up to the tissue level over time. Traditional experimental approaches (dark
grey circles) typically focus at narrow scales. In vivo studies produce outputs
at later time points and are often interfaced with mCT and coupled with
histology. The top right image shows a sample mCT rendering of proximal
mouse femur and the bottom right image shows a longitudinal section of
mouse femur with osteocytes embedded in cortical bone (right) and osteo-
clasts in marrow (left). In vitro experiments typically focus on early responses
of cell populations. The centre image on the left shows calcium responses of
osteocytes cultured in micropatterned networks. Multiscale experimental sys-
tems (red dotted rectangles) are necessary to bridge traditional systems and
cover more comprehensive time and length scales. Three such systems—ex
vivo, explant and quasi-three-dimensional—are highlighted in this review.
(Online version in colour.)
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2. Mechanoadaptation: a multiscale process
While experimentation has convincingly demonstrated the

general relationship between mechanical stimulation and

bone adaptation, the underlying mechanisms of mechanoa-

daptation continue to challenge researchers. At the crux of

this challenge lies the fact that mechanoadaptation involves

many steps traversing varying length and time scales. That

is, forces applied to the bone are transmitted from the

tissue level down to cells within the bone, and then different

cells release factors, initiate cascades and modify bone

accordingly, resulting in changes that scale back up to the

tissue level over time. A complete understanding of mechano-

adaptation must therefore consider mechanisms underlying

these processes at specific spatial (subcellular to tissue) and

temporal (milliseconds to months) scales, as well as explore

mechanisms that integrate these scales (figure 1).

At the cellular level, there are three major types of bone

cells. Osteoblasts are derived from the mesenchymal lineage

and are responsible for bone matrix deposition. Osteoclasts

are large, multi-nucleated cells of haematopoietic origin that

resorb bone. The coupled activity of osteoblasts and osteo-

clasts—with bone formation following resorption—is called

remodelling, whereas modelling refers to formation or

resorption on independent surfaces. Imbalanced activities of

osteoblasts and osteoclasts can result in either excess bone

formation or resorption, both typically pathologic outcomes.

These two cell types make up less than 10% of the bone cell

population at a given moment and, with lifetimes estimated

in only weeks, represent a rather transient population. The

majority of bone cells are osteocytes: mature cells embedded

within the bone matrix. Osteocytes make up more than 90%

of the bone cell population and can live for years [11].

In order for mechanoadaptation to initiate, certain cells

must be sensitive to a changing mechanical environment.

Osteocytes are considered ideal mechanosensors due to their

abundance and intricate arrangement within the bone tissue

[12–16]. They are stellate cells characterized by numerous cellu-

lar processes—or dendrites—emanating from the cell body and

connecting osteocytes both with one another and with cells on

the bone surface [17]. Osteocyte cell bodies reside in lacunae,

and the dendrites extend through channels within the bone

tissue called canaliculi. The extensive network created by

these structures is called the lacunocanalicular system (LCS).

This intricate cellular arrangement is likely to be a critical

feature for bridging the cellular- and tissue-level responses

to mechanical forces in bone. Mechanotransduction refers to

the conversion of a physical stimulus, such as applied load,
to a biochemical response [18]. In bone, mechanotransduction

covers an expansive time scale. Mechanotransduction

includes immediate and gradual biochemical responses of

osteocytes, such as the quick release of second messengers

(in seconds) or early changes in gene expression (minutes),

which sometimes translate to later protein expression changes

(hours). Over time, these biochemical responses act on osteo-

blasts, osteoclasts and other supporting cell types to

modulate the tissue composition and architecture, resulting

in adaptation of the whole bone (in days). In health, these

processes are coordinated to maintain tissue homeostasis. In

disease, disruptions at one of these scales may lead to the

overall pathologies that present at the tissue level. Thus,

there has been considerable motivation to reveal mechanisms

of mechano-sensation and -transduction in order to more

effectively understand bone adaptation in health and disease.
3. Traditional approaches to the study of
mechanoadaptation

The motivation to uncover these mechanisms has generated an

emphasis in the last few decades on osteocyte mechanobiology,
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particularly what stimuli osteocytes are experiencing and what

biochemical responses they are generating. The function of

osteocytes was enigmatic for a long time, largely due to their

inaccessibility. However, with the introduction of an osteo-

cyte-like cell line [19] and new technologies to probe their

functions in vitro and in vivo [20], the role of osteocytes in

bone adaptation has received considerable attention over the

last few decades. Numerous studies both in vitro and in vivo
have now demonstrated the importance of osteocytes in the

orchestration of bone turnover in response to changing mechan-

ical demands [15,16]. Following is a brief outline of some key

findings of traditional in vitro and in vivo approaches. The inter-

ested reader is encouraged to consult more exhaustive reviews

of osteocytes and mechanoadaptation for thorough discussion

of key developments in the field [12,13,15,16,20–24].

3.1. Mechanosensation
Physiologic loads from activities such as running and jogging

can generate strains on the bone surface in the range of 2000–

3000 microstrain (0.2–0.3%) [25]. However, when similar

strains were used to stimulate bone cells in vitro, they were

not sufficient to engender a biological response, suggesting

that cells embedded within the bone experience a different

mechanical stimulus than strain on the whole bone surface.

Using poroelastic models to relate whole bone strains to

cell-level mechanical signals, it was proposed as early as

the 1970s that small shear stresses acting on osteocytes

within the LCS are induced by the flow of interstitial fluid

driven by matrix deformation [26–28]. In the 1990s, a seminal

theoretical paper predicted that the relatively small defor-

mations to the whole bone tissue could translate to fluid

shear stresses similar to those in vascular tissues [26]

(reviewed in [29]). Since then, numerous studies have demon-

strated that osteocytes cultured in vitro are sensitive to similar

levels of shear stress as predicted by modelling.

3.2. Mechanotransduction
Multiple in vitro systems have since been developed to apply

dynamic shear stress profiles to monolayer cultures of cells

with varying magnitudes and frequencies. Gene and protein

expression changes are common endpoints, and early bio-

chemical responses can also be observed using biochemical

assays at appropriate time points. Indeed, a major advantage

of in vitro studies is the ability to control precisely defined

inputs and outputs at these early time scales (seconds,

minutes or hours).

In addition, by coupling these systems with fluorescence

microscopy, real-time cellular responses to mechanical

forces can also be studied in vitro. One of the earliest

responses (in seconds) of bone cells to fluid shear is a rise

in cytosolic calcium (Ca2þ), which was first demonstrated

in osteoblasts [30]. Due to the aforementioned challenges to

studying osteocytes, the characterization of osteocyte Ca2þ

responses to mechanical loading came nearly a decade

later, with the first studies applying different mechanical

stimuli from fluid flow. Osteocyte stimulation by microneedle

displacement was shown to induce a Ca2þ response that

could be propagated to neighbouring cells [31–33], and

osteocytes were more sensitive when stimulated along a

dendritic process rather than at the cell body [34], a result

also confirmed using localized hydrodynamic forces [35].

A unique pattern in Ca2þ signalling was discovered by our
group when osteocytes cultured in micropatterned networks

were exposed to fluid shear. Distinct from the calcium

responses of osteoblast precursors [36,37], robust, un-attenu-

ated Ca2þ oscillations were observed in the osteocyte cell

line MLO-Y4 exposed to steady flow [36,38]. Taken together,

these studies implicate Ca2þ as an important biochemical

signal in response to mechanical load. In addition to an

immediate Ca2þ response, in vitro studies subjecting osteo-

cytes to fluid shear have shown that loading can enhance

the release of prostaglandin E2 (PGE2) [39,40], nitric oxide

[41,42], osteopontin [43], Wnts [44] and modulate the ratio

of receptor activator of nuclear factor kappa-B ligand

(RANKL) and its decoy receptor osteoprotegerin (OPG)

[45,46] over the course of hours and days. The RANKL/

OPG ratio is of particular interest because it modulates the

differentiation of osteoclasts.

While in vitro experiments have certainly demonstrated

that osteocytes possess necessary qualities to act as mechan-

osensors and mechanotransducers, there are limitations to

these experiments. First, in vitro studies are typically limited

to short time points, capturing only early biochemical

changes (seconds to hours). Next, it can be difficult to deter-

mine whether these biochemical responses would be

translated to an adaptive response. Furthermore, these

studies are limited to osteocytes in the absence of interactions

with other bone cells. In order to determine whether cells

produce functional proteins that would ultimately change

the activity of effector cells downstream, in vitro studies rely

mainly on conditioned medium experiments, though some

co-culture systems exist that can better approximate cellular

communication in native tissue. A few studies have demon-

strated that conditioned medium from osteocytes exposed

to fluid flow decreases osteoclastogenesis [45,46], inhibits

osteoclast resorptive activity [47] and promotes osteoblast

differentiation [48]. However, conditioned media studies

fail to capture any coordination of tissue adaptation at par-

ticular sites. Lastly, native geometry and connectivity of

osteocytes, both between one another and other bone cells,

is not often achieved, which can obscure some of the emer-

gent properties of mechano-sensation and -transduction

that would arise at the tissue scale or at longer time points.

Therefore, a gap still remains regarding how biochemical sig-

nals produced by osteocytes in response to mechanical

loading regulate bone turnover, and studies coupling early

osteocyte responses to mechanical loading with the resultant

bone formation or resorption responses could immensely

inform our understanding of bone adaptation.
3.3. Tissue-level adaptation
Unlike in vitro studies, in vivo studies keep cellular sources

and interactions intact, which is important for the translation

of mechanical interventions to tissue responses. Though other

animal models exist, the predominant animal model in the

study of bone adaptation continues to be the mouse, due in

large part to its robust breeding, relatively short time to skel-

etal maturity, and amenability to genetic manipulation [49].

For loading, murine ulnar and tibial models are used to

induce bone gain, and strain values for whole bones in

each of these have been characterized with strain gauges

and finite-element (FE) modelling [50,51]. For unloading,

tail suspension [52], limb immobilization and botox-induced

muscle paralysis have all been shown to induce bone loss
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(reviewed in [53]). With all of these models, studies are often

interfaced with high-resolution imaging such as micro-com-

puted tomography (mCT) in order to monitor and quantify

whole bone and microarchitectural changes, or coupled

with histology to relate tissue-level protein expression and

dynamic histomorphometric parameters to mechanical inter-

ventions. In vivo mCT imaging of animal skeletons also allows

assessments of dynamic bone formation and resorption, and

mCT-based FE analyses allow precise correlations between

local mechanical stimuli and bone remodelling dynamics

[54–56]. In vivo studies are also starting to integrate better

with cell studies as transgenic technologies advance to

include more cell-specific promotors and lineage tracing

[57,58]. Additionally, more precise time points can be

explored using inducible expression of these transgenes [59].

In vivo systems have tremendouslyadvanced the understand-

ing of some underlying mechanisms of mechanoadaptation.

First, in transgenic mice with ablated osteocytes, mice were resist-

ant to unloading-induced bone loss [60]. Next, recent studies

using osteocyte-specific inducible knockouts of RANKL

suggested that osteocytes are the primary source of RANKL for

modulating osteoclast activity [61,62]. Furthermore, whole bone

mechanical loading models indicate that osteocytes can also con-

trol osteoblast activity through the Wnt/b-catenin inhibitor

sclerostin, which suppresses the activity of osteoblasts. Studies

of both ulnar and tibial loading in mice have been shown to

decrease levels of the sclerostin protein expression, whereas

unloading has been shown to increase levels of sclerostin [63].

These changes are highly correlated with sites of anabolic bone

formation in the loading models [63–66]. Taken all together,

these studies highlight the essential role of osteocytes in both

immediate mechanosensation and the coordination of later

adaptive responses.

As exciting as these findings have been in the field, in vivo
models are not without limitations. Animal models are inher-

ently complicated by compensatory mechanisms, off-target

effects and the inability to selectively interrupt pathways in

cells that share lineages. This last point is especially pertinent

as osteocytes are derived from osteoblasts. As of now, most

osteocyte-specific knockouts use Cre recombinase driven by

dentin matrix protein-1 (DMP-1), which also affect late-

stage osteoblasts and some chondrocytes [67]. These latter

cells are known to produce some of the same proteins impli-

cated in mechanotransduction as osteocytes, such as RANKL

and PGE2. The inability to truly separate osteocyte function

from late-stage osteoblast function is then a major challenge

to drawing inferences from in vivo studies.
4. Multiscale experimentation
One multiscale approach to the study of bone adaptation is to

use more traditional techniques and emerging technologies to

expand the time and spatial information that can be gathered.

Trüssel et al. [68] recently outlined a mechanical systems

biology approach in the study of bone adaptation. Briefly, the

authors demonstrate that mCT scans taken at regular intervals

of a loading treatment can be registered using advanced ima-

ging software in order to identify local regions of bone

adaptation. When combined with traditional histology,

histomorphometric techniques and FE modelling, local bio-

chemical changes can then be correlated to local tissue-level

strains and sites of adaptation. In addition, new techniques
of microdissection are enabling single cells to be extracted

from histology samples and gene information to be recovered.

Thus, by combining the more traditional single-scale tech-

niques with new technology, which enables the extraction of

data from both multiple time points and multiple length

scales in the same sample, a multiscale picture of local

adaptation to mechanical stimuli can be captured.

Another, and possibly complimentary approach, is to

develop multiscale experimental systems that study mechan-

oadaptation at spatial and temporal scales not covered by in
vitro or in vivo systems, serving to enhance our knowledge of

this overall process while simultaneously bridging the infor-

mation generated by traditional approaches (figure 1). To

date, many of these approaches in studying bone are founded

on computational models, freed from the inherent challenges

found in experimentation with living systems (reviewed in

[69]). Yet, a full understanding and validation of the mechan-

isms underlying mechanical adaptation will require the

integration of experimentation which can explore among a

variety of dimensions, simultaneously.

Currently, only a few experimental systems exist which

attempt to connect traditional scales. For example, the intro-

duction of three-dimensional cell cultures has added some

complexity to in vitro studies and has proved immensely valu-

able in unveiling cell behaviours that are intricately tied to the

native morphology and parameters of the microenvironment

[70–74]. The opposite approach—stripping down native tis-

sues to fewer, more controllable features—has also provided

unique platforms for connecting these scales. By nature of

their source, major advantages of these ex vivo or explanted tis-

sues are that they maintain native tissue architecture, cellular

composition and cell–cell arrangement. Indeed, the cellular

network formed by osteocytes in the LCS integrates infor-

mation from whole bone deformation at different locations in

the organ, communicates biochemical responses to bone sur-

faces where effector cell populations reside and coordinates

the sites of bone formation and resorption responses to adapt

the bone structure. Recapitulating this network should there-

fore offer insights into the role of osteocyte spatial

arrangement in mechanoadaptation. Furthermore, explants

can also be used to experiment at vastly different time scales,

adding another level of interpretation to experimental studies

that may be more difficult to achieve with traditional

approaches. Finally, experimental systems can be designed to

push the boundaries of this multiscale process, interfacing

with other disciplines, such as biophysics, to explore some of

the earliest events in mechanosensation at the single-cell level.

For the purpose of illustrating the role of multiscale exper-

imentation in the study of bone adaptation, the remaining

sections of this paper highlight three systems employed by

our group capable of simultaneously observing behaviours

at multiple length scales spanning very early to extended

time frames. The experimental systems presented herein

each address an important aspect of mechanoadaptation

not covered by traditional approaches (figure 1, red dotted

boxes). The ex vivo system explores early mechano-sensation

and -transduction in osteocytes in the cortex of an intact

whole bone, which enables the real-time response (seconds

to minutes) of osteocytes to whole bone mechanical loading

to be assessed, while the osteocytes are maintained in their

native network arrangement. This ex vivo system has been

used to verify mechanisms underlying mechanosensation in

bone and to validate in vitro studies exploring Ca2þ signalling
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in osteocytes. The second system discussed is a trabecular

bone explant model used to identify pathways critical to

tissue-level responses to mechanical load coordinated by

osteocytes. This system spans a large spatial scale, enabling

links to be drawn first between genetic changes and cell-

level responses and then between cell-level responses and

architectural changes at the tissue level. In addition, the

explant system can be kept viable in culture for up to four

weeks, allowing for data to be collected at both short- and

long-term time points within the same experimental

sample. Lastly, we discuss experimentation at the single-cell

level to explore subcellular mechano-sensation and -trans-

duction (in seconds). This technique creates a potential link

between cellular and subcellular responses that inform osteo-

cyte function as well as instantaneous and short-term cellular

responses to stimuli.

4.1. Mechanosensation and early mechanotransduction
in osteocytes ex vivo

As previously mentioned, models dating back to the 1970s

predicted that mechanical loads sensed by osteocytes were

the result of fluid shear stresses induced by interstitial fluid

flow within the LCS. However, no experimental systems

existed to validate this prediction until the introduction of

an ex vivo whole bone mechanical loading system [75]. In

this system, intact tibiae harvested from mice after injection

of a sodium fluorescein tracer compound were placed in a

mechanical loading apparatus mounted on a confocal micro-

scope. Cyclic compressive loads were applied to the whole

bone to mimic physiological loading, and diffusive transport

was measured by fluorescence resonance after photobleach-

ing imaging of osteocyte lacunae embedded within the

bone. Fluorescence recovery was faster in lacunae from

loaded samples, indicating load-induced convection, and

coupling these results to a fluid transport model of canalicu-

lar flow demonstrated an enhanced fluid flow in response to

whole bone deformation.

While traditional in vitro studies allow for the short-term

response of loading to be assessed and in vivo studies typi-

cally require the evaluation of set time points after a

loading event, this ex vivo system has also created opportu-

nities to explore the immediate response of osteocytes

within the actual native environment while the whole bone

is loaded. In other words, this system is unique in that it

directly couples real-time early responses (milliseconds to

minutes) to much higher length scales than are typically

studied, pushing the boundaries of traditional mechanotrans-

duction experiments. In particular, early events typically

explored only in vitro in cells plated in two dimensions are

now probed at the cellular network level and coupled to

tissue-level stimulation.

One way that this system has been used, in fact, has been in

validating that immediate phenomena observed through

in vitro studies on osteocytes can also be observed in an actual

living bone. Though in vitro studies subjecting osteocytes to

fluid shear strongly support a role for Ca2þ signalling to

encode information important for mechanotransduction in

osteocytes, limited systems were available to show that Ca2þ

signals in osteocytes embedded within the bone could be

induced by load. In explanted fragments of chicken embryonic

calvariae, bone cells were demonstrated to exhibit autonomous

Ca2þ responses [76], and embedded osteocytes were found to
respond with elevated Ca2þ to bone matrix deformation [77]

and shear stress applied over the explant surfaces [78].

We recently modified the ex vivo system described earlier to

observe Ca2þ responses in live osteocytes in a mouse long

bone subjected to dynamic, deformational loading (figure 2a).

Osteocytes exhibited robust oscillations in Ca2þ in response to

load in a load-dependent manner (figure 2b) [79]. This pattern

was more pronounced than the autonomous Ca2þ responses of

osteocytes, which were undetectable, as well as the loading-

induced and autonomous responses of cells on the bone surface

(figure 2b) [76,79]. A representative confocal image and corre-

sponding osteocyte Ca2þ time courses are shown in figure 2c.

Furthermore, in a previous study, we had explored signal

propagation between osteocytes and the dependence of that

propagation on distance between cells, which enables us to

not only look at the level of the individual cell, but also the

importance of parameters like cell density and spacing at the

near-tissue level [37], which could be incorporated into this ex
vivo model. This work is also amenable to extending to more

complex in vivo models which capitalize on the genetic

manipulability of the mouse. For instance, future studies

could use strain gauges to match strains engendered on the sur-

face of tibia from mice with genetic modifications targeting

specific pathways considered important in osteocyte mechano-

transduction, such as sclerostin knockout mice (figure 2d).

Additionally, the generation of FE models from mCT images

of these mice could be used to more thoroughly explore or

extrapolate these findings to regions within the bone experien-

cing different strain levels (figure 2e). Finally, this model could

be used to study the effects of long-term processes like aging on

real-time mechanosensation.

Taken together, these ex vivo systems have provided novel

platforms for studying early biochemical responses in bones

under mechanical loading. Furthermore, they have validated

mechanosensation in living bone by connecting theoretical

models to the abundant in vitro experiments showing cellular

responses to flow, allowing these studies to progress and add

valuable information regarding the underlying cellular

mechanisms of mechanotransduction. Finally, current and

emerging imaging and modelling techniques can be coupled

with these systems to relate immediate cellular responses

within the intact bone to the tissue responses measured at the

whole bone level.

Of course, there are inherent limitations to the ex vivo
system. Primarily, the specimen cannot be kept alive indefi-

nitely, limiting the time scale for observation to hours, far

short of the time needed to capture tissue-level adaptation.

Furthermore, the effect of other organ systems known to

influence bone, such as muscle and the nervous system, are

absent from these studies. However, isolating the whole

bone for observation during these initial time points allows

this system to traverse a larger spatial scale in early osteocyte

mechanotransduction.

4.2. A three-dimensional trabecular bone explant
model of bone adaptation

The previous studies highlight the ability of explant systems

to probe fundamental questions in mechanotransduction at

early time scales, but they can also be used for the opposite.

Mechanical adaptation results in tissue-level changes over a

much longer time scale (weeks). During physiologic bone

remodelling, for instance, bone formation is coupled to sites
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the highest strains. (Online version in colour.)
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of bone resorption, where osteoclasts may degrade the bone

for days before apposition by osteoblasts begins. It is thought

that osteocytes coordinate this process by signalling to these

cells, but the exact mechanisms remain unknown. Therefore,

there exists a need for studies coupling early osteocyte

responses to mechanical loading (days) to later tissue-level

changes (weeks).

Few bone explant cultures have been established to inves-

tigate the adaptive response of bone tissue to mechanical

cues, largely due to the requirement to sustain viability of

the explanted tissue in culture over long enough periods.

The introduction of the ZetOS bioreactor overcame these

limitations by providing a system to simultaneously perfuse

nutrients through trabecular bone explants and apply

dynamic loading [80,81]. Bovine bone cores complete with

surface cells and bone marrow were sustained for three

weeks in culture, with osteocyte viability remaining above

60% and osteoblast/osteoclast populations responding to

mechanical and chemical stimuli [82]. The application of

simulated jumping strains resulted in increased bone for-

mation parameters in some samples, and most importantly,

architectural changes in the trabecular bone tissue [82]. Fur-

thermore, application of load resulted in changes in the

apparent stiffness of the bone samples [83]. Similar results

were reported in a rabbit trabecular bone explant model cul-

tured in a perfusion/loading system, where mechanical

loading resulted in new bone deposition demonstrated by
osteoid formation and the presence of double fluorochrome

labelled surfaces [84]. Comparable systems have been devel-

oped to sustain viability in whole bone organ cultures [85].

These improvements in culture conditions lay a strong foun-

dation for using trabecular bone explants to study the

mechanisms underlying mechanical adaptation.

A major advantage of transferring tissues to culture

environments is the ability to adapt the tissue to remove con-

founding variables and isolate critical interactions. We

developed a trabecular bone explant model of osteocyte–

osteoblast interactions to evaluate histological and mechan-

ical property changes in response to loading that had been

built on previous explants used for short-term loading exper-

iments [86–90]. In this system, bovine trabecular bone cores

were thoroughly cleaned to remove bone marrow, disrupted

nerves and vasculature, as experimental studies have demon-

strated an influence of these systems in bone. The explants

were also treated to remove any surface cells, which have

been shown to populate the bone surface after a few days

in culture in an uncontrolled manner. A controlled number

of primary osteoblasts could then be seeded back onto the

surface. The resulting explant provides a system in which

osteocytes in their native environment can send signals to

osteoblasts, and bone deposition and changes in mechanical

properties can be measured in response to load.

In our first study, hydrostatic pressure loading enhanced

osteoid production in these explants, but the effect was
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limited to only 8 days in culture [91], which led us to also

develop a loadable perfusion bioreactor to maintain cell via-

bility (figure 3a,b). Low-level perfusion was used to maintain

osteocyte viability without inducing a cellular response to

fluid flow, so that changes in mechanical load were only a

result of applied dynamic deformation. In this system, osteo-

cyte viability was maintained for up to four weeks, even with

abundant osteoblast population of the bone surface, as evi-

denced by confocal images showing live osteocytes within

the bone (figure 3c) and histological assessment (figure 3d ).

Mechanical loading resulted in early biochemical responses,

such as the release of PGE2 which remained elevated from

within hours to a couple days of culture (figure 3e), as well

as the deposition of osteoid, and changes in apparent elastic

modulus of the explant after four weeks (figure 3f ). Blocking

the PGE2 response abrogated the anabolic effects of loading

(figure 3e,f ) [92]. As both osteocytes and osteoblasts are

capable of releasing PGE2 in response to mechanical stimu-

lation, it is unclear from this study if this response was

mediated primarily through osteocyte mechanosensing.

A critical advantage of this explant system, however, is the

ability to selectively manipulate the osteoblast population

to disrupt PGE2 signalling in osteoblasts only, a condition

that cannot be created by in vivo studies, which once again

highlights the critical role of explant systems for delineating

mechanisms underlying bone responses to loading.

While powerful as a model system, limitations do exist. The

added challenge of keeping osteocytes viable addressed above

makes decoupling the long-term effects of loading versus

transport difficult. Additionally, while native arrangement of

the osteocytes and connection with surface cells is achieved

with the explant, the bone core size and shape do not capture

the whole bone response to mechanical loading as faithfully

as the ex vivo model. Further, the removal of all cell types

except osteocytes and the seeded cell type of interest may

obscure the essential interactions of other native cells in the

adaptive process. Despite these limitations, explanted trabecu-

lar bone cultures can be used to probe outcomes of mechanical

loading at very different time points with a simplified cell

composition in a still intricate arrangement.

4.3. Single-cell studies to probe subcellular
mechanosensation in osteocytes

The previously described explanted bone tissue models cover

considerable ground between the time and length scales

encompassed by traditional experimental approaches. Brid-

ging these studies will be immensely important for

interpreting the results from these approaches and enhancing

our understanding of bone mechanoadaptation. In the spirit

of embracing a multiscale approach, one can also extend

these experimental studies to additional time and length

scales not typically considered in the study of adaptation,

such as subcellular mechanosensation.

In addition to probing downstream osteocyte responses,

many in vitro studies have explored the role of subcellular orga-

nelles in contributing to these biochemical responses. For

instance, both the primary cilium [93] and the endoplasmic

reticulum (ER) have been demonstrated to contribute to Ca2þ

signalling in osteocytes, and mechanosensitive channels

within the cell membrane have also been shown to contribute

to these responses [40]. Furthermore, subcellular structures

influence the transmission of mechanical forces to cells. For
instance, the cell cytoskeleton and its associated molecules

relay this mechanical information to locations within the cell

containing mechanosensitive proteins, such as the nucleus or

the ER [94]. Thus, the cytoskeleton of osteocytes likely plays

a critical role in flow-induced mechanosensing [95–97].

The actin cytoskeleton is very pronounced in osteocytes,

with dense perinuclear actin networks and actin filaments

extending along the entire length of osteocytes processes

[98]. Actin filaments maintain cell shape, dendritic mor-

phology and support membrane tension in osteocytes as

evidenced by studies using latrunculin B to depolymerize

actin [71,98]. Indeed, the dramatic differences in cytoskeletal

components between osteocytes and osteoblasts, particularly

in dendrites, suggest that actin may play a critical role in

osteocyte mechanosensory function [71]. Furthermore, differ-

ences in osteocyte morphology in long bones compared with

those that experience relatively mild mechanical environ-

ments suggest the importance of the cell cytoskeleton and

conferred cell shape in bone adaptation. Since most in vitro
studies observe flat, spread cells that form actin stress

fibres, capturing this native morphology in vitro is another

important bridge between traditional approaches.

Our laboratory developed a technique to observe the defor-

mation of cytoskeletal elements in rounded osteocytes under

fluid flow at high temporal resolution (less than 1 s) in both

bottom- and side-view [99] (figure 4a). Using this technique,

we can reconstruct a quasi-three-dimensional image of the

cell under fluid flow (figure 4b). Traditional bottom-view ima-

ging of osteocytes transfected with a fluorescent protein tagged

to the actin cytoskeleton showed time-dependent deformation

of the cytoskeleton under loading, with moderate creep and

recovery of the actin cytoskeleton in the normal strain directions

(figure 4c). The addition of side-view imaging revealed more

pronounced cytoskeletal deformations and the observation of

a shear strain (figure 4d). In a later study, the cortical actin net-

work in osteocytes was found to be more responsive to

oscillatory flow than microtubule networks when the temporal

resolution was sufficient to probe subcellular responses within

a single oscillation period (figure 4e) [100]. In these studies, high

temporal resolution enabled the characterization of the instan-

taneous mechanical behaviours of cytoskeletal elements

within osteocytes, with more than 10 images collected in a

single oscillatory flow waveform at physiologic frequency of

1 Hz. Future studies coupling similar experiments with

additional fluorescent probes to look at signal activation at sub-

cellular locations could enable more precise characterizations of

mechanotransduction in osteocytes. For example, it is possible

to observe how deformation of the cytoskeleton within milli-

seconds of mechanical stimulation may influence Ca2þ

signals, which typically initiate within 10–20 s after flow onset.

The temporal resolution opens up many exciting avenues

of experimentation; however, there are some key limitations

in this system. In order to keep the cell body more physiologi-

cally rounded, it is plated in a way that prevents the

formation of dendrites. However, this could be improved

by incorporating microcontact printing to form controlled

osteocyte shape with dendrites [101]. As we have previously

discussed, the morphology and interconnection of osteocytes

is thought to play a major role in their function and response.

Furthermore, the high-frequency image acquisition limits the

time frame to only a couple of minutes due to inherent photo-

bleaching effects. However, this quasi-three-dimensional

system is exploring the x, y and z spatial dimensions at a
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much smaller overall length scale of the single cell and may

add critical information to our understanding of osteocyte

mechanosensation. Furthermore, identification of new subcel-

lular pathways in osteocyte mechanobiology could lead to

new avenues of exploration in in vitro and in vivo studies.
5. Conclusion
It is increasingly evident that advancement in understanding

complex physiologic and pathologic processes, such as mechan-

oadaptation, will require a multiscale approach and an

integration of computational modelling and experimentation.
In addition to interfacing traditional experimental platforms

with emerging computational models and advanced imaging

techniques, we suggest that the addition of multiscale exper-

imental platforms to such approaches can further strengthen

the link between these various scales and allow for even

deeper understanding of the complex relationship between

mechanical stimulation and tissue adaptation. The three

examples highlighted in this review also demonstrate key

advantages of multiscale experimental systems in general.

First, they form a bridge between in vitro and in vivo studies, fill-

ing in gaps left by the limitations of traditional approaches and

isolating the most critical pathways conserved among exper-

imental scales. Second, these systems explore events at the
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cellular and tissue level simultaneously, and can therefore pro-

vide invaluable experimental validation and refinement

in existing computational models or can be used to test hypoth-

eses generated from these models in order to select promising

lines of experimentation. Finally, a multiscale approach is a

way to uncover more fundamental mechanisms that underlie

our health and guide the development of more targeted and

precise modes of treatment. With approaches such as these,

the field moves forward.

As a final thought, Wolff may have first hypothesized adap-

tation of bone to mechanical loading, but the last decades have

demonstrated increasing evidence that this process underlies

the homeostasis and disease of multiple tissues of the body.

Cervical tissue, vasculature, pulmonary tissue and muscle

tissue, to name a few, have all been shown experimentally to

remodel in response to changing mechanical load. It is possible
that multiscale experimental approaches in these systems may

prove equally as fruitful in understanding their inherent physi-

ology and pathologies. This could also mean that discoveries of

the deeper mechanisms, which conserve across scales in one

system, such as bone, also translate to other organ systems: an

exciting motivation to promote multiscale experimentation.
Authors’ contributions. G.N.B. and R.L.S. drafted the manuscript and pre-
pared the figures. G.N.B., R.L.S. and X.E.G. conceptualized the
article. All authors gave final approval for publication.

Competing interest. We have no competing interests.

Funding. The work presented herein was supported by NIH NIAMS
R21 AR059917, RC1 AR058453, R21 AR052417 and R01 AR052461
to X.E.G.

Acknowledgements. The authors thank Andrea Morrell, Samuel Robin-
son and Robert Nims for their thoughtful discussions.
 :20150071
References
1. Chen J-H, Liu C, You L, Simmons CA. 2010 Boning
up on Wolff ’s law: mechanical regulation of the
cells that make and maintain bone. J. Biomech. 43,
108 – 118. (doi:10.1016/j.jbiomech.2009.09.016)

2. Wolff J. 1892 Das Gaesetz der transformation der
Knochen. Berlin, Germany: Hirchwild.

3. Jones H, Priest J, Hayes W, Tichenor C, Nagel D.
1977 Humeral hypertrophy in response to exercise.
J. Bone Joint Surg. Am. 59, 204 – 208.

4. Wilks DC et al. 2009 Bone mass and geometry of
the tibia and the radius of master sprinters, middle
and long distance runners, race-walkers and
sedentary control participants: a pQCT study. Bone
45, 91 – 97. (doi:10.1016/j.bone.2009.03.660)

5. Jiang S-D, Dai L-Y, Jiang L-S. 2006 Osteoporosis
after spinal cord injury. Osteoporos. Int. 17,
180 – 192. (doi:10.1007/s00198-005-2028-8)

6. Kazakia GJ, Tjong W, Nirody JA, Burghardt AJ,
Carballido-Gamio J, Patsch JM, Link T, Feeley BT,
Benjamin Ma C. 2014 The influence of disuse on
bone microstructure and mechanics assessed by HR-
pQCT. Bone 63, 132 – 140. (doi:10.1016/j.bone.2014.
02.014)

7. Cowin SC. 1998 On mechanosensation in bone
under microgravity. Bone 22, 119S – 125S. (doi:10.
1016/S8756-3282(98)00011-8)

8. Smith SM, Abrams SA, Davis-Street JE, Heer M,
O’Brien KO, Wastney ME, Zwart SR. 2014 Fifty years
of human space travel: implications for bone and
calcium research. Annu. Rev. Nutr. 34, 377 – 400.
(doi:10.1146/annurev-nutr-071813-105440)

9. Spyropoulou A, Karamesinis K, Basdra EK. 2015
Mechanotransduction pathways in bone pathobiology.
Biochim. Biophys. Acta Mol. Basis Dis. 1852, 1700 –
1708. (doi:10.1016/j.bbadis.2015.05.010)

10. Kanis JA, on behalf of the World Health
Organization Scientific Group. 2007 Assessment of
osteoporosis at the primary health care level.
Sheffield, UK: University of Sheffield.

11. Franz-Odendaal TA, Hall BK, Witten PE. 2006 Buried
alive: how osteoblasts become osteocytes. Dev. Dyn.
235, 176 – 190. (doi:10.1002/dvdy.20603)
12. Bonewald LF. 2011 The amazing osteocyte. J. Bone
Miner. Res. 26, 229 – 238. (doi:10.1002/jbmr.320)

13. Bonewald LF, Johnson ML. 2008 Osteocytes,
mechanosensing and Wnt signaling. Bone 42,
606 – 615. (doi:10.1016/j.bone.2007.12.224)

14. Jacobs CR, Temiyasathit S, Castillo AB. 2010
Osteocyte mechanobiology and pericellular
mechanics. Annu. Rev. Biomed. Eng. 12, 369 – 400.
(doi:10.1146/annurev-bioeng-070909-105302)

15. Schaffler MB, Cheung W-Y, Majeska R, Kennedy O.
2014 Osteocytes: master orchestrators of bone.
Calcif. Tissue Int. 94, 5 – 24. (doi:10.1007/s00223-
013-9790-y)

16. Klein-Nulend J, Bakker AD, Bacabac RG, Vatsa A,
Weinbaum S. 2013 Mechanosensation and
transduction in osteocytes. Bone 54, 182 – 190.
(doi:10.1016/j.bone.2012.10.013)

17. Kamioka H, Honjo T, Takano-Yamamoto T. 2001
A three-dimensional distribution of osteocyte
processes revealed by the combination of confocal
laser scanning microscopy and differential
interference contrast microscopy. Bone 28,
145 – 149. (doi:10.1016/S8756-3282(00)00421-X)

18. Duncan RL, Turner CH. 1995 Mechanotransduction
and the functional response of bone to mechanical
strain. Calcif. Tissue Int. 57, 344 – 358. (doi:10.1007/
BF00302070)

19. Bonewald LF. 1999 Establishment and characterization
of an osteocyte-like cell line, MLO-Y4. J. Bone Miner.
Metab. 17, 61 – 65. (doi:10.1007/s007740050066)

20. Kalajzic I, Matthews BG, Torreggiani E, Harris MA,
Divieti Pajevic P, Harris SE. 2013 In vitro and in vivo
approaches to study osteocyte biology. Bone 54,
296 – 306. (doi:10.1016/j.bone.2012.09.040)

21. Raggatt LJ, Partridge NC. 2010 Cellular and
molecular mechanisms of bone remodeling. J. Biol.
Chem. 285, 25103 – 25108. (doi:10.1074/jbc.R109.
041087)

22. Riddle RC, Donahue HJ. 2009 From streaming-
potentials to shear stress: 25 years of bone cell
mechanotransduction. J. Orthop. Res. 27, 143 – 149.
(doi:10.1002/jor.20723)
23. Bellido T. 2014 Osteocyte-driven bone remodeling.
Calcif. Tissue Int. 94, 25 – 34. (doi:10.1007/s00223-
013-9774-y)

24. Baron R, Kneissel M. 2013 WNT signaling in bone
homeostasis and disease: from human mutations to
treatments. Nat. Med. 19, 179 – 192. (doi:10.1038/
nm.3074)

25. Ehrlich PJ, Lanyon LE. 2002 Mechanical strain and
bone cell function: a review. Osteoporos. Int. 13,
688 – 700. (doi:10.1007/s001980200095)

26. Weinbaum S, Cowin SC, Zeng Y. 1994 A model for
the excitation of osteocytes by mechanical loading-
induced bone fluid shear stresses. J. Biomech. 27,
339 – 360. (doi:10.1016/0021-9290(94)90010-8)

27. Piekarski K, Munro M. 1977 Transport mechanism
operating between blood supply and osteocytes in
long bones. Nature 269, 80 – 82. (doi:10.1038/
269080a0)

28. Zeng Y, Cowin S, Weinbaum S. 1994 A fiber matrix
model for fluid flow and streaming potentials in the
canaliculi of an osteon. Ann. Biomed. Eng. 22,
280 – 292. (doi:10.1007/bf02368235)

29. Fritton SP, Weinbaum S. 2009 Fluid and solute
transport in bone: flow-induced
mechanotransduction. Annu. Rev. Fluid Mech. 41,
347 – 374. (doi:10.1146/annurev.fluid.010908.
165136)

30. Hung CT, Pollack SR, Reilly TM, Brighton CT. 1995
Real-time calcium response of cultured bone cells to
fluid flow. Clin. Orthop. Relat. Res. 313, 256 – 269.

31. Adachi T, Aonuma Y, Taira K, Hojo M, Kamioka H.
2009 Asymmetric intercellular communication
between bone cells: propagation of the calcium
signaling. Biochem. Biophys. Res. Commun. 389,
495 – 500. (doi:10.1016/j.bbrc.2009.09.010)

32. Huo B, Lu XL, Hung CT, Costa KD, Xu Q, Whitesides
GM, Guo XE. 2008 Fluid flow induced calcium
response in bone cell network. Cell. Mol. Bioeng. 1,
58 – 66. (doi:10.1007/s12195-008-0011-0)

33. Takai E, Landesberg R, Katz RW, Hung CT, Guo XE.
2006 Substrate modulation of osteoblast adhesion
strength, focal adhesion kinase activation, and

http://dx.doi.org/10.1016/j.jbiomech.2009.09.016
http://dx.doi.org/10.1016/j.bone.2009.03.660
http://dx.doi.org/10.1007/s00198-005-2028-8
http://dx.doi.org/10.1016/j.bone.2014.02.014
http://dx.doi.org/10.1016/j.bone.2014.02.014
http://dx.doi.org/10.1016/S8756-3282(98)00011-8
http://dx.doi.org/10.1016/S8756-3282(98)00011-8
http://dx.doi.org/10.1146/annurev-nutr-071813-105440
http://dx.doi.org/10.1016/j.bbadis.2015.05.010
http://dx.doi.org/10.1002/dvdy.20603
http://dx.doi.org/10.1002/jbmr.320
http://dx.doi.org/10.1016/j.bone.2007.12.224
http://dx.doi.org/10.1146/annurev-bioeng-070909-105302
http://dx.doi.org/10.1007/s00223-013-9790-y
http://dx.doi.org/10.1007/s00223-013-9790-y
http://dx.doi.org/10.1016/j.bone.2012.10.013
http://dx.doi.org/10.1016/S8756-3282(00)00421-X
http://dx.doi.org/10.1007/BF00302070
http://dx.doi.org/10.1007/BF00302070
http://dx.doi.org/10.1007/s007740050066
http://dx.doi.org/10.1016/j.bone.2012.09.040
http://dx.doi.org/10.1074/jbc.R109.041087
http://dx.doi.org/10.1074/jbc.R109.041087
http://dx.doi.org/10.1002/jor.20723
http://dx.doi.org/10.1007/s00223-013-9774-y
http://dx.doi.org/10.1007/s00223-013-9774-y
http://dx.doi.org/10.1038/nm.3074
http://dx.doi.org/10.1038/nm.3074
http://dx.doi.org/10.1007/s001980200095
http://dx.doi.org/10.1016/0021-9290(94)90010-8
http://dx.doi.org/10.1038/269080a0
http://dx.doi.org/10.1038/269080a0
http://dx.doi.org/10.1007/bf02368235
http://dx.doi.org/10.1146/annurev.fluid.010908.165136
http://dx.doi.org/10.1146/annurev.fluid.010908.165136
http://dx.doi.org/10.1016/j.bbrc.2009.09.010
http://dx.doi.org/10.1007/s12195-008-0011-0


rsfs.royalsocietypublishing.org
Interface

Focus
6:20150071

11
responsiveness to mechanical stimuli. Mol. Cell.
Biomech. 3, 1 – 12.

34. Adachi T, Aonuma Y, Tanaka M, Hojo M, Takano-
Yamamoto T, Kamioka H. 2009 Calcium response in
single osteocytes to locally applied mechanical
stimulus: differences in cell process and cell body.
J. Biomech. 42, 1989 – 1995. (doi:10.1016/j.
jbiomech.2009.04.034)

35. Thi MM, Suadicani SO, Schaffler MB, Weinbaum S,
Spray DC. 2013 Mechanosensory responses of
osteocytes to physiological forces occur along
processes and not cell body and require aVb3

integrin. Proc. Natl Acad. Sci. USA 110, 21 012 –
21 017. (doi:10.1073/pnas.1321210110)

36. Lu XL, Huo B, Chiang V, Guo XE. 2012
Osteocytic network is more responsive in calcium
signaling than osteoblastic network under fluid
flow. J. Bone Miner. Res. 27, 563 – 574. (doi:10.
1002/jbmr.1474)

37. Jing D, Lu XL, Luo E, Sajda P, Leong PL, Guo XE.
2013 Spatiotemporal properties of intracellular
calcium signaling in osteocytic and osteoblastic cell
networks under fluid flow. Bone 53, 531 – 540.
(doi:10.1016/j.bone.2013.01.008)

38. Lu XL, Huo B, Park M, Guo XE. 2012 Calcium
response in osteocytic networks under steady and
oscillatory fluid flow. Bone 51, 466 – 473. (doi:10.
1016/j.bone.2012.05.021)

39. Ajubi NE, Klein-Nulend J, Nijweide PJ, Vrijheid-
Lammers T, Alblas MJ, Burger EH. 1996 Pulsating
fluid flow increases prostaglandin production by
cultured chicken osteocytes—a cytoskeleton-
dependent process. Biochem. Biophys. Res. Commun.
225, 62 – 68. (doi:10.1006/bbrc.1996.1131)

40. Ajubi NE, Klein-Nulend J, Alblas MJ, Burger EH,
Nijweide PJ. 1999 Signal transduction pathways
involved in fluid flow-induced PGE2 production by
cultured osteocytes. Am. J. Physiol. 276, E171 –
E178.

41. Klein-Nulend J, Semeins CM, Ajubi NE, Nijweide PJ,
Burger EH. 1995 Pulsating fluid flow increases nitric
oxide (no) synthesis by osteocytes but not periosteal
fibroblasts—correlation with prostaglandin
upregulation. Biochem. Biophys. Res. Commun. 217,
640 – 648. (doi:10.1006/bbrc.1995.2822)

42. Vatsa A, Smit TH, Klein-Nulend J. 2007 Extracellular
NO signalling from a mechanically stimulated
osteocyte. J. Biomech. 40(Suppl. 1), S89 – S95.
(doi:10.1016/j.jbiomech.2007.02.015)

43. Ponik SM, Triplett JW, Pavalko FM. 2007 Osteoblasts
and osteocytes respond differently to oscillatory and
unidirectional fluid flow profiles. J. Cell. Biochem.
100, 794 – 807. (doi:10.1002/jcb.21089)

44. Santos A, Bakker AD, Zandieh-Doulabi B, Semeins
CM, Klein-Nulend J. 2009 Pulsating fluid flow
modulates gene expression of proteins involved in
Wnt signaling pathways in osteocytes. J. Orthopaed.
Res. 27, 1280 – 1287. (doi:10.1002/jor.20888)

45. Kim CH, You L, Yellowley CE, Jacobs CR. 2006
Oscillatory fluid flow-induced shear stress decreases
osteoclastogenesis through RANKL and OPG
signaling. Bone 39, 1043 – 1047. (doi:10.1016/j.
bone.2006.05.017)
46. You L et al. 2008 Osteocytes as mechanosensors in
the inhibition of bone resorption due to mechanical
loading. Bone 42, 172 – 179. (doi:10.1016/j.bone.
2007.09.047)

47. Tan SD, de Vries TJ, Kuijpers-Jagtman AM, Semeins
CM, Everts V, Klein-Nulend J. 2007 Osteocytes
subjected to fluid flow inhibit osteoclast formation
and bone resorption. Bone 41, 745 – 751. (doi:10.
1016/j.bone.2007.07.019)

48. Vezeridis PS, Semeins CM, Chen Q, Klein-Nulend J.
2006 Osteocytes subjected to pulsating fluid flow
regulate osteoblast proliferation and differentiation.
Biochem. Biophys. Res. Commun. 348, 1082 – 1088.
(doi:10.1016/j.bbrc.2006.07.146)

49. Elefteriou F, Yang X. 2011 Genetic mouse models
for bone studies—strengths and limitations. Bone
49, 1242 – 1254. (doi:10.1016/j.bone.2011.08.021)

50. Weatherholt AM, Fuchs RK, Warden SJ. 2013 Cortical
and trabecular bone adaptation to incremental load
magnitudes using the mouse tibial axial
compression loading model. Bone 52, 372 – 379.
(doi:10.1016/j.bone.2012.10.026)

51. Thiagarajan G, Lu Y, Dallas M, Johnson ML. 2014
Experimental and finite element analysis of dynamic
loading of the mouse forearm. J. Orthopaed. Res. 32,
1580 – 1588. (doi:10.1002/jor.22720)

52. Milstead J, Simske S, Bateman T. 2004 Spaceflight
and hindlimb suspension disuse models in mice.
Biomed. Sci. Instrum. 40, 105 – 110.

53. Komori T. 2015 Animal models for osteoporosis.
Eur. J. Pharmacol. 759, 287 – 294. (doi:10.1016/j.
ejphar.2015.03.028)

54. Schulte FA, Ruffoni D, Lambers FM, Christen D,
Webster DJ, Kuhn G, Müller R. 2013 Local
mechanical stimuli regulate bone formation and
resorption in mice at the tissue level. PLoS ONE 8,
e62172. (doi:10.1371/journal.pone.0062172)

55. Birkhold AI, Razi H, Weinkamer R, Duda GN, Checa
S, Willie BM. 2015 Monitoring in vivo (re)modeling:
a computational approach using 4D microCT data to
quantify bone surface movements. Bone 75, 210 –
221. (doi:10.1016/j.bone.2015.02.027)

56. Razi H, Birkhold AI, Weinkamer R, Duda GN, Willie
BM, Checa S. 2015 Aging leads to a dysregulation in
mechanically driven bone formation and resorption.
J. Bone Miner. Res. 30, 1864 – 1873. (doi:10.1002/
jbmr.2528)

57. Kalajzic I et al. 2005 Expression profile of osteoblast
lineage at defined stages of differentiation. J. Biol.
Chem. 280, 24 618 – 24 626. (doi:10.1074/jbc.
M413834200)

58. Madisen L et al. 2010 A robust and high-
throughput Cre reporting and characterization
system for the whole mouse brain. Nat. Neurosci.
13, 133 – 140. (doi:10.1038/nn.2467)

59. Feil R, Wagner J, Metzger D, Chambon P. 1997
Regulation of Cre recombinase activity by mutated
estrogen receptor ligand-binding domains. Biochem.
Biophys. Res. Commun. 237, 752 – 757. (doi:10.
1006/bbrc.1997.7124)

60. Tatsumi S, Ishii K, Amizuka N, Li M, Kobayashi T,
Kohno K, Ito M, Takeshita S, Ikeda K. 2007 Targeted
ablation of osteocytes induces osteoporosis with
defective mechanotransduction. Cell Metab. 5,
464 – 475. (doi:10.1016/j.cmet.2007.05.001)

61. Xiong J, Onal M, Jilka RL, Weinstein RS, Manolagas
SC, O’Brien CA. 2011 Matrix-embedded cells control
osteoclast formation. Nat. Med. 17, 1235 – 1241.
(doi:10.1038/nm.2448)

62. Nakashima T et al. 2011 Evidence for osteocyte
regulation of bone homeostasis through RANKL
expression. Nat. Med. 17, 1231 – 1234. (doi:10.
1038/nm.2452)

63. Robling AG et al. 2008 Mechanical stimulation of
bone in vivo reduces osteocyte expression of Sost/
sclerostin. J. Biol. Chem. 283, 5866 – 5875. (doi:10.
1074/jbc.M705092200)

64. Moustafa A, Sugiyama T, Prasad J, Zaman G, Gross
TS, Lanyon LE, Price JS. 2012 Mechanical loading-
related changes in osteocyte sclerostin expression in
mice are more closely associated with the
subsequent osteogenic response than the peak
strains engendered. Osteoporos. Int. 23, 1225 –
1234. (doi:10.1007/s00198-011-1656-4)

65. Morse A, McDonald MM, Kelly NH, Melville KM,
Schindeler A, Kramer I, Kneissel M, van der Meulen
MCH, Little DG. 2014 Mechanical load increases in
bone formation via a sclerostin-independent
pathway. J. Bone Miner. Res. 29, 2456 – 2467.
(doi:10.1002/jbmr.2278)

66. Spatz JM et al. 2013 Sclerostin antibody inhibits
skeletal deterioration due to reduced mechanical
loading. J. Bone Miner. Res. 28, 865 – 874. (doi:10.
1002/jbmr.1807)

67. Chen S et al. 2015 Adverse effects of Osteocytic
constitutive activation of b-catenin on bone
strength and bone growth. J. Bone Miner. Res. 30,
1184 – 1194. (doi:10.1002/jbmr.2453)

68. Trüssel A, Müller R, Webster D. 2012 Toward
mechanical systems biology in bone. Ann. Biomed.
Eng. 40, 2475 – 2487. (doi:10.1007/s10439-012-
0594-4)

69. Webster D, Müller R. 2011 In silico models of bone
remodeling from macro to nano—from organ
to cell. Wiley Interdiscip. Rev. Syst. Biol. Med. 3,
241 – 251. (doi:10.1002/wsbm.115)

70. Woo SM, Rosser J, Dusevich V, Kalajzic I, Bonewald
LF. 2011 Cell line IDG-SW3 replicates osteoblast-to-
late-osteocyte differentiation in vitro and accelerates
bone formation in vivo. J. Bone Miner. Res. 26,
2634 – 2646. (doi:10.1002/jbmr.465)

71. Murshid SA, Kamioka H, Ishihara Y, Ando R,
Sugawara Y, Takano-Yamamoto T. 2007 Actin and
microtubule cytoskeletons of the processes of 3D-
cultured MC3T3-E1 cells and osteocytes. J. Bone
Miner. Metab. 25, 151 – 158. (doi:10.1007/s00774-
006-0745-5)

72. Boukhechba F, Balaguer T, Michiels J-F, Ackermann
K, Quincey D, Bouler J-M, Pyerin W, Carle GF, Rochet
N. 2009 Human primary osteocyte differentiation
in a 3D culture system. J. Bone Miner. Res. 24,
1927 – 1935. (doi:10.1359/jbmr.090517)

73. Honma M, Ikebuchi Y, Kariya Y, Suzuki H. 2015
Establishment of optimized in vitro assay methods for
evaluating osteocyte functions. J. Bone Miner. Metab.
33, 73 – 84. (doi:10.1007/s00774-013-0555-5)

http://dx.doi.org/10.1016/j.jbiomech.2009.04.034
http://dx.doi.org/10.1016/j.jbiomech.2009.04.034
http://dx.doi.org/10.1073/pnas.1321210110
http://dx.doi.org/10.1002/jbmr.1474
http://dx.doi.org/10.1002/jbmr.1474
http://dx.doi.org/10.1016/j.bone.2013.01.008
http://dx.doi.org/10.1016/j.bone.2012.05.021
http://dx.doi.org/10.1016/j.bone.2012.05.021
http://dx.doi.org/10.1006/bbrc.1996.1131
http://dx.doi.org/10.1006/bbrc.1995.2822
http://dx.doi.org/10.1016/j.jbiomech.2007.02.015
http://dx.doi.org/10.1002/jcb.21089
http://dx.doi.org/10.1002/jor.20888
http://dx.doi.org/10.1016/j.bone.2006.05.017
http://dx.doi.org/10.1016/j.bone.2006.05.017
http://dx.doi.org/10.1016/j.bone.2007.09.047
http://dx.doi.org/10.1016/j.bone.2007.09.047
http://dx.doi.org/10.1016/j.bone.2007.07.019
http://dx.doi.org/10.1016/j.bone.2007.07.019
http://dx.doi.org/10.1016/j.bbrc.2006.07.146
http://dx.doi.org/10.1016/j.bone.2011.08.021
http://dx.doi.org/10.1016/j.bone.2012.10.026
http://dx.doi.org/10.1002/jor.22720
http://dx.doi.org/10.1016/j.ejphar.2015.03.028
http://dx.doi.org/10.1016/j.ejphar.2015.03.028
http://dx.doi.org/10.1371/journal.pone.0062172
http://dx.doi.org/10.1016/j.bone.2015.02.027
http://dx.doi.org/10.1002/jbmr.2528
http://dx.doi.org/10.1002/jbmr.2528
http://dx.doi.org/10.1074/jbc.M413834200
http://dx.doi.org/10.1074/jbc.M413834200
http://dx.doi.org/10.1038/nn.2467
http://dx.doi.org/10.1006/bbrc.1997.7124
http://dx.doi.org/10.1006/bbrc.1997.7124
http://dx.doi.org/10.1016/j.cmet.2007.05.001
http://dx.doi.org/10.1038/nm.2448
http://dx.doi.org/10.1038/nm.2452
http://dx.doi.org/10.1038/nm.2452
http://dx.doi.org/10.1074/jbc.M705092200
http://dx.doi.org/10.1074/jbc.M705092200
http://dx.doi.org/10.1007/s00198-011-1656-4
http://dx.doi.org/10.1002/jbmr.2278
http://dx.doi.org/10.1002/jbmr.1807
http://dx.doi.org/10.1002/jbmr.1807
http://dx.doi.org/10.1002/jbmr.2453
http://dx.doi.org/10.1007/s10439-012-0594-4
http://dx.doi.org/10.1007/s10439-012-0594-4
http://dx.doi.org/10.1002/wsbm.115
http://dx.doi.org/10.1002/jbmr.465
http://dx.doi.org/10.1007/s00774-006-0745-5
http://dx.doi.org/10.1007/s00774-006-0745-5
http://dx.doi.org/10.1359/jbmr.090517
http://dx.doi.org/10.1007/s00774-013-0555-5


rsfs.royalsocietypublishing.org
Interface

Focus
6:20150071

12
74. Vazquez M, Evans BAJ, Riccardi D, Evans SL, Ralphs
JR, Dillingham CM, Mason DJ. 2014 A new method
to investigate how mechanical loading of osteocytes
controls osteoblasts. Front. Endocrinol. 5, 208.
(doi:10.3389/fendo.2014.00208)

75. Price C, Zhou X, Li W, Wang L. 2011 Real-time
measurement of solute transport within the
lacunar-canalicular system of mechanically loaded
bone: direct evidence for load-induced fluid flow.
J. Bone Miner. Res. 26, 277 – 285. (doi:10.1002/
jbmr.211)

76. Ishihara Y, Sugawara Y, Kamioka H, Kawanabe N,
Kurosaka H, Naruse K, Yamashiro T. 2012 In situ
imaging of the autonomous intracellular Ca2þ

oscillations of osteoblasts and osteocytes in bone.
Bone 50, 842 – 852. (doi:10.1016/j.bone.2012.
01.021)

77. Adachi T, Aonuma Y, Ito S-I, Tanaka M, Hojo M,
Takano-Yamamoto T, Kamioka H. 2009 Osteocyte
calcium signaling response to bone matrix
deformation. J. Biomech. 42, 2507 – 2512. (doi:10.
1016/j.jbiomech.2009.07.006)

78. Ishihara Y, Sugawara Y, Kamioka H, Kawanabe N,
Hayano S, Balam TA, Naruse K, Yamashiro T. 2013
Ex vivo real-time observation of Ca2þ signaling in
living bone in response to shear stress applied on
the bone surface. Bone 53, 204 – 215. (doi:10.1016/
j.bone.2012.12.002)

79. Jing D, Baik AD, Lu XL, Zhou B, Lai X, Wang L, Luo
E, Guo XE. 2014 In situ intracellular calcium
oscillations in osteocytes in intact mouse long bones
under dynamic mechanical loading. FASEB J. 28,
1582 – 1592. (doi:10.1096/fj.13-237578)

80. Jones DB, Broeckmann E, Pohl T, Smith EL. 2003
Development of a mechanical testing and loading
system for trabecular bone studies for long term
culture. Eur. Cell Mater. 5, 48 – 59.

81. Davies CM, Jones DB, Stoddart MJ, Koller K, Smith
E, Archer CW, Richards RG. 2006 Mechanically
loaded ex vivo bone culture system ‘Zetos’: systems
and culture preparation. Eur. Cell Mater. 11, 57 – 75.

82. David V et al. 2008 Ex vivo bone formation in
bovine trabecular bone cultured in a dynamic 3D
bioreactor is enhanced by compressive mechanical
strain. Tissue Eng. Part A 14, 117 – 126. (doi:10.
1089/ten.a.2007.0051)

83. Vivanco J, Garcia S, Ploeg HL, Alvarez G, Cullen D,
Smith EL. 2013 Apparent elastic modulus of ex vivo
trabecular bovine bone increases with dynamic
loading. Proc. Inst. Mech. Eng. H J. Eng. Med. 227,
904 – 912. (doi:10.1177/0954411913486855)

84. Zong ming W, Jian yu L, Rui xin L, Hao L, Yong G,
Lu L, Xin chang Z, Xi zheng Z. 2013 Bone formation
in rabbit cancellous bone explant culture model is
enhanced by mechanical load. BioMed. Eng. Online
12, 35 – 35. (doi:10.1186/1475-925X-12-35)

85. Davidson EH, Reformat DD, Allori A, Canizares O,
Janelle Wagner I, Saadeh PB, Warren SM. 2012
Flow perfusion maintains ex vivo bone viability: a
novel model for bone biology research. J. Tissue
Eng. Regenerat. Med. 6, 769 – 776. (doi:10.1002/
term.478)

86. Haj AJE, Minter SL, Rawlinson SCF, Suswillo R,
Lanyon LE. 1990 Cellular responses to mechanical
loading in vitro. J. Bone Miner. Res. 5, 923 – 932.
(doi:10.1002/jbmr.5650050905)

87. Rawlinson SC, El-Haj AJ, Minter SL, Tavares IA,
Bennett A, Lanyon LE. 1991 Loading-related
increases in prostaglandin production in cores of
adult canine cancellous bone in vitro: a role for
prostacyclin in adaptive bone remodeling? J. Bone
Miner. Res. 6, 1345 – 1351. (doi:10.1002/jbmr.
5650061212)

88. Pitsillides A, Rawlinson S, Suswillo R, Bourrin S,
Zaman G, Lanyon L. 1995 Mechanical strain-induced
NO production by bone cells: a possible role in
adaptive bone (re)modeling? FASEB J. 9, 1614 –
1622.

89. Rawlinson SCF, Mosley JR, Suswillo RFL, Pitsillides
AA, Lanyon LE. 1995 Calvarial and limb bone cells
in organ and monolayer culture do not show the
same early responses to dynamic mechanical strain.
J. Bone Miner. Res. 10, 1225 – 1232. (doi:10.1002/
jbmr.5650100813)

90. Rawlinson SCF, Mohan S, Baylinli DJ, Lanyon LE.
1993 Exogenous prostacyclin, but not prostaglandin
E2;, produces similar responses in both G6PD
activity and RNA production as mechanical loading,
and increases IGF-II release, in adult cancellous
bone in culture. Calcif. Tissue Int. 53, 324 – 329.
(doi:10.1007/bf01351837)

91. Takai E, Mauck RL, Hung CT, Guo XE. 2004 Osteocyte
viability and regulation of osteoblast function in a
3D trabecular bone explant under dynamic
hydrostatic pressure. J. Bone Miner. Res. 19, 1403 –
1410. (doi:10.1359/jbmr.040516)
92. Chan M, Lu X, Huo B, Baik A, Chiang V, Guldberg R,
Lu H, Guo X. 2009 A trabecular bone explant model
of osteocyte – osteoblast co-culture for bone
mechanobiology. Cell. Mol. Bioeng. 2, 405 – 415.
(doi:10.1007/s12195-009-0075-5)

93. Lee K, Guevarra M, Nguyen A, Chua M, Wang Y,
Jacobs C. 2015 The primary cilium functions as a
mechanical and calcium signaling nexus. Cilia 4, 7.
(doi:10.1186/s13630-015-0016-y)

94. Kim T-J et al. 2015 Distinct mechanisms regulating
mechanical force-induced Ca2þ signals at the
plasma membrane and the ER in human MSCs.
eLife 4, 304876. (doi:10.7554/eLife.04876)

95. Arnsdorf EJ, Tummala P, Kwon RY, Jacobs CR.
2009 Mechanically induced osteogenic
differentiation—the role of RhoA, ROCKII and
cytoskeletal dynamics. J. Cell Sci. 122, 546 – 553.
(doi:10.1242/jcs.036293)

96. Malone AM, Batra NN, Shivaram G, Kwon RY, You L,
Kim CH, Rodriguez J, Jair K, Jacobs CR. 2007 The
role of actin cytoskeleton in oscillatory fluid flow-
induced signaling in MC3T3-E1 osteoblasts.
Am. J. Physiol. Cell Physiol. 292, C1830 – C1836.
(doi:10.1152/ajpcell.00352.2005)

97. McGarry JG, Klein-Nulend J, Prendergast PJ. 2005
The effect of cytoskeletal disruption on pulsatile
fluid flow-induced nitric oxide and prostaglandin E2
release in osteocytes and osteoblasts. Biochem.
Biophys. Res. Commun. 330, 341 – 348. (doi:10.
1016/j.bbrc.2005.02.175)

98. Tanaka-Kamioka K, Kamioka H, Ris H, Lim S-S. 1998
Osteocyte shape is dependent on actin filaments
and osteocyte processes are unique actin-rich
projections. J. Bone Miner. Res. 13, 1555 – 1568.
(doi:10.1359/jbmr.1998.13.10.1555)

99. Baik AD, Lu XL, Qiu J, Huo B, Hillman EMC, Dong C,
Guo XE. 2010 Quasi-3D cytoskeletal dynamics of
osteocytes under fluid flow. Biophys. J. 99, 2812 –
2820. (doi:10.1016/j.bpj.2010.08.064)

100. Baik AD, Qiu J, Hillman EM, Dong C, Edward Guo
XE. 2013 Simultaneous tracking of 3D actin and
microtubule strains in individual MLO-Y4 osteocytes
under oscillatory flow. Biochem. Biophys. Res.
Commun. 431, 718 – 723. (doi:10.1016/j.bbrc.2013.
01.052)

101. Guo XE et al. 2006 Intracellular calcium waves in
bone cell networks under single cell
nanoindentation. Mol. Cell Biomech. 3, 95 – 107.

http://dx.doi.org/10.3389/fendo.2014.00208
http://dx.doi.org/10.1002/jbmr.211
http://dx.doi.org/10.1002/jbmr.211
http://dx.doi.org/10.1016/j.bone.2012.01.021
http://dx.doi.org/10.1016/j.bone.2012.01.021
http://dx.doi.org/10.1016/j.jbiomech.2009.07.006
http://dx.doi.org/10.1016/j.jbiomech.2009.07.006
http://dx.doi.org/10.1016/j.bone.2012.12.002
http://dx.doi.org/10.1016/j.bone.2012.12.002
http://dx.doi.org/10.1096/fj.13-237578
http://dx.doi.org/10.1089/ten.a.2007.0051
http://dx.doi.org/10.1089/ten.a.2007.0051
http://dx.doi.org/10.1177/0954411913486855
http://dx.doi.org/10.1186/1475-925X-12-35
http://dx.doi.org/10.1002/term.478
http://dx.doi.org/10.1002/term.478
http://dx.doi.org/10.1002/jbmr.5650050905
http://dx.doi.org/10.1002/jbmr.5650061212
http://dx.doi.org/10.1002/jbmr.5650061212
http://dx.doi.org/10.1002/jbmr.5650100813
http://dx.doi.org/10.1002/jbmr.5650100813
http://dx.doi.org/10.1007/bf01351837
http://dx.doi.org/10.1359/jbmr.040516
http://dx.doi.org/10.1007/s12195-009-0075-5
http://dx.doi.org/10.1186/s13630-015-0016-y
http://dx.doi.org/10.7554/eLife.04876
http://dx.doi.org/10.1242/jcs.036293
http://dx.doi.org/10.1152/ajpcell.00352.2005
http://dx.doi.org/10.1016/j.bbrc.2005.02.175
http://dx.doi.org/10.1016/j.bbrc.2005.02.175
http://dx.doi.org/10.1359/jbmr.1998.13.10.1555
http://dx.doi.org/10.1016/j.bpj.2010.08.064
http://dx.doi.org/10.1016/j.bbrc.2013.01.052
http://dx.doi.org/10.1016/j.bbrc.2013.01.052

	2019 Workshop Spencer
	Szczesny Workshop Handout
	ORS 2019 Organ Culture Workshop_J.Snedeker.pdf
	ORS 2019 Organ Culture workshop_S.Tang.pdf
	rsfs.2015.0071.pdf
	Experimental studies of bone mechanoadaptation: bridging in vitro and in vivo studies with multiscale systems
	Introduction
	Mechanoadaptation: a multiscale process
	Traditional approaches to the study of mechanoadaptation
	Mechanosensation
	Mechanotransduction
	Tissue-level adaptation

	Multiscale experimentation
	Mechanosensation and early mechanotransduction in osteocytes ex vivo
	A three-dimensional trabecular bone explant model of bone adaptation
	Single-cell studies to probe subcellular mechanosensation in osteocytes

	Conclusion
	Authors’ contributions
	Competing interest
	Funding
	Acknowledgements
	References




