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One of the most important but least studied environmental factors playing a major role in bone physiology is gravity. While the knowledge of deleterious effects of microgravity on the skeleton is expanding, little is known about hypergravity and its osteogenic potential.

Centrifugation was used to assess effects of 21-d continuous 2g or 3g acceleration on femur and L2-vertebra of 7 week-old male C57BL/6 mice. Under 3g, body mass growth slowed down, and deleterious skeletal effects were found
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INTRODUCTION

Bone is a mineralized connective tissue that together with cartilage forms the skeleton. It aims to play three important roles in the body: 1) providing the rigid structure that is needed for locomotion; 2) protecting vital organs; 3) maintaining serum homeostasis of ions, in particular calcium and phosphate. In order to timely respond to changing skeletal loading conditions, maintain a stable level of ions in blood, and provide bone integrity, there are three basic cell types -the osteoblast, osteoclast and osteocyte, which operate within a complex regulatory network.

The skeleton has a remarkable ability to adapt to external mechanical forces. Numerous skeletal properties can be modulated, including metabolism, bone mass, structure, and consequently strength. Such adaptation responses require changes in patterns of bone cellular activities, and skeletal strength generally is regulated by a dynamic balance between bone formation and resorption. For the field of bone biology now a current challenge is to understand the contribution of the wide variety of mechanical loading regimens to bone adaptation and identify the most beneficial one.

After a brief recall of basic bone physiology, we will focus on the known effects of altered gravity on skeleton, encountered during spaceflight (microgravity), centrifuged habitat (chronic hypergravity) or whole body vibration (intermittent hypergravity).

Bone physiology 1.Bone turnover

Bone is a metabolically highly active organ whose structure and architecture undergo lifelong reorganization with the processes of modeling, and remodeling. Modeling is a new bone construction on one site and a break down on a different site. Thus bone's shape and size are changing, whereas remodeling occurs at the same site. Both ensure skeleton architecture adaptation to mechanical loading and serve as a part of calcium homeostasis system [1]. Over recent years number of cellular contributors responsible for remodeling has expended and now includes osteoblasts, osteoclasts, T-cells, macrophages, osteoclasts and osteoblasts precursors, and osteocytes [2][3][4].

Osteoblasts and osteoclasts still are two major players, providing removal and replacement of old or damaged bone by new tissue. Osteoblasts share the origin with adipocytes, chondrocytes, and endothelial cells. The fate of stem cells is determined by intracellular proteins called transcription factors. Several of them proved to be important. The most crucial transcription factors for osteoblast differentiation and late mineralization are core-binding factor Runx2, Dlx5 (Runx-2 activator) and Osterix, acting via Wnt10b signaling via frizzled and lipoprotein receptor-related protein 5 (LRP-5). Osteoblasts are forming a one-cell layer covering all bone surfaces. They synthesize an extracellular matrix (consisting of type I collagen fibers and other proteins), and subsequently mineralize this matrix into bone [5][6][7].

Osteoclasts originate from hematopoietic stem cells of the myeloid lineage. Osteoblasts or stromal cells in bone marrow produce the cytokine macrophage colony-stimulating factor (M-CSF), which enhances proliferation and survival of progenitors, and upregulates the receptor activator of nuclear factor kappa B (RANK). RANK regulates osteoclasts proliferation, differentiation and fusion via activation of several transcription factors such as NFkB and AP-1. RANK is activated by RANK ligand (RANKL), a key osteoclastogenic cytokine produced by osteoblasts, bone marrow stromal cells, and osteocytes [8]. In turn, RANKL is inhibited by osteoprotegerin (OPG) which is a decoy receptor with large homologies to RANK [6].

To maintain bone mass, the bone formed within bone remodeling compartments (BRC) must replace the amount of bone resorbed within that BRC. The BRC are shaped by a cellular canopy separating the bone remodeling events on the bone surface from the bone marrow [9,10]. Such stimulation of osteoblast activity in response to resorption is called coupling and complexity of its regulation is thoroughly described in the recent review of Sims et al [11].

Resorption and formation cells do not appear on the bone surface at the same time and a BRC could exist at the same location for months in humans [12] and days in rodents [13] (Fig. 1). Importantly, between phases of resorption and formation there is a reversal phase [13,14], which means that mediators of coupling must overcome this time delay [11]. The main classes of coupling factors are the following: matrix-derived factors, osteoclastssecreted factors, and osteoclast membrane-bound factors. The main influence of these factors is to stimulate differentiated osteoblasts, osteoblasts progenitors recruitment, migration, and differentiation [11]. It has been hypothesized that another target for coupling factors is reversal cells, which cover 80% of eroded surface [14] and may provide a connection between osteoclasts and osteoblasts precursors on a bone surface [11,15] (Fig. 2). The remodeling canopy formed by bone-lining cells might provide a space for controlled factors exchange between contributing cells, and keep local concentration of coupling factors during the reversal phase high enough to stimulate bone formation [11]. Also, mesenchymal cells that form an envelope surrounding the red bone marrow and appear as canopy covering nearly all the osteoclasts in human trabecular bone [14], is another target for coupling factors (Fig. 1 and2). 

Remodeling control by osteocytes, mechanotransduction

While most of the bone turnover occurs on the surface, where it interfaces with bone marrow (endosteal surface), calcified bone matrix is not inert as an extensive network of interconnected osteocytes lies within it. Osteocytes are the most abundant bone cells (20000 -30000 cells per mm 3 [16]), they originate from osteoblasts when some become buried in their own matrix, and then undergo a dramatic transformation from polygonal cells to cells extending dendrites towards bone surface, vessels, and other osteocytes (Fig. 3) [17].

Osteocytes and their dendrite-like processes contained with fluid-filled micro-canals form lacunar-canalicular network (LCN), which penetrates the entire skeleton (Fig. 4) [5]. On average, each osteocyte has 89 dendritic processes and in human body osteocytes form about 23 trillion connections with total dendritic processes length of 175 km [16]. The total LCN area is 215 m 2 , which is almost twice bigger than lungs surface (118 m 2 ) [16]. Osteocytes via their massive network are able to orchestrate bone's exclusively controlled regulatory system [5,6]. This cellular network is understood to release and receive signals that control the processes of bone matrix production via Sclerostin [19] and Dickkopf (Dkk) proteins, particularly Dkk-1 and Dkk-2 [20,21], mineralization via Dentin Matrix Phosphoprotein 1 (DMP1) [22], and resorption via RANKL [8,23,24]. A scheme of bone remodeling under osteocytes' control is presented on Fig. 5. Bone is a unique tissue in relation to its abilities to adaptively remodel itself in response to mechanical loading applied [25]. Because of the distribution of osteocytes throughout the bone matrix and their complex network, it was hypothesized that osteocytes are responsible for sensing mechanical loading. By targeted deletion of osteocytes in mice expressing the diphtheria toxin receptor specifically in osteocytes, it was demonstrated that these mice were resistant to unloading-induced bone loss [26].

There are several possible stimuli that could be detected by an osteocyte: physical deformation of the bone matrix, direct cellular deformation, or the load-induced flow of canalicular fluid (fluid flow shear stress) (Fig. 6). The exact mechanism of mechanotransduction remains unclear. There are three major players: the cell body, cell processes, and cilia (primary cilium, a single hair-like projection), which can separately or in conjunction sense and transmit mechanical stimuli [27]. Recently, studies with cells loaded by fluid flow shear stress on their dendrites or cell bodies shown that the glycocalyx on the surface of dendritic processes plays a greater role in mechanotransduction, then the cell body [28].

It has been proposed that the fluid flow shear stress is perceived by integrins, which are acting as a linker between the osteocyte processes and canalicular walls, and received signal is likely to be transmitted between the osteocyte cell body and dendrites through the hemichannels [29,30]. It was found that integrin α5β1 directly interacts with Cx43 hemichannel expressed on a membrane surfaces to mediate its opening [29]. It leads to release of the important bone anabolic molecules such as prostaglandins (PGE 2 ) and ATP into the lacunar-canalicular fluid where it can act in an autocrine and/or paracrine fashion.

As the current work is focused on aspects of bone adaptation to gravity, mechanosensitive osteocyte proteins (expression of these proteins is regulated by mechanical loading) controlling bone remodeling (Sclerostin) and/or mineralization (DMP1) are our primary interest. Sclerostin is a protein selectively produced by osteocytes, product of SOST gene, which negatively regulates bone formation and loss of it causes high bone mass disorders [31,32]. It binds to Lrp 5 Wnt coreceptors on osteoblast cell membrane, antagonizes Wnt/βcatenin pathway, and, therefore inhibits osteoblasts differentiation, activity, and survival [33].

It has been demonstrated that Lrp5 (cell surface receptor, low-density lipoprotein receptorrelated protein 5) [34] and the Wnt/β-catenin signaling pathway [35] are required for bone formation in response to mechanical loading. Wnt proteins are secreted glycoproteins, and they bind extracellular cysteine-rich domain of Frizzled transmembrane proteins. The interaction of Wnt and Frizzled receptors is moderated by co-receptor Lrp5. The key points of the pathway are a glycogen synthase kinase (GSK)3 suppression, inactivation of β-catenin destruction complex, accumulation and translocation of β-catenin to the nucleus, binds to transcription factors and activates Wnt target gene expression [36] (Fig. 7). Sclerostin is the potent paracrine regulator of osteoblastic activity whose osteocyte expression has been found to be directly proportional to mechanical strain in bone [37]. Also it has been showed that SOST downregulation is required for bone osteogenic response to loading [38]. Contrary to mechanical stimulation, unloading (during a bed rest or chronic spinal cord injuries) results in bone loss together with the increase of circulating Sclerostin levels [39,40]. Significant role of Sclerostin in orthopedic disorders (Fig. 8) makes it an important target for therapies, especially with a recently invented antibody against Sclerostin [41]. Another osteocyte protein that is of interest to us is DMP1. It is a member of SIBLING (small, integrin-binding ligand, N-linked glycoprotein) family [42], and its main function is regulation of mineralization [43]. Thus, Dmp1-null mice have a severe impairment in mineralization resulting in an osteomalacia, together with hypophosphatemia and highly elevated levels of FGF23 [22]. Interestingly, osteocytes of these mice preserved their expression of type I collagen, alkaline phosphatase, and Osterix, but failed to express mature osteocyte markers, such as Sclerostin [22], indicating that osteocyte differentiation was arrested at an early stage. It has been shown that the defects in mineralization and in osteocyte maturation can be reverted by restoration of normal phosphate homeostasis [44].

Therefore, the role of DMP1 in these processes might be linked to its role in the regulation of phosphate homeostasis. In addition, DMP1 expression is upregulated by mechanical loading [45,46], which makes it an interesting subject of analysis for the current research project.

Bone adaptation to altered gravity: space flights and countermeasures

Microgravity

As humanity has been evolving under constant gravitational conditions, microgravity is a severe challenge for all organ systems. In space, apart from microgravity other factors contribute toward hostile environment of a spaceflight: altered energy balance and biorhythms, high CO 2 level, confinement, space motion sickness, physiological effects and immune dysregulation [47,48]. For example, exposure to weightlessness results in substantial loss of muscle mass and function [49], cardiovascular and vestibular systems function [50,51], and bone mass [52]. As it was discussed above, bones are constantly adapting to mechanical load, and osteocytes are able to perceive mechanical strain and transfer it into bio-chemical activity, and thus orchestrate modeling and remodeling processes. More than 50 years of Space exploration reveal a detrimental effect of microgravity on bones and emphasize role of gravity as the major provider of mechanical load on skeleton. The absence of gravity leads to losses in the static loading and ground reaction forces. However, they are not the only loading forces that become lost. When the gravity is no longer present, it could have impact on the skeleton through marked reduction in muscle tension forces needed to move the weightless limbs in addition to a loss of ground reaction forces. First reports of bone loss in Space are from Gemini missions (1962)(1963)(1964)(1965)(1966), where significant bone loss was observed in the finger phalanges and calcaneus [53]. The application of DXA imaging techniques in 1989 allowed researchers to measure regional bone loss in astronauts who had flown from 126 to 438 days. The analysis showed a pattern of lower-extremity bone loss and upper-extremities preservation during spaceflights. Regional losses were from 1.06% to 1.56% per month in spine, trochanter and pelvis, but there were no significant changes in arms [54,55]. More recent data from the International Space Station (ISS) missions confirmed previous observations. It has been detected that bone mineral density (BMD) was lost at rates 0.9% in spine and 1.5% in hip, with primarily loss of trabecular bone [56]. However, it could be assumed that bone mass loss is not linear.

In addition, there is another important concern: bone loss occurs within the first month at microgravity, whereas bone recovery at normal gravity on Earth was very slow. Thus, astronauts were unable to recover pre-flight BMD values within six months after landing [52] and mathematical modeling predicts a recovery period of up to three years after a six months space mission [57].

Countermeasures on ISS

It must be noted that a substantial bone loss is taking place despite countermeasures based on physical exercises. Before the ISS was constructed, only aerobic (treadmill, cycling) and muscle training devices were available at Mir and Skylab stations, including treadmill, ergometer, and resistance exercise devices, as well as bungees and expanders. However, the equipment cannot be used permanently and thus it is not able to provide constant bone loading, which is intermittent instead. The measurements of ground reaction forces during the use of treadmill demonstrate that the impact forces that crew members experienced on Earth are higher than those in weightlessness [58]. The same level of forces generated during the treadmill activities on the ground cannot be reached in space, even though the treadmill used on space station has bungees to keep the crew member in contact with its surface [59]. While aerobic exercises in weightlessness do not provide mechanical loading high enough for bone mass maintaining, resistive exercises have shown promising results as a countermeasure to bed rest-induced bone loss [60,61]. The interim resistive exercise machine (iRED) was installed on the ISS, but unfortunately it has not prevented microgravity-induced bone loss [62]. Even the advanced resistive exercise device (ARED), installed on the ISS in 2008, which provided better protection against the decrease of BMD in comparison to previous systems (absolute loads of ARED is 2675N compare to 1337 of iRED), cannot be claimed to be fully efficient at all times (Fig. 9) [62]. 

Artificial gravity

As humanity considers exploration class space missions, the maintaining of health status and performance has become increasingly important. The goal of a countermeasure is not to keep the pre-flight fitness level, but rather to ensure performance level required to safely perform duties during the mission, and to minimize possible hazardous effects of spaceflight conditions. One of the potential solutions for mitigating the detrimental effects of space flight is the controlled exposure of the subject to artificial gravity during the spaceflight or to hypergravity after the flight. Rotation of the spacecraft to induce a gravitational field with current technological level is not achievable, however a short-arm centrifuge, which can be used in multiple ways to impose a variety of forces on different physiological systems during a spaceflight seems to be a more realistic option [63].

The centrifugation can be used to reconstruct gravitational loading that could efficiently protect bone, skeletal muscles, cardiovascular system, etc., which makes it possible to prevent the physiological deconditioning, associated with microgravity [64]. However, in the first place, main questions of the gravitational countermeasures should be answered: 1) What is the optimal g-level? 2) How often should it be applied? 3) How long should it be applied for?

Hypergravity experiments are important not only for countermeasures or potential treatment development. Nowadays little is known about fundamental effects of chronically altered gravity on different organ systems, development of organisms, adaptation and safety limits [65], which is particularly important in the light of the recent projects associated with longterm exposure to altered gravity, such as a Mars colonization project. Moreover, gravitational studies may shed light on the mechanotransduction pathways and their regulation, which is the key to the efficient treatment of osteoporotic conditions. Even though bone-related hypergravity experiments started in the 70's and revealed alterations of bone mineral composition, density, structure and growth in rats [66][67][68][START_REF] Wunder | Femur-bending properties as influenced by gravity: V. Strength vs. calcium and gravity in rats exposed for 2 weeks[END_REF] and mice [START_REF] Fosse | Bone atrophy and hypergravity in mice[END_REF][START_REF] Keil | Bone growth and composition in weanling and mature rats exposed to chronic centrifugation[END_REF], at the present moment the experiments with different gravity levels on mammalian skeleton are still not very common. Therefore the current research project focuses on multi-scale assessment of hypergravity effects on bone tissue. Our primary goal was to assess osteogenic or stress effects of continuous hypergravity, and future studies might address such questions as optimal duration and frequency of hypergravity exposure. An information relevant to published studies can be found in the paper "Effects of chronic hypergravity: from adaptive to deleterious responses in mouse skeleton".

Whole body vibration

As it was described above, one of the major regulators of bone remodeling is mechanical loading. Thus, functional loading is crucial for achieving and maintaining bone quality and quantity, and reduction of loading results in a weakened bone structure. However, moderate physical exercises do not trigger significant increase of bone mass [START_REF] Heinonen | Effects of unilateral strength training and detraining on bone mineral mass and estimated mechanical characteristics of the upper limb bones in young women[END_REF], and another important moment is that in order to be anabolic for bones, mechanical loading must be dynamic, as static loads are known to induce bone loss [START_REF] Lanyon | Static vs dynamic loads as an influence on bone remodelling[END_REF], indicating that bone adaptation to mechanical loading is non-linear. Additionally, bone adaptation depends not only on intensity of loading but also on a number of loading cycles [START_REF] Qin | Nonlinear dependence of loading intensity and cycle number in the maintenance of bone mass and morphology[END_REF]. Thus bone formation can be activated by either low number of high-impact signals or by thousands of low-impact strain events. On the Fig. 10 interrelationship between bone adaptation and mechanical loading is demonstrated based on turkey ulna model, which was challenged by high number (108000) micro-strain events [START_REF] Qin | Nonlinear dependence of loading intensity and cycle number in the maintenance of bone mass and morphology[END_REF]. Taking into consideration all the above, there is another approach to preventing disuse, microgravity or age-related bone loss besides hypergravity. It is mechanical stimulation with relatively low-magnitude but high frequency whole body vibration (WBV). Importantly, WBV has benefits compared to traditional physical exercises or centrifugation because in a relatively short period of time it can provide sufficient mechanical stimulation without significant efforts from a recipient, which is critical for individuals with impaired mobility and attenuated muscle strength. A very first evidence of low-acceleration high-frequency vibration efficiency was provided in a study of Rubin et al. from 2001 where it has been demonstrated that one year of vibration at 0.3g/30Hz led to significant 30% increase of the trabecular bone volume and density, as well as bone strength and stiffness [START_REF] Rubin | Anabolism. Low mechanical signals strengthen long bones[END_REF]. In the recent 14 years WBV studies on both animals and humans have become very frequent in the bone field. However, despite the large amount of available data, it is difficult to conclude which WBV protocol is the most beneficial for bones. The reason for heterogeneity of results is that WBV protocols are very flexible in relation to vibration parameters: frequency, acceleration, and therefore amplitude are variable [START_REF] Prisby | Effects of whole body vibration on the skeleton and other organ systems in man and animal models: What we know and what we need to know[END_REF]. Duration and frequency of exposure to WBV [START_REF] Prisby | Effects of whole body vibration on the skeleton and other organ systems in man and animal models: What we know and what we need to know[END_REF],

as well as resting periods between WBV sessions have been shown to be important [START_REF] Sen | Mechanical signal influence on mesenchymal stem cell fate is enhanced by incorporation of refractory periods into the loading regimen[END_REF], and finally effects of WBV vary from one animal model to another [START_REF] Prisby | Effects of whole body vibration on the skeleton and other organ systems in man and animal models: What we know and what we need to know[END_REF]. The majority of research was done with low-acceleration (below1g) and frequencies from 30 to 50Hz, and while exposure to WBV has been primarily associated with an anabolic skeletal response, several studies have not detected such effects in animal [START_REF] Brouwers | Effects of vibration treatment on tibial bone of ovariectomized rats analyzed by in vivo micro-CT[END_REF][START_REF] Van Der Jagt | Lowmagnitude whole body vibration does not affect bone mass but does affect weight in ovariectomized rats[END_REF] or human studies [START_REF] Slatkovska | Effect of 12 months of whole-body vibration therapy on bone density and structure in postmenopausal women: a randomized trial[END_REF].

Analysis of published animal studies reveals a common tendency that low-acceleration WBV has beneficial effects on osteopenic animals (ovariectomized, unloaded or immobilized), but in most cases it fails to stimulate bone formation in control animals. At the same time, effects of high-acceleration (above 1g) WBV are much less investigated, and there are few animal studies exploring it. However, despite the high g-level, WBV at 2g/50Hz and 3g/30Hz appeared osteogenic for ovariectomized animals but not for controls [START_REF] Flieger | Mechanical stimulation in the form of vibration prevents postmenopausal bone loss in ovariectomized rats[END_REF][START_REF] Rubinacci | Ovariectomy sensitizes rat cortical bone to whole-body vibration[END_REF].

A relevant to WBV studies information can be found in the paper "High-acceleration Whole Body Vibration stimulates cortical bone accrual and increases bone mineral content in growing mice".

Objectives of the current research project

The problem of bone loss caused by the lack of mechanical loading is still not solved. Both centrifugation and whole body vibration might be efficient countermeasures against microgravity-or disuse-induced bone loss; however the most efficient regimes are yet to be identified.

Taking this into consideration, the main objective of our research project was understanding the bone tissue and bone cells behavior under different vectors and modalities of hypergravity: long-term centrifugation and whole body vibration. Particularly, our goal was to find hypergravity conditions which would be osteogenic and not stressful for animals.

Such studies of fundamental processes of skeleton adaptation to gravity-induced mechanical loading may shed light on potential countermeasure or treatment strategies.

Apart from biological questions, our research project aimed at developing a new investigation technique. As it was underlined above, Sclerostin and DMP1 are two mechanosensitive osteocyte proteins (their expressions change according to mechanical loading applied), which control bone formation and mineralization. We wanted to have a tool which would allow us to localize these proteins on bone samples and immunohistochemistry (IHC) seemed to be a perfect solution.

Among published papers there are no well-established protocols for IHC detection of osteocyte proteins, thus we had to design our own. Moreover, our aim was not only to perform a high quality IHC but also to quantitatively assess protein expressions. Most of the published papers in the bone field have had no quantitative analysis of IHC data or they used manual quantification of IHC signals without reporting any validation of their protocols. We identified the following issues with presentation of IHC data in bone-related papers: low overall histological or IHC quality; almost no quantification but only demonstration of two caricature images; no justification for selection of particular region of interest (ROI) for IHC analysis; ROI that only includes few cells and might be not representative. Thus, the technical objective was to develop a flexible quantitative IHC technique, which in addition to reproducible labeling of osteocyte proteins would allow us to quantify protein expressions on large areas, while taking into account hundreds of osteocytes in order to detect even slight alterations. This technique also had to be easy in use and no require expensive software or hardware.

Biological objectives

The study of skeleton adaptation to chronic exposure to different levels of hypergravity by centrifugation and to intermittent hypergravity by whole body vibration pursued the following objectives: (a) assess alterations of mass-structural parameters of weight-bearing and non-weight-bearing bones; (b) analyze cellular response in relation to bone formation and resorption parameters, (c) assess alterations of osteocyte mechanosensitive proteins production, which control bone remodeling or mineralization.

Technical objectives

The technical objective was to develop an immunohistochemistry-based technique, which would allow us to identify co-localized osteocyte proteins and assess them quantitatively on human or mice bones in most popular embedding materials: paraffin and methyl methacrylate.

Results

Skeleton adaptation to chronic hypergravity

Introduction to the paper

Hypergravity studies, particularly long-term hypergravity exposure are still very rare in the bone field, and the current research is a pioneering one. Our laboratory has been equipped with an animal centrifuge facility, which allowed us to perform continuous long-term hypergravity studies with acceleration forces up to 5g. Previous studies with this centrifuge addressed effects of hypergravity on muscles in mice. A 21-day hypergravity study with mice of the same type and age revealed that centrifugation acted as endurance training on muscle force until 3g and became deleterious at 4g [START_REF] Bojados | The long-term consequences of the exposure to increasing gravity levels on the muscular, vestibular and cognitive functions in adult mice[END_REF]. Thus, we were interested in investigating the effects of 2g and 3g conditions on skeleton. An "AdapHyp" program of ANR (Agence Nationale de la Recherche) financed the multi-scale hypergravity research, where the effects of chronic 21-day continuous 3g and 2g hypergravity on stress response, vestibular and immune system , muscle functions, cognitive abilities, and skeleton were assessed. Published papers described that although 3g acted as an endurance training on muscles [START_REF] Bojados | The long-term consequences of the exposure to increasing gravity levels on the muscular, vestibular and cognitive functions in adult mice[END_REF], higher corticosterone level and anxiety behavior revealed a stress response after 3g centrifugation but not 2g. Also, after 3g there was a strong decrease of pro-inflammatory chemokines and cytokines, as well as increase of concentration of serum IgG [START_REF] Guéguinou | Stress response and humoral immune system alterations related to chronic hypergravity in mice[END_REF]. In addition, both 3g and 2g impaired spatial learning [START_REF] Bojados | The long-term consequences of the exposure to increasing gravity levels on the muscular, vestibular and cognitive functions in adult mice[END_REF].

Paper #1: "Effects of chronic hypergravity: from adaptive to deleterious responses in growing mouse skeleton"

Vasily Gnyubkin a , Alain Guignandon a , Norbert Laroche a , Arnaud Vanden-Bossche a , Myriam Normand a , Marie-Hélène Lafage-Proust a , Laurence Vico a a INSERM U1059, laboratoire de Biologie intégrative du Tissu Osseux, Université de Lyon, Saint-Etienne, France.

Running head: Chronic hypergravity and bone.

Introduction

The evolution of life on Earth has always been determined by variations environmental factors. While some conditions have changed over time, the gravity has remained constant.

Alterations of gravity (microgravity or hypergravity) are unique severe challenges for living beings. Spaceflights are an example of such challenge, as weightlessness leads dramatic physiological deconditioning from cellular (8) to organ systems level (64).

In relation to skeleton, spaceflight-related site-specific decrease of bone mass has been observed in astronauts since the 1970s. Importantly, the weight-bearing sites of skeleton are those most affected by microgravity (30,61). For example, monthly decrease of bone mineral density (BMD) in lumbar spine and hip could reach 1.5% of total bone mass (27,29). Even though recently developed countermeasures, such as an advanced resistive exercise device on the International Space Station, provide better protection against the decrease of BMD than previous systems, still it is not always fully efficient (49,51). In addition, bones are unable to rapidly restore their initial BMD after spaceflights (61). Mathematical modeling revealed that most crew members who have participated in 4-6 months space missions would return their BMD to pre-flight level within 3 years (50).

Spaceflights provide a unique opportunity for studying chronic microgravity effect, however such experiments are rare and expensive. Hypergravity based on centrifugation is more accessible. It allows dose-dependent effects of gravity on living beings (5,62) and adaptation mechanisms to altered gravity (3,42) to be investigated. What could also be assessed is a capacity of hypergravity as a countermeasure against physiological deconditioning in space (7). Short-time centrifugation (from minutes to hours) showed limited ability to prevent bone loss associated with unloading. Thus, in humans, daily centrifugation for one hour at 2.5g did not prevent bed-rest induced bone loss (52), even when combined with ergometric exercises (23).

In rats, one hour daily centrifugation at 1.5 or 2.6g did not prevent tail-suspension-induced bone loss (67). However, site specific increase of BMD and BMC in the cervical spine was found in military pilots after repetitive exposure to high head-feet directed acceleration (positive Gz loading) (36,37).

In contrast to short-time hypergravity, rats centrifuged for 4 days at 2g, showed increase of both bone formation activity and trabecular thickness in the tibia metaphysis (57). Exposure to 2.9g for 28 days was similarly beneficial, and it led to a trabecular bone volume increase in both ovariectomized and sham-operated rats compared to controls (22). Also, site-specific increase of bone mass was observed after three months of chronic exposure to 2.5g in dogs (40).

Centrifugation is still a rare experimental model, and available data assessing the impact of hypergravity on different organ systems are very limited, in particular for vulnerable growing organisms. Therefore, several laboratories decided to perform a comprehensive study designed to assess safety and effects of chronic 21-day continuous 3g and 2g hypergravity on stress response (18), vestibular (3) and immune system (18), muscle functions, and cognitive abilities (3). In the first stage of the program, focused on young mice, our team aimed to analyze skeleton response to hypergravity and to find a g level, which would be osteogenic.

While, the skeleton of young animals has been shown to benefit more from mechanical loading than adults (48,55,56), the potential impairment of the growth process (45) also had to be assessed.

As we found that 21-day centrifugation at 2g stimulated bone formation, we repeated the experiment to assess effects on bone vascularization and osteocyte proteins expression.

Angiogenesis and bone remodeling have proved to be closely linked when mechanical loading is altered (1). Thus, treadmill running increases trabecular bone mass, and stimulates bone formation and angiogenesis (65). Therefore, we hypothesized that chronic centrifugation would alter the bone vascular network, and we assessed vascularization parameters using previously validated quantification technique (47).

Sclerostin and Dentin Matrix acidic Phosphoprotein 1 (DMP1) were selected for immunohistochemistry analysis of osteocyte protein expression (4), as their expression is affected by mechanical loading (15,20,46) and because they control bone formation (31,33) and mineralization (12,32,34).

Materials and Methods

Animals

Seven-week-old C57BL/6J male mice (Charles River Laboratories, l'Arbresle, France) were used for all experiments. At the end of each experiment, the mice were euthanized with cervical dislocation; femurs and lumbar vertebrae were dissected out and processed as described below. Protocols and animal procedures followed the European Community standards on the care and use of laboratory animals (Ministère de l'Agriculture, France, Authorization n°42-21-080) and were approved by the local Animal care and use committee (Comité d'Ethique en Expérimentation Animale de la Loire -Université Jean Monnet, CEEAL-UJM).

Material set-up

Mice were housed by four in standard cages (36x20x14cm) with bedding material, in a quiet room with constant temperature (22°C), 50% relative humidity, and a 12/12h light-dark cycle. Food and water were provided ad libitum (Safe diets A04, Augy, France). After a week of habituation, cages were transferred into the centrifuge's gondolas preserving the same environmental conditions. The centrifuge (COMAT Aérospace, Flourens, France) made it possible to maintain a permanent level of hypergravity for 21 days. A centrifuge with a radius of 1.4m, had four gondolas hanging on the periphery (S1 video) (24). Each gondola can accommodate up to 3 cages. All gondolas were equipped with a video surveillance system to control animals' condition and food/water stocks. Animals were provided with enough food and water for the whole duration of the experiments, thus the centrifuge was stopped only twice (six and two days before euthanasia) for five minutes each time, to inject animals with tetracycline for dynamic histomorphometry (see below). We performed three experiments lasting 21 days: one at 3g and two at 2g. Control mice were also placed into gondolas to mimic experimental conditions, but were not exposed to centrifugation.

Experimental groups

In the first 3g and 2g experiments, 24 mice were randomly and equally divided in control and experimental groups (n=12 per group). At the end of experiments, animals were processed for microcomputed tomography (µCT) and histomorphometry. For the second 2g experiment, 30 mice were randomized in two equal groups (control and experimental, n=15 per group).

At the end of an experiment, femurs of five animals in each group were isolated and processed for immunohistochemistry (IHC) analysis. Others were analyzed for bone vascular parameters as described below. In all experiment euthanasia and dissection were performed within 3 hours after the end of centrifugation. Tissue collection was done within 15-20 minutes after euthanasia.

Investigation tests

Microtomography

Formalin-fixed and ethanol-dehydrated femur and L2 vertebral body were scanned with a high-resolution µCT (Viva CT 40; Scanco Medical, Switzerland) and analyzed as described in David et al (10). Data were acquired at 55keV energy and 145µA current for 10µm cubic resolution. Right femur trabecular bone was scanned within the metaphysis below the growth plate, and the cortical bone was scanned in the diaphysis; L2 vertebra was scanned entirely (Fig. 1). Three-dimensional reconstructions were generated with the following parameters: Sigma: 1.2, Support: 2, Threshold: 160 (spongiosa) or 280 (cortex). In distal femur metaphysis, the secondary spongiosa was evaluated above the distal primary spongiosa and the cortical bone was evaluated at the level of diaphysis; in L2 vertebral body secondary spongiosa was evaluated between two primaries (Fig. 1). 3D structural parameters were obtained from 60 sections (0.6mm) for both trabecular and cortical bone in femur, and from 180 sections (1.8mm) for trabecular bone in L2 vertebral body. Regions of interest (ROI) were manually defined by an operator (Fig. 1). For cortical bone, we measured: bone mineral density (BMD, mg/cm 3 ), cortical thickness (Ct.Th, mm), and cortical area (Ct.Ar, mm 2 ). For trabecular bone, we measured trabecular thickness (Tb.Th, µm), trabecular number (Tb.N, mm -1 ), trabecular separation (Tb.Sp, µm), bone volume (BV/TV, %), connectivity density (Conn.D, mm -3 ), structural model index (SMI), and degree of anisotropy (DA).

Histomorphometry

Centrifugation was stopped twice for 5 min six and two days before death and mice were injected intraperitoneally with 200µl of a 0.37% tetracycline solution. Distal femur metaphysis and L2 vertebral body were processed undecalcified for histomorphometry as described (9). Bone cellular parameters were measured semi-automatically with digitizing tablet (Summasketch; Summagraphics, Paris, France) and software designed in our laboratory (9). In brief, we evaluated longitudinal growth rate (LGR, µm/day) by measuring the distance in µm/day between two fluorochrome labelings (parallel to the growth plate) in the primary spongiosa. In the secondary spongiosa we measured double labeled surfaces (dLS/BS, %) and mineral apposition rate (MAR,µm/day), from which the bone formation rate (BFR/BS, µm 3 /µm 2 /day) was calculated. Osteoid surfaces (OS/BS, %) were detectable in femurs only. Osteoclasts surfaces (Oc.S/BS,%) were assessed through tartrate-resistant acid phosphatase (TRAP) labeling.

Bone vessel quantification

Vascular assessment was processed as previously described by Roche et al (47). In brief, after intracardiac perfusion of pre-warmed contrasting solution (50% BaSO 4 (Micropaque Guerbet, Paris, France), 1.5% gelatin in PBS) with a peristaltic pump (MasterFlex, L/S, Cole-Parker Instrument, Germany), femoral bones were embedded in medium for frozen sections (Neg50, Thermo Scientific, Ref. 6502) by snap-freezing in liquid nitrogen. Nine µm-thick sections of whole bone were cut with 27µm increments with a cryotome (Microm HM 525, Thermo Scientific). The secondary spongiosa of the distal femur was selected as ROI (4 fields of 0.26mm 2 ), and manually analyzed with a 100-point eyepiece square-grid. Vessels number per marrow area (Ves.N/Mar.Ar,1/mm 2 ), and vessel volume per marrow volume (Ves.V/Mar.V,%) as defined in (47) were assessed.

Circulating Sclerostin immunoassay

Immediately after euthanasia, blood from animals of control group and those exposed to 2g centrifugation was collected. Serum was isolated by 10 min centrifugation at 4400g, aliquoted and stored at -80°C. The Quantikine mouse/rat Sclerostin ELISA kit (R&D systems, MSST00) was used in accordance with the manufacture protocol. As indicated on a manufacture's website (https://www.rndsystems.com/products/mouse-rat-sost-sclerostin-quantikine-elisa-kit_msst00), coefficient of variation for this ELISA kit is up to 7.2% and 8% for intra -and inter-assay respectively.

Quantitative analysis of immunohistochemical data

For immunohistochemistry (IHC) femurs were fixed in 10% neutral buffered formalin and then in 70% ethanol. Three mm long sections of the mid-diaphysis (5 and 8 mm from the distal epiphysis) were cut out with a precision diamond wire saw (ESCIL Well, France), decalcified for 24 hours (Immunocal, Decal Chemical Corp., Ref 1440) and embedded in paraffin. Five µm thick transversal sections of the diaphysis were cut from the distal part with 250 µm increment with a microtome (Leica RM2245) and immunolabeled for Sclerostin (Primary antibody: polyclonal, goat, R&D Systems, AF1589, 1:400) and DMP1 (Primary antibody: polyclonal, rabbit, Takara, M176, 1:500). Sclerostin was detected using a biotinylated secondary polyclonal rabbit anti-goat antibody (Dako, E0466) and Streptavidin-Alexa Fluor (Life technologies, S 11225, 1:500). DMP1 was detected using a biotin-free ready-to-use PowerFluor immunofluorescence detection kit (MaxVision Biosciences, PF 21-M). Cell nuclei were visualized with DAPI (Santa Cruz, 28718-90-3).

Quantitative assessment of immunohistochemical data by measuring relative fluorescence has been previously proposed as a method for clinical pathology (14). We also used fluorescent IHC to perform semi-automatic quantitative analysis of proteins expression level in nearlacunar space. Our technique made it possible to conduct an osteocyte by osteocyte analysis.

Black and white pictures of the entire cortical area were obtained with an AxioObserver Z1 microscope (Zeiss, Darmstad, Germany), at a magnification of 400 (oil immersed objective), and automatically merged using the Mosaic plugin of Axiovision 4.7 software (Zeiss).

Immunolabeling and imaging were done with the same reagents and imaging parameters for all samples to minimize any possible variations. Mosaic images were directly analyzed with ImageJ software (http://imagej.nih.gov/ij/) without any brightness or contrast correction. A cortical bone ROI was manually defined. Bone marrow, periosteum, blood vessels, and cutting/staining artifacts were excluded from ROI. A mask of DAPI positive cells within the ROI was merged with Sclerostin or DMP1 staining to restrict the areas of measurements to areas of DAPI staining, providing fluorescence intensity data for individual osteocytes. As a lacunar size exceeds the area of DAPI staining, we applied two successive dilations of the DAPI mask to fit with lacunar area. The dilated DAPI does not entirely match the area of the osteocyte lacuna. Therefore the pixels of surrounding bone matrix having zero gray level might be included in the ROI. Hence, parameters based on calculations of mean grey level were not appropriate for the analysis of fluorescence. Considering this, we used Raw Integrated Density (RawIntDens) parameter of ImageJ, which represents a sum of all pixels gray level within the ROI. Collagen and osteocytes autofluorescence was defined with the Plot Profile function of ImageJ from a negative control bone section (no primary antibody applied during IHC). The measured gray level of autofluorescence was removed with the Subtract function of ImageJ before evaluating fluorescence of proteins. To calculate intraand inter-observer coefficients of variation we repeated measurements three times with the same operator and three times with a different operator on five histological sections. Each time every operator had to independently define an ROI and perform related measurements.

Variations between measurements were always less than 2% and not statistically significant.

To ensure representativity of osteocyte population we analyzed 2 to 3 entire cortical transversal sections per bone sample (approximately 450 osteocytes per section) from five animals per group; average number of analyzed osteocytes per group was 5000.

Statistical analysis

Data analysis was performed with the STATISTICA ® software (version 8.2; StataCorp, College Station, TX). Data were assessed with the non-parametric Mann-Whitney U-test.

Results 3g Centrifugation

After 21 days at 3g mice displayed 12% (p≤0.001) loss of body weight with a 22% (p≤0.05) decrease of LGR as compared to controls (Table 1 and2). While Ct.Th and Ct.Ar were reduced by 5 and 11% respectively (p≤0.05), trabecular compartments of femur and L2 vertebral body did not change (Table 2, Fig. 2). BFR/BS was reduced (-34%, p≤0.05) and Oc.S/BS increased (+41%, p≤0.05) in femur. In L2 vertebral body BFR/BS decreased by 36% (p≤0.05) and Oc.S/BS increased by 20% (p≤0.05) (Table 2, Fig. 2). 

2g Centrifugation

Body weight

In both 2g experiments, at the end of the experiment there was no change in body weight compared to controls (Table 1).

µCT and histomorphometry

In femur cortex, exposure to 2g did not change mass-structural parameters (Table 3).

However, trabecular bone in both distal femur and vertebral body was affected. In femur there was an increase of BV/TV (+24%, p≤0.05), Tb.N (+18%, p≤0.05), and Conn.D (+36%, p≤0.05), and decrease of Tb.Sp (-22%, p≤0.05), and SMI (-17%, p≤0.05) as compared to controls (Fig. 3). Tb.Th and DA were not affected (Table 3). In vertebral body we found similar positive alterations: increase of BV/TV (+13%, p≤0.05) and Tb.N (+4%, p≤0.05), and decrease of Tb.Sp (-9%, p≤0.05), and SMI (-33%, p≤0.05). However, contrary to femur, Tb.Th increased by 9% (p≤0.05), and Conn.D was not affected (Table 3).

Bone cellular activities were altered in both femur and vertebral body regions. In femur 2g led to decrease of Oc.S/BS (-36%, p≤0.05), and increase of OS/BS (+33%, p≤0.001) and dLS/BS (+31%, p≤0.05). At the same time, we found a decrease of MAR (-15%, p≤0.05), and BFR/BS did not change (Fig. 3). There were also no changes in LGR (Table 3). In L2 vertebral body, we observed increase of dLS/BS (+48%, p≤0.001) and BFR/BS (+45%, p≤0.05), and a decrease of Oc.S/BS (-16%, p≤0.05). MAR remained unchanged (Table 3). 

Bone vascularization

Exposure to 2g led to an increase of both number of vessels (+22%, p≤0.05) and their volume (+44%, p≤0.01) in distal femur secondary spongiosa compared to controls (Table 4). 

Circulating Sclerostin immunoassay

When analyzing circulating Sclerostin with the ELISA kit, no difference was found between control group (205 ± 32 pg/ml, n=7) and 2g group (225 ± 24.8 pg/ml, n=7).

Quantitative analysis of immunohistochemical data

No significant differences between groups were detected in osteocyte density, percentage of Sclerostin, or DMP1 positive cells (Table 5). However, the fluorescence intensity (RawIntDens, see chapter Materials and methods) of individual osteocytes showed differences between 2g and controls. In 2g group, osteocyte Sclerostin fluorescence (Fig. 4) was 35% less than in control group (medians: 365 vs 560 respectively, p<0.001). Osteocyte DMP1 fluorescence (Fig. 4) was 60% higher than in controls (medians: 3610 vs 2258 respectively, p<0.001) (Table 5). 

Discussion

It has been assumed that chronic hypergravity might induce physiological responses, which would be opposite to microgravity effects (5,18,62). We found this assumption to be true for 2g. While microgravity led to an increase of bone resorption and decrease of trabecular BV/TV in rodents (58-60), 2g centrifugation resulted in lower osteoclastic activity and augmented BV/TV in both femur and vertebra. Ikawa et al. (22) reported a bone gain in rats centrifuged at 2.9g. Bojados and Jamon (3) found in male C57Bl6/J mice that hypergravity acted as endurance training on muscle force until 3g, and then became deleterious only at 4g.

Thus it could be expected that adaptation to a 3g environment would also lead to improvement of bone tissue. However, in our study µCT evaluation after exposure to 3g demonstrated a decrease of Ct.Ar and Ct.Th in young mice. In the Ikawa et al. study (22), beside the fact that animals were adult rats, the centrifuge had a 50 cm radius (1.4 m in our study), and much smaller cages which raises concerns that animals may have experienced increased stress due to close confinement; also hypergravity was interrupted daily for 15 minutes. This makes direct comparison difficult.

Even though µCT demonstrated that femoral and L2 vertebral body trabecular compartments remained the same, histology revealed inhibition of bone formation and stimulation of bone resorption, suggesting that longer exposure to 3g might result in trabecular bone loss.

Similarly to other authors (18,66), we observed body weight loss, which could be a result of low food intake (66) and high stress as indicated by serum corticosterone assay (18).

Although infra-red video surveillance was not quantitative, it seemed that the animals' motion activity was lower compared to control suggesting that 3g loading prevented normal locomotor behavior. It can be assumed that potential osteogenic effects of high mechanical loading were counterbalanced by stressful 3g environment. In addition, less movement could result in increase of the static component of mechanical loading, which is known to be deleterious for cortical bone (28). At the same time, muscles strength might benefit from isometric contractions (32). This might explain why at 3g an increase in muscle force was occurring along with bone growth reduction. In contrast to 3g, centrifugation at 2g did not lead to any significant alteration of body weight. Same was previously observed after 21 (18) or 30 (38) days of 2g centrifugation with the same facility, mice and conditions as in present study. In addition, no differences in plasma corticosterone level (18) or adrenal gland weights (38) were found between control and 2g experimental groups.

Longitudinal bone growth can be impaired by high static or dynamic mechanical loading, as it was demonstrated in the rat ulna (45). In contrast to 3g, centrifugation at 2g did not lead to any decrease of longitudinal growth rate, which further indicates that 2g is a safe model.

It is known that microgravity (27) primarily affects trabecular compartment. Interestingly, centrifugation at 2g also altered trabecular bone in the first place, and the weight-bearing bones (femur) were more affected than non-weight-bearing bones (vertebra) in relation to BV/TV and Conn.D parameters. These findings are important as biomechanical properties of bones are highly dependent on trabecular organization (16,26).

In addition, we observed that 2g modified trabecular microarchitecture in femur and vertebra in different ways. Increase of Tb.Th and Tb.N in vertebra without alteration of Conn.D can be a consequence of adaptation to greater gravitational forces applied along typical loading vector, which animals were exposed to (6, 13, 21, and 41). In contrast to alterations in vertebra, we found no increase of Tb.Th in femoral metaphysis, however we detected an increase of Conn.D. In relation to biomechanical properties, increase of Conn.D is more beneficial than trabeculae thickening (19). Combined with higher Tb.N it results in more uniform mechanical stress distribution (44). Such adaptation suggests that during locomotion at 2g femoral bones experienced specific strain distribution and mechanical forces that were unusually directed. This can be linked to the fact that exposure to 2g modifies gait parameters as it was demonstrated in younger animals (2). At the same time, we detected no effects of 2g continuous hypergravity on the cortical bone, which demonstrates that cortical and trabecular bones respond differently to continuous gravitational challenge.

As we registered changes in trabecular compartments of femur and L2 vertebral body, we analyzed cellular activities there. Exposure to 2g resulted in increased osteoid and mineralized surfaces, presumably due to increase of osteoblast recruitment and/or lifespan. At the same time, MAR decreased in femur, and did not change in vertebra. Similar changes were detected in rats centrifuged at 2.9g for four weeks (lower MAR, BFR/BS, and osteoblast surface), however authors provided little explanations regarding the phenomena of trabecular bone gain along with lower bone formation (22) (53).

After 21 days of hypergravity, we observed an increase of bone marrow vascularization (as assessed by vessel number and volume), although the exact underlying mechanism is not known. A link between load-induced bone gain and vascularization has been previously

reported (1,11,39,65). Beside in microgravity there is a thoraco-cephalic fluid shift (35), we can also assume that hypergravity induces blood pooling in extremities which might contribute to increased vessel volume. Further, higher capillary density and enhanced microcirculation were reported after «gravitational therapy» with a short-arm centrifuge at 1.5-3Gz, in humans with fractures or osteomyelitis (17).

Mechanical stimulation has been shown to alter osteocyte protein expression. In rodent ulna, axial cycling loading (46) results in a decrease of Sclerostin expression, while in the orthodontic appliance model (15) DMP1 expression is increased. In our study, we observed for the first time similar changes for Sclerostin (-35%) and DMP1 (+60%) expression in osteocytes of the femur diaphysis after an exposure to chronic hypergravity. However, in contrast to axial loading or orthodontic appliance models (15,46) we did not detect any significant difference in percentage of positive/negative osteocytes (Table 5). This could be explained by the fact that these experimental models vary significantly from ours. It must also be taken into account that while during normal locomotion compressive mechanical strains are about 200-350 µε (43,54), the models of cycling axial loading provide strains up to 2200 µε (46). Therefore, even assuming that chronic 2g centrifugation provides twice higher strains during locomotion, centrifugation is still a milder challenge for bones, which results in modest but statistically significant alterations of osteocyte protein expressions. It should be noted that decrease of Sclerostin level and low resorption can be linked together as it was shown that Sclerostin affects osteocytes and promotes osteoclastogenesis and osteoclasts activation (63). Moreover, we did not find any changes in serum Sclerostin after 2g centrifugation. These findings imply either that changes in serum Sclerostin levels do not necessarily reflect alterations of Sclerostin production in osteocytes, as it has been shown in ovariectomized mice (25), or that decreased protein expression in femur diaphysis represents a local, and not a generalized effect of 2g exposure.

As there was no alteration of cortical bone after 21 days, we hypothesized that continuous 2g hypergravity affects trabecular bone in the first place, and longer exposure to hypergravity is needed to stimulate cortical bone formation.

This study has the following limitations: 1) there is no data regarding possible increase of bone strength after 2g centrifugation, as no mechanical testing was done; 2) data obtained do not represent dynamics of adaptation processes to hypergravity; 3) we did not study recovery processes after centrifugation; 4) due to stressful conditions of 3g centrifugation, it is difficult to distinguish between effects the stress effects and impact of mechanical loading on bones; 5) no quantitative analysis of food/water intake or animal activity during experiments was presented, as the video surveillance system was not designed for it.

Conclusion

Our main findings are that effects of centrifugation are bone compartment-specific and depend on the gravity level; and that centrifugation at 2g appeared to be a safe model for young animals in relation to bone and body growth. Centrifugation at 2g brought down osteoclastic resorption and local Sclerostin expression. It stimulated osteoid deposition and angiogenesis, and increased DMP1 level. Thus, centrifuge is a promising platform for investigating bone mechanosensitivity and gravity-related alterations. In our study we argue that further research investigating the bone metabolism dynamics is needed to define optimal level and duration of hypergravity; and that future experiments can be performed in combination with bone loss animal models, to assess protective or/and regenerative effects of hypergravity.

Skeleton adaptation to intermittent hypergravity

Introduction to the paper

In the WBV study, we used the same acceleration (2g) and the same experiment duration (21 days) as in continuous hypergravity experiment. We were aiming to (a) establish a whole body vibration regimen, which promotes bone gain in healthy animals, and (b) investigate effects of intermittent hypergravity produced by WBV on mice of the same type and age as were used in continuous hypergravity experiment. The vibration frequency of 90Hz was selected based on results of WBV study performed by our team, which showed that vibration at 90Hz was the most beneficial for healthy rats [START_REF] Pasqualini | Skeletal site-specific effects of whole body vibration in mature rats: from deleterious to beneficial frequency-dependent effects[END_REF].

The use of young animals allowed us to verify that WBV applied during the period of active skeletal growth accelerates an acquisition of the peak bone mass and/or further increases it and that WBV at a high acceleration does not impair bone growth or the increase in body weight.

In the non-published part of the experiment, we investigated whether long-term (9-week) low-acceleration WBV at 0.5g would trigger bone gain in healthy animals, as the most of published papers demonstrated no beneficial effect on bone structural parameters from WBV at acceleration ≥1g. Additionally, we had a concern about safety of a long-term WBV at 2g, thus we introduced a group which received WBV at gradually increasing acceleration from 0.5g to 2g over the period of the experiment. Also, we wanted to test if such progressive loading is more beneficial for bones than the constant one.
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Introduction

Bones are constantly adapting to mechanical loading, and therefore appropriate mechanical stimulation could be used to counteract bone loss inducing factors [1,2]. Bone adaptation processes depend on the intensity of loading and the number of loading cycles [3]. Whole body vibration (WBV) can be an addition or even an alternative to physical exercise, as it produces thousands of low-impact strain events in a relatively short period of time with no significant efforts from a recipient, making it promising for individuals with impaired mobility or attenuated muscle strength.

A pioneer study performed by Rubin et al. (2001) showed that one year of a 30Hz vibration at 0.3g leads to a 30% increase of the trabecular bone volume and density, as well as bone strength and stiffness in sheep [4]. Even though in recent years there have been numerous

WBV studies on both animals and humans, it is still difficult, due to high variability of experimental procedures, to decide which WBV protocol is the most beneficial for bones [5].

Among published WBV animal studies, acceleration ranges between 0.3g and 3g (1g = 9.81m/s 2 ) [6], and frequencies between 8 and 90Hz [7,8]. The studies also vary in duration of exposure and resting times [9,10], choice of studied species (rat, mouse, sheep), and age of the animals [6,11,12]. In spite of various possible combinations, most of the WBV studies have been done with magnitudes below 1g, and frequencies from 30 to 50Hz on physiologically challenged (ovariectomized, unloaded, or immobilized) animals. This has been done in order to test WBV ability to prevent an induced bone loss. Notably, the lowmagnitude WBV had mostly beneficial effects on osteopenic models, but did not promote bone accrual in control animals.

The effects of high-acceleration (above 1g) WBV have not been much investigated yet. It could be expected that higher acceleration would result in higher strain, and therefore in bone formation [13], even in healthy animals. However, despite the high g-level, WBV at 2g/50Hz and 3g/30Hz appeared osteogenic for ovariectomized animals but not for controls [6,14].

Such results were presumably informed by suboptimal frequencies. A comparison of WBV frequencies (8Hz, 52Hz and 90Hz) with the same acceleration (0.7g) revealed that only a frequency of 90Hz stimulated bone formation in healthy rats [7].

In a present study, our goal was to establish a WBV regimen, which promotes bone gain in healthy animals. We hypothesized that, due to an interrelationship between loading cycles and bone adaptation [13], a combination of 90Hz frequency and high acceleration (2g) would efficiently stimulate bone growth in healthy mice. Young animals were chosen to verify that (a) WBV applied during the period of active skeletal growth accelerates an acquisition of the peak bone mass and/or further increases it and (b) WBV at a high acceleration does not impair bone growth or the increase in body weight.

We showed that a high acceleration WBV regimen increases mouse bone cellular activity, accelerates cortical bone size acquisition and, in the long run (9 weeks), results in a net increase in bone matrix mineral content.

Materials and Methods

Care for animals

Seven-week-old C57BL/6J male mice (Charles River Laboratories, l'Arbresle, France) were Mice were housed by four in standard cages (36x20x14cm) with bedding material, in a quiet room with constant temperature (23±2°C) with 50% relative humidity, in a light controlled environment (12h light/12h dark cycle). Food and water were provided ad libitum (Safe diets A04, Augy, France). The light/dark cycle was inverted so that WBV sessions were performed during the active day phase in a dark quiet room.

housed

Material set-up

Shakers (TIRA TV 52120) with attached aluminum table (30 cm diameter, 4 mm thickness)

were used to generate vibrations (Fig. 1a). The g-level was controlled by an accelerometer (PBB Piezotronics, 100 mV/g, ref 352C33) glued under the table at midradius distance.

During each WBV session, four mice from the same cage were put on the table and left free to move. WBV was applied 15 min/day, 5 days/week, at 90Hz frequency (sinusoidal signal) for 3 or 9 weeks. To avoid potential stress, the peak acceleration level was gradually increased from 0.5g to 2g within the first week of the experiment. Mice in the control group were put for the same duration/day on an inactive shaker for a sham-WBV.

Microtomography

Formalin fixed and ethanol-dehydrated femur and L2 vertebral body were scanned with a high-resolution µCT (Viva CT 40; Scanco Medical, Switzerland). Data were acquired at 55keV energy, with 145µA current for 10µm cubic resolution. The distal right femur was scanned through 4.1mm starting from the growth plate (Fig. 2a). The L2 vertebra was scanned entirely (Fig. 2e). Three-dimensional reconstructions were generated with the following parameters: Sigma, 1.2; Support, 2; Threshold, 160 (spongiosa) or 280 (cortex). In the femur distal metaphysis the ROI was restricted to the trabecular area (Fig. 2b,2c). The cortical area was assessed at diaphysis (Fig. 2d). In the vertebral body, the trabecular bone was assessed between the two growth plates (Fig. 2f,2g). Tissue Mineral Density (TMD, mg/cm 3 ), cortical thickness (Ct.Th, mm), and cortical area (Ct.Ar, mm 2 ) were measured in the cortical bone. In 

Histomorphometry

Six and two days before euthanasia, the mice were injected intraperitoneally with 200µl of a 0.37% tetracycline solution. After µCT analysis, femur metaphysis and the L2 vertebra were embedded undecalcified in methylmethacrylate and processed for histomorphometry as previously described [15]. Bone cellular parameters were measured in the secondary spongiosa with a digitizing tablet (Summasketch; Summagraphics, Paris, France) and software designed in our laboratory [15]. In brief, we measured osteoid surfaces (OS/BS, %), 

Quantitative immunohistochemistry

We used fluorescent IHC as in [17] to perform semi-automatic quantitative analysis of proteins expression level. Femurs were fixed in 10% neutral buffered formalin and then in 

Circulating Sclerostin immunoassay

Serum from control and 3-week WBV mice was isolated by 10 min centrifugation at 4400g, aliquoted and stored at -80°C. The Quantikine mouse/rat Sclerostin ELISA kit (R&D systems, MSST00) was used in accordance with the manufacture protocol.

Statistical analysis

Data analysis was performed with the STATISTICA ® software (version 8. 

Results

2g/90Hz WBV does not affect mouse growth

To assess the growth-related differences between 7 week-old (basal control), 10 week-old (3week WBV experiment) and 16 week-old (9-week WBV experiment) mice, we compared the basal control group with respective age-matched controls. While as expected we found an increase in body weight (p<0.05), which usually comes with age, and a decrease in LGR (p<0.002), WBV did not affect these parameters, neither after 3 weeks, nor after 9 weeks (Fig. 4). 

Three weeks of WBV accelerates cortical bone growth

Dynamic bone formation parameters were increased in the trabecular bone of the distal femur and L2 vertebral body, as compared to age-matched controls (Fig. 5). In addition, OS/BS only detectable in femur was also increased by WBV (Fig. 5). Osteoclast surfaces (Oc.S/BS) were also higher after 3 weeks of WBV (Fig. 5e,5i). Three-week WBV also led to 23% increase of vessels number in the femur metaphysis vs.

age-matched controls, with no change of vessel volume (Fig. 3b,2c).

However, this stimulation of bone cellular activities did not translate into a net increase of any trabecular parameters (Table 1). At the cortical level, WBV resulted in 5% increase of Ct.Th and 6% increase of Ct.Ar as compared to age-matched controls (Fig. 6). Also, cortical MAR was 60% higher (p<0.05) in vibrated group (2.1 ± 0.4, µm/day) as compared to age-matched controls (1.3 ± 0.3, µm/day) (Supplementary Fig. 1). While a percent of Sclerostin positive osteocytes was 11.5% lower in the WBV group, the fraction of DMP1 positive osteocytes remained unchanged (Table 2). Assessing the fluorescence intensity of individual osteocytes showed that Sclerostin protein expression was 25% lower in the WBV group; DMP1 expression was 35% higher than in age-matched controls (Table 2, Fig. 7). No difference in osteocyte density was detected.

Additionally no differences in the levels of circulating Sclerostin were observed between control (194 ± 36 pg/ml, n=8) and WBV mice (184 ± 37 pg/ml, n=8). 

Nine weeks of WBV results in a net increase in bone matrix mineral content

To test whether cellular activity changes will finally result in bone mass alteration we performed a longer WBV experiment. After 9-week 2g/90Hz WBV the femoral cortical TMD increased by 2.5% as compared to age-matched controls (p<0.001, Fig. 6). Bone structural or cellular parameters in both femur and vertebra did not show any change (Table 2).

Discussion

One of the main findings was that 2g/90Hz WBV selectively promotes cortical bone growth in healthy animals, while it does not result in any observable alterations of trabecular compartment architecture. Several studies reported a stimulatory effect of WBV on cortical bone in ovariectomized animals [6,18,19], however to the best of our knowledge, there is only one study to report an increase of Ct.Th in healthy mice [7].

In relation to cellular activities, it has been shown that WBV stimulates bone formation and decreases osteoclastic parameters [5,10]. We also found that three weeks of 2g/90Hz WBV resulted in augmented osteoid and mineralized surfaces, presumably due to an increase of osteoblast recruitment and/or lifespan. Interestingly, cellular activities changed more in vertebra than in femur. This could be explained by higher local peak acceleration in the vertebra compared to hindlimbs, as our team previously recorded in rats during a 0.7g WBV study [7]. In growing mice, along with higher bone formation rate we detected an increase of Oc.S/BS in both femur metaphysis and vertebra. It is possible that in young healthy animals a 2g/90Hz WBV regimen would stimulate both formation and resorption activities, thus maintaining trabecular microarchitecture.

WBV has been shown to stimulate angiogenesis in fractured [20] and unloaded [21] bones. A link between load-induced bone gain and vascularization has also been detected [22][23][24].

Thus, the observed increase of vessel number after 2g/90Hz WBV confirms previous findings. Higher number of vessels after WBV treatment may be associated with the increased bone cellular activities, as vessels play an essential role in basic multicellular units where bone remodeling takes place [25]. Our findings further emphasize the importance of vascularization in bone adaptation processes.

In experimental models of high mechanical loading, osteocyte expression of Sclerostin has been reported to be reduced, while that of DMP1 was increased [26][27][28]. Our quantitative IHC analysis allowed us to detect reduction of the percentage of osteocytes positive for Sclerostin along with shifts in Sclerostin and DMP1 expression. Although these effects of WBV appear modest, it must be considered that WBV generates a much lower mechanical strain (e.g., 23.4µε for 3g/30Hz WBV in long bones of rats [6]) than axial loading (up to 2200µε [26]). We did not find any changes in circulating Sclerostin suggesting that changes in serum levels do not necessarily reflect alterations of local production in osteocytes.

Alternatively, decreased protein expression in femur diaphysis may not represent a generalized effect, as has been shown in ovariectomized mice [29].

As after three-week WBV we observed altered cellular activities in trabecular bone, a thicker cortex and higher DMP1, we assumed that a longer exposure to WBV may further stimulate adaptation processes and result in trabecular bone gain or cortex mineralization.

However, after nine weeks of 2g/90Hz WBV we still observed no changes of trabecular bone microarchitecture, and, in contrast to three-week WBV, no difference in cellular activities either in femur or vertebra. The latter may indicate that a steady state has been achieved in the adaptation of the skeleton to this mechanical environment.

While after 3-week WBV cortical size was increased, the difference between WBV and controls disappeared after 9 weeks. However, only after 9-week WBV we detected higher cortical TMD in experimental group compared to controls. The age of mice at the end of the experiment corresponded to their skeleton maturity [30,31]. We showed that exposure to 2g/90Hz WBV resulted in increased cortical peak bone mass. Importantly, such strengthening of the skeleton in period of skeletal growth could defer the onset of age-related bone loss [32,33]. Our findings suggested that young mice adapted to WBV by accelerating their natural growth processes, i.e., increasing cortical thickness, subsequently followed by mineralization. We also assumed that higher expression of DMP1 after 3-week WBV might contribute to latter tissue mineralization, as DMP1 is known to control mineralization processes [34][35][36].

Similar age-related differences in the effects of mechanical loading have been previously observed in rats subjected to running exercise [37]. In that study, while young animals (5 week-old) mostly displayed an increase of cortical cross-sectional area, adult rats (50 weekold) adapted through increase of bone mineral density. It is possible that the main effect of WBV would be to accelerate radial bone growth, and that the increase in TMD would reflect the faster maturation of the bone matrix in vibrated mice, which would leave a longer time for secondary mineralization.

We did not observe any differences in animal body weight of WBV groups compared to controls throughout the experiments, and there were no detectable negative effects on bone growth or mass-structural parameters.

In conclusion, while WBV at acceleration of less than 1g had little or no effect on healthy animals, 2g/90Hz WBV affected healthy animals in a site-specific manner. It stimulated cortical bone growth after three weeks, and increased peak TMD in older animals after nine weeks. Our results suggest that WBV mechanical stimulation could increase the peak bone mass at the end of the skeletal growth phase, and do so in a safe and easy manner, which may lead to substantial strengthening of the skeleton and thereby defer the onset of osteoporosis.

Not published data (0.5g, 0.5-2g)

In the 9-week WBV experiment there were also two more groups: one that received WBV with the acceleration of 0.5g at 90Hz, and a group that received WBV with progressively increased acceleration from 0.5g to 2g. The increment was done equally twice a week thus the first WBV session was at 0.5g and the last WBV session was at 2g. Animals of these groups similar to 2g/90Hz group stayed the first week at 0.5g acceleration for acclimatization. At the end of experiment femur and L2 vertebrae were harvested, fixed and processed for µCT as described in Materials and Methods chapter. We have observed that 9week WBV at 0.5g or with the increment from 0.5g to 2g both had no statistically significant effects on bone mass-structural parameters of healthy animals (Fig. 11, Fig. 12, Fig. 13). We only observed a trend for increasing of TMD after WBV at progressively increased acceleration (Fig. 11a). We hypothesized that it happened because animals were treated by WBV with the acceleration >1g (presumably osteogenic) yet not long enough to cause significant alterations. 

Conclusion /perspective

Different WBV regimes and durations were tested. We found that while high-acceleration 2g/90Hz WBV altered bone mass-structural parameters, 0.5g and 0.5g-2g WBV failed to trigger bone growth in healthy animals.

Important finding was that 2g/90Hz WBV increased cortical peak bone density and showed no negative effects. Surprisingly, stimulation of cellular activities and vascularization in femoral metaphysis did not result in detectable trabecular reorganization and even longer stimulation was not efficient. The question of future studies might be whether 2g/90Hz WBV has protective effects from microgravity-or ovariectomy-or disuse-induced bone loss, or whether it is efficient in older animals? Another important aspect to consider is improvement of bone mechanical properties.

Immunohistochemical detection of osteocyte proteins

In the two hypergravity studies, our goal was to assess mechanosensitive proteins at osteocyte level. Because of lack of detailed IHC protocols in the literature of reliable staining and representative quantification of such proteins we had to develop optimized techniques in our laboratory for mouse and human bone samples, embedded in paraffin or methyl methacrylate.

Thus, a significant part of work was dedicated to the technical objective of current research project, which was to establish the reliable protocols for immunohistochemical detection of osteocyte proteins. The importance of this analytical approach is hard to overestimate in studies of bone adaptations to mechanical loading. Therefore, the primary targets were mechanosensitive proteins Sclerostin and DMP1. The first draft of a paper dedicated to technical aspects of quantitative IHC on osteocyte proteins is presented below in this manuscript.

For assessment of bone cellular activities by histomorphometry samples were embedded in methyl methacrylate (MMA), but we also wanted to use already embedded samples for IHC analysis. Therefore, initially, IHC attempts were done on MMA embedded mouse bones with a protocols based on enzymatic signal detections (horseradish peroxidase (HRP). Although we were able to immonolabel Sclerostin on MMA embedded mouse bone sections, the staining and histological quality was unsatisfactory (Fig. 14a,14d). Next we shifted to a paraffin embedding techniques and successfully established protocols for Sclerostin (Fig. 14b, 14c, 14e), DMP1 (Fig. 14f), and Periostin (Fig. 14g, 14h) immunolabelings. Additionally, a protocol for double IHC labeling has been established for simultaneous detection of Sclerostin and DMP1 (Fig. 14i). Exact protocols of IHC can be found in the Supplementary materials. Enzymatic detection did not satisfy our needs because it was not suitable for analysis of proteins co-localization due to mutual sheltering of chromogen (HRP and AP) signals, particularly within canalicular system. Fluorescent IHC is much more appropriate tool for analysis of co-localized proteins as different fluorescent dyes have different excitation and emission wave-lengths. Thus, image acquisition can be done separately for each labeled protein and then obtained color images can be merged. Thus, we developed protocols for Sclerostin, DMP1 and Periostin fluorescent IHC labeling for paraffin embedded mouse bones (Fig. 1516171819).

The first step was to set up a protocol for a single IHC staining and we began with Sclerostin (Fig. 15). We found that fluorescent IHC is more preferable even for detection of a single protein as it allowed us to see more details compared to HRP based detection. The main problem with HRP detection that we have experienced is that staining develops overtime and long exposure to chromogen, which is necessary see tiny details of canalicular Sclerostin distribution, results in high risk of non-specific background staining, and in overstrained osteocytes and blood vessels (structures with higher concentration of Sclerostin compared to canaliculi). With the fluorescence IHC, the staining was much more contrast (Fig. 15) and its intensity has been easy to control just by adjusting UV-lamp power and/or exposition time in order to highlight structures with low or high Sclerostin concentration. After establishing single-staining protocols for Sclerostin and DMP1, we were interested in analysis of their co-localization. We found that while both proteins were largely presented in osteocytes, DMP1 was much more abundant in canalicular system (Fig. 16 and Fig. 17).

Interestingly, we found that Sclerostin was generally localized mostly inside osteocyte lacunae whereas DMP1 was on their perimeters. To the best of our knowledge, many teams work or have access to banks of human bone biopsies from different pathologies, which were embedded in MMA. These teams and our own would like to have a tool to perform IHC on these materials. Thus, we developed a method of fluorescent IHC for human bone biopsies embedded in MMA. The staining protocol was similar to one used for paraffin embedded mouse bones. However, some important improvements have been introduced. Interestingly, osteocytes in human biopsies demonstrated specialization in relation to DMP1 or Sclerostin expressions much more often than in mouse bones. Thus, on the Fig. 21 osteocytes and canaliculae closest to the bone marrow were selectively positive for Sclerostin, and others (on the right on the image) were solely positive for DMP1. We also observed that in human biopsies Sclerostin was much more widely spread in canalicular system compared to mouse bones (Fig. 21) and that the same canaliculi can be used for transportation of both proteins (Fig. 22). After establishing of reliable IHC protocols our next goal was to develop quantification method for osteocyte proteins. Here we propose a method based on measurements of fluorescence intensity for precise osteocyte -by -osteocyte analysis of proteins expression.

Paper #3: "Osteocyte protein expression in mouse and

human biopsies: optimized methods for detection and quantification"

Gnyubkin V 1 , Jannot M 1 , Laroche N 1 , de Rooij KE 2 , Lafage-Proust MH 1 , Vico L 1 , Guignandon A 1*

Introduction

One of the most abundant bone cells, the osteocytes, are becoming the focus of more and more research as they are now recognized not only as key responders to mechanical loading but also as orchestrators of bone remodeling and mineral homeostasis (1). Osteocytes are postmitotic, terminally differentiated osteoblasts that during the process of matrix mineralization remain entrapped in the mineralizing matrix. One osteocyte resides in a lacuna either in the mineralized matrix or in the newly formed osteoid. Through canalicular ramifications, osteocytes are connected to each other and to cells at the bone surface. Thanks to improvements of analytical tools and techniques, the last decade has seen an exponential increase in our knowledge of osteocytes function and molecular mechanisms that govern their biology. Osteocytes are the primary source of several important proteins, which are new targets for therapies of bone loss or mineral disorders (2,3) such as Sclerostin, RANKL.

In osteocytes surrounding there is a well-established local and mechanical regulation of proteins production. Thus we suggest that local analysis of proteins is necessary in order to link osteocytes activity to bone formation/resorption parameters, as the commonly used measurements of for example Sclerostin might poorly correlate with results of local IHC assessment (4).

Many papers, which have validated quantification IHC approaches, have used caricatured physiological challenges such as knock-out or overexpressing models for the proteins of interest, and in such situations sophisticated image analysis might not be necessary. The use of quantitative approaches is mandatory when the goal is to study physiological regulations for challenges in which protein expressions are modestly altered. In these physiological regulations a precise, accurate and objective quantification approach will be needed.

We propose an in situ cytometry approach for the quantitative fluorescent IHC in order to assess local osteocyte protein expression with a possibility to isolate signals from hundreds individual cells in different bone anatomical regions. We believe that such precise quantification may help register shifts of protein expression, especially in cases when visual comparison or manual scoring of IHC signal is difficult due to modest difference between compared samples. To illustrate our quantification technique we choose mechanosensitive osteocyte proteins Sclerostin and DMP1, as these proteins control bone formation (5,6) and mineralization (7-9).

Our method works not only on a widely used paraffin-embedded mouse bone, but also on methyl methacrylate (MMA) embedded human biopsy. We believe that it may be important for the bone research community, as despite the fact that nowadays most of the studies are done with paraffin embedded samples; there are significant stocks of MMA-embedded nondecalcified human biopsies with different pathologies. MMA is historically the resin of choice for non-decalcified human bone histology as it allows cutting of hard tissue with good preservation of structural details. Low-temperature MMA embedding (10) preserves antigens as we demonstrated that even 20-years old biopsies are suitable for IHC-F and following quantitative analysis.

Well established IHC protocol is a key for reliable quantification results as all steps from samples harvesting to image analysis are important and can affect the final result (11).

However, many of the published papers do not provide precise protocols of IHC staining procedures. Additionally, in calcified tissues there are inherent difficulties in the process of preparation of histological sections for IHC due to extensive mineralization (12). Thus, in addition to step-by-step protocols for an image analysis, here we provide step-by-step IHC protocols from tissue fixation to IHC detection for murine and human bone samples and stepby step protocols for image analysis.

Materials and Methods

Tissue preparation and immunolabeling

Here we provide a brief description of the process. For detailed protocols one should refer to a supplementary material.

Femurs of 10 week-old male C57BL/6 mice were fixed in 10% neutral buffered formalin and then 70% ethanol. Three mm long sections of the mid-diaphysis (5 and 8 mm from the distal epiphysis) were cut out with a precision diamond wire saw (ESCIL Well, France), decalcified 

Image acquisition for mouse cortical bone

Black and white images of the entire cortical area were obtained with an AxioObserver Z1 microscope (Zeiss, Darmstad, Germany), at a magnification of 400 (oil immersed objective), and automatically merged using the Mosaic plugin of Axiovision 4.7 software (Zeiss).

Automatic focusing on a channel specific for labeling was done on each image of the mosaic.

Mosaic images of DAPI, Sclerostin and DMP1 were acquired at 50ms of exposure time for DAPI, 850ms for Sclerostin, and 400ms for DMP1. For the exposure time selection the main criteria was the absence of saturated areas in zones of the highest staining intensity. On average, the mosaic contained 7x11 images and the average size of a raw image was 400Mb.

Merged mosaic images were exported in TIFF format with 0% compression from the raw images for both DAPI and labeling channels (Fig 3 and 

Analysis of osteocyte density, and Sclerostin or DMP1 expression on a crosssection of a cortical bone

First step was to define a region of interest (ROI) for the analysis. We used "polygon selection" function of ImageJ to draw a contour along external and internal perimeters of a cortical bone, avoiding periosteum and bone marrow as well as blood vessels and possible cutting/staining artifact (an example of a mask obtained after selection has done on Sclerostin image (Fig. 3) is on Suppl Fig 1A). We used a DAPI staining to specify areas where the protein expression was measured. To obtain the DAPI map we thresholded the image ("triangle" option provides acceptable results, but for series of measurements the same thresholding values must be used) and converted to a binary format. The ROI selection was applied on DAPI binary image and two successive dilations were used in order to adjust a size of the DAPI stained nuclei to a size of osteocyte lacunae. At this step osteocyte density can be measured but an appropriate scale must be applied ("set scale" function of ImageJ).

We measured the length of the same anatomical region in AxioVision in µm, and then in ImageJ in pixels; in our case 1µm was equal to 6.3 pixels. Next, the DAPI map was loaded to a ROI manager and applied to the Sclerostin or DMP1 image in order to measure the protein expression in the areas defined by the DAPI map. Measured fluorescence was saved as Excel table for analysis. Expression of a fluorescence signal as an arithmetic mean of pixels intensity has significant limitation as the staining distribution is not homogeneous in the analyzed area, therefore the mean value can be significantly lowered by unstained pixels (13).

Thus, to express fluorescence intensity, instead of the mean value we used Raw Integrated Density (RawIntDens) which represents sum of all pixels intensity in selected area.

Collagen and osteocytes have a particular level of natural autofluorescence, which contributes to a total measured fluorescence level (Fig 5 .). Obviously, it must be removed prior to the analysis of results. We used an approach called corrected total fluorescence to get rid of nonspecific signals. In Excel we calculated the corrected fluorescence as a whole cell signal (sum of the pixels fluorescence intensity in the area) minus area in pixels multiplied by nonspecific signal intensity (14). In order to get values of non-specific fluorescence a negative control bone section (a tissue, which received the same treatment but no primary antibody was applied) was measured in the same way, and a mean value of obtained RawIntDens was used for the corrected fluorescence calculation. 

Analysis of osteocyte proteins expression on different anatomical regions of a cortical bone

We observed that IHC staining is not equally distributed within cortical surface (Fig. 3). Thus, we applied a mathematical model to isolate three different regions: endosteal, periosteal and mid-cortical bone in order to independently quantify protein expression there (Fig. 6). We used a distance map on a mask of a cortical bone. By thresholding of the distance map we obtained three masks for endosteal, periosteal and mid-cortical areas (Suppl Fig 1). Next, these masks were applied on DAPI map, and then on Sclerostin or DMP1 staining images. 

Analysis of osteocyte proteins expression within osteocyte regions of influence

There was a clear difference in staining patterns between Sclerostin and DMP1 in mouse cortical bone. While Sclerostin was mostly observable inside lacunar area, DMP1 was located not only around osteocytes but extensively distributed in a canalicular system and bone its DAPI than to any other (Fig. 7). We called these polygons as osteocyte regions of influence. Analysis based on the Voronoi diagram was also performed on three anatomical regions as described above. Importantly, for the calculation of corrected total fluorescence, a mean RawIntDens value of non-specific fluorescence should be measured using Voronoi diagram on a negative control bone section. 

Image Acquisition for Human Iliac crest biopsies

Black and white images of human iliac crest biopsies were obtained with the same microscope and magnification as for mouse bones. Focusing was manual for each channel.

Images of DAPI, Sclerostin and DMP1 were acquired at 65ms of exposure time for DAPI, 400ms for Sclerostin, and 550ms for DMP1. In addition, a bright field image was acquired. 

Calculation of coefficient of variation

To calculate coefficient of variation three non-trained operators had to analyze independently the mouse cortical bone image with Sclerostin IHC labeling. They had to perform relevant measurements using DAPI map on a total cortical bone, from ROI selection to Excel calculations of corrected fluorescence. Measurements were repeated fifteen times for each operator. Medians of RawIntDens values were compared.

Verification of quantification method sensitivity

As we had no chance to analyze biological samples from animals subjected to some kind of physiological or pharmacological challenges, we artificially mimicked a physiological challenge by altering Sclerostin expression level as it might happen as a result of the experiment. In order to do this, we used ImageJ function (Process-Math-Multiply by 0.75) to reduce fluorescence of selected areas by 25%. We applied such "challenge" on total cortical bone and then endosteal part. Next, we imitated an increase of Sclerostin expression on total cortical bone area and on periosteal area by 25%, with another ImageJ function (Process-Math-Multiply by 1.25). Level of non-specific fluorescence was reduced or increased by 25% respectively. We used DAPI map to measure Sclerostin expression values, which were compared with non-parametric Mann-Whitney U-test to values of the original image. We selected 25% shift in order to demonstrate that this difference is not obvious (Suppl Fig. 2)

and without quantitative analysis such alteration in protein expression can be missed.

Also, to access the accuracy of the method, three operators five times independently performed analysis, starting from total cortical ROI selection, of the same images with IHC Sclerostin lowered by 25%, a control image (unchanged), and increased by 25%. DAPI map was used, and total cortical bone was analyzed (See chapter Analysis of osteocyte density, and Sclerostin or DMP1 expression on a cross-section of a cortical bone).

Results

Analysis of osteocyte density in mouse cortical bone

Osteocyte density calculated from the 2 DAPI images, corresponding to the Sclerostin and DMP1 IHC labeling (Fig. 3 and4), was 0.83 ± 0.01, 1/1000µm 2 . Assessment of this parameter might have interest for researchers from a relevant field as it is altered by ageing or osteoporotic conditions (15).

Analysis of Sclerostin expression in mouse cortical bone

As most of the IHC labeling was observed within or very close to osteocytes lacunae, we used DAPI map in order to measure peri-lacunar Sclerostin expression. Two different methods were applied. Firstly, we assessed osteocytes of the total cortical bone. After correction of total fluorescence we found that only 66.2% of osteocytes were Sclerostinpositive, which is close to what was previously observed in mice ( 16), with a median RawIntDens of 3109. As we already noted, the distribution of Sclerostin seemed to be not homogeneous on the cortical area (Fig 3). Therefore, secondly, we performed analysis restricted to anatomical regions (Supplementary Figure 1) which revealed significant difference between mid-cortical (n osteocytes = 342; 64% of them were positive) and endosteal (n osteocytes = 115; 49% of them were positive) or periosteal bones (n osteocytes = 208; 63% of them were positive) (Fig. 10A). 

Analysis of DMP1 expression in mouse cortical bone

As DMP1 labeling demonstrated that the protein was vastly presented in the whole lacunarcanalicular system, the use of the same peri-lacunar quantification approach as for Sclerostin was not justified. Using Voronoi diagram we calculated DMP1 expression in osteocyte regions of influence. We found that on a total cortical bone 97.7% of these regions were positive for DMP1 with a median RawIntDens of 23353. After restricting measurements to the three anatomical regions, we observed that DMP1 expression was significantly higher in the periosteal region (n regions = 228; 98.2% of them were positive) than in mid-cortical (n regions = 588; 97.7% of them were positive) or in endosteal (n regions = 216; 91.2% of them were positive) parts (Fig. 10B). Number of regions for fluorescence measurements was higher with Voronoi diagram than number of osteocytes defined by DAPI map, as some regions restricted by Voronoi diagram were in between of different anatomical regions.

Importantly, the use of Voronoi diagram to calculate Sclerostin was not appropriate. The measurements were done on a larger areas compared to DAPI restricted zones, thus there were many pixels with low values of gray level. And as a calculation of corrected fluorescence depends on the area of measurement, it so dramatically lowered our results, that only 35% of analyzed regions remained positive. Therefore, the location of the protein of interest dictates which type of mask should be used.

Analysis of DMP1 and Sclerostin expression in human biopsies

We believe that such approach allows researchers to bring quantitative data to usually subjective interpretation of IHC results, and dramatically multiply amount of generated data as compared to methods of measurements of mean of image total fluorescence. As we mentioned above, selection of quantification method depends on distribution of protein of interest in the tissue.

We found that the use of Voronoi diagram was appropriate only for Sclerostin IHC labeling but not DMP1. As it is illustrated on Fig. 8D, Voronoi diagram covered broad unstained areas on the DMP1 IHC image, which resulted in low corrected fluorescence and only five positive osteocytes were detected. We observed a similar trend when Voronoi diagram was used for Sclerostin measurements on mice cortical bone. Thus, we decided to use dilated osteocyte map (Fig. 8B andC) to cover specifically lacunae and surrounding matrix (Fig. 8E), which limited areas of analysis. It allowed us to identify more osteocytes as positive (7 out of 12).

It was observed that Voronoi diagram was useful for Sclerostin IHC (Fig. 9D): as the labeling was broadly distributed in canalicular network, number of positive osteocytes assessed with Voronoi (Fig. 9D) or dilated osteocyte map (Fig. 9E) was equal (12 out of 16); but almost all Sclerostin labeled areas were taken into account only with Voronoi diagram.

automated approaches based on image analysis have been developed (21)(22)(23)(24)(25)(26)(27). These methods well replicate manual scoring by pathologists (21) and generally they work with area-related evaluation of an IHC image staining intensity by color deconvolution and isolation of individual stains. One of the disadvantages of automated staining evaluation is that it may not be possible to work on a level of individual cells. Thus, a new approach offered a possibility to distinguish individual cells with hematoxylin nuclear staining, and quantify cellular IHC signals (23), similar to techniques of single cell quantification that are used in flow-cytometry (13,28). In addition, a quantitative IHC can be a reliable alternative to the enzyme-linked immunosorbent assay (29), and it has been shown to be highly comparable with a method of fluorescence in situ hybridization (29).

Despite variety of existing techniques, to the best of our knowledge there is no quantification tool adapted for IHC analysis of osteocytes. Thus, our goal was to create a method dedicated primarily for semi-automatic quantitative assessment of IHC signal in osteocytes, which can be routinely applied in research laboratories without necessity to use uncommon hardware or expensive software.

Image analysis are generally based on quantification of level of fluorescence of entire images (field of interest) implying that an important number of images has to be analyzed for statistical discrimination. In line with quantitative measurements based on flow-cytometry where individual cells are analyzed, we proposed a quantitative histological approach based on a cell by cell quantification in order to significantly increase the number of analyzed events for adequate statistical discrimination. Such local and DAPI-based approach can be particularly useful to highlight alterations of Sclerostin expression in a certain bone region, as for example, in a cycling loading model (15).

In addition, analysis of other biochemical markers of bone turnover, such as osteocalcin, bone-specific alkaline phosphatase, and tartrate-resistant acid phosphatase isoform 5b, whose concentrations are generally measured in serum, might be assessed in local bone environment with respect to different bone envelopes, at least in rodents. We believe our investigation tool might reveal clinically and scientifically relevant information helping interpret obtained data.

Embedding

Decalcified samples were placed in embedding cassettes (Simport, M491-6), labeled with solvent-proof tube checker pen and gradually dehydrated with Ethanol (40%, 70%, 90%, 100%) -from 9 to 12h in each solution at 4°, and Butanol, two changes -from 9 to 12h in each solution at 4°. Then samples were transferred to three sequential baths of liquid paraffin (Diawax 56, Diapath, 030980), 3 changes -from 9 to 12h in each at 60° under vacuum (Vacutherm, ThermoScientific) for proper paraffin penetration, and embedded with paraffin embedding station (Leica, EG1150H). Embedded samples were stored at 4°.

Notes: as Butanol is highly toxic it is recommended to perform all necessary manipulation with samples prior to immersing them to Butanol; over incubation in paraffin may result in tissue hardening and brittleness; avoid temperatures over 65° as it may result in antigen epitopes destruction.

Samples cutting and storage

For our purposes we used 5µm-thick sections obtained with microtome (Leica RM2245). We trimmed paraffin blocks to an optimal surface and placed them in the ice-cold demineralized H 2 0 to cool down. We used blades (Accu-Edge, 4690) and a cutting angle of 3°. Obtained slices were placed in 48° water bath (Leica, HI1210) in order to remove possible wrinkles.

Then swimming sections were fished out with charged glass slides (Starfrost, Advanced

Adhesive) and dried out on the warming plate at 37° (Leica, HI1220). After complete drying, sections were stored at 4°.

Notes: proper temperature and moisturizing of paraffin blocks are crucial for good tissue preservation, blocks should be cooled down by putting them in an ice-cold water hours before cutting; if quality of sections is getting low, put the block back to ice-cold water for few minutes; make sure that blades are sharp and clean, replace them often to avoid sections' vertical cuts or scratching; incomplete drying might results in sections damage.

Human biopsies

Preparation of Gelatin-coated Slides for Histological Tissue Sections

In order to get satisfactory adherence of MMA sections to glass slides (Superfrost, Thermo Scientific) covered with gelatin. We prepared the gelatin-coating solution by dissolving 4.5 g of gelatin (Sigma, G2500) in 500 mL of demineralized H 2 0 preheated to 60°. After the gelatin has dissolved, the solution was cooled down to 50° and 0.25 g of chromium potassium sulfate (Sigma, 243361) was added. Then, solution was cooled down to 35°, and glass slides were immersed into the solution for 1 minute. Then, slides were air dried, immersed for 1 minute in the solution, and incubated at 37° overnight. Dried slides can stored at room T°.

Samples cutting and storage

MMA blocks were stored at -20°. Prior to cut they were warmed up to ambient T°. For our purposes we used 5µm-thick sections obtained with microtome (Leica SM2500E). We polished MMA blocks to an optimal surface with a polishing station (ESCIL, ESC200GTL, France). In order to obtain sections of non-decalcified tissue with good histological quality we cut at low speed (not faster than 1.5 mm/sec). We used a tungsten carbide-tungsten blade (Microm, F152120, France) and a cutting angle of 0°. Cutting surface was kept wet with 30%

Ethanol. Prior to cut a section we put a piece of filtering paper moistened in 30% Ethanol on the cutting surface. Thus, the obtained section stuck to the paper and did not roll or shrink.

Next, sections were put in the bath with 30% Ethanol preheated to 40° and then fished out with gelatinized glass slides. Sections were kept wet all the time. To get good adherence of MMA sections to gelatinized slides we put slides on each other (we put non sticky plastic stripes in between slides to make later separation possible), flattened by a tapestry roller and compressed them with a clamp, applying pressure evenly if possible. Sections were kept wet while being compressed. Compressed slides were incubated at 56° for two hours and then at 42° overnight. Afterwards, slides were cooled down to room T° and carefully separated from each other. Obtained samples were stored at 4°.

Notes: caution is required with compression step -too high pressure results in broken slides, too low pressure leads to poor adherence and therefore to risk of uneven staining or samples loss.

General protocol of fluorescent IHC

Deparaffinisation or deplastification

Paraffin sections were pre-warmed at 37° for 30 min, and deparaffinizated by incubation in two consecutive baths of Xylene for 5 min each at room temperature. MMA embedded sections were placed at 4° in three consecutive baths of 2-methoxyethylacetate (Sigma, 109886), for 24 hours each.

Rehydration

After removal of paraffin/plastic sections were gradually rehydrated by incubation in baths of 100% Ethanol (two changes), 90%, 70%, and 40% -5 min in each. Next, sections were washed for 5 min at room T° in a bath of TBS (for 1l of TBS: 100ml of 0.5M Tris, pH = 7.6

(Sigma, 252859), 100ml of 9% NaCL and 800ml of demineralized H 2 0) on a shaker (IKA, MTS2); TBS was refreshed after 5min.

Tissue isolation

Resting liquid was carefully wiped out and a circle of hydrophobic pen (Abcam, ab2601) was placed around tissue samples (5-10mm from the tissue's edge).

Decalcification (only for MMA embedded not decalcified samples)

We applied few drops of Immunocal (enough to cover the surface of the sample) for 3 min at room T°. Then, Immunocal was shaken off and the slides were washed in a bath of TBS for 5min at room T° on a shaker.

Cell's permeabilization

Sections were placed in a bath of TTBS (for 1l of TTBS: 1l of TBS and 1ml of Tween-20

(Sigma, p7949)) for 5 min at room T° on a shaker.

Notes: after TTBS step the tissue must never be dry.

Antigen retrieval

Samples were incubated with 5mg/ml solution of Proteinase K (Invitrogen, 100005393) (For 10ml: 6.4ml of demineralized H 2 0, 800µl 0.5M Tris pH = 8, 800µl of 0.5M EDTA pH = 8, and 2µl of Proteinase K) for 10 min at 37° in the humid chamber. Then, samples were washed in a bath of TBS for 5 min at room T° on a shaker.

Notes: longer time incubation may lead to tissue damage and high background staining.

Aspecific binding blocking

Samples were incubated with 1% solution of bovine serum albumin (BSA) (Sigma, A4503) in TTBS for 100 min at 4° in the humid chamber. Next, samples were incubates with Protein Block (Abcam, ab64226) for 20 min at room T° in the humid chamber.

Notes: no washing steps between and after blocking solutions.

IHC-F requires aqueous mounting medium with fluorescence protective properties. Samples were washed with demineralized H 2 0 -5 min at room T° on a shaker, and then mounted with MaxGlow (Maxvision, MG-M).

IHC with the use of specific detection kits

For IHC staining of DMP1 on paraffin-embedded mouse bones and for Sclerostin on MMA embedded human biopsies we used specific PowerFluor detection kits specific for rabbit primary antibodies (MaxFluor 488, Maxvision, PF 21M) and mouse primary antibodies (MaxFluor 594, Maxvision, PF 13S). All steps prior to incubation with secondary antibody were done according to the general protocol. After incubation with primary antibody the subsequent procedures were done according to manufactures protocol. Then, samples were stained with DAPI and mounted as it described above. Autofluorescence: a useful feature for lacunaecanalicular morphology assessment?

Protein expression quantification: ImageJ operations

Protein expression quantification on a mouse cortical bone

While working with fluorescence IHC we have always noticed a non-specific autofluorescence of bone marrow cells, vessels, erythrocytes, osteocytes, canaliculi, and collagen. When IHC labeling is proper there is not difficulty to distinguish much brighter specific signal from autofluorescence and generally, reduction of UV lamp power or exposure time allows us to get rid of it. However, for non-experienced used a risk of IHC results misinterpretation/miscalculation might be high.

When we were using a powerful laser of a confocal microscope, we observed that autofluorescence might have a useful quality: a tool for assessment of lacunar-canalicular network morphology. We found irradiation with a laser at a wavelength of 273nm led to bright non-specific emission with highest intensity in green spectrum (Fig. 23 -26).

Importantly, such detailed images were obtained without any particular treatment of bone sections: only deparaffinization in Xylene, rehydration and mounting in Vectashield (Vector lab., H-1000). The concern we had was whether 100% of canalicular-lacunar network has such high autofluorescence. To answer this question, two consecutive bone sections have to be compared: non-treated and immersed in fluorescent dye solution. However, we believe that even in the present status, our findings allow us to detect pathology-or age-related alterations of lacunar-canalicular network in a very easy manner.

Closer view revealed complex network, which ensure close contact of osteocytes and blood vessels (Fig. 25 and26) and further emphasize systemic role of osteocytes. Impressively, such rich of data pictures were obtained from only 5µm-thick sections, and we were surprised that we have never revealed canalicular system so well with IHC staining, even with largely distributed proteins as DMP1. The possible explanation is discussed in the following chapter.

3D assessment of osteocyte proteins

Traditional 2D IHC has significant limitations in relation to assessment of lacunae canalicular network morphology due to its spatial complexity, and assessment of proteins distribution in this network. However, from our point of view the biggest problem here is a limited infiltration of bone tissue by antibodies during IHC procedures. Thus, when we combined DMP1 IHC labeling with non-specific autofluorescence we observed that most of the lacunar-canalicular network remained unstained (Fig. 27). Only osteocyte lacunae were well labeled as they were probably open during a cutting by microtome. In contrast, canalicular network remains difficult to penetrate using traditional IHC approach. This issue might be partly solved by increasing incubation times with antibodies; however it increases a risk of non-specific labeling and background staining. To summarize, our findings allow researchers to perform reliable single or double IHC labeling of osteocyte proteins on paraffin or MMA embedded murine or human bone samples. We developed a sensitive and reproducible protocol of IHC data semi-automatic quantification, adapted for proteins with lacunae, matrix or canalicular localization.

Also, we have demonstrated existing limitations of IHC for detection of canalicular network features and we offered a solution (3D IHC), which allowed us to dramatically increase amount of obtained data. Further steps would be to adapt 3D IHC protocols for other osteocyte proteins and to visualize bigger bone samples to obtain 3D map of proteins colocalizations.

Conclusion and perspectives

The main focus of the research project was to further study fundamental mechanisms underlying bone adaptation to gravity-induced mechanical loading and to assess effects of two different hypergravity models on skeleton of young healthy mice. Same duration of the experiments and the use of animals of the same type and age allowed us to make comparisons between different skeleton adaptations to continuous hypergravity generated by centrifugation and to intermittent one generated by WBV.

We observed that centrifugation reduced resorption and increased formation in trabecular bone, whereas WBV did not uncoupled resorption and formation activities and stimulated both of them simultaneously. Centrifugation resulted in reorganized trabecular microarchitecture in femur and vertebra but had no effect on cortical bone mass-structural parameters. In contrast, WBV stimulated cortical bone geometrical expansion in 3-week experiment and increased cortical mineral density in 9 weeks. Both hypergravity models resulted in lower Sclerostin and higher DMP1 expressions in femoral cortex. Also, both models resulted in higher number of blood vessels in femoral metaphysis, however only centrifugation increased vessels volume.

These findings let us assume that a combination of two hypergravity models might be beneficial for both bone compartments and the next challenge is to design a study combining these mechanical stimulations. Also, it is important to test same experimental conditions in older animals to differentiate effects of skeletal growth and adaptation, and to verify bone protective abilities of centrifugation or WBV with osteopenic models.

Concerning practical implication of centrifugation as countermeasures for human spaceflights, there is much remaining to be studied. First promissing results of "gravitational therapy" application for human bones were reported by Kotelnikov et al. [START_REF] Kotelnikov | Influence of gravitational therapy on reparative osteogenesis in patients with osteomyelitis of lower extremities[END_REF]. Authors demonstrated that 15 min exposure to 1.5-3g was beneficial for bone fractures healing. We believe that findings from such studies can be used for the future research projects aimed to determine an optimal g level, frequency, and time of exposure to hypergravity. Another aspect, which might be important for development of countermeasures against spaceflight related bone loss, is effects of hypergravity on recovery processes after exposure to microgravity.

In relation to technical objects of the research project, we successfully developed a method of quantitative IHC, which allowed us to detect and verify statistically even modest alterations of osteocyte protein expressions in our experiments. We believe that IHC results should always be quantitatively analyzed and we provide a tool for both mice and human bone samples embedded in paraffin or MMA.

Our experience showed that reproducibility of IHC labeling and subsequent quantification are very demanding to initial histological quality of bone samples and to strict following of the staining procedures, therefore we provided detailed protocols for tissue processing and labeling.

Traditional IHC on bone sections has significant limitations due to limited antibodies penetration. As it has been demonstrated, recommended procedures results in 2-3µm penetration of canaliculae and only cellular bodies becomes fully labeled. Presumably, it is only relevant for a dense cortical bone and for small in diameter canaliculae. We obtained promising results using the Clarity technique [START_REF] Chung | Structural and molecular interrogation of intact biological systems[END_REF], initially developed for IHC on thick brain slices (≥ 1mm thickness) but optimized for our needs. Definitely, this IHC protocol reveals much more details compare to classical IHC on paraffin sections and our protocol can be even further improved as recently many articles have been published providing improvements to the original Clarity protocol [START_REF] Tomer | Advanced CLARITY for rapid and highresolution imaging of intact tissues[END_REF][START_REF] Epp | Optimization of CLARITY for Clearing Whole-Brain and Other Intact Organs[END_REF] or offering new ones [START_REF]Single-Cell Phenotyping within Transparent Intact Tissue through Whole-Body Clearing: Cell n[END_REF]. We believe that our IHC quantification technique might be adapted to measurements of protein expression in 3D on thick bone sections however it would require more powerful imaging stations.

Samples were incubated for 30 min at room T° in the humid chamber with ready-to-use Streptavidin Alkaline Phosphatase conjugated solution (Abcam, ab 64268). After incubations samples were washed in TBS -5 min at room T° on a shaker.

Detection: first protein

Samples were incubated with Vector Blue alkaline phosphatase substrate solution (Vector, SK-4800), prepared according to manufactures protocol for 5 min at room T°. One drop of Levamisole solution (Vector, SP-5000) was added to the substrate buffer to block endogenous alkaline phosphatase. After 4 min of incubation samples were rinsed and then washed with TBS -10 min at room T° on a shaker.

Notes: in each particular case optimal duration of staining development, and therefore staining intensity, can be controlled visually with light microscope.

Detection: second protein

After the first protein detection samples were processed for the blocking step, and incubated overnight with the second primary antibody at 4° as it was described in the general protocol.

After, samples were washed with TBS -10 min at room T° on a shaker. The subsequent procedures were done according to manufactures protocol of the Expose rabbit-specific HRP/AEC detection kit (Abcam, ab94361). Samples were counterstained with Hematoxylin as it described above, and mounted with aqueous mounting medium (Abcam, ab 128982).

Notes: no TTBS was used at these steps to protect the first staining from possible washing out. Nowadays, different immobilization techniques are widely used for the simulation of mechanical unloading. Immobilization itself can be combined with dietary or pharmaceutical intervention. Generally, methods can be merged into two groups: conservative (bandaging, casting, hindlimb unloading, and confinement) and surgical (nerve resection, denervation with botulin toxin, spinal cord resection, and tendon resection). Immobilization provided by casting, denervation, and tendon resection is widely used for the quick development of disuse osteopenia or muscle atrophy. Therefore, these models are useful for studying different countermeasures against bone or muscle loss. However, this approach has serious limitations: surgical intervention or casting does not mimic effects of spaceflight on cardiovascular system, nervous system, and immune system. In addition, with the existing surgical models, recovery from disuse is impossible or difficult. Such surgical models may also result in inflammation, altered trophic, perfusion, and innervation of immobilized limb [2]. Among microgravity simulation models, hindlimb unloading fits most of the NASA requirements. It induces muscle atrophy and alterations in bone structure similar to physiological consequences observed in humans after spaceflight or bed rest. Other physiological changes similar to spaceflight such as synaptic plasticity changes [3] and immune system suppression have also been reported in this model [4]. In cardiovascular functions, rodent headdown-tilt simulates cephalic fluid redistribution and hypovolemia. It also leads to vessel's structural and functional adaptations and alters baroreflex function [5]. Putting all these factors together, it is clear why the use of tail traction in the hindlimb unloading model has become the technique of choice for studying spaceflight-like changes in rats and mice. In order to use the system on animals with different behavioral pattern and smaller size of the body, such as mice, some adjustments to the hindlimb unloading system are needed. These include the use of smaller cages, and inclusion of a device to prevent mice from climbing the harness and chewing it. As the mice are generally weaker than rats and have smaller body weight in relation to the total weight of the unloading system, they find it difficult to freely move around the cage and have access to food and water. Therefore, a significant adjustment to the friction is needed between the roller and the wire. There are some disadvantages of the method: tail examination can be difficult due to the size of gauze bandage; animals can chew the traction tape and release themselves; and tail can undergo inflammation or necrosis [7].

Protocol of 3D immunohistochemistry adapted from

Therefore, in the literature, several modified techniques are suggested to harness fixation based on minimally invasive surgery.As one of the methods, the authors have made a harness for hindlimb unloading by inserting a surgical steel wire through intervertebral disc space of the tail. After that, the wire was ring shaped and used for suspension. Detailed step-by-step video description is publicly available on the Internet [7]. Similar method was proposed for long-term studies on adult rats. Continuous hindlimb unloading for longer than 3 weeks can be complicated in rats with high body weight (350 g or more). Animals come down from suspension because of sloughing of tail skin. Even very short periods of reloading induce changes in muscle physiology. Therefore, frequent release of animals from suspension apparatus can compromise a study [8]. In such case, after passing a steel cable through rat's tail skin and wrapping it loosely with gauze, authors used a 5-ml syringe cut in half longitudinally together with orthopedic casting to provide strong structural integrity. This was performed to ensure that the tail remained in a straight line with respect to the body once the animal was hindlimb suspended [8].

These methods are principally close to the "classical" tail suspension. Interestingly, there is a new method that uses a different unloading model. Partial weight suspension was described in Erica B. Wagner's paper in 2010 [9]. The main difference is that this system allows the distribution of gravitation loading among hindlimbs and forelimbs in a desired proportion between 10 and 80% of total weight bearing, with an accuracy of ±5%. With such a technique, animals have linear freedom of motions; feeding and cleaning are easy; and animals can be exposed to quadrupedal unloading for at least three weeks Figure 12.2. Also, this system allows for a full recovery of animals after an experiment [9]. To fix an animal in the desired position, two harnesses are used. One is a ring of bandage put around the tail's base. The second one is a flexible, breathable "jacket" secured around the chest cage. The tail's and the chest's harnesses are connected to adjustable chains and hollow metal rod. With this model, researchers performed a fascinating study where they imitated gravitational conditions of Mars planet [9]. Possible disadvantages of thismodel of microgravity simulation include an absence of head-down-tilt and physiological changes related to it.

Recommendations for Conducting Hindlimb Unloading Study

While conducting the research on animal models, it is important to remember that any interference of normal life activity is a stress for animals. Hindlimb unloading, restraint stress, and social isolation cause significant perturbations in blood pressure, heart rate levels, [5] and plasma corticosterone level [10]. Therefore, it is recommended to use minimal restraints and avoid unnecessary manipulations during preparatory period and period of tail suspension. Physiological and environmental parameters, including body weight, room temperature, and angle of unloading, should be monitored on a daily basis [11]. Animals from a control group should be kept in identical cages. Behavioral or physiological modifications produced by environmental variables can cause false results or give wrong hypothesis [11]. Another important factor related to control group is feeding. Unloaded animals lose weight during the experiment despite easy access to food and water because of the alterations in energy balance. The difference in weight between experimental and control groups, both fed ad libitum, can be from 5 to 20% in adult rats [2]. Hence, it is recommended to either feed control group with average amount of food consumed by suspended group or reduce caloric intake for control group. However, the latter can result in physiological and behavioral alterations [2]. Although some authors argue that forelimbs can be used as an internal control [2], we would advise considering possible systemic effects of hindlimb unloading and being careful when applying it. It is also relevant to other immobilization techniques where one of the limbs remains "unaffected" and could be used as an internal control.

Casting, Bandaging, and Denervation

Different surgical techniques such as nerve or tendon ectomies have been used in the past for the reproduction of microgravity effects by induction of localized extremities disuse. For instance, commonly used sciatic neurectomy is a visually confirmed resection of 3-4 mm of sciatic nerve that leads to efficient denervation of all regions of the hindlimb [12]. These techniques lead to not only irreversible immobilization and significant bone loss and muscle atrophy but also multiple side effects. Non-invasive methods such as casting, bandaging, and injection of Clostridium botulinum toxin have become more popular in the recent years.

Clostridium botulinum toxin type A is a bacterial metalloprotease causing muscle paralysis and therefore limb disuse by the inhibition of neurotransmitter release. The injection is done into the posterior lower limb musculature. The major advantage of this technique compared to neurectomy is non-invasiveness and possibility of complete recovery within several months [13].

Bandaging and casting are methods of immobilization based on fixation of extremities in constant position by applying either elastic tape (bandaging) or hard orthopedic plaster (casting). During bandaging procedure, a hindlimb of anesthetized animal is immobilized against the abdomen with few layers of elastic bandages. Ankle joints and the knee are placed in extension, and the hip joint is placed in flexion [14]. The immobilized limb should not touch the floor of the cage during animal's movement. The gravitational loading, normally distributed between both hindlimbs, rests on the free limb. Animals are free to move and can easily reach food and water. The bandage should be examined daily and replaced twice a week [14]. Casting is very similar to bandaging but it allows fixing animal's extremities in desirable positions with precise adjustment of joint angles and muscling straitening. This feature of casting techniques allows to get either plantarflexion or dorsiflexion cast immobilization. Dorsiflexion of the ankle joint at an angle of 35• by casting of a limb was used by Nemirovskaya [15] in her study of adaptation mechanisms to microgravity in combination with tail suspension model. Casting can be not only unilateral but also bilateral.

This model was recommended as a reliable cast immobilization particularly for mice because small size of animals is a technical challenge [16]. Casting is performed on anesthetized animals. The cast covers both hindlimbs and the caudal fourth of the body. A thin layer of padding is recommended to be placed underneath the cast to prevent abrasions. To minimize freedom of movement of limbs, slight pressure should be applied when wrapping the casting tape. To resist the cast against chewing on, fiberglass material can be applied over the cast.

The animals can move using their forelimbs to reach food and water. The mice should be monitored daily for abrasions, chewed plaster, venous occlusion, and problems with ambulation [16].

Conclusions

Nowadays, hindlimb unloading is the only technique which imitates more physiological alterations relevant to spaceflight than any other on-ground model. Social isolation is not a common case for experiments conducted in space but it is a significant source of stress for animals subjected to unloading. This aspect should be taken into account when comparing results from spaceflights to results from on-ground models. Future development of hindlimb unloading could help tackle this issue.
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Figure 1

 1 Figure 1 Remodeling compartment in human iliac crest biopsy. A period of several weeks (reversal phase) separates osteoclasts from osteoblasts. The canopy of elongated cells covers the bone-remodeling site. From [14].

Figure 2 .

 2 Figure 2. Possible coupling mechanisms between bone resorption and formation. (A) Osteoclast-derived factors, which may act directly on cells that would transmit further signals (dashed lines): (B) osteoblastlineage cells in the remodeling canopy , (C) reversal cells, and (D) osteocytes. Additionally, (E) physical changes, including the resorptive pit itself, and mechanical strain detected by the osteocyte network might provide signals for correct matrix production. Periods of time are based on adult human iliac crest biopsies. From [9].

Figure 3

 3 Figure 3 Osteocyte biological environment. From [18]

Figure 4 .

 4 Figure 4. Lacunar-canalicular system. A: lacunar-canalicular network around a Haversian canal. B: Direct canalicular paths between a single osteocyte (white) and nearby osteocytes (blue) or the vascular pore (top) C: An osteocyte lacuna (yellow) with 86 emanating canaliculi (red). From [16].

Figure 5 .

 5 Figure 5. Osteocyte regulation of bone remodeling. Osteocytes express RANKL and macrophage-colony stimulating factor (M-CSF) to promote, and OPG and NO to inhibit, osteoclast formation and activity. PGE2, NO, and ATP act to activate Wnt signaling. Sclerostin, DKK1, and SFRP1 inhibit Wnt signaling. From [18].

Figure 6

 6 Figure 6 Different scales of mechanical loading perception and reaction on it. From [27]

Figure 7 .

 7 Figure 7. Triggering of the Wnt/β-catenin pathway in osteocytes in response to load. 1) Mechanical loading perception. 2) Release of PGE 2 is triggered. 3) PGE 2 binds to its EP2/4 receptor. 4) Akt (serine/threonine kinase) -mediated downstream inhibition (5) of glycogen synthase kinase GSK-3β. 6)
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 8 Figure 8. Role of Sclerostin in pathological conditions. From [41].
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 9 Figure 9. Bone mineral density (BMD) and body composition (expressed as % change per month ± SD) in crewmembers on the Russian space station Mir, on earlier ISS flights (iRED, Expeditions 1-13), and reported in this work (iRED, Expeditions 14-18, and ARED). Femoral neck, trochanter, and pelvis changes are for the left hip for the iRED and ARED subjects. (A) Spine BMD. (B) Femoral neck BMD. (C) Trochanter BMD. (D) Pelvis BMD. (E) Whole-body BMD. (F) Total body mass. Mir total body mass data were not available. From [62].

Figure 10 .

 10 Figure 10. Non-linear relationship between mechanical loading magnitude, number of loading events and bone adaptation. Bone is bone is preserved with either four cycles per day of 2,000 microstrain, 100 cycles per day of 1,000 microstrain, or hundreds of thousands of cycles of signals of well below 10 microstrain (each represented as a star). From [75].
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 1 Figure 1. Locations of the Regions Of Interest for µCT analysis of trabecular and cortical bones. Mice femur, scanned area of 4.1 mm height (A), manual selection of regions for analysis on distal metaphysis (0.6 mm) close to the primary spongiosa (B), in the middle of the secondary spongiosa (C), and in the diaphysis (0.6 mm) (D); L2 vertebral body, scanned area (E), manual selection of regions (1.8 mm) for analysis close to the primary spongiosa (F), and in the middle of the secondary spongiosa (G). Scale bar 1 mm.

Figure 3 .

 3 Figure 3. Microarchitecture parameters assessed with µCT, and histomorphometry analysis in control and 2g centrifugation groups. Femoral distal metaphysis and L2 vertebral body: trabecular thickness (Tb.Th) (A), trabecular number (Tb.N) (B), connectivity density (Conn.D) (C), bone volume over total volume (BV/TV) (D), bone formation rate (BFR/BS) (E), and osteoclasts surface over bone surface (Oc.S/BS) (F). Boxes represent 50% of values (25% to 75%), whiskers represent minimum and maximum values, middle point represents median. Non-parametric Mann-Whitney test, *p≤0.05, **p≤0.01.

Figure 4 .

 4 Figure 4. Representative pictures of immunohistochemistry on cortical bone. DAPI (blue) and DMP1 staining (green) of control (A) and 2g experimental (B) groups; DAPI (blue) and Sclerostin (red) staining of control (C) and 2g experimental (D) groups. Blood vessels, bone marrow and collagen are visible due to their natural autofluorescence. Pictures are part of total cortical bone mosaic images, which were used for fluorescence quantitative analysis (chapter materials and methods). Images were equally adjusted for brightness and contrast for demonstrative purposes.

  in the PLEXAN facility (Platform for Experiments and Analysis, Faculty of Medicine, University of Saint-Etienne, France). The procedures for the animal care were done in accordance with the European Community Standards (Ministère de l'Agriculture, France, Authorization 04827). All animal experiments were approved by the local ethical commitee (Comité d'Ethique en Expérimentation Animale de la Loire CEEAL-UJM, agreement n° 98) and the Animal Welfare Committee of the PLEXAN. Mice were kept at a standard temperature (23±2°C), in a light controlled environment (12h light/12h dark cycle).

  trabecular bone, we measured bone volume/trabecular volume (BV/TV, %), trabecular separation (Tb.Sp, µm), trabecular thickness (Tb.Th, µm), trabecular number (Tb.N, mm -1 ), connectivity density (Conn.D, mm -3 ), structure model index (SMI), and the degree of anisotropy (DA).

Figure 2 .

 2 Figure 2. Locations of the Regions Of Interest for µCT analysis of trabecular and cortical bones. Mice femur, scanned area of 4.1 mm height (a), manual selection of region of interest for analysis on distal metaphysis (0.6 mm, 60 successive sections) starting below the primary spongiosa (b), up to the middle of the secondary spongiosa (c), and in the diaphysis (0.6 mm, 60 successive sections) (d); L2 vertebral body, scanned area (e), manual selection of region of interest (1.8 mm, 180 sections) for analysis from primary spongiosa (f), and including entire secondary spongiosa (g).

Figure 3 .

 3 Figure 3. Effects of 3-week whole body vibration on distal femur metaphysis vascularization. Cryosection (9µm-thick) of a mice femur perfused with barium sulfate (a); vessels number over bone marrow area (b); vessel volume over bone marrow volume (c). Control = age-matched control, WBV = whole body vibration. Boxes represent 50% of values (25% to 75%), whiskers represent minimum and maximum values, middle point represents median. Non-parametric Mann-Whitney U-test, *p<0.05.

  70% ethanol. Three mm long sections of the mid-diaphysis (5 and 8 mm from the distal epiphysis) were cut out with a precision diamond wire saw (ESCIL Well, France), decalcified for 24 hours (Immunocal, Decal Chemical Corp., Ref 1440), and embedded in paraffin. Five µm thick transversal sections of the diaphysis, separated by 250 µm, were cut from the distal part of the sample with a Leica RM2245 microtome and immunolabeled for Sclerostin (Primary antibody: polyclonal, goat, R&D Systems, AF1589, 1:400), and DMP1 (dentin matrix acidic phosphoprotein 1 , Primary antibody: polyclonal, rabbit, Takara, M176, 1:500).Sclerostin was detected using a biotinylated secondary polyclonal rabbit anti-goat antibody (Dako, E0466) and Streptavidin-Alexa Fluor (Life technologies, S 11225, 1:500). DMP1 was detected using a biotin-free ready-to-use PowerFluor immunofluorescence detection kit (MaxVision Biosciences, PF 21-M). Cell nuclei were visualized with DAPI (Santa Cruz, 28718-90-3).Black and white pictures of Sclerostin, DMP1 and DAPI labelling in the entire cortical area were obtained with an AxioObserver Z1 microscope (Zeiss, Darmstad, Germany), at a magnification of 400 (oil immersed objective), and automatically merged using the Mosaic plugin of Axiovision 4.7 software (Zeiss). Mosaic images were directly analyzed with the ImageJ software (http://imagej.nih.gov/ij/), without any brightness or contrast correction.ROIs were restricted to the cortical bone. A mask of DAPI cells was merged with Sclerostin or DMP1 staining in order to provide fluorescence intensity data for individual osteocytes. As a lacunar size exceeds the area of DAPI staining, we applied two successive dilations of the DAPI mask to fit with lacunar area. As the "dilated DAPI" area did not entirely match the osteocyte lacuna, pixels in the surrounding bone matrix with zero gray level were sometimes included in the ROI. Because of this we did not calculate the Mean Gray Level and used instead the Raw Integrated Density (RawIntDens) parameter of ImageJ, which sums up the gray levels of all pixels within the ROI. The gray level of collagen and osteocyte autofluorescence was removed with the Subtract function of ImageJ. Intra-and inter-observer coefficients of variation (measurements 3 times with the same operator and 3 times with a different operator on 5 sections) were less than 3%. To insure representativity of osteocytes population, we analyzed 3 to 4 cortical transversal sections from 5 mice per group; the average number of osteocytes per group was 7500.

Figure 4 .

 4 Figure 4. Effects of whole body vibration on growth processes. Animals body weight (a); longitudinal growth rate (b). BC = basal control, Ctrl = age-matched control, WBV = whole body vibration, w = weeks. Boxes represent 50% of values (25% to 75%), whiskers represent minimum and maximum values, middle point represents median. Non-parametric Kruskal-Wallis ANOVA test followed by post-hoc Mann-Whitney U-tests with Bonferroni correction, † indicates difference (p<0.01) between BC, and Ctrl 3w or Ctrl 9w.

Figure 5 .

 5 Figure 5. Effects of 3-week whole body vibration on trabecular bone cellular activities. dLS = double labeled surface, MAR = mineral apposition rate, BFR = bone formation rate, OS = osteoid surface, Oc.S = osteoclast surface, BS = bone surface. Analysis was performed in distal femoral metaphysis (a,b,c,d,e), and L2 vertebral body (f,g,h,i). BC = basal control, Control = age-matched control, WBV = whole body vibration. Boxes represent 50% of values (25% to 75%), whiskers represent minimum and maximum values, middle point represents median. Non-parametric Kruskal-Wallis ANOVA test followed by post-hoc Mann-Whitney U-tests with Bonferroni correction. † indicates difference (p<0.01) between BC, and Control, * indicates difference (*p<0.05, **p<0.01, ***p<0.001) between Control and WBV.

Figure 6 .

 6 Figure 6. Effects of whole body vibration on cortical bone mass-structural parameters. Cortical thickness (a); cortical area (b); tissue mineral density (c). BC = basal control, Ctrl = age-matched control, WBV = whole body vibration, w = weeks. Boxes represent 50% of values (25% to 75%), whiskers represent minimum and maximum values, middle point represents median. Non-parametric Kruskal-Wallis ANOVA test followed by post-hoc Mann-Whitney U-tests with Bonferroni correction. † indicates difference (p<0.01) between BC, and Ctrl 3w or Ctrl 9w. * indicates difference (*p<0.05, **p<0.01, ***p<0.001) between Ctrl and relevant WBV groups.

Figure 7 .

 7 Figure 7. Representative pictures of immunohistochemistry on cortical bone. DAPI (blue) and DMP1 staining (green) of control (a) and 3-week WBV experimental (b) groups; DAPI (blue) and Sclerostin (red) staining of control (c) and 3-week WBV experimental (d) groups. Blood vessels, bone marrow and collagen are visible due to their natural autofluorescence. Pictures are part of total cortical bone mosaic images, which were used for fluorescence quantitative analysis (chapter materials and methods). Images were equally adjusted for brightness and contrast for demonstrative purposes.

Figure 11 .Figure 13 .

 1113 Figure 11. Effects of whole body vibration at different accelerations on cortical bone mass-structural parameters. tissue mineral density (a); Cortical thickness (b); cortical area (c). Boxes represent 50% of values (25% to 75%), whiskers represent minimum and maximum values, middle point represents

Figure 14 .

 14 Figure 14. Immunohistochemistry with enzymatic detection of osteocyte proteins in mouse femoral bones. Sclerostin staining (brown) on methyl methacrylate (a,d) and paraffin (b,c,e), DMP1 (f) and Periostin (g,h) staining (brown) on paraffin, double staining of Sclerostin (blue) and DMP1 (brown) on paraffin (i).

Figure 15 .

 15 Figure 15. Sclerostin labeling. Fluorescent immunohistochemistry on paraffin embedded mouse femoral cortex. Sclerostin is visible in red in different areas of the cortex: osteocytes, canaliculi and blood vessel walls. Oil immersed objective, x630.

Figure 16 .

 16 Figure 16. Fluorescent immunohistochemistry on paraffin embedded mouse femoral cortex. Oil immersed objective, x400. Sclerostin labeling (red), DMP1 labeling (green), DAPI labeling (blue). Colocalization of Sclerostin and DMP1 in yellow.

Figure 17 .

 17 Figure 17. Fluorescent immunohistochemistry on paraffin embedded mouse femoral cortex. Oil immersed objective, x1000. Sclerostin labeling (red), DMP1 labeling (green), DAPI labeling (blue). Colocalization of Sclerostin and DMP1 in yellow.

Figure 19 .

 19 Figure 19. Fluorescent immunohistochemistry on paraffin embedded mouse femoral cortex. Oil immersed objective, x400. Periostin labeling (red), DMP1 labeling (green), DAPI labeling (blue). Colocalization of Periostin and DMP1 in yellow. Matrix-bound Periostin localized in the cortical bone has only been spotted in areas where collagen fibers were not well aligned (a,b) and Fig.14 h. Also, we noticed Periostin in such locations was always co-localized with matrix-bound DMP1 (c).

  Examples of single and double IHC staining for Sclerostin and DMP1 on iliac crest biopsies are on Fig. 18, Fig. 19, and Fig 20. Exact protocols of IHC on mouse and human bones are in the Supplementary data of "Osteocyte protein expression in mouse and human biopsies: optimized methods for detection and quantification" paper.

Figure 20 .

 20 Figure 20. Fluorescent immunohistochemistry on methyl methacrylate embedded human iliac crest biopsy, trabecular bone. Oil immersed objective, x400. DMP1 labeling (red), DAPI labeling (blue).

Figure 21 .

 21 Figure 21. Fluorescent immunohistochemistry on methyl methacrylate embedded human iliac crest biopsy, cortical bone. Oil immersed objective, x630. DMP1 labeling (red), Sclerostin labeling (green), colocalization (yellow), DAPI labeling (blue).

Figure 22 .

 22 Figure 22. Fluorescent immunohistochemistry on methyl methacrylate embedded human iliac crest biopsy. Oil immersed objective, x1000. DMP1 labeling (red), Sclerostin labeling (green), co-localization (yellow), DAPI labeling (blue).

  for 24 hours (Immunocal, Decal Chemical Corp., Ref 1440) and embedded in paraffin. Five µm thick transversal sections of the diaphysis were cut from the distal part with 250 µm increment with a microtome (Leica RM2245) and immunolabeled for Sclerostin (Primary antibody: polyclonal, goat, R&D Systems, AF1589, 1:300), and DMP1 (Primary antibody: polyclonal, rabbit, Takara, M176, 1:400). Sclerostin was detected using a biotinylated secondary polyclonal rabbit anti-goat antibody (Dako, E0466, 1:600) and Streptavidin-Alexa Fluor (Life technologies, S 11225, 1:500). DMP1 was detected using a biotin-free ready-touse PowerFluor immunofluorescence detection kit (MaxFluor 488, MaxVision Biosciences, PF 21-M). Cell nuclei were visualized with DAPI (Santa Cruz, 28718-90-3).

Figure 1 .

 1 Figure 1. Immunohistochemistry on human iliac crest biopsies, methyl methacrylate embedding. A -Sclerostin; B -DMP1. Human biopsies, trans iliac bone cores 8 mm in diameter and from 6 to 15 mm long, were harvested and fixed for 24 h in 4.5°C phosphate buffered formalin (7.35<pH<7.4; Merck,6345). After that, they were dehydrated for 24 h in absolute acetone (SDS ref: 0050516) at 4°C and embedded in methyl methacrylate. Five µm-thick sections were cut from the embedded specimens using a microtome (LEICA, SM2500E) fitted with a tungsten carbide blade and mounted on the gelatin coated slides (refer to supplementary data for detailed procedures). Bone sections were deacrylated in 2-methoxyethyl acetate (Sigma, 109886) during 3 days and decalcified for 24 hours (Immunocal, Decal Chemical Corp, 1440) Tissue was immunolabeled for Sclerostin (Primary antibody: polyclonal, rabbit, Abcam, ab63097, 1:300) and for DMP1 (monoclonal, mouse, Santa Cruz, LFMb-31, 1:100). Sclerostin and DMP1 were detected using a biotin-free ready-to-use PowerFluor immunofluorescence detection kits: MaxFluor 488, MaxVision Biosciences, PF 21-M for Sclerostin, and MaxFluor 594, MaxVision Biosciences, PF 13-S. Cell nuclei were visualized with DAPI (Santa Cruz, 28718-90-3).

Figure 2 .

 2 Figure 2. Immunohistochemistry on mouse femoral cortical bone, paraffin embedding. A -Sclerostin; B -DMP1.

Fig 4 )

 4 . Mosaic images were directly analyzed with ImageJ software (http://imagej.nih.gov/ij/) without any brightness or contrast correction.

Figure 3 .

 3 Figure 3. Mosaic composition of images of immunohistochemistry on mouse femoral cortical bone, paraffin embedding, magnification x400. A -DAPI; B -Sclerostin.

Figure 4 .

 4 Figure 4. Mosaic composition of images of immunohistochemistry on mouse femoral cortical bone, paraffin embedding, magnification x400. A -DAPI; B -DMP1. Bone marrow, collagen and erythrocytes within blood vessels are well visible due to natural autofluorescence.

Figure 5 .

 5 Figure 5. Justification for corrected fluorescence algorithm on example of Sclerostin immunolabeling. Level of autofluorescence on mouse cortical bone tissue. A -before non-specific fluorescence removal. Bafter non-specific fluorescence removal. 1 -negative osteocyte; 2 -collagen; 3 -positive osteocytes.

Figure 6 .

 6 Figure 6. Example of anatomical regions restriction for mouse cortical bone on DMP1 immunolabeling; top -lateral internal, bottom -lateral external, right -anterior, left -posterior.

matrix (Fig 1 and

 1 Fig 2). However, to analyze lacunar and canalicular DMP1 expression we needed to define areas where the staining intensity is measured. We used Voronoi diagram of the DAPI mask to generate polygon-shaped selections for ROI manager, where each polygon contained one generating point (based on DAPI), and every point of a polygon was closer to

Figure 7 .

 7 Figure 7. Areas for fluorescence measurements based on Voronoi diagram. A -raw Voronoi diagram, B -Voronoi diagram adjusted to cortical bone, C -difference between areas isolated by Voronoi diagram (1, in green) and DAPI map (2, in red).

Figure 8 .

 8 Figure 8. Analysis of DMP1 immunolabeling on human biopsies. A -merged image DMP1, DAPI, and brightfield channels for creation of an osteocyte map; B -osteocyte map; C -isolation of areas for measurements by Voronoi diagram (top) or by dilated osteocyte map (bottom); D -merged image of DMP1, DAPI and areas for measurements based on Voronoi diagram; E -merged image of DMP1, DAPI and areas for measurements based on dilated osteocyte map; (+) -positive osteocytes; (-) -negative osteocytes.

Figure 9 .

 9 Figure 9. Analysis of Sclerostin immunolabeling on human biopsies. A -merged image DMP1, DAPI, and brightfield channels for creation of an osteocyte map; B -osteocyte map; C -isolation of areas for measurements by Voronoi diagram (top) or by dilated osteocyte map (bottom); D -merged image of DMP1, DAPI and areas for measurements based on Voronoi diagram; E -merged image of DMP1, DAPI and areas for measurements based on dilated osteocyte map; (+) -positive osteocytes; (-) -negative osteocytes.

Figure 10 .

 10 Figure 10. Distribution of protein expression within different anatomical regions of mouse cortical bone (endosteal, mid-cortical, and periosteal).A -expression of Sclerostin in the mid-cortical bone is significantly higher than in endosteal or periosteal bones (p=0.0001); B expression of DMP1 in the periosteal bone is significantly higher than in mid-cortical or endosteal bones (p=0.0001). Boxes represent 50% of values (25% to 75%), whiskers represent minimum and maximum values, middle point represents median. Non-parametric Kruskal-Wallis ANOVA test followed by post-hoc Mann-Whitney U-tests with Bonferroni correction
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Figure 23 .

 23 Figure 23. Confocal imaging of autofluorescence of lacunar-canalicular network from a paraffin embedded mouse femoral cortex, x960, 5µm thickness, laser 421nm.

Figure 24 .

 24 Figure 24. Confocal imaging of autofluorescence of lacunar-canalicular network from a paraffin embedded mouse femoral cortex, x960, 5µm thickness, laser 421nm.

Figure 25 .

 25 Figure 25. Confocal imaging of autofluorescence of lacunar-canalicular network and a vessel with two erythrocytes inside (brightest objects) from a paraffin embedded mouse femoral cortex, x2400, 5µm thickness, excitation laser 273nm, and emission 488nm.

Figure 26 .

 26 Figure 26. Confocal imaging of autofluorescence of lacunar-canalicular network and two vessels from a paraffin embedded mouse femoral cortex; a bigger vessels contains erythrocytes inside; x1800, 5µm thickness, excitation laser 273nm, and emission 488nm.

Figure 27 .

 27 Figure 27. Confocal imaging of DMP1 labeling (A, in white color) and autofluorescence (B, in white color) of lacunar-canalicular network from the same region of mouse femoral cortex. On a merged image (C) DMP1 is in red and non-specific fluorescence is in green. On a Z (vertical) image (D) it is obvious that DMP1 (in red) penetrated solely an upper layer of canalicular network and went through some lacunae (in red/yellow) on 5µm-thick section. It could explain disrupted pattern of canalicular staining on the image A.Inspired by methods of highly specific 3D IHC that are used in neuroscience[START_REF] Chung | Structural and molecular interrogation of intact biological systems[END_REF], we developed a new technique of 3D IHC on mice cortical bones. It allowed us to visualize a distribution of Sclerostin among osteocytes and blood vessels (Fig.28, Supplementary video 1). One of the major advantages of this technique is that there is no need for expensive and sophisticated hardware and software; any step of 3D IHC protocol can be done in almost every laboratory. Without the help of confocal microscopy and powerful computers we managed to obtain 3D pictures 45 µm section of cortical bone from z-stack of about 100 images with x630 magnification (Supplementary video 2) on AxioObserver Z1 microscope (Zeiss, Darmstad, Germany). Five micrometers is the most commonly used thickness level for IHC on paraffin embedded samples. Visualization of even 5 µm depth z-stack of images provides much more information about protein distribution than classical IHC. So far we have designed a reproducible protocol for Sclerostin detection in 3D (Supplementary

Figure 28 .

 28 Figure 28. Fluorescent immunohistochemistry of Sclerostin on 10µm thick section of mouse femoral cortex. Lacunar-canalicular network and blood vessel. Oil immersed objective, x1000. Osteocytes are saturated in order to see better the canalicular network. Bright points on vessel wall are places of canaliculae insertions, we assumed that Sclerostin can accumulate there.

-

  Bis Acrylamide 2% (AppliChem A3657) 5ml -Persulfate Ammonium (Bio-Rad 161-0700) dissolved 0.1g in 1ml dH 2 O and take 0.25ml.In order to develop an acceptable ground-based model for the simulation and study of spaceflight aspects, NASA-Ames Research Center has formulated the following requirements: experimental animals should demonstrate physiological response similar to that during spaceflight; the model should provide thoraco-cephalic fluid shift; the model should unload limbs without motion restriction or paralysis, and provide ability to recover; and the model should not be stressful for animals. Such technique would be valuable for predicting the effects of spaceflight, studying possible mechanisms of these effects, and developing countermeasures[1].

12. 2

 2 Hindlimb Unloading MethodologyEmily R. Morey-Holton has done significant work on the development and standardization of hindlimb unloading. The review of technical aspects of the method produced in 2002 has been widely used as a base for microgravity simulation studies[2]. Here we provide the description of the method based on this review. Before the experiment, animals are acclimated to their cages for at least two days prior to the hindlimb unloading. First, a strip of traction tape, pre-attached to the plastic tab, is attached to the pre-cleaned tail just above the hair line. Then, the traction tape is fixed by two strips of filament tape placed around the base of the tail and on about half-way up the traction tape. To protect the traction tape, gauze bandage can be wrapped around the tail. The gauze bandage should not cover the whole tail, because the tail plays an important role in thermoregulation. Daily health checks confirmed that the exposed tip of the tail remained pink, indicating adequate blood flow[6]. The animal is then attached to the top of the cage. Such way of harnessing aims to distribute the load along the length of the tail and avoid excessive tension on a small area. The body of the animal makes about a 30• angle with the floor of a cage, and thus the animal does not touch the grid floor with its back feet (Figure12.1).

Figure 12 . 1

 121 Figure 12.1 Hindlimb unloading model. At this position, 50% of rat's body weight applies to its forelimbs.A30• angle of unloading is recommended because it provides normal weight bearing on the forelimbs, unloads the lumbar vertebrae but not the cervical vertebrae, and induces a cephalic fluid shift [2]. The angle and height of the animals are checked, and then adjusted if necessary, on a daily basis.

Figure 12 . 2

 122 Figure 12.2 Partial weight suspension model.

  

  

  

Table 1 . Animals body weight after centrifugation.

 1 

	Control 3g	Control 2g Exp 1 Control	2g Exp 2
	Body weight,g 24 ± 2	21 ± 1* 25 ± 2	24 ± 2	24 ± 1	23 ± 1

Table 2 . µCT and histomorphometry analysis of femur diaphysis and distal metaphysis, and L2 vertebral body in control and 3g centrifugation groups.

 2 

		Femur		L2 vertebral body
	Groups Treatment?	Control	3g	Control 3g	
	Cortical bone				
	BMD,mg/cm 3	1186 ± 12	1190 ± 11	ND	ND
	Trabecular bone				
	BV/TV,%	13.8 ± 4	12.5 ± 4	23.5 ± 3	21.8 ± 2
	Tb.Th,µm	38 ± 5	34 ± 7	40 ± 4	38 ± 2
	Tb.N,mm -1	3.6 ± 0.6	3.6 ± 0.5	5.9 ± 0.4	5.7 ± 0.3
	Tb.Sp,µm	244 ± 50	251 ± 40	130 ± 13	136 ± 9
	Conn.D,mm -3	112 ± 27	114 ± 25	257 ± 21	267 ± 26

SMI 2.4 ± 0.4 2.6 ± 0.3 1.1 ± 0.3 1.2 ± 0.2 DA 1.62 ± 0.08 1.56 ± 0.13 1.84 ± 0.11 1.78 ± 0.07 OS/BS,% 17.9 ± 3.8 11.7 ± 4.6* ND ND dLS/BS,% 27.5 ± 6 22.1 ± 4.9* 11 ± 2 8.6 ± 2.4* MAR,µm/day 1.2 ± 0.1 1 ± 0.06* 0.9 ± 0.05 0.7 ± 0.06* LGR,µm/day 11.1 ± 1.

7 8.7 ± 1* ND ND Data are shown as mean ± SD. Non-parametric Mann-Whitney test, 3g compared to control, *p≤0.05, ***p≤0.001. ND -not done (parametrs were too small for reliable measurements).

Figure 2.

Microarchitecture and histomorphometry parameters in control and 3g centrifugation groups.

  Femoral distal metaphysis and L2 vertebral body: cortical thickness (Ct.Th) (A), cortical area (Ct.Ar) (B), osteoclasts surface over bone surface (Oc.S/BS) (C) and bone formation rate (BFR/BS) (D). Boxes represent 50% of values (25% to 75%), whiskers represent minimum and maximum values, middle point represents median. Non-parametric Mann-Whitney test, *p≤0.05, ***p≤0.001.

Table 3 . µCT and histomorphometry analysis of femur diaphysis and distal metaphysis and L2 vertebral body in control and 2g centrifugation groups.

 3 

		Femur		L2 vertebral body
	Groups	Control	2g	Control	2g
	Cortical bone				
	BMD,mg/cm 3	1212 ± 13	1206 ± 14	ND	ND
	Ct.Th,µm	184 ± 16	178 ± 12	ND	ND
	Ct.Ar,mm 2	0.95 ± 0.1 0.91 ± 0.1	ND	ND
	Trabecular bone				
	Tb.Sp,µm	206 ± 60	161 ± 21*	126 ± 16	115 ± 6*
	SMI	2.1 ± 0.5	1.8 ± 0.3*	0.9 ± 0.4	0.6 ± 0.2*
	DA	1.56 ± 0.12 1.51 ± 0.04	1.76 ± 0.09 1.76 ± 0.08
	OS/BS,%	16.5 ± 3.1	22 ± 3***	ND	ND
	dLS/BS,%	13.8 ± 4.9	18 ± 4.4*	6 ± 1.3	8.9 ± 2.5***
	MAR,µm/day	1.2 ± 0.1	1 ± 0.18*	0.86 ± 0.05 0.83 ± 0.07
	LGR,µm/day	11.2±1.9	10.2 ± 2.1	ND	ND

Data are shown as mean ± SD. Non-parametric Mann-Whitney test, 2g compared to control, *p≤0.05, ***p≤0.001. ND -not done (parameters were too small for reliable measurements).

Table 4 . Effects of 21 days 2g centrifugation on vascularization in the femoral distal metaphysis.

 4 

	Groups	Control	2g centrifugation
	Ves.N/Mar.Ar,/mm 2 61.6 ± 11.3	74.9 ± 6.8*
	Ves.V/Mar.V,%	12.7 ± 3.2	18.3 ±2.3**
	Data are shown as mean ± SD. Non-parametric Mann-Whitney test, 2g compared to control, *p≤0.05, **p≤0.01.

Table 5 . Effects of 21 days 2g centrifugation on osteocyte quantitative parameters in femur cortical bone compared to controls.

 5 

	Groups	Control		2g centrifugation
	Osteocytes density,1/µm 2 0.032 ± 0.004	0.034 ± 0.004
		Sclerostin DMP1	Sclerostin DMP1
	Positive osteocytes,%	61.8 ± 5.2 87.1 ± 3.4	53.5 ± 5.8 88.7 ± 5.2
	RawIntDens per group	560	2258	365***	3610***
	Data are shown as mean ± SD for osteocytes' density (DAPI staining) and percentage of positive cells
	(immunohistochemistry); as medians for level of fluorescence (RawIntDens, arbitrary unit). Non-parametric
	Mann-Whitney test, 2g compared to control, ***p≤0.002.		

Table 1 .

 1 µCT analysis of femoral diaphysis, distal metaphysis and L2 vertebral body in basal control, age-matched controls and Whole Body Vibration (WBV) groups.

	Groups	BC	Ctrl 3w	WBV 3w	Ctrl 9w	WBV 9w
	Femur, Trabecular bone					
	BV/TV,%	17.4 ±4.7	8.6 ±0.9 a	8.4 ±1.0	12.2 ±4 a	12.9 ±3
	Tb.Th,µm	50.5 ±5	35 ±2 a	35 ±2	41 ±6 a	41 ±4
	Tb.N,mm -1	5.6 ±0.5	2.4 ±0.2 a	2.4 ±0.4	2.9 ±0.6 a	3.1 ±0.5
	Tb.SP,µm	170 ±20	377 ±27 a	390 ±55	322 ±93 a	287 ±60
	Conn.D,mm -3	161.3 ±48.3	45.0 ±11.2 a	46.8 ±17.8	60.6 ±24 a	74 ±23
	SMI	2.23 ±0.3	3.1 ±0.1 a	3.1 ±0.1	2.6 ±0.5 a,c	2.5 ±0.4
	DA	1.7 ±0.04	1.33 ±0.07 a	1.42 ±0.12	1.4 ±0.2 a	1.5 ±1.2
	Vertebra, Trabecular bone					
	BV/TV,%	17.1 ±1.9	21.7 ±2 a	21.5 ±2	23.6 ±3 a	26.3 ±4
	Tb.Th,µm	43 ±2	39 ±2 a	39 ±1	43 ±4	45 ±4
	Tb.N,mm -1	5.4 ±0.1	5.6 ± 0.3	5.5 ±0.3	5.5 ±0.2	5.9 ±0.2
	Tb.SP,µm	179 ±4	141 ±11 a	143 ±12	140 ±11 a	125 ±9
	Conn.D,mm -3	191.2 ±19.1	240.4 ±13.5 a	231.7 ±30.7	199 ±15 c	200 ±19
	SMI	1.8 ±0.2	1.2 ±0.2 a	1.2 ±0.1	0.9 ±0.3 a,c	0.8 ±0.3
	DA	1.82 ±0.07	1.59 ±0.04 a	1.6 ±0.05	1.8 ±0.1 c	1.9 ±0.1
	Data are shown as mean ± SD. BC = basal control group, Ctrl = age-matched control, WBV = whole body
	vibration, w = weeks. BC compared to Ctrl 3w and Ctrl 9w; Ctrl compared to relevant WBV (non-parametric
	Kruskal-Wallis ANOVA test followed by post-hoc Mann-Whitney U-tests with Bonferroni correction). Marked
	with the letter (a) when there is significant p<0.05 difference between BC and Ctrl 3w or Ctrl 9w; marked with
	the letter (c) when there is significant p<0.05 difference between Ctrl 3w and Ctrl 9w.	

Table 2 .

 2 Effects of three-week WBV on osteocyte quantitative parameters in femur cortical bone compared to control: osteocyte density (DAPI staining); immunohistochemistry: percentage of osteocyte positive for Sclerostin or DMP1 and fluorescence levels (RawIntDens, arbitrary unit).

	Groups	Control		WBV	
	Osteocytes density,1/1000µm 2 0.82 ± 0.08		0.84 ± 0.04	
		Sclerostin	DMP1	Sclerostin	DMP1
	Positive osteocytes,%	77%	71.5%	68.1%***	70.8%
	RawIntDens per group	3656	2430	2751***	3300***
	Data are shown as mean for osteocytes' density and percentage of positive; as medians for level of fluorescence.
	Non-parametric Mann-Whitney U-test, WBV compared to age-matched controls, ***p≤0.002.

Data are shown as mean ± SD. Non-parametric Mann-Whitney test, 3g or 2g compared to control, *p≤0.05.
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Conclusion/perspectives

We demonstrated that centrifugation decreased resorption parameters and resulted in trabecular bone gain in both weight-bearing and non-weight-bearing bones. Notably, trabecular re-organization was site-specific and differed in femur and vertebra, presumably due to particular vector of acceleration force. Interestingly, decrease of Sclerostin expression and increase of DMP1 did not result in any detectable mass-structural alterations of cortical bone, however we assumed that longer exposure to 2g might trigger cortical bone growth.

Perspective studies may investigate the ability of hypergravity to prevent a bone loss.

Considering technical difficulties of placing a centrifuge in space, effects of hypergravity on recovery processes after microgravity can be studied. Additionally, effects of short-time (minutes to hours) exposure to hypergravity should be addressed in future studies as more applicable for humans.

Experimental design

The experimental design is summarized in Fig. 1b. A total of 58 animals were distributed as follows: 10 animals in basal control group euthanized at the beginning, 32 mice in the three weeks experiment randomly divided in control and experimental groups (n=16/group). At the end-point, 8 animals from each group were processed for microcomputed tomography (µCT), histomorphometry, and immunohistochemistry (IHC) analysis. The other 8 were perfused with barium sulfate for bone vascular imaging. For the nine weeks experiment, 16 mice were randomly divided in control and experimental groups (n=8/group) and processed at the endpoint for µCT and histomorphometry. surfaces double labeled with tetracycline (dLS/BS, %) and mineral apposition rate (MAR, µm/day), from which the bone formation rate (BFR/BS, µm 3 /µm 2 /day) was calculated.

Osteoclast surfaces (Oc.S/BS,%) were assessed through tartrate-resistant acid phosphatase (TRAP) labeling of osteoclast. In the primary spongiosa of the femur, a longitudinal growth rate (LGR, µm/day) was determined through tetracycline labeling by measuring the distance in µm/day between the two fluorochrome labelings (parallel to the growth plate) in the primary spongiosa.

In the cortical bone, we assessed endosteal MAR, however, due to bone scraping during dissection it was not possible to reliably measure periosteal bone formation.

Bone vessel imaging and quantification

Vascular imaging was done as previously described by Roche et al [16]. In brief, euthanized mice received an intracardiac perfusion of BaSO4 solution (Micropaque Guerbet, Paris, Volume/Marrow Volume (Ves.V/Mar.V), as described in [16].
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Supplementary information

Supplementary figure 1 Sometimes osteocytes contained both proteins intercellularly (Fig. 18, osteocytes on the upper part of the image). We found that vessels were often positive for Sclerostin, however due to technical limitations it was impossible to detect its exact localization. We also analyzed co-localization of matrix-bonded proteins Periostin and DMP1.

Interestingly, we found that Periostin was observable within cortical bone only in areas where collagen fibers seemed to be disorganized (Fig. 19A andB), and it was always associated with a diffused (not localized within LCN) DMP1 staining in the same (Fig. 16 and17).

Abstract

Osteocytes are the primary source of important proteins controlling bone remodeling such as Sclerostin and RANKL, which are potential targets for novel therapies of bone loss or mineral disorders. In vivo, production, storage and release of osteocyte proteins have complex and precise local regulations in order to satisfy changing bone physiological demands. Thus, interpretation of quantitative measurements of osteocyte proteins could be complicated with only conventional techniques such as ELISA. In this context we propose a quantitative approach for in situ measurements of osteocyte proteins by the combination of immunohistochemistry (IHC) protocols with a cell-by-cell image analysis. This method can be used for mice or human bone samples embedded in paraffin or methyl methacrylate. We found that our method can detect accurately 25% shifts in fluorescence intensity and presented a low coefficient of variation. The proposed quantification protocol can be used to analyze osteocyte proteins production in lacunae and/or canaliculae in different bone regions:

endosteal, periosteal and mid-cortical. This approach is particularly adapted for revelation of subtle/physiological regulations that can't be appraised by more global measurements. The osteocyte-by-osteocyte assessment significantly increases the power of IHC measurements.

This should allow developing a greater understanding of relationships between osteocyte proteins and bone and metabolism regulation.

For human biopsies we could not use the same approach as for mouse cortical bone as a surface of a human biopsy was considerably larger. Thus, instead of a total mosaic image it was necessary to select particular areas for analysis. We believe that our quantification method could be used for analysis and comparison of proteins expression in a variety of bone pathologies. Hence, as a personal decision of an operator was involved in an area selection process, we proposed a method of a blind ROI selection to limit potential bias in comparison of different bone samples. According to our protocol, an operator had to decide based only on histological/cellular information from a bright field and DAPI channels, which area is a subject for analysis, thus an operator had no information of staining intensity of osteocytes in the acquired image.

Analysis of osteocyte Sclerostin or DMP1 expression on human biopsies

Quantification of fluorescence intensity on human biopsies required a particular approach of ROI selection due to abundant DAPI negative osteocytes, and higher canalicular (Sclerostin)

and matrix (DMP1) IHC staining compared to mouse bone samples. Osteocytes were manually identified on a merged bright field, DAPI and IHC labeling images (Fig. 8A, Fig. To obtain a value of non-specific fluorescence we used the same method of osteocytes identification on a negative control sample.

Calculation of coefficient of variation

Interpersonal coefficient of variation was 5.8% (mean for three operators) and 6.5% intrapersonal (mean for three operators). We concluded that despite some manual operations and necessity of personal decision for ROI selection, our technique is reasonably reproducible.

Verification of quantification method accuracy and sensitivity

Assessment of method accuracy by analysis of total cortical bone images with intensities modified by 25%, showed that our quantification technique was able to detect shifts as 24.3% ± 2.4 (comparison of medians, mean and SD of 35 measurements).

Assessment of modified by 25% endosteal and periosteal regions detected alterations of fluorescence intensity of 23.7% for endosteal and 24.4% for periosteal region. However, these changes were not statistically significant (non-parametric Mann-Whitney U-test) due to relatively low number of analyzed osteocytes per image (57 positive osteocytes in endosteal, and 132 in periosteal). When we compared mid-cortical bone areas, we observed that the detected shift of 24.5% was statistically significant (p=0.01) as 396 osteocytes per image were included into analysis. These findings emphasize that high number of measurements obtained from individual osteocytes is needed in order to detect even modest shifts of protein expression and to validate it with the statistical test.

Discussion

Immunohistochemistry is a widely used analytical tool, which combines advantages of in situ localization of specific antigens and a tissue histological assessment. Besides qualitative analysis, many attempts were done to bring a quantitative part in it. A recent reviews revealed hundreds of different quantification approaches for IHC labeling in histopathology and biology (17,18). Most of the reviewed papers used scoring systems widely accepted in histopathology semiquantitative (19) to derive quantitative data from biological tissues for statistical analysis. Such systems are well described in a review of Fedchenko et al (17) and they are generally based on two parameters: staining intensity and a percentage of tissue that is stained or staining pattern (20). However manual assignment of scores is based by subjective, purely visual inspection of IHC labeling by an experienced pathologist (20,21) and a non-experienced observer may introduce bias at any stage of evaluation process.

Considering limitations linked to the subjectivity of IHC labeling interpretation, sophisticated

Conclusion

We proposed a novel method using well known analytical tools: IHC and ImageJ. Our protocols can be easily used as they do not require sophisticated and expensive imaging hardware or software. This approach is particularly adapted for revelation of subtle physiological regulations of osteocyte protein expression. The local (endosteal/periosteal) and cell by cell measurements increase significantly the power of analysis and we hope that many unexplained or unfound relationships between osteocyte proteins and bone physiology will be revealed with our quantification technique. Scanco Medical, Switzerland). Decalcified samples were rinsed with isotonic solution and processed for paraffin embedding.
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Primary antibody

Samples were incubated overnight at 4° in the humid chamber with primary antibody solutions (Tab 1). Solution of 1% BSA in TTBS was used as antibody diluent. After incubation samples were washed in TTBS, 2 changes -5 min at room T° on a shaker. 

Secondary antibody

Samples were incubated for 45 min at 37° in the humid chamber with secondary antibody solutions (Tab.2). Solution of 1% BSA in TTBS was used as antibody diluent. After incubation samples were washed in TTBS -5 min at room T° on a shaker. 

Signal amplification

Samples were incubated either with 1:500 Streptavidin-Alexa Fluor (Life technologies, S 11225) solution in TTBS in the humid chamber for 30 min at 37°. After incubations samples were washed in TBS -5 min at room T° on a shaker.

DAPI staining

Samples were incubated with the DAPI (Santa Cruz, 28718-90-3) solution (1:100 in TBS) for 30 min at 37° in the humid chamber. Then, samples were washed with demineralized water -5 min at room T° on a shaker. 

Mounting

Annexes

Technical data

Fluorescent immunohistochemistry protocol for double staining: 3 days sequential protocol

See General protocol of fluorescent IHC from the "Osteocyte protein expression in mouse and human biopsies: optimized methods for detection and quantification" chapter.

Second protein detection

After the incubation with Streptavidin-Alexa Fluor (Life technologies, S 11225) solution samples were washed with TBS -10 min at room T° on a shaker, then proceeded for the blocking step, and incubated overnight with the second primary antibody at 4° as it was described in the general protocol. After, samples were washed with TBS -10 min at room T° on a shaker. The subsequent procedures were done according to manufactures protocol of the PowerFluor 488 immunofluorescence rabbit detection kit (Maxvision, PF-21M) or the PowerFluor 594 immunofluorescence mouse detection kit (Maxvision, PF 13S). Samples were stained with Dapi as it described above, and mounted with MaxGlow.

Immunohistochemistry protocol for the enzymatic detection

See General protocol of fluorescent IHC from the "Osteocyte protein expression in mouse and human biopsies: optimized methods for detection and quantification" chapter.

Steps specific for enzymatic detection:

Endogenous peroxidases blocking

After rehydration step, sections were incubated for 30 min at room T° in a bath of peroxidase blocking solution (for 100ml: 60ml of TBS, 40ml of Methanol, and 3.3ml of 30% H 2 O 2 ), protected from light. After, the sections were washed in a bath of TBS for 5 min at room T° on a shaker.

Signal amplification

Samples were incubated either with 1:200 Streptavidin HRP conjugated (Dako,P0397) in BSA/TTBS in the humid chamber for 30 min at 37°. After incubations samples were washed in TBS -5 min at room T° on a shaker.

Detection

Samples were incubated with NovaRed peroxidase substrate solution (Vector, SK-4800), prepared according to manufactures protocol for 5 min at room T°. After 5 min samples were rinsed, and then washed with demineralized H 2 0 -5 min at room T° on a shaker.

Notes: in each particular case optimal duration of staining development, and therefore staining intensity, can be controlled visually with light microscope.

Counter staining

Samples were counterstained with Hematoxylin (1/4 in H 2 0) for 30 sec at room T° and then washed with H 2 0, 5 changes -2 min each at room T° on a shaker.

Mounting

NovaRed detection requires organic mounting medium. Thus, samples were gradually dehydrated with 40% Ethanol, 70%, 90%, 100% (two changes), and Xylene (three changes) -30 sec in each. After removal of residual Xylene, sections were permanently mounted with VectaMount (Vector, Y1016).

Immunohistochemistry protocol for the enzymatic detection: double staining, 3 days sequential protocol

General protocol of IHC was used with some adjustments:

Signal amplification: first protein -N,N,N',N'-Tetramethylethylenediamine TEMED (VWR, 95029-576) 0.025ml

Keep at 4°

Intracardiac perfusion:

First, perfuse with 20ml 1x PBS Then perfuse with 40ml ice-cold hydrogel solution

Quickly harvest samples and put them at 4° for 3 days. Slightly shake tubes with samples twice a day to avoid polymerization around samples.

Expose to vacuum every day for 25-30 min on ice.

Embedding:

After 3 days add 0.1ml Persulfate Ammonium (Bio-Rad 161-0700) and 0.01 TEMED and keep in vacuum at room t° until polymerization. Then put at 37° for 3h for complete polymerization.

Cutting:

Cut 50-100µm thick transversal section of cortical bone.

Decalcification:

Gently remove gel around samples, and put in Immunocal solution for 24h at 4°, shake samples twice a day.

Cleaning solution preparation:

For 100ml (Enough for rinsing and filling one large Petri Dish) Sodium Dodecyl Sulfate 4g for 4% Can be stored at 4°, white precipitation is normal and dissolves at room t°.

Samples cleaning:

Put samples in a large Petri Dish, fill with cleaning solution and leave on shaker at 38° for 4 weeks. Change the solution once a week. 
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Papers published/submitted

Paper #1: "Effects of chronic hypergravity: from adaptive to deleterious responses in growing mouse skeleton" -submitted to the Journal of Applied Physiology, in the process of 3 rd revision.

Paper #2: "High-acceleration Whole Body Vibration stimulates cortical bone accrual and increases bone mineral content in growing mice" -submitted to the Journal of Biomechanics, in the process of 1 st revision.

Paper #3: "Osteocyte protein expression in mouse and human biopsies: optimized methods for detection and quantification" -is going to be submitted to the BoneKEy Reports.

Author's CV experiments is that opportunities to carry them out are expensive and rare. That is where animal ground-based models come into play. With ground-based models, there are no limitations related to number of animals. What is also important is that there is no ideal imitation of all conditions of long-term spaceflight. Even techniques such as head-down-tilt bed-rest studies and water immersion which are generally accepted as the gold standard imitate only some of the spaceflight conditions. At the same time, parabolic flights and drop towers provide weightlessness, but only for very short periods of time.In the past, varieties of mammalian species, including monkeys, dogs, and rabbits, were used for research purposes.

Nowadays, rodents have become one of the most used animals in all areas of scientific studies. There are many reasons in favor of using them instead of primates or rabbits: mice and rats grow fast and reproduce quickly, and it is easy to house and maintain them. Also, with rats and especially mice, it is possible to conduct uniform studies with genetically identical animals. As it is easier for the mice to be genetically modified, it is also easier to breed either transgenic or knockout animals.