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Space is a challenging environment for the human body, due to the combined effects of reduced gravity (microgravity) and cosmic radiation. Known effects of microgravity range from the blood redistribution that affects the cardiovascular system and the eye to muscle wasting, bone loss, anemia, and immune depression. About cosmic radiation, the shielding provided by the spaceship hull is far less efficient than that afforded at ground level by the combined effects of the Earth atmosphere and magnetic field. The eye and its nervous layer (the retina) are affected by both microgravity and heavy ions exposure. Considering the importance of sight for long-term manned flights, visual research aimed at devising measures to protect the eye from environmental conditions of the outer space represents a special challenge to meet. In this review we focus on the impact of microgravity on embryonic development, discussing the roles of mechanical forces in the context of the neutral buoyancy the embryo experiences in the womb. At variance with its adverse effects on the adult human body, simulated microgravity may provide a unique tool for understanding the biomechanical events involved in the development and assembly in vitro of three-dimensional (3D) ocular tissues. Prospective benefits are the development of novel safety measures to protect the human eye from cosmic radiation in microgravity during long-term manned spaceflights in the outer space, as well as the generation of human 3D-retinas with its supporting structures to develop innovative and effective therapeutic options for degenerative eye diseases.
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THE HUMAN BODY IN SPACE FACES THE CHALLENGES POSED BY MICROGRAVITY AND COSMIC RADIATION

Microgravity and cosmic radiation pose significant health hazards to astronauts during long-duration spaceflights and are of special concern for the prospective exploration of the outer space.

Although the word microgravity conveys the notion of a dramatically reduced force of gravity, at the low Earth orbit (LEO, about 370 km of altitude) gravity is nearly 89% of its ground level. However, an apparent centrifugal force related to the speed of the orbiting spaceship (about 28,000 km/h) balances gravity. Therefore, microgravity indicates the condition of weightlessness experienced by astronauts inside the spaceship.

Microgravity adverse effects on the human body range from endothelial cells (Versari et al., 2013) and blood distribution to endocrine and reflex mechanisms controlling body water homeostasis and blood pressure (Taibbi et al., 2013; Nelson et al., 2014). Long-duration spaceflights also cause muscle wasting (Gopalakrishnan et al., 2010), severe bone loss (Keyak et al., 2009), immune depression (Cogoli et al., 1984; Cogoli, 1993; Battista et al., 2012; Gasperi et al., 2014), and ophthalmic problems (Nelson et al., 2014).

Astronauts also face the hazard posed by the cosmic radiation, as they lack the protection afforded by the combined effects of the Earth atmosphere and magnetic field. Astronauts are exposed to high energy heavy ions of the cosmic radiation (Pinsky et al., 1975; Casolino et al., 2003b), as suggested by properties and relative abundance of particles inside space vehicles (Benton et al., 1975; Pinsky et al., 1975; Casolino et al., 2003a,b; Di Fino et al., 2011).

MICROGRAVITY, ADULT STEM CELLS, AND TISSUE RENEWAL

Studies aimed at evaluating the link between microgravity and impaired tissue renewal by adult stem cells generated conflicting results, with methodological differences between simulated microgravity (SMG) and real microgravity aboard spacecrafts representing a confounding factor. We will now summarize the main features of devices used to generate SMG, such as clinostat, random positioning machine (RPM), rotating wall vessel (RWV; for a review see Herranz et al., 2013).

In the clinostat, the gravity force still acts on cells but its direction changes rhythmically, due to the rotation around a single axis oriented 90° to the gravity vector (Dedolph and Dipert, 1971), thus averaging the gravity vector to zero. The critical point is the minimal presentation time, the minimum amount of time the gravity vector has to keep a steady orientation to generate a response (Brown et al., 1976). In plants, this time ranges from <20 to over 200 s but is 2 or more order of magnitude shorter in mammalian cells, which therefore require a fast rotating clinostat (Cogoli, 1992). The RPM nullifies the average gravity vector, although over a limited space, by rotating randomly and at variable speeds on multiple axes. Therefore, RPM is suitable for small samples, and rather than a true microgravity cells will experience continuous changes of the gravity vector that in plants may approximate real microgravity (Hoson et al., 1997).

On the other hand, the RWV incubator keeps cells in suspension by causing the fluid to move around them (Hammond and Hammond, 2001). The device needs a fine tuning to strike a balance between multiple factors, such as the revolving speed of the RWV, the radius of cells/aggregates and the difference in densities between cells and fluid. Interestingly, the streaming fluid generates mechanical forces (i.e., shear stress), but also increases oxygen and nutrients available to cells cultured in the RWV, by relieving them from the diffusion-limit that holds in static cultures (Kwon et al., 2008). Thus, the RWV may favor the growth of larger tissue aggregates (Lelkes et al., 1998; Barzegari and Saei, 2012) compared to static culture conditions (Mueller-Klieser et al., 1986; Sutherland et al., 1986). RWV culturing may prove advantageous for tissue with high metabolic rates, such as the retina (Ye et al., 2010), which must support the high costs of ion transport in darkness (Demontis et al., 1995) and phototransduction in light (Demontis et al., 1997). Improved culturing of stem cells-derived photoreceptors may also enhance their light responsiveness (Demontis et al., 2012; Zhong et al., 2014).

Data indicate differences between real and SMG on the rate of proliferation, stemness, cell cycle kinetics, and differentiative potentials of cell types as diverse as hematopoietic stem cells (CD34+), osteoblasts, and multilineage (mesenchymal) stem cells. For instance, the proliferation of CD34+ was reduced during LEO flights compared to ground controls, with the differentiation toward the macrophage at the expense of human myeloid and erythroid pre-cursors (Davis et al., 1996). On the other hand, despite similarly reduced proliferation during a comparable time span, SMG (RWV) was reported to steer human CD34+ cells toward the myeloid fate, an effect associated with slowed S-phase of the cell cycle (Plett et al., 2004). At variance with the above findings, CD34+ cells increased their proliferation rate when cultured in RWV in the presence of VEGF, and differentiated into endothelial precursors (Chiu et al., 2005). Similar conflicting results were generated using multilineages bone marrow mesenchymal stem cells (MSCs). Human MSCs cultured in SMG (clinostat) increased proliferation and differentiate toward a chondrogenic phenotype upon transplantation in cartilage-deficient rats (Yuge et al., 2006). In contrast, rat MSCs in SMG (clinostat) reduce their proliferation and ability to differentiate toward a chondrogenic fate (Yan et al., 2015). In mouse, bone resorption in microgravity associates with the down-regulated expression of genes involved in early mesenchymal and erythropoietic differentiation, and maintained stem cells markers expression (Blaber et al., 2014). When cultured in 1 g, cells previously exposed to microgravity display an increased mesenchymal and hematopoietic differentiation, suggesting that microgravity causes an accumulation of undifferentiated pre-cursors (Blaber et al., 2014). A role for the autophagic control of osteoclastogenesis in response to microgravity has been proposed for mouse bone (Sambandam et al., 2014). A recent review by Ulbrich et al. (2014) details the impact of simulated and real microgravity on bone and mesenchymal cells and their osteogenic potential.

It is important to note that differences between either real or SMG may not be apparent at the morphological level. For instance, thyroid cancer cells formed spheroids of similar morphology (although slightly dissimilar in size) under both real (Pietsch et al., 2013) and SMG (Grimm et al., 2002; Ma et al., 2014; Warnke et al., 2014). However, at the level of gene or protein dosage, it becomes evident that at least in some systems space flight and ground simulators exert different effects (Hammond et al., 1999). These differences may be relevant for complex and sophisticated biological systems, such as stem cells in their niche.

Last, spaceflight and clinostat did not change the secretion of growth factors such as EGF and VEGF, at variance with RPM (Warnke et al., 2014). Therefore, different simulators may cause different effects and introduce confounding effects in the analysis of the impact of real microgravity on the proliferation and differentiation of adult stem cells toward specific cell fate.

Flight-associated stress is an additional confounding factor that may contribute to suppressing lymphoid tissue response to immunological challenging (Fitzgerald et al., 2009) and the immune depression observed in astronauts (Cogoli et al., 1984; Cogoli, 1993) also through apoptotic death (Battista et al., 2012).

MICROGRAVITY, EMBRYONIC STEM CELLS, AND DEVELOPMENT

In addition to adult stem cells, microgravity may also affect embryonic development.

Spaceflight preserves the stemness of mouse embryonic stem (ES) cells-derived progenitors and inhibits the expression of markers of terminal differentiation for tissues derived from the three primary germ layers (Blaber et al., 2015). However, differences in the proliferation rate of mouse embryonic stem (ES) cells cultured in SMG were shown to be transient, subsiding after the 2nd day, with no difference in cell cycle kinetics compared to 1 g controls (Wang et al., 2011). The reduced implantation efficiency of either zygotes or blastocysts generated in SMG (Wakayama et al., 2009) may also indicate an effect on ES cells that impacts on early developmental stages of mammalian embryos. However, the impaired viability of RWV-cultured embryos may result from the shear stress-triggered (Xie et al., 2006) increase in NO free radicals (Cao et al., 2007), and is therefore unclear whether the adverse effects on implantation are caused by microgravity rather than by a side effect of the culturing system.

Studies also addressed the effects of microgravity on the early stages of embryonic development of fish, amphibian, and birds. In amphibia, the most consistent changes reported at early developmental stages for oocytes developing in microgravity are the abnormal division plane of the zygote and an increased thickness of the roof of the blastocoel cavity at the gastrulae stage (Souza et al., 1995). Additional examples of adverse effects of microgravity on early embryonic development are the high mortality observed in chicken eggs raised in microgravity from oviposition time, due to the yolk failure to float in the albumen, thus preventing the chorioallantoic membranes from establishing a functional contact with the shell (Suda, 1998; Pearson, 2004).

At the hatching tadpole stage, amphibian embryos raised in SMG had enlarged head and eyes (Neff et al., 1993), with opposite effects observed under increased gravity. These phenotypes may relate to the effects of microgravity on the cytoskeleton (summarized in Crawford-Young, 2006). A further, not mutually exclusive, possibility is that the observed phenotypes could result from an altered proliferation of the anterior neural system. However, the observation that adult frogs raised in microgravity are indistinguishable from those raised in 1 g might indicate that, similarly to mouse ES cells, the effects of microgravity are transient (Neff et al., 1993). In general agreement with this notion, abnormalities of cytoplasm movements, and cell adhesion in response to microgravity were found temporary and, in general, reversible (Gualandris-Parisot et al., 2002). Furthermore, there is evidence that in embryonic tissues the effects of microgravity on gene expression may depend on the developmental time, with changes in β-actin expression in zebrafish embryos raised in microgravity peaking in the time window spanning 24–72 h post-fertilization (Shimada et al., 2005).

These data may indicate that, similar to mouse ES cells, fish and amphibians embryos either adapt to microgravity during early development, or their susceptivity to microgravity is restricted over an early and short time span, making later developmental stages resilient to long-lasting changes in the force of gravity. The similarity of the embryonic responses to microgravity is somewhat surprising, considering that amphibia and fish develop in water, protected from the multiple mechanical forces acting upon mammalian embryos. However, analysis of the embryonic development in mammals reveals some surprising analogies with the conditions occurring in fish and amphibia.

GRAVITY, BUOYANCY, AND EARLY EMBRYONIC DEVELOPMENT

As shown in Figure 1, when the zygote reaches the uterus, about 5–6 days after fertilization, a characteristic structural rearrangement converts a compact mass of cells to a hollow sphere filled with fluid, the blastocyst. At this stage, at one pole of the blastocyst lies an inner mass of pluripotent stem (PS) cells, which will generate all the embryo tissues and extraembryonic membranes except for the chorion, which will give rise to the placenta. After the blastocyst implants in the uterine wall, the inner cell mass will organize into the hypoblast and the epiblast epithelial layers, the latter lining an additional cavity that will fill up with the amniotic fluid (AF).
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FIGURE 1. (A–D) Schematic representation of the main embryonic developmental stages. Two-cell zygote (A); compact cell mass at morula (B); blastocyst stages (C); with trophoblast cells (brown) encircling a cavity filled by fluid (blue) where the inner cell mass (pink) sits at one pole. In (A,B) cells are encased by the zona pellucida (gray). Zygote development up to the blastocyst stage does occur before implantation. (D) Formation of hypoblast (gray) and epiblast (green) layers after implantation. The initial amniotic cavity is delimited by epiblast cells and filled with fluid (blue). The cavity above the hypoblast is the yolk sac, which fills up with the yolk (yellow) and regresses at later developmental stages. (E) A boat in the fluid will sink or float, depending on the difference between the force of gravity (downward pointing yellow arrow) and the buoyant force (upward pointing blue arrow). The rigid hull absorbs the opposing forces and people inside the floating boat do experience gravity. (F) A cell mass (pink) immersed in a fluid (blue) that has access to the interstitial fluid between cells. (G) The orange arrow plots the timeline of organ morphogenesis between implantation and the 20th week when skin keratinization starts. The yellow arrow plots the time of amniotic fluid formation. Blue dashed lines plot 1-week intervals till the 8th week when fetal life starts.



Therefore, the complex biomechanical rearrangement of the embryo from flat germ layers (ectoderm, mesoderm, and endoderm) into three-dimensional (3D) organs and tissues do occur while immersed in the AF. As highlighted in Figure 1, every immersed body will experience a gravity-opposing force or buoyant force. Whether this upward-directed force prevents the body from sinking will depend on the difference between the densities of the liquid and of that of the immersed body, the well-known Archimedes' principle or physical law of buoyancy. AF composition is similar to adult blood plasma, being mostly water with salts and proteins, and its relative density is close to 1 (Underwood et al., 2005). Intriguingly, relative densities of embryo tissues are lower than in the adult, with the newborn value close to 1.00, lower than the adult value of 1.07 (Weststrate and Deurenberg, 1989). Therefore, during a time window going from about 10 days post fertilization up to the 20th week the increase in AF volume matches that of the embryo (Underwood et al., 2005). Therefore, embryonic development takes place in a condition of neutral buoyancy, i.e., the buoyant force just matches and opposes gravity, due to the similar densities of the embryo and the AF he is immersed in (Sekulic et al., 2005). This condition of neutral buoyancy is likely to progressively vanish after the 20th week when the AF volume decreases and the increase in the size of the fetus reduce its buoyancy (Sekulic et al., 2005).

Importantly, in case the immersed body has rigid walls that absorb the buoyant force, objects inside do not experience a condition of neutral buoyancy, i.e., they still feel the full force of gravity, as in the case of people sitting in a floating boat. On the other hand, if the immersed body lacks a hard shell then the buoyant force will be transmitted to the fluid inside and is expected to relieve tissues from the influence of gravity. Interestingly, in the human embryo skin keratinization starts at about the 20th week (Underwood et al., 2005) so that the extracellular fluid in the interstitial spaces between cells is in contact with the AF. Intriguingly, the development of most 3D structures in the developing embryo takes place in the time window between 1 and 20 weeks, when AF is in contact with the extracellular spaces and may generate a buoyant force to relieve cells from gravity. Note that for the buoyant force to effectively counteract gravity, subcellular compartments should have the same densities, a notion consistent with data from magnetic levitation experiments (Valles and Guevorkian, 2002).

MECHANICAL FORCES AND FATE ASSIGNMENT

Insights into the possible role of microgravity during organogenesis may come from the analysis of the biomechanics of 3D tissue generation in vitro. Figure 2 illustrates the development of the retina as assessed in vitro (Sasai et al., 2012), from either mouse ES (Eiraku et al., 2011), or human iPS cells (Nakano et al., 2012). The three main developmental steps involved in retina formation involve the generation of the dome-shaped optic vesicle, which will flatten before invaginating toward the innermost part of the vesicle. The critical event in the invagination is the apical constriction of the cells of the epithelial layer at a special transition zone, to form a mechanical hinge between the pigmented epithelium- and retinal-fated epithelial layers. After the invagination, the growth of the retinal-fated layer is sensitive to inhibitors of the mitotic fuse indicating a role for the pressure exerted by the expansion of the proliferating epithelium, thus highlighting the importance of cell proliferation for 3D tissue development.
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FIGURE 2. (A–C) Schematic representation of the main steps in retinal formation. Optic vesicles form by evagination (A), and then flatten upon the formation of hinges, where cells undergo apical constriction (B). The next step (C) is the invagination starting at the hinge region (gray), driven by the proliferation of neural retina pre-cursors (pink) illustrated in the box in (B,C). Pigment epithelium-fated cells are black-lined. (D) Schematic drawing of the effects of substrate shapes on stem cell differentiation. Multilineage cells (green) may take either an adipogenic (yellow) or osteogenic (purple) fate at concave or convex shapes, respectively.



On the other hand, the biomechanical events involved in the folding and bending of epithelial sheets, with the generation of concave and convex surfaces, should also consider the roles of mechanical forces as morphogens that affect cell fate. Multilineage MSCs cultured in medium containing differentiation factors favoring both adipose as well as bone tissue development could be coaxed toward either an adipogenic or an osteogenic fate using sinusoidally-shaped adhesive surfaces. Specifically, they are mostly fated to adipose cells at the concave edges, while taking an osteogenic fate at the convex edges (Ruiz and Chen, 2008). Intriguingly, the stronger mechanical forces exerted at the convex than at the concave edges are critical for steering MSCs toward the osteogenic fate (Ruiz and Chen, 2008). Substrate stiffness is also important in steering MSCs fate (Engler et al., 2006), and recent evidence indicates its involvement with 3D topography in controlling the stemness of ES cells (Lü et al., 2014). These data suggest that tensile gradients may operate as mechanical morphogens.

The notion of mechanical morphogens may provide a different perspective on the biomechanical events taking place in 3D tissue development. The conceptual framework based on quantitative models (Keller and Shook, 2011; Fletcher et al., 2014) of the complex spatial and temporal dynamics (Eiraku et al., 2012) underlying epithelial sheets folding in 3D structures during embryonic development focuses on wedges formation in response to chemical morphogens gradients. In turn, it is conceivable that wedges formation prompted by chemical morphogens may trigger forces that operate as mechanical morphogens, which will act synergically with their chemical triggers. This positive feedback may force fate assignments by letting cells overcome a barrier in their developmental landscape. According to this view, during the early stages of embryonic development of 3D body structures, the buoyant force may increase the overall efficiency of the process by relieving the perturbing effects of gravity on mechanical morphogens.

3D-TISSUE GENERATION IN MICROGRAVITY: IMPACT ON OUTER SPACE EXPLORATION AND QUALITY OF LIFE OF AN AGING POPULATION

If microgravity were to play a role in embryonic development beyond the unleashing of the full potential of mechanical morphogens, it could be the delaying of stem cells differentiation while maintaining them in a proliferative state. In the newt, the retina grows through adult life, and both spaceflight and SMG promote retinal regeneration in response to damage via an increased cell proliferation in the early stages of regeneration during spaceflight (Grigoryan et al., 1998, 2002). The expected consequence of an expanded progenitors pool would be the increased size of developing tissues. Indeed, in a clinical condition known as microcephaly, a genetic defect leading to an earlier than usual differentiation of radial glia progenitors reduces the generation of neurons required to populate and build up the cortex (Lancaster et al., 2013), ending up with reduced cortical size. According to this notion, exploiting inducible PS cells (iPS) technology (Takahashi et al., 2007; Nakagawa et al., 2008), it would be possible to generate larger human 3D retinas in microgravity. Human retinas generated in microgravity might be used to address the roles of microgravity and cosmic radiation in eye damage associated with prolonged manned space flights (Nelson et al., 2014).

Understanding the possible role of microgravity in 3D tissue development may foster either regenerative medicine approaches or the development of improved assays to evaluate safety and efficacy of new therapeutic agents for degenerative diseases. Novel approaches may be of special importance for retinal degenerations, such as retinitis pigmentosa and age-related macular degenerations (Caras et al., 2014; Zarbin, 2016), which represent a significant cause of blindness and presently lack proven effective therapeutic options (Zarbin et al., 2014).
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