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The existing literature suggests that temperature and gravity may have much in common as regulators of physiological functions. Cold, according to the existing literature, shares with gravity common effects on the neuromuscular system, while heat produces effects similar to those of microgravity. In addition, there are studies evidencing unidirectional modification of the motor system to heat and hypoxia. Such agonistic relationship in a triad of “microgravity, heat, and hypoxia” and in a pair of “cold and gravity” in their effect on the neuromuscular system may have evolutionary origins. To address this problem, ten years ago, we came up with a concept with the working name Baby Astronaut hypothesis, which posed that “Synergetic adaptation of the motor system to different environments comes from their ontogenetic synchronicity.” More specifically, the synchronicity of microgravity (actually, the “wet immersion” model of microgravity), higher temperature, and hypoxia are the characteristics of the intrauterine environment of the fetus. After childbirth, this group of factors is rapidly replaced by the “extrauterine,” routine environment characterized by Earth gravity (1 G), normoxia, and lower ambient temperature. The physiological effect of cold and gravity on the motor system may well be additive (synergistic). We earlier estimated a “gravity-substitution” potential of cold-induced activity and adaptation to cold as 15–20% of G, which needs further validation and correction. In this study, we sought to critically analyze the interaction of temperature and gravity, based on the concept of Baby Astronaut, using data from the new academic literature. We have come to the conclusion that the concept of Baby Astronaut can be regarded as valid only for species such as a rat (immature, altricial species), but not for a human fetus. Several confirmatory experiments were suggested to verify (or falsify) the concept, which would allow us to consider it as empirical. In addition, the interaction of temperature and gravity may be of practical interest in the fields of neurorehabilitation and habilitation in childhood for constructing a physical environment, which would help strengthen or weaken muscle tone in specific muscles.
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1 INTRODUCTION
Like gravity, temperature is omnipresent and eternal. In a similar way as gravity works, temperature, as a physical factor, accompanies living beings, thereby forming the thermal conditions of the environment—either colder, warmer, or thermoneutral. The origin and evolution of life on Earth were controlled by temperature (Islas, 2014), and this statement is fully applicable to gravity (Morey-Holton, 2003; Goswami, 2017). This suggests that temperature and gravity may have much in common as regulators of physiological functions.
An idea on the similarity of the reactions of the motor system of homeothermic species (mammals and birds) to the cold and to gravitational postural stimuli looks plausible and is regularly discussed (Lupandin Iu., 1980; Meigal and Lupandin, 2005; Lømo et al., 2020). Still, the commonality between cold-induced (thermoregulatory) and gravity-induced (antigravity postural) activity of the motor system is not yet clearly understood and evidenced (Lømo et al., 2020). On the other hand, such a modality of temperature as heating exerts effects on the organism similar to the effect of microgravity (for a review, see Meigal, 2012; Meigal, 2013). Altogether, this may be indicative of co-evolution of physiological reactions on temperature and gravity. Accordingly, temperature and gravity may be equivalent in terms of their physiological action on the homeothermic organism.
To explore mechanisms of probable physiologic commonality between gravity and cold, as well as between microgravity and heat, about 10 years ago, we came up with a concept with the provisional title “Baby Astronaut.” This concept suggested that the similarity of physiological effects of temperature (cold/heat) and gravity (Earth gravity/microgravity) modalities may stem from their temporary coupling (synchronization) in ontogenesis (Meigal, 2012, 2013). More specifically, the synchronization of heat and microgravity may have taken place in utero during the antenatal period. After birth, in the postnatal period, a cooler environment and normal gravity should be synchronized. In general, the concept of the Baby Astronaut assumes the following statements:
1. Muscle tone caused by cold and gravity is strikingly similar, which may reflect the commonality, not to say identity, of their physiological mechanisms.
2. Heat and microgravity exert similar effects on the neuromuscular system and motor activity. These effects are the opposite of those provoked on the neuromuscular system by cold and gravity.
3. Hypoxia, small body size, hypokinesia, and the postnatal period of development all exert a parallel microgravity effect on the neuromuscular system.
4. “Synergetic adaptations of the motor system to different environments come from their ontogenetic synchronicity” (Meigal, 2013).
5. Several specific consequences (predictions) of the effects of microgravity on various physiological parameters can be drawn from the concept of Baby Astronaut.
6. Some practical considerations were formulated on how to apply cold in prophylactic countermeasures in space.
The interaction of temperature and gravity and, in a broader sense, the concept of Baby Astronaut, may be of practical interest in the fields of neurorehabilitation and habilitation in childhood for constructing a physical environment, which would help strengthen or weaken muscle tone in specific muscles. In addition, despite varied exercise countermeasures, neuromuscular deconditioning still takes place during long-duration spaceflight (Comfort et al., 2021). Our earlier prudent quotes attributed the cold to the ability to surrogate for as much as 20% of gravity loss (Meigal, 2013). Therefore, we suggested that ambient temperature, namely the cold, can serve as a basis for novel methods to prevent deconditioning of the human motor system in long-duration space missions.
Over the past 10 years, many studies have been conducted in the field of comparing of separate and combined physiological effects of various environmental physical factors, their cross-tolerance and cross-adaptation. In addition, several valuable studies, for example by Stanojevic et al. (2011), Stanojevic et al. (2012), and by Sekulić et al. (2005), were earlier overlooked by us and, therefore, not used in the original version of the concept of the Baby Astronaut. In the present review, we considered the ideas of these studies. Also, we were unaware of one earlier study devoted to a similar idea (Wood, 1970), and we give full credit to this study.
Thus, the purpose of this study was dual—first, to critically review the entire idea of similarity or identity of physiological reactions to temperature and gravity and, second, to seek more evidence from the extant academic literature that can refute or validate the concept of temporal synchronicity of gravity and temperature (the concept of Baby Astronaut) as a possible mechanism of similarity of their effect on the organism. In addition, we proposed possible confirmatory experiments for this concept.
2 METHODS
The study was conducted in accordance with the criteria of a theoretical review supplemented by elements of a critical review (Paré et al., 2015). As a theoretical review, the study was aimed at “explanation building” (Paré et al., 2015) and “theory evaluation” (Baumeister and Leary, 1997). More specifically, we aimed at the explanation of the supposed similarity/identity of the physiological mechanisms of the effect of gravity and temperature with the help of extant literature sources. The nature of the primary sources was conceptual and empirical, and the search strategy was comprehensive (Paré et al., 2015). In addition, all theoretical statements were critically evaluated. Altogether, the type and, correspondingly, methodology of this study fit best corresponding to the hybrid type of the review (Paré et al., 2015).
3 RESULTS
3.1 Statement 1: Muscle tone caused by cold and gravity is strikingly similar, which may reflect the commonality, not to say identity, of their physiological mechanisms
Muscle tone (MT) is appreciated as one of the critical phenomena in physiology and pathophysiology of motion and in neurology. MT has varied mechanisms, definitions, and components. For example, it can be defined as a “fluid state of readiness to movement” (Bernstein, 1947), a state of “prolonged weak muscle contraction,” “tension in the relaxed muscle,” and the phenomenon of “resistance to stretching” (Ward, 2000; Needle et al., 2014; Masi and Hannon, 2008; Ganguly et al., 2021). MT is evaluated using various physiological and neurologic techniques. In addition, MT has the visco-elastic, non-reflex component, evaluated using “digital palpation” (Masi and Hannon, 2008; Ganguly et al., 2021; Amirova et al., 2021). Finally, MT can be elicited by heterogeneous physical stimuli and maneuvers, for example, gravity, cold, vibration, and postcontraction. Gravity induces the antigravity (postural) MT, which allows actively holding a posture on Earth at 1 G, while cold provokes specific heat-productive muscle activity, which comprises “cold shivering” and the “pre-shivering” or “thermoregulatory” muscle tone (Göpfert and Stuffer, 1952; Golenhofen, 1963; IUPS Thermal Commission, 1987; Lømo et al., 2020).
Several lines of evidence can be identified for the probable interrelationship and interaction between the gravity-induced (postural, antigravity) and cold-induced (thermoregulatory) MT.
3.1.1 Gravity- and cold-induced muscle tone are mediated by the same motor units
Indeed, on the level of MUs, thermoregulatory MT is produced by the asynchronous activity of low-threshold, presumably slow-type motor units (MU), either in humans (Petajan and Williams, 1972; Meigal, 2002) or animal species (Lupandin, 1983). Just the same pattern of MU activity, that is, asynchronous activity of low-threshold MUs, is the characteristic of MT during weak isometric muscle contraction (Freund, 1983). By eye, the patterns of low-amplitude stationary interference electromyogram (EMG) during thermoregulatory and postural MT are practically indistinguishable. In animal species, gamma motoneurons and muscle afferents were shown to be active during thermoregulatory MT just like they were during postural MT (Lupandin, 1979). These findings allowed Lupandin (1983) to formulate the concept of hypothetical “thermoregulatory-postural” tone, which served as one of the starting points for the concept of Baby Astronaut.
Still, this issue can be criticized. No direct evidence has been found from the literature that the same MU is recruited both in postural and thermoregulatory MT. As it was stated by Lømo et al. (2020), “ ... it is difficult to distinguish between tonic activity in the service of either posture or body temperature regulation ....”
The experimentum crucis for the decisive determination of whether the aforementioned “thermoregulatory-postural” tone actually exists or not, would be to evidence, by means of EMG, activity of one and the same MU recruited, sequentially, into postural and then into thermoregulatory MT, or in the opposite order. To our knowledge, this has not been performed yet, although it seems technically feasible, especially in the man.
3.1.2 Thermoregulatory muscle tone is modifiable by postural stimuli, and postural tone—by thermal stimuli
In support of that, in laboratory animals, thermoregulatory MT was experimentally modified by the vestibular stimuli (Lupandin and Kuz'mina, 1985). More specifically, in cats, thermoregulatory MT increases in flexor muscles after destruction of the labyrinths, but it decreases during caloric or electrical stimulation of the labyrinths (Kuz'mina, 1980). In humans, thermoregulatory MT is modifiable by the position of the head (Meigal et al., 1996a). In addition, such a specific type of MT as the “after-contraction effect” (the Kohnstamm phenomenon), in human biceps brachii muscle was found to be enhanced under cold ambient conditions (Meigal et al., 1996b).
3.1.3 Thermoregulatory muscle tone is characterized by specific “postural topography” in skeletal musculature
To illustrate, in anaesthetized cats, cold-induced muscle activity emerges strictly in the flexor musculature (Lupandin Iu., 1980; Lupandin, 1983), which may be indicative of a heat loss lessening (or “embryonic”) posture.
Several critical comments could be suggested for this issue. First of all, a retrospective analysis of the study by Lupandin Iu., 1980 allowed us identifying the cold-induced muscle activity as cold shivering due to explicit mechanical tremor. Cold shivering cannot be considered as a kind of MT, since thermoregulatory MT and cold shivering have distinctly different neuronal and metabolic mechanisms (Meigal, 2002; Haman et al., 2004; Lømo et al., 2020). Moreover, recently, Lømo et al. (2020), in contrast to Lupandin (1983), showed that in small animals, tonic activity is limited to deeper rather than superficial muscles. In addition, thermoregulatory MT does not cause a real, even tiny, change in the position of the limbs (Lømo et al., 2020).
Then, in humans, the “flexion” principle of the topography of thermoregulatory MT or cold shivering has not yet been evidenced. Instead, cold shivering in humans is the characteristic of “proximal” musculature, that is, the muscles of the upper girdle, abdomen, chest, and thighs (Golenhofen, 1963; Israel and Pozos, 1989; Meigal et al., 1998). This suggests that the “topography” of cold shivering is determined by the principle of a shorter, that is, “heat-saving,” rout from shivering muscles to internal organs and the brain (Xu et al., 2005). As for the thermoregulatory MT itself, Golenhofen (1963) and Göpfert and Stuffer (1952) suggested that it is the most distinctive characteristic of distal muscles of the limbs.
Finally, in order to determine decisively whether thermoregulatory MT in humans or animal species has a specific “flexor topography” or not, it would be reasonable to conduct such a study in the weightlessness, where gravity does not interfere with thermoregulatory MT, and therefore even weak thermoregulatory (cold-induced) MT would manifest itself as true postural activity.
3.1.4 Thermoregulatory muscle tone and weak voluntary isometric contraction can be simultaneously present in the same skeletal muscle
In our earlier study, in low-intensity isometric contraction (at 10% of a maximal voluntary contraction), the surface EMG in biceps brachii muscle demonstrated 20% greater amplitude in cold compared to the thermoneutral condition, thereby prompting the “co-existence” of weak voluntary postural and involuntary thermoregulatory MT in muscles (Meigal et al., 1998). With an increase in the strength of contraction, such additive cold-induced muscle activity gradually decreased and eventually disappeared at 80% of a maximal voluntary contraction, which probably indicated a competing relationship between postural and thermoregulatory MT (Meigal et al., 2003). Recently, a similar result was presented by Renberg et al. (2020) and Mallette et al. (2021). According to Sherrington’s “common final pathway”, during weak muscle contractions, thermoregulatory MT should be “competing” for a share of the motoneuronal pool, but with stronger efforts, it can be inhibited by a “dominant” stronger voluntary muscle contraction.
Still, this issue, to some extent, looks controversial. In a cooling environment, it may well be so that voluntary muscle contraction is enhanced by a feeling of cold, that is, behaviorally conditioned. Therefore, the increased amplitude of surface EMG does not necessarily indicate the “co-existence” of cold-induced MT and weak voluntary isometric muscle contraction. In addition, muscle contraction is heat-productive, which makes it difficult to distinguish between the “pure” thermoregulatory and postural activity of skeletal muscles.
In addition, a mere “additive” relationship between postural and thermoregulatory MT does not necessarily always take place. For example, an increase in such kind of MT as the Kohnstamm phenomenon in the cold was the characteristic of biceps brachii (Meigal et al., 1996b), but not of deltoid muscles (Meigal and Pis’mennyi, 2009). Presumably, this was due to the confounding effect of antigravity function of the deltoid muscle, namely, the arm abduction, which may contribute to heat loss by increasing the area of the skin exposed to cooling. This probably led to behavioral suppression of the Kohnstamm phenomenon in the deltoid muscle.
The experimentum crucis to decisively determine whether the ambient temperature actually enhances the Kohnstamm phenomenon would be to conduct such a study in zero G, when gravity does not affect the distribution of MT among muscles. This has not yet been performed, although technically feasible during spaceflight.
3.1.5 Motor unit firing rate is modifiable by the ambient temperature and acclimation
In humans, the firing rate of voluntarily recruited MUs decreased by 20% after 30 min exposure to 10°C (Meigal et al., 1997). In rats, after 2 weeks of acclimation to the cold, the firing rate of MUs was decreased by 30% at the same ambient temperature (Sorokina et al., 1984). Similarly, the maximum firing rate of MUs of “winter pigeons,” that is, studied in the winter season, was lower by 20% than that of “summer” pigeons (Sorokina and Medvedev, 1986). A decrease in the MU firing rate would probably transfer the muscle contraction from fused to unfused tetanus, which is known as the most heat-producing regime of contraction (Gurfinkel et al., 1981). This statement is indirectly supported by an increase in the firing rate of MU in humans under heat stress (Meigal et al., 1999), and in rats—after acclimation to heat (Kuokkanen, 1989).
This issue can be also criticized. The phenomenon of decreasing the MU firing rate in humans in the cold has been so far demonstrated in phasic and not in tonic contractions (Meigal et al., 1997). Also, the firing rate of MU could reduce due to direct cooling of the skeletal muscle. However, the study by Mallette et al. (2018) showed that it is not the case.
Lømo et al. (2020) have recently shown that the firing rate of the tonic MUs in rat soleus muscle increases linearly with a decrease in ambient temperature, which is in contrast to our result (Meigal et al., 1997). Such a discrepancy may occur due to differences in the motor task (phasic vs. tonic activity of MUs).
3.1.6 Thermoregulatory and postural muscle tone are similar by fuel selection
Cold shivering corresponds to about 50% of maximal voluntary contraction (Haman, 2006; Renberg et al., 2020), while thermoregulatory MT—only to 5% (Haman et al., 2004), which certainly corresponds to a weak isometric muscle contraction. Bursts of cold shivering co-vary with an increase in carbohydrate oxidation, which, in turn, is associated with the recruitment of type II muscle fibers or faster MUs (Haman et al., 2004; Haman et al., 2010). On the contrary, thermoregulatory MT is specifically associated with lipid oxidation (Vallerand and Jacobs, 1990; Haman, 2006), which applies to low-intensity exercise (Romijn et al., 1993) and resting conditions (van Loon et al., 2001). In addition, similarity between thermoregulatory and postural MT is indirectly supported by the fact that slow running, which requires recruitment of slow muscle fibers, is fueled by fat, while fast running by carbohydrates (Roberts et al., 1996).
Nonetheless, there is no direct evidence that thermoregulatory MT is analogous to postural MT by fuel selection. Cold shivering and exercise are not exact analogs by fuel selection (Tipton et al., 1997; Haman et al., 2004). In addition, fuel selection during cold shivering and thermoregulatory MT is highly individual (Haman et al., 2004).
3.1.7 Cold drives the shift of muscle fiber characteristics in the direction of slower (type I) fibers (“fast-to-slow” modeling)
Several studies support the fact that cold can really cause such a shift (Suzuki et al., 1997; Hirabayashi et al., 2005). Nomura et al. (2002), Lefaucheur et al. (2001), and Herpin et al. (2002) demonstrated that the maturation of type I muscle fibers accelerates under cold conditions. In their recent study, Lømo et al. (2020:19) stated that “In the cold, muscles undergo a certain form of training, as they become redder, acquire more slowly contracting fibers and capillaries around the fibers ...”
3.1.8 Conclusion on statement 1
In sum, our own experimental studies and existing literature suggest that, in terms of a physical factor, temperature does indeed have much in common with gravity, since both cold and gravity 1) induce MT, which is 2) similar by the pattern of activity and type of MUs, and by 3) fuel selection, 4) they interact with each other, and 5) probably “co-exist” in the same motoneuronal pool. In addition, it is likely that the cold decreases MU firing activity and modifies muscle fiber type composition in the direction of slower type. Therefore, cold, similar to gravity, can be considered as a “pro-tonogenic” and, therefore, a “pro-gravity” factor. As such, cold and gravity exert a unidirectional ( convergent or agonistic) effect on the motor system. Nevertheless, by now, most of the evidence of the agonistic relationship between cold and gravity looks as only indirect, though strong. Indirectly, this conclusion is supported by the fact that under extreme modality of gravity (hypergravity), slow muscles shift their features in the direction of even slower ones (slow-to-slower shift) (Bozzo et al., 2004).
Thermoregulatory MT does not produce mechanical postural work, which makes it difficult to compare it with postural MT. In a sense, thermoregulatory MT manifests itself as a “posture without posture”, while cold shivering as a “movement without movement” (Meigal and Lupandin, 2005). It is likely that the postural potential of thermoregulatory MT can be visualized only when gravity does not interfere. Thus, the real “cold-controlled” topography of thermoregulatory MT and cold shivering can probably be observed in orbit, where thermoregulation-related contractions of skeletal muscles would become detectable. Similarly, the effect of cold can be observed on such kind of MT, as the Kohnstamm phenomenon can be reliably tested only under real space conditions. As for various ground-based models of microgravity, such as “dry” immersion or vertical unloading, they are unreliable for testing the interaction of cold and gravity, since gravity is still present in these models.
3.2 Statement 2: Heat and microgravity exert similar effects on the neuromuscular system and motor activity. These effects are the opposite of those caused by cold and gravity
3.2.1 Muscle tone is reduced in both microgravity and heating stress
Under microgravity conditions, MT indeed noticeably weakens, either due to a specific decrease in afferent flow from the receptors of the sole skin (the concept of “support unloading”) (Tomilovskaya et al., 2019; Amirova et al., 2021), or a general decrease in afferent flow from proprioceptors and the vestibular apparatus (the concept of “deafferentation”) (Demangel et al., 2017). As for the heating conditions, from the existing literature, we did not find direct evidence of MT reduction under heat stress or passive hyperthermia. On the other hand, during active, exercise-induced hyperthermia, human muscle activity is inhibited due to the “central fatigue” mechanism, decreased motor drive to muscles, and, as a consequence, weaker recruitment of muscles to sustained isometric contraction (Tucker et al., 2004; Todd et al., 2005; Périard et al., 2019). Recently, this was supported in the study by Ball (2021) who stated that neuromuscular performance under an elevated core temperature is attenuated due to a reduced voluntary drive in motor unit recruitment or/and a failure in muscle afferent feedback.
That conclusion has much in common with the concept of deafferentation during microgravity. The “central fatigue” is likely induced by the brainstem serotoninergic mechanism (Nybo, 2008), although other neurotransmitter circuits may also be involved. In addition, such involuntarily induced MT as the Kohnstamm phenomenon in human biceps brachii muscle is clearly weaker in heat than that under thermoneutral conditions (Meigal et al., 1996b). From a thermoregulatory point of view, the loss (or attenuation) of MT under heat stress has obvious advantages: 1) it provides a decrease in heat production, which prevents further increase in the body temperature, and 2) it allows blood to be pumped to the skin for heat removal, rather than to skeletal muscles (Nybo, 2008; Ball, 2021).
Still, there are two drawbacks in this statement. First, direct studies on the evaluation of MT in either passive or active hyperthermia, or at moderate warming, are still missing. Masiero et al. (2019) reported that in subjects with parkinsonism, short-term immersion in water with a temperature up to 40°C caused the so-called warm water effect in the form of mental and muscular relaxation. However, the MT relaxation effect in this study can be equally attributed to the conditions of heat and immersion. Second, in experiments with modeled microgravity, MT is usually measured using the method of “digital palpation” (myotonometry) (Amirova et al., 2021), which means an assessment of the peripheral passive, or visco-elastic, aspect of MT. On the contrary, in heat stress, muscle activity is studied using electrophysiological methods, which means an assessment of its central neurophysiologic aspect. This makes it impossible to reliably compare MT between these two conditions. In our studies, we encountered the problem of poor compatibility between neurologic (clinimetric) and neurophysiologic methods of assessing MT in a form of muscle rigidity in individuals with Parkinson's disease under the condition of microgravity modeled with “dry” immersion (Miroshnichenko et al., 2018).
3.2.2 Motor units increase their firing rate under microgravity and environmental heating
Todd et al. (2005) hypothesized that exercise under heating conditions would require higher MU rates to allow for the fusion of contracting fast muscle fibers. In humans, hot thermal conditions indeed provoked MU firing at higher rates (Meigal et al., 1999). Moreover, heat stress led to the appearance of such peculiar patterns of MU discharges as “doublets” (Meigal et al., 1999). An increase in the firing rate of MUs, along with the appearance of “doublets”, can be considered as a relevant neuromuscular adjustment which contributes to the rapid increase in the strength of muscle contraction (Mrówczyński et al., 2015) without an increase of heat production in skeletal muscles (Gurfinkel et al., 1981). In rats, after two-week acclimation to heat, the firing rate of MU also increased (Kuokkanen, 1989). Similarly, in the models of microgravity, MUs modified their activity in direction of shorter interspike intervals (bigger firing rate), for example, after 30 days of bed rest (Kozlovskaya and Kirenskaya, 2004).
However, the type of MUs in the studies by Kuokkanen (1989), Kozlovskaya and Kirenskaya (2004), and Meigal et al. (1999) was not verified. In addition, the firing rate and pattern of a MU cannot be regarded as a reliable criterion for determining its type. Therefore, we consider the statement 2 as insufficiently substantiated, although plausible.
3.2.3 Both under heating conditions and microgravity, muscle fibers undergo “slow-to-fast” modeling
A plenty of studies have demonstrated clear “slow-to-fast” modeling of muscle fibers either in ground-based models of microgravity or in real spaceflight (Roy et al., 1996; Ishihara et al., 1997; Shenkman et al., 1997; Trappe et al., 2004; Mulder et al., 2008). For the hot environment, Ball (2021) has stated that higher muscle temperatures resemble a shift in contractile characteristics to a faster phenotype.
As for heat acclimation, in the existing literature, we did not find direct evidence of “slow-to-fast” muscle fiber modification, though some studies indirectly point to a shift in muscle fibers toward a faster type during heat stress. For example, in the study by O'Neill et al. (2006), the phenotypic transformation of muscle fibers toward a slower type, that is, “fast-to-slow” modeling, in the overloaded muscle was effectively suppressed by administration of the T3 hormone which maintained the increasing body temperature. Similarly, according to the study by Baldwin and Haddad, (2001), either hyperthyroidism or unloading (limb suspension) induces muscle transformation to a faster phenotype. In contrast, combined hypothyroidism and muscle overloading presented synergistic, that is, more than additive, effect in a form of fast-to-slow modeling of muscle fibers (Baldwin and Haddad, 2001).
Despite convincing, although indirect evidence, there are still no studies demonstrating the direct modeling effect of heat on muscle fiber composition. In addition, the signaling pathway of T3 action on muscle fiber gene expression differs from that of temperature stressor (Baldwin and Haddad, 2001).
3.2.4 Conclusion on statement 2
Although cold and gravity are highly likely unidirectional (agonistic, parallel, convergent) in their action on the motor system, one cannot just as confidently assert that with respect to the pair “heat-microgravity.” Still, as cold and heat are clearly opposite (antagonistic, divergent) in their action on the motor system and muscle tone, while microgravity—with normal gravity, the overall interaction between these four physical conditions is schematized in Figure 1. In that scheme, cold and gravity are shown as pro-tonogenic factors (favoring muscle tone), while heat and microgravity as the contra-tonogenic ones.
[image: Figure 1]FIGURE 1 | Interaction of cold, heat, gravity, and microgravity. Solid lines: the agonistic (convergent) effect; dashed lines: the antagonistic (divergent) effect.
3.3 Statement 3: Hypoxia, body size, hypokinesia, and the postnatal period of development exert parallel effects with the microgravity effect of neuromuscular activity and muscle fiber morphology
The aforementioned schematization of agonistic/antagonistic relations between gravity and temperature with respect to MT can be complemented by other physical factors, which act in utero or right after birth. Among them, hypoxia, body size, inactivity, and also the period of postnatal development look the most deserving of attention.
3.3.1 Hypoxia
In physiology, hypoxia is considered as one of the most potent and studied physical factors, and it does exert the modeling effect on skeletal muscles. For example, in hypoxia-adapted rats, the percentage of fast-type muscle fibers in such typically “slow” muscle as soleus is significantly increased (Ishihara et al., 2000), which is convergent with the effect of microgravity.
Similarly, in patients with chronic obstructive pulmonary disease (COPD), which is characterized by chronic hypoxemia, there is an increase in the proportion of type II fibers (faster, less oxidative) in skeletal muscles and, accordingly, a decrease in the proportion of type I fibers (slower, more oxidative) (Rabinovitch and Vilaro, 2010; Debevec et al., 2018). In addition, the microgravity-like effect of hypoxia is indirectly confirmed by the fact that osteoporosis, characteristic of spaceflight, is more common in patients with COPD than in those without COPD (Graat-Verboom et al., 2009).
Thus, the modeling effect of hypoxia on the neuromuscular system as a whole should be the opposite of the effect of cold and gravity. Indeed, a study by Sorokina et al. (1984) showed that acclimation to cold and hypoxia provokes strictly opposite effects on MU activity. More specifically, in rats under barometric hypoxia (3 h in a barometric chamber, daily, 6 times a week, 7,000 m above sea level, 5 weeks), the mean firing rate of MU was 18–25 imp per sec, while in control rats (at sea level in the thermoneutral conditions), it was 14–18 imp per sec, and for those who acclimated to cold (5 weeks of exposure to air at Ta < 15°C), it was 10–12 imp per sec. In addition, the antagonism of hypoxia and cold is supported by the fact that hypoxia probably inhibits cold-induced thermogenesis (Gautier et al., 1991; Tattersall and Milsom, 2009).
Still, this issue is controversial. Chaillou (2018) has stated that the fiber-type composition of limb skeletal muscles in both adult animals and humans is affected only when combined with intense physical activity. In the same review by Chaillou (2018), it has been stressed that an alteration of the fast-to-slow shift in the fiber type of the soleus muscle during postnatal development in growing rats exposed to severe altitude most likely results from the reduced locomotion, or hypokinesia, consecutive to hypoxia exposure. Similarly, the slow-to-fast shift in the muscle fiber type is common in patients with COPD, which is characterized by a sedentary lifestyle (Chaillou, 2018). This prompts that the modeling effect of hypoxia is better manifested when it interacts with an agonistic concomitant factor, for example, early postnatal period or hypokinesia (Chaillou, 2018).
3.3.2 Postnatal development
In rats, in the early postnatal period, fast-type muscle fibers predominate in skeletal muscles. For example, the soleus, which is a typical slow muscle in adult rats (Novák et al., 2010), in the rat pup contains 55% of fast-type fibers (Thompson et al., 1984). As an organism grows, faster-type muscle fibers transform into slow-type fibers owing to changing properties of their motoneurones from phasic to tonic (Kugelberg, 1976). The “fast-to-slow” shift in muscle fiber composition in growing rats is retarded or even abolished by such a model of microgravity as hind limb suspension (Morey-Holton and Globus, 1998; Huckstorf et al., 2000), which agrees with the statement of Chaillou (2018) that the modeling effect on muscle fiber composition is better manifested in early postnatal development. In rats, only the phasic (oscillating) EMG pattern is present in the early postnatal period, and tonic (stationary) EMG activity emerges between the 11th and 16th days of life (Westerga and Gramsbergen, 1994; Eken et al., 2008).
In human term neonates and guinea pigs, unlike rats, EMG is represented by both phasic and tonic patterns (Gutmann et al., 1975; Schloon et al., 1976; Meigal et al., 1995). In addition, two different patterns of motor unit (MU) activity in newborns were reported by Meigal et al. (1995). One of these patterns represented 75% of all MUs, which persistently discharged at rates 7–15 imp/s. Another pattern (the other 25% of MUs) manifested itself in a form of short (1–2 s) periods of MU action potential with a firing rate of 20–50 imp/s and uniform interspike intervals. Such a “periodic” pattern of high-frequency MU was not evidenced in 1-year-old children (Meigal et al., 1995). In human neonates, such a phasic EMG pattern probably coincides with increased synchronization of MU activity (Del Vecchio et al., 2020). As for the muscle fiber content, in the human fetus, during delivery, the stage of muscle development in the human fetus corresponded to phase III, which means '...with an approximate equal distribution of the two types’ (slow and fast non-differentiated fibers) (Dubowitz, 1966). Thus, slower muscle fibers are already present in newborn's muscles before delivery. Therefore, during the postnatal period, the muscle fiber content in humans, most probably, is not driven by gravity.
3.3.3 Body size
In addition to environmental physical and developmental factors, the body size per se can serve as a modeling factor of the neuromuscular system. Indeed, in animals with a small body size, there is an increased proportion of type II muscle fibers (faster) because “... muscular adaptations to a small body size were met primarily by increased type IIA fiber proportions” (Hesse et al., 2010:446). More specifically, “... smaller animals ... have a smaller postural problem than larger ones because as linear dimensions increase, the weight of an animal increases by the power of three” (Hesse et al., 2010:446).
Human newborns are, indeed, small in size. Consequently, the size factor could contribute to the predominance of faster-type fibers in newborns. However, this is not the case because according to a study by Tambovtseva and Kornienko (1986b) and Kumagai et al. (1984), newborn's muscles (mm. quadriceps, psoas) are characterized by a nearly equal content of slow-type muscle fibers and undifferentiated type fibers. Therefore, the body size factor is not applicable to the concept of the Baby Astronaut.
3.3.4 Inactivity
Inactivity, modeled with bed confinement (bed rest), limb suspension or caused by chronic diseases or injuries provokes a slow-to-fast shift in muscle fiber composition (Oishi et al., 1998; Borina et al., 2010). The intrauterine environment is partially similar to the conditions of inactivity, as it does not allow a fetus to freely move (Sekulic et al., 2005; Stanojević et al., 2011; Stanojević et al., 2012). Still, inactivity in the fetus is not absolute as the fetus produces spontaneous (from weeks 10–11 of gestation) and writhing movements (starting from weeks 36–38) (Hart, 2006). Therefore, the factor of inactivity can well contribute to the effect of microgravity, heat, and hypoxia. However, the factor of inactivity in the fetus cannot be regarded as actual for muscle modifications.
3.4 Statement 4: “Synergistic adaptations of the motor system to different environments come from their ontogenetic synchronicity” (Meigal, 2013)
Thus, heat, microgravity, and hypoxia have much in common in their effect on the neuromuscular system. Similarly, there is much in common in the effect of cold, gravity, and normal oxygenation.
Then comes the question: What are the evolutionary origins of such a commonality?
Logically speaking, such a unidirectional (agonistic, parallel, and convergent) effect of several apparently different environmental factors would have arisen because of their synchronicity. In other words, they once acted together to gain convergent physiological functionality.
There is a good example of how several different factors can simultaneously cause almost the same effect. Namely, 1) a decrease in pH (acidosis), 2) an increase in the partial pressure of CO2 (hypercapnia), and 3) an increase in muscle tissue temperature (hyperthermia) are synchronously represented in exercising muscle and all of them reduce the affinity of O2 to Hb (the right shift of O2–Hb affinity curve, or the Bohr effect) (Weber and Campbell, 2011; Dash et al., 2016). As for heterogeneous factors such as heat, microgravity, and hypoxia (as well as small size and hypokinesia), we assumed that their convergent effect on the motor system stems from their synchronicity in the prenatal intrauterine state (Meigal, 2012, 2013). Indeed, the intrauterine habitat synchronously provides 1) microgravity due to a condition of “wet” immersion in amniotic fluid, 2) heat (up to 38°C), and 3) hypoxia (pO2 = 40 mm Hg in fetal arterial blood). Accordingly, after birth, this triad of environmental factors converts into a subsequent triad represented by 1) normal gravity, 2) lower ambient temperature, and 3) normoxia. In addition, the intrauterine environment is characterized by darkness and relative silence, which after birth turns into an illuminated and noisier extrauterine environment.
Thus, the “intrauterine triad” (microgravity, heat, hypoxia), as was shown afore, favors a “faster” state of the neuromuscular system. Earlier, this was nominated by us as a FM strategy (with allusion to such terms as “faster muscle fibers,” “fetal,” “microgravity,” or “Moon”), and the “extrauterine triad” as GE (with allusion to “gravity,” “Geo,” or “Earth”). We also speculatively suggested that there may be n additional hypothetic triad of environmental conditions characterized by 1) hypergravity, 2) strong cold, and 3) hyperoxia (provisionally nominated as SL, with allusion to “slow” and “Sun”) (Meigal, 2013).
Also, we speculatively suggested that the intrauterine environment could simulate a spaceflight followed by a return to Earth (birth). This assumption constituted the essence of the conception of the Baby Astronaut. Accordingly, the vaginal delivery can be analogous to uncontrolled landing of a space vehicle and Caesar's section to the controlled one.
3.4.1 Criticism with respect to other possibilities for synchronization of temperature and gravity
Some other possible synchronicities can be suggested to explain common reactions between varied gravity and temperature modalities.
1. One can argue that cold may coincide with gravity due to a geographical factor, since the polar regions that presumably should be cold are also characterized by a slightly (mere 0.5%) higher G due to the smaller radius of the Earth there. However, such a difference is negligible (0,05 G) to explain the unidirectional effect of cold and gravity on the neuromuscular system.
2. According to the Weber's silver Thaler illusion, colder objects of the same weight appear as twice heavier (Cahusac and Noyce, 2007), which neither can be considered as a good explanation of the convergent effect of temperature and gravity.
3. As the thermal grill illusion suggests, the integration of tactile, cold, warm, and pain stimuli takes place on the supraspinal level (Ferrè et al., 2018). However, that illusion does not consider gravity.
4. Hypoxia and cold usually coexist at high altitude (Wang et al., 2012). Therefore, they must be agonistic with respect to acclimation, which is not the case (Wang et al., 2012).
3.4.2 Criticism with respect to the intrauterine buoyant force and G value
Over the past years, we found several studies that provided additional experimental data for the revision of the concept of the Baby Astronaut. First, we learned that actually there is no such abrupt increase in the G value after birth as we originally assumed. Starting from the 26th week, the fetus experiences substantial reduction in buoyancy, and, respectively, microgravity because he has significant contact with the inner wall, which reduces the submersed part of the fetus (Sekulić et al., 2005). After the 26th gestation week, the fetus has 60–80% apparent weight (Sekulić et al., 2005), which corresponds to 0.6–0.8G. In addition to the atmospheric pressure (760 mm Hg or 101.325 kPa), the fetus is exposed to 5 mm Hg (0.66 kPa) of the intrauterine pressure (Sideris and Nicolaides, 1990). Thus, in the second half of gestation, the fetus is not an “astronaut” actually (Sekulić et al., 2005). By its effect, such a mechanical contact (stress) must be analogous to the afferent flow from the sole proprioceptors (“support” receptors), which is essential for maintaining the antigravity muscle tone (Kozlovskaya and Kirenskaya, 2004; Amirova et al., 2021). In addition, the kick force of the fetus in utero and stress and strain on the skeleton of the fetus increase significantly right after the week 20 of gestation (Verbruggen et al., 2018). Thus, the buoyant force starting from the 20th week of gestation is actually decreased, which appears as an argument, which is not in favor of the Baby Astronaut hypothesis. Still, before 20 weeks’ gestation, the analogy of intrauterine immersion and microgravity can be regarded as valid.
Thus, for a full-term baby, the gradient of actual gravity between the intra- and extrauterine condition must be only 0.2 G, and for a premature baby—0.4 G. As such, the fetus during the last few weeks of the intrauterine environment is “preparing” for living extrauterine at 1 G. Accordingly, for a premature baby, transition to extrauterine condition must be more stressful. Second, we found that the idea of the “intrauterine conditions as microgravity” and “extrauterine conditions as gravity” have been proposed also by Stanojevic et al. (2011), Stanojevic et al. (2012) in a paradigm of continuity of neurobehavioral development and discontinuity of environmental conditions.
Thus, the in utero fetus is subjected to decreased gravity due to the immersion (buoyancy) effect, higher temperature (around 37°C), and hypoxia (around 40 mm PO2). Then, after birth, the neonate finds him/herself exposed to colder, normoxic atmosphere, at 1 G (Figure 2). The revisited conception of the “Baby Astronaut” is schematized in Figure 2, using the original scheme from the study by Meigal (2013), and the studies by Sekulić et al. (2005) and Zaripova and Meigal (2018).
[image: Figure 2]FIGURE 2 | Conceptual scheme of gravity-related events and confounding environmental factors in pre- and postnatal periods of a human’s life, with analogs of spaceflight events. Blue solid line: the original; red dotted line: modified imagination of the perceived gravity (based on the study by Sekulić et al. (2005).
3.4.3 Criticism with respect to the models of cross-adaptation and cross-tolerance between environmental factors
Thus, microgravity, heat, and hypoxia have much in common in their effect on the motor system. These can be considered as parallel (convergent) adaptations, which individually can lead to similar results. In addition to parallelism, acclimation to one environmental stressor can enhance adaptation to other stressors, which has been described as the phenomenon of cross-tolerance (White et al., 2014) or cross-adaptation. Cross-tolerance (cross-adaptation) between various environmental stressors is widely studied, for example, between temperature (heat, cold) and hypoxia (Gibson et al., 2017; Rendell et al., 2017), heat and modeled microgravity (Debevec et al., 2018). In general, it has been shown that acclimation to heat increases acclimation to hypoxia (White et al., 2014), though there are studies, which present contradictory results (Rendell et al., 2017). The cross-relationship in acclimation to hypoxia and cold was shown to be negative (Fregly, 1954; Sorokina et al., 1984; Wang et al., 2012). On the other hand, there is a study, which does not evidence cross-tolerance between heat and hypoxia (Rendell et al., 2017).
We sought for studies that would have evidenced the phenomenon of cross-adaptation or cross-tolerance between microgravity and heat and microgravity and hypoxia, in their modeling action on the skeletal muscle. However, we did not find such studies. Thus, we can only state that microgravity, heat, and hypoxia are rather agonistic or convergent than synergistic in their effect on the motor system.
3.4.4 Criticism with respect to maturation by birth (altricial and precocial species)
There are two clearly different categories of homeothermic species. First, those who were born immature and were relatively immobile (altricial species, for example, rat, mouse, and golden hamster); and second, mature, those who were capable of moving right after birth (precocial, for example, guinea pig and sheep). In altricial species (rats), slow-type muscle fibers emerge only a few weeks after birth (Tambovtseva and Kornienko, 1986a). Therefore, in rats, the fiber type content can be modified by lower extrauterine temperature and gravity (microgravity). In humans, although they are classified as altricial species, slow muscle fibers are already present long before birth (Kumagai et al., 1984; Tambovtseva and Kornienko, 1986b), and, therefore, gravity and lower temperature cannot be considered as the major factors of postnatal muscle modification in human infants.
3.5 Statement 5: Several specific predictions of the effects of microgravity on various physiological parameters were drawn from the concept of Baby Astronaut
“Useful theories make predictions” (Howes A., 2012). In the original study (Meigal, 2012; Meigal, 2013), we have presented several predictions based on the concept of Baby Astronaut.
3.5.1 Sound and light might modulate muscle tone
“According to the concept of Baby Astronaut, the effect of darkness and silence, as inherent factors of the intrauterine habitat, on the neuromuscular system should correspond to the fetal strategy (FM strategy) due to their temporary coincidence with microgravity, heat, and hypoxia. Nevertheless, the pre-existing academic literature provides studies that demonstrate that the fetus is actually exposed to relatively bright illumination under intrauterine conditions (from 10 to 250 lx, which corresponds to a dimly or artificially lit room), depending on the external luminance and abdominal thickness (Del Giudice, 2011). Starting from weeks 30 to 32, the vision system allows the fetus to see (Del Giudice, 2011). Therefore, light can well contribute to motor development of the fetus during the last 10 weeks of gestation. The fetus does not experiences silence because intrauterine noise ranges between 72 and 96 db, which can be considered loud (Walker et al., 1971; Smith et al., 1990). Consequently, we have to refute the prediction that darkness would have contributed to muscle development in the fetus during the second half of gestation.
Still, it sounds quite reasonable that darkness or silence contributes to a decrease in muscle tone, for example, during sleeping, while bright light or noise increases it. Also, it is well-known that sound and light stimuli provoke postural and behavioral reactions. Nonetheless, in the academic literature, we found no direct evidence that long-lasting darkness, light, silence, or sound/noise can modulate muscle tone or muscle fiber composition either separately or along with other concomitant factors (microgravity, heat, and hypoxia). This issue can be addressed by exploring muscle fiber composition or the intensity of muscle tone in people with long-term deprivation of hearing (people with deafness or bad hearing) or vision (people with blindness, or bad sighted people). So far, we did not find such studies in the academic literature."
3.5.2 The affinity of O2 to Hb in space should be reduced because microgravity is cooperative with the joint effect of hypoxia and heat on it (the Bohr effect)
In the academic literature, we still did not find the studies, which present data on modification oxygen affinity to Hb under the conditions of weightlessness.
3.5.3 Skeletal muscle must have remodeled in women during pregnancy and postpartum
The state of gravidity, which adds some extra 10 kg to women’s weight, simulates hypergravity, and thus might also appear as a “pro-gravity” factor. We presumed that in pregnant women, a fast-to-slow shift in muscle fiber composition and corresponding modification in MU activity would be observed. We did not find corresponding studies to support this assumption.
3.5.4 The Baby Astronaut concept and parkinsonism
Parkinsonism is characterized by enhanced muscle tone (rigidity), rest tremor, brady-/akinesia, gait, and posture disorders (spontaneous falls, “freezing” of gait). These are strikingly similar to those provoked by cold (thermoregulatory muscle tone, cold shivering, and slowed movements) (Meigal and Lupandin, 2005). In individuals with parkinsonism, the slower fiber type predominate in skeletal muscles in comparison to young and older healthy subjects (Rossi et al., 1996; Lavin et al., 2020), probably due to persistent muscle rigidity. Usually, subjects with parkinsonism have elevated rest energy expenditure and lowered body weight (Capecci et al., 2013). However, we did not find evidence from the literature that this is specifically caused by selection of lipids as a fuel.
Thus, the concept of Baby Astronaut parkinsonism is similar to an enhanced variant of GE strategy. This allows parkinsonism as a “pro-gravity” factor. In support of that, in several past years, we found that muscle rigidity indeed is decreased under a program of short sessions of microgravity modeled with “dry” immersion (Meigal et al., 2018). However, there is no possibility to explore the effect of long-duration, either real or modeled, weightlessness on muscle fiber composition in people with parkinsonism, though older people already travel to space for some tens of minutes as tourists.
3.6 Statement 6: Some practical considerations were formulated on how to apply cold in prophylactic countermeasures in space
We suggested that the studied factors, namely, temperature and gravity, may be “equivalent” (or “isodynamic”) to each other. Since the amplitude of surface EMG of weakly contracting skeletal muscle is increased by some 20%, the MU firing rate in humans is decreased by 20% in the cold, and the MU firing rate is decreased by 30% under acclimation to cold, we suggested that in real weightlessness in space, flight cold could well “substitute” up to 20% of Earth's gravity. Therefore, from the physiological point of view, cold can have a kind of “gravity” value of up to 0,2 G (Meigal, 2013). Having in the mind that cold and gravity are convergent in the action on the neuromuscular system, cold could well have been applied as “surrogate gravity” (“Ersatzgravitation”).
From the pre-existing literature, we found two studies by Arshavskii et al. (1980, 1987) which evidenced that in developing rats, cold favored growth of body weight and skeletal muscle mass.
We fully realize that the “mainstream” research in the field of prophylactic measures on board a space vehicle during long-duration space missions (interplanetary spaceflights, e.g., to Mars) lies entirely within the concept of artificial gravity, modeled with, for example, centrifuge construction. In addition, cold is potentially a hazardous condition because of cold-induced infection, which should not have occurred on board of a space vehicle.
Nonetheless, we believe that cold as a partially equivalent factor for gravity can be interesting per se, as a curious and potentially productive idea that could contribute to the fields of gravitational physiology, cross-adaptation, rehabilitation, and physiology in general.
4 CONCLUSION
The aim of the present study was dual—1) critically review the idea of unidirectional physiological effects of cold and gravity, as well as heat and microgravity on the neuromuscular system, and 2) explain the convergent physiological effect of temperature and gravity modalities using the concept of the ontogenetic synchronicity (or, the Baby Astronaut concept) of these factors before (immersion-based microgravity, heat, and hypoxia) and after (Earth gravity, lower air temperature, and normoxia) the birth of a child.
We can conclude that the idea of physiological analogy between gravity and cold is justified by numerous, albeit indirect, evidence from the academic literature. However, studies have also been found that do not support this concept. We consider the idea of unidirectional physiological effects of temperature and gravity modalities plausible, although not yet confirmed experimentally. We have proposed several experiments which could have helped verifying that concept. In general, we consider statements 1 and 2 as experimentally provable, hence empirical. Of these two statements, statement 1 seems more valid than statement 2.
As for statements 3 and 4, we conclude that currently there is no convincing evidence from the academic literature to support them. There are two major problematic issues. First, there are two clearly different categories of homeothermic species—those that are born immature (altricial species, for example, rat), and mature (precocial, for example, guinea pig). In rats, slow-type muscle fibers appear a few weeks after birth and, consequently, the fiber type content can be modified by lower extrauterine temperature and lowered gravity (microgravity). In humans, slow muscle fibers are already present before birth and, therefore, gravity and lower temperature cannot be regarded as main drivers of muscle modification. Second, in utero, in the second half of gestation, the fetus body experiences substantial reduction in buoyancy, and, respectively, microgravity so that the fetus has 60–80% apparent weight (Sekulić et al., 2005), which corresponds to 0.6–0.8G. In addition, the fetus is not inactive, as it produces movements. Third, we did not find convincing empirical evidence on cross-adaptation between microgravity, high temperature, and hypoxia. Therefore, the intrauterine environment, especially in the second half of gestation, cannot be regarded as a relevant model of microgravity.
In general, the concept of Baby Astronaut can be regarded as valid only for species such as a rat (immature, altricial), but not for a human fetus. With respect to the aforementioned conclusions, as of now, statement 4 should be considered invalid.
5 PROSPECTIVE
For a more profound substantiation of the concept of Baby Astronaut, more physiological systems can be taken into consideration, for example, hemodynamics and blood. There are studies, which provide evidence that the effect of exposure to heat (“warm water” effect, “passive heat therapy”) and microgravity, modeled with either water or “dry” immersion, exert a similar relaxing effect on smooth musculature of vessels (Brunt et al., 2016; Sugawara and Tomoto, 2020; Gerasimova-Meigal et al., 2021). Then, Lossec et al. (1999) evidenced rapid postnatal improvement of cardiovascular adjustments favoring blood perfusion and probably heat production during cold-induced shivering in the most oxidative muscles studied.
In addition, data on the neuromuscular development of infants under such specific conditions as multifetal gestation (twin, triplet, and other higher-order pregnancy) (Yudin et al., 2001) and hydramnios could be of potential value because these two conditions specifically contribute to intrauterine buoyancy of the fetus.
Next, there are specific “visceral-motor” functions of the motor system, for example, breathing, defecation, delivery, vomiting, and swallowing. These functions require activity of the skeletal musculature (respiratory muscles, the upper portion of esophagus, m. sphincter ani ext., m. levator ani, etc.). The study by Gerasimova and Kuz'mina (1996) reported that the muscles of the pelvic floor of the cat are involved in thermoregulatory muscle tone under cooling conditions. Similarly, respiratory muscles are involved in cold shivering (Burachevskaia, 1981). This points on a potentially informative approach to study interaction and interrelationship between gravity and temperature.
Finally, in this study, we did not review potential expansion of the studied concept to the field of extreme modalities of gravity and cold, such as hypergravity and strong cold. We earlier considered potential parallelism of hypergravity, cold, and hyperoxia (Meigal, 2012, 2013), but it looks too much speculative.
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