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Abstract

:

Whether in real or simulated microgravity, Humans or animals, the kinetics of cardiovascular adaptation and its regulation by the autonomic nervous system (ANS) remain controversial. In this study, we used hindlimb unloading (HU) in 10 conscious mice. Blood pressure (BP), heart rate (HR), temperature, and locomotor activity were continuously monitored with radio-telemetry, during 3 days of control, 5 days of HU, and 2 days of recovery. Six additional mice were used to assess core temperature. ANS activity was indirectly determined by analyzing both heart rate variability (HRV) and baroreflex sensitivity (BRS). Our study showed that HU induced an initial bradycardia, accompanied by an increase in vagal activity markers of HRV and BRS, together with a decrease in water intake, indicating the early adaptation to fluid redistribution. During HU, BRS was reduced; temperature and BP circadian rhythms were altered, showing a loss in day/night differences, a decrease in cycle amplitude, a drop in core body temperature, and an increase in day BP suggestive of a rise in sympathetic activity. Reloading induced resting tachycardia and a decrease in BP, vagal activity, and BRS. In addition to cardiovascular deconditioning, HU induces disruption in day/night rhythmicity of locomotor activity, temperature, and BP.
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1. Introduction


The ability of Humans to explore space is limited by both psychological factors such as isolation and confinement as well as physical factors such as exposure to radiation and microgravity [1,2]. Numerous studies aiming to understand the biological impact of spaceflight focused largely on the risks of microgravity, which has important physiological consequences on the human body. Astronaut physiology is challenged in three phases: first, changes elicited upon entry to microgravity (short-term adaptation); second, the effects of prolonged exposure to microgravity; third, the re-adaptation to Earth’s gravity upon return. A number of studies from exposure to microgravity have shown that immediate loss of orthostatic pressure gradients leads to fluid redistribution towards the upper part of the body [3,4]. On return to Earth, the astronauts showed neuro-vestibular disturbances, reduction in bone mass [5,6], deconditioning of the musculoskeletal system [7], dysregulation of the immune system [8], sleep problems with circadian misalignment [9] and cardiovascular deconditioning [10]. Few studies have been performed to assess the autonomic nervous system (ANS) inflight, which plays a key role in cardiovascular adaptation to postural challenge [11]. Early short flight studies showed reduced baroreflex sensitivity (BRS) and evidence of increased sympathetic activity [12]. However, the role of the ANS during adaptation to short and long duration missions remains unclear [12]. Blunted sympathetic responses and compromised regulation of the ANS, persisting upon returning to Earth, could be factors of orthostatic intolerance and resting tachycardia [4,13,14]. On board, real microgravity-based studies are mainly limited due to high costs and difficulties in the collection of data during missions.



Despite their limitations, ground-based analogs of spaceflight have proven to be valuable techniques regarding numerous physiological systems and correlate with findings observed from real microgravity experimentation [15,16,17,18,19]. Rodent studies for microgravity often use the model referred to as hindlimb unloading (HU), which has proven to bring about similar physiological adaptations as observed in astronauts from real microgravity settings [20,21]. Some of these physiological alterations include fluid redistribution to the upper part of the body, increased natriuresis/diuresis leading to hypovolemia and hemodynamic dysregulation with resting tachycardia post-HU [20,21,22]. Attenuation of the baroreflex-mediated sympathoexcitation in response to a hypotensive stimulus has been shown in both rats [23,24] and in mice [13] following HU. However, the hemodynamic and autonomic responses during simulated microgravity in rodent models are controversial due to the discrepancy between species but also because of differences in both the duration of microgravity exposure as well as the choice of time points when measurements are recorded.



The purpose of this study is to clarify various controversial aspects of these forms of experiments by devising a murine HU model with continuous monitoring of relevant parameters. We aimed to define the kinetics of cardiovascular adaptation and recovery using a mouse model with three phases over 10 days: 3 days of control, 5 days of HU and 2 days of recovery. Over the time course, we measured mouse weight as well as their water and food intake. Using implantable radio telemetry devices, we continuously collected data on mouse subcutaneous temperature and locomotor activity, as well as cardiac parameters, arterial blood pressure (ABP), and HR. The cardiac parameters were further exploited to calculate heart rate variability (HRV) and BRS.



Our study showed that HU induced: (1) an initial bradycardia associated with an increase in vagal indirect markers of ANS activity, followed by a return to baseline values; (2) a persistent striking decrease in locomotor activity and in mice temperature associated with a disruption of circadian rhythms; (3) an increase in BP associated to a disruption of circadian rhythms suggestive of an increase in sympathetic activity; (4) a resting tachycardia at the recovery with a decrease in BP and in vagal activity markers reflecting the cardiovascular deconditioning.




2. Materials and Methods


2.1. Ethics Statement


Animal procedures were in accordance with European Communities Council Directive (2010/63/EU) and European Community standards on the Care and Use of Laboratory Animals (Ministère de l’Enseignement supérieur, de la Recherche et de l’Innovation, MESRI, France, authorization 25468).




2.2. Animals


C57BL/6J mice (12-week-old males) were purchased from Charles River Laboratories (Saint Germain l’Arbresle, France). Prior to experimentation, the mice were housed for 1 month in standard ventilated cages in the animal facility (US006 CREFRE Rangueil, Toulouse, France) under controlled conditions, with 23 ± 1 °C of ambient temperature and 60% of relative humidity. They were synchronized to a 12-h light-dark cycle (light cycle (LC) from 7:00 a.m. to 7:00 p.m., dark cycle (DC) from 7:00 p.m. to 7:00 a.m.) with access to standard mouse chow (R04-10, SAFE®, Rosenberg, Germany) and water ad libitum. One week prior to experimentation, mice were separated and individually housed in the cages used for HU. Mice (n = 16) were divided into two-independent groups: 10 mice were used for telemetry recordings for ABP, HR, locomotor activity and subcutaneous temperature in two independent periods (n = 5 each) and 6 mice were used for central (core) temperature recording.




2.3. Surgery


Mice were implanted with the HD-X11 transmitters (Data Science International®, DSI, Saint Paul, MN, USA). Briefly, mice were anaesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) by intraperitoneal injection (with 26 G needle) followed by a subcutaneous injection of buprenorphine (100 μg/kg). Anesthesia was maintained by mask inhalation of vaporized isoflurane (1.5%) and 100% oxygen mixed (0.2 L/min). Mice were placed on a warmed bed and the depth of anesthesia was assessed regularly by hind leg pinch. A midline incision (1.5 cm) was made on the ventral neck. The left common carotid artery was isolated and ligated to its bifurcation. A second ligature was used to clamp on the artery 6 mm proximal to the site of ligation. By a small incision in the artery wall, the catheter was advanced 7–10 mm towards the aorta and fixed in place with silk sutures (6-0 surgical suture, Ethicon, Somerville, NJ, USA). A subcutaneous pocket on the left flank of the animal was made with blunt scissors, and the body implant was inserted. Two small cutaneous incisions (3 mm) in the skin were performed on both sides of the heart, and the two electrodes of the telemetry transmitter from the ECG recording are tunneled under the skin. ECG electrodes were placed and sutured subcutaneously with 6-0 surgical suture (Ethicon, Somerville, NJ, USA) with the negative electrode attached to the right pectoral muscle; the positive lead on the left side on the level of xiphoid space and caudal to the heart. Skin incisions were sutured (5-0 surgical non-absorbable suture, Ethicon, Somerville, NJ, USA) and animals were allowed to recover on a warming pad (37 °C). For the recording of core temperature, the implant was inserted into the peritoneal cavity of 6 mice. The peritoneum was opened with fine scissors, the implant body was placed, and the peritoneum was sutured with a 6-0 surgical suture. Following recovery, mice were housed in individual cages and placed on the telemetric receivers (RPC-1 PhysioTelTM Receivers, DSI, Saint Paul, MN, USA), in a light-dark cycled room for the 7-day recovery period.




2.4. Hindlimb Unloading


Mice were subject to −30° tail unloading as described [25]. The apparatus and cages were employed as previously described [26]. Mice were briefly anaesthetized with inhaled mixed of isoflurane (2%) and 100% oxygen gas (0.2 L/min), in order to wrap the tail to the metal rod using the adhesive tape, ensuring that there is sufficient uncovered space around the tail to ensure adequate thermoregulatory capacity. The metal rod was connected to the unloading device, composed of a pulley system and a swivel, located at the top of the cage on two parallel metal bars of the cage. Using this setup and a grid at the bottom of the cage, mice were able to access all areas of the cage and were able to eat, groom, and move easily with their forelimbs.




2.5. Experimental Design


The experimental design of the study is depicted in Figure 1. Telemetry recordings were initiated 7 days after surgery. Baseline collection of telemetric data was performed during 3 days (Control, C-3 to C-1). All animals (n = 16) were suspended by their tail for a total of 5 days (Unloading, HU1 to HU5), after which they were returned to the normal four-extremity weight bearing “reloaded” position for 2 days (Recovery, R+1, and R+2). For consistency, and to minimize disturbances in the collection of the physiological data, all procedures including animal handling, cleaning, changes and measurements of food and water intake, and, data collection of recordings were performed at 10 a.m. Food (15 g per day) and water were weighed daily from surgery to the end of telemetry recordings. Body weight was monitored daily during the control period, then only at the unloading and recovery period. Body weight, food, and water intake were analyzed and described in this study for 11 mice. As previously mentioned, 16 mice were used in three independent experiments: two independent groups of 5 were used for the recording of ABP, HR, activity, and subcutaneous temperature, and 6 for the recording of core temperature. All animals survived implantation and to experimental endpoints. Technical issues included the intermittent dropout of the ECG signal on 2 recordings out of 10 mice. These mice were removed from all analyses of telemetric data. No gross pathological signs were noticed in any of the 16 mice. At the end of the protocol, telemetric devices were removed and the mice were sacrificed by cervical dislocation under anesthesia.




2.6. Telemetric Data Collection and Analysis


Telemetry transmitters were activated by positioning the magnet in close proximity to the implant as per the manufacturer’s instructions (Data Science International®, DSI, Saint Paul, MN, USA). ABP, HR, locomotor activity, and temperature (subcutaneous or intraperitoneal) signals were collected using the data acquisition system (Ponemah Physiology Platform Software, v6.41, DSI, Saint Paul, MN, USA). Blood pressure data are a direct analogue recording of the absolute intra-arterial pressure that is adjusted for variations in atmospheric pressure. HR was directly obtained from ECG and was also calculated from the blood pressure pulse. Activity counts were obtained by monitoring changes in the signal strength of the transmitter signal reflecting gross movements. This method only detects the movement of the transmitter and does not register grooming or other behavioral activities [27].



Signals were digitized at a rate of 1000 Hz. In order to remove measurement bias due to the entry of the experimenter at 10 a.m., this hour was excluded from the analysis. LC and DC values were determined with a 12-h mean.




2.7. Heart Rate Variability Analysis


HRV analysis was performed with the Ponemah software module (Heart Rate Variability, Ponemah, version 6.41, DSI, Saint Paul, MN, USA). HRV analysis was assessed in both time and frequency domains. Each R peak was detected and R-R intervals were determined from ECG recordings. Ectopic and artefact beats were removed. Since the signal is non-stationary in awake mice, we averaged 3 independent 3 min periods for HRV analysis as reported [28]. Therefore, each beat of three stable ECG 3 min intervals, with no erratic fluctuations, were analyzed and averaged between 8 and 10 a.m. We excluded one mouse from the HRV analyses because stable discernable 3 min intervals were not distinguished by the experimenter.



Time-domain analysis included the following parameters: the mean of R-R intervals, the standard deviation of all normal R-R intervals (SDNN), and the root-mean square differences of successive R-R intervals (RMSSD). Frequency-domain analysis was performed using Fast Fourier Transform spectrum with 1.024 spectral points series with 50% overlap using Welch’s periodogram. Segment length with linear interpolation and resampling to a 50 Hz interbeat time series and 20 ms tolerance (together with Hanning windowing) were averaged from the data recorded. Two separate spectral components were analyzed: the low frequency (LF, 0.10–1.00 Hz) and the high frequency (HF, 1.00–5.00 Hz) powers. LF and HF were expressed in absolute values of power (ms2). Very low frequency (VLF, 0.01–0.10 Hz) was excluded from the analysis.




2.8. Baroreflex Sensitivity Analysis


The BRS was calculated by the sequence technique (eCar software, Angers, France). Stable signals in 3 min intervals were analyzed (n = 7 mice). Consecutive increases or decreases in SBP associated with parallel changes in R-R intervals lengthening or shortenings, indicated spontaneous baroreflex responses. Up and down sequences were defined to a ramp of 3 SBP beats, associated with subsequent R-R intervals. An average number of 20 sequences (40 segments) were used for the analysis. No thresholds in SBP, R-R interval, or coefficient correlation (r) were used and the spontaneous BRS was calculated as the slope (ms/mmHg) of the linear regression lines.




2.9. Statistical Analysis


Changes in food consumption, water intake, body weight, 24 h mean variations, HRV, and BRS analysis, were analyzed by one-way repeated-measures of variance analyses (ANOVA, comparison to the last day of control, C-1) with Dunnett post-test comparison.



Two-way ANOVA (with Condition and Cycle factors) with Tukey post-test comparisons, were used to evaluate the interaction effect between unloading and LC/DC variations. All results were expressed as mean ± SD, and were statistically significant when p-values < 0.05.



Figures and statistical analyses were performed with GraphPad Prism 9 software (version 9.3.1, Boston, MA, USA) and R software (version 4.0.3, R Core Team 2022, Austria). Our continuously collected data were first averaged into 2 h time bins and plotted using R, by applying the ggplot2 package [29] (version 3.3.6), which allows for graphical displays. To better visualize trends and patterns in our times series, LOcally Estimated Scatterplot Smoothing (LOESS; [30]) was used. To gauge the extent of the change in amplitude and acrophase on oscillatory data, Cosinor based analyses were applied, and one-way ANOVA or Friedman test with Tukey or Dunn’s (respectively) post-test comparison was performed [31,32,33].





3. Results


3.1. Physiological Phenotyping


During the control period (C-3 to C-1) daily average food intake was 5.7 ± 0.9 g and water intake was 4.1 ± 1.2 g. Since there was no significant difference between the control days, we chose C-1 values as our baseline values for all comparison studies.



HU resulted in a marked decrease in food intake at HU1 (*** p < 0.001), which persisted to HU2 (* p < 0.05) compared to C-1. This dramatic decrease was then followed by a gradual recuperation and food intake was finally similar to C-1 by the end of the unloading period. Food intake was increased at R+1 as compared to C-1 (* p < 0.05) (Figure 2a).



A similar pattern was observed for water intake, whereby a significant decrease at HU1 (* p < 0.05), HU2 (* p < 0.05), HU3 (** p < 0.01) up to HU4 (* p < 0.05) compared to the control C-1. Water consumption increased at R+1 (* p < 0.05) compared to C-1 (Figure 2b).



Body weight was decreased by 4.5% after Unloading (*** p < 0.001) compared to Control. Mice began to recover their body weight in the 2-day recovery period, even if by the end of our analyses they still presented a 2.4% decrease (** p < 0.01) compared to their initial weight (Figure 2c).



ABP, HR, activity, and temperature were directly and continuously recorded for the 10 days of the experiment. To globally assess the effects by day, we binned the data into 24 h averages. For all our analyses, we compared values to C-1 as there were no significant differences between the different control days.



Our results showed a significant and progressive increase in mean ABP during the first 48 h of HU (*** p < 0.001) persisting to HU3 (*** p < 0.001) until HU4 (*** p < 0.001) compared to C-1. After 2 days of recovery, ABP significantly decreased compared to C-1 (*** p < 0.001) (Figure 3a). Concurrently, HU led to a biphasic response in HR. An important bradycardia occurred early (HU1, *** p < 0.001) reaching a maximum 11% decrease compared to C-1. This bradycardia persists to HU2 (*** p < 0.001) and then returned to baseline values on HU3, while conversely, a significant tachycardia was observed at recovery (*** p < 0.001) (Figure 3b).



HU induced an 85% reduction in mean locomotor activity, occurring immediately (HU1, *** p < 0.001) compared to C-1. This reduction remained throughout the entire HU until the end (HU5, *** p < 0.001). At recovery, locomotor activity returned to control values (Figure 3c). Mean subcutaneous temperature was significantly decreased during HU, from HU1 (*** p < 0.001) to HU5 (** p < 0.01), compared to C-1 and then returned to control values at recovery (Figure 3d).



Our results showed that HU induced inactivity, reduced food and water intake, a decrease in body weight, and a drop in subcutaneous temperature. The HR decreased in the first 2 days while the MBP increased moderately but significantly in the first 4 days. Reloading induced resting tachycardia and a decrease in MBP as a result of cardiovascular deconditioning.




3.2. ANS Activity Analysis


HRV was used to assess autonomic modulation of cardiac activity in both the temporal and spectral domains.



First, in the time domain, the SDNN significantly increased following unloading at HU1 (** p < 0.01) and HU2 (* p < 0.05) as compared to the C-1. At recovery, SDNN significantly decreased at R+1 (* p < 0.05) (Figure 4a). Likewise, RMSSD was significantly increased at HU1 (* p < 0.05), compared to C-1 (Figure 4b).



Next, frequency-domain analysis was performed. We found that LF, HF, and LF/HF were not significantly different during HU compared to control despite a trend for a decrease at HU4 of the unloading compared to C-1 for LF/HF (p = 0.08) (Figure 5a–c).



We subsequently analyzed the BRS, using the sequence method, throughout the experimental protocol. An increase at HU1 (** p < 0.01) and HU2 (** p < 0.01) was observed with an ensuing decrease by HU4 (* p < 0.05) and HU5 (* p < 0.05), as compared to C-1. At the recovery, a decrease was observed at R+1 (* p < 0.05) compared to C-1 (Figure 6).



Altogether, HU induced an early increase in vagal activity and BRS. These parameters decreased during Reloading.




3.3. Phenotyping Circadian Rhythms


We next sought to further characterize the adaptations for each parameter measured by radio-telemetry over the entire experimental protocol.



3.3.1. Locomotor Activity


Overall, the progression of locomotor activity during the control period showed rhythmic day/night cycles with maximum peaks during DC and minimum values in the LC. During HU, this rhythmicity was completely abolished and yet immediately retrieved during the recovery period (Figure 7a).



Locomotor activity was also assessed by 12 h means, and showed a marked activity pattern at expected nocturnal periods during the control condition (cycle effect, *** p < 0.001). These movements were significantly higher during DC than LC (** p < 0.01). As described, HU resulted in a striking decrease in locomotor activity, immediately following unloading and continued throughout HU (condition effect, *** p < 0.001). Locomotor circadian rhythm showed a significant difference between DC (** p < 0.01) and LC (** p < 0.01) compared to control DC and LC, respectively (interaction effect, *** p < 0.001). At the recovery, values similar to control locomotor activity and DC/LC oscillation were observed, with an increase in LC (*** p < 0.001) and in DC (*** p < 0.001) as compared to unloading (Figure 7b).




3.3.2. Temperature


Next, the subcutaneous temperature was plotted to visualize the evolution of temperature throughout the experiment. The temperature response to HU was similar to that observed for locomotor activity, with a consistent decrease in mean subcutaneous temperature, returning to normal upon recovery. During the control period, temperature showed rhythmic day/night cycles with maximum peaks during DC, and this rhythmicity was abolished during HU (Figure 8a).



Moreover, when analyses were performed by LC/DC means LC temperature during the control condition was lower as compared to DC temperature (*** p < 0.001) showing a circadian cycle effect (*** p < 0.001). In fact, unloading led to a decrease in DC temperature compared to DC during the control period (*** p < 0.001). As mentioned, mean subcutaneous temperature and cycle difference were decreased during unloading (condition effect, *** p < 0.001), inducing an interaction effect (*** p < 0.001). At the recovery, LC (*** p < 0.001) and DC (*** p < 0.001) differences were also restored compared to unloading and showed no difference compared to the control period (Figure 8b).



A similar trend for central temperature was also observed with a significant decrease during 5-days HU (condition effect, *** p < 0.001). Our results showed a significant decrease in DC temperature during unloading compared to the control period (*** p < 0.001) but no changes in LC. During the control period, LC (*** p < 0.001) and DC showed a circadian pattern (cycle effect, *** p < 0.001). This pattern is preserved, but attenuated, during HU (* p < 0.05). Core temperature returned to control values during recovery, showing no differences with the control period and a similar DC and LC pattern (*** p < 0.001) (Figure 8c).




3.3.3. Arterial Blood Pressure


ABP was separated into systolic and diastolic blood pressure (SBP and DBP, respectively). During the control condition, the circadian BP pattern is characterized by a decrease in both SBP and DBP during the day that reaches its trough around midday, with a subsequent gradual rise towards the nocturnal period with a peak near midnight. A continual circadian rhythm during the 3-day control period, with higher values during DC are observed, and both showed a cycle effect (*** p < 0.001). HU resulted in a significant increase in SBP (condition effect, *** p < 0.001) and DBP (* p < 0.05). There was also a marked loss of LC and DC rhythmic differences, SBP and DBP showed a significant interaction effect (*** p < 0.001) (Figure 9a–c).



SBP showed a significant difference in LC compared to DC in the control period (*** p < 0.001). During HU, LC and DC pattern was preserved (*** p < 0.001) by maintaining higher values in DC mean than LC mean. However, both LC and DC patterns during unloading showed significant differences compared to control period (*** p < 0.001). No differences were reported for DC in the recovery period compared to control despite a significant difference in LC (*** p < 0.001) (Figure 9b).



A similar pattern was observed for DBP, with a marked difference between LC and DC during the control period (*** p < 0.001). This pattern was maintained during HU (** p < 0.01). During unloading, LC was increased compared to control (*** p < 0.001) but no differences are reported concerning DC. At the recovery, LC and DC values were no different compared to the LC control period. There was a significant difference in LC (*** p < 0.001) and DC values (** p < 0.01) compared to unloading (Figure 9c).




3.3.4. Heart Rate


HR measurements were also plotted as time series plots with a smoothing effect to better observe the patterns. Throughout the control condition, HR did not appear to follow a circadian pattern such as ABP (no cycle effect, ns). Unloading led to a significant decrease compared to the control (condition effect, *** p < 0.001). LC values during unloading were lesser than LC values during control (*** p < 0.001) or recovery period (*** p < 0.001). DC values followed the same trend, with a decreased value compared to control (*** p < 0.001) and recovery state (*** p < 0.001). LC and DC values during recovery were higher than control LC (*** p < 0.001) and DC (* p < 0.05) values (Figure 10a,b).




3.3.5. Cosinor Analyses


Using the Cosinor analysis, the mesor, a rhythm-adjusted mean; the amplitude, the extent of predictable change within a cycle; and, the acrophase, a measure which can be defined as the time of day where the circadian cycle obtains its maximum, with respect to a fixed moment in time [31] were defined and presented in Table 1.



Data of locomotor activity and subcutaneous temperature are significantly changed during HU, showing a decrease in both amplitude and mesor value. During HU, our results showed a decrease in the amplitude of SBP and DBP, but also an increase in SBP (mesor) during HU. During the recovery period, data showed a decrease in SBP amplitude. HR showed a decrease in mesor value during HU and an increase during recovery.



For coherence in applying the model we further performed the rhythm detection test p-value, to determine the fit of the model to the data. It is noteworthy that the rhythm detection test showed that only locomotor activity and temperature fit the model during the control period. During the recovery period, the data fit the model only for temperature. Concerning BP the model was not able to fit the data.



Globally, HU led to a disrupted day/night rhythmicity of locomotor activity, temperature, and BP.






4. Discussion


4.1. Dynamic Responses of the ANS to HU and Recovery


In an effort to resolve some of the controversy surrounding how HU alters cardiovascular ANS function, we performed continuous recordings of the ABP, HR, locomotor activity, and temperature in a murine model of simulated microgravity. We found that the cardiovascular system responses were highly dynamic and that within the 5-days HU experimental phase, there was an initial adaptation followed by a relative return to baseline levels for HR and ABP. We observed that the initial response to HU consisted of a significant bradycardia, along with an increase in vagal activity and in BRS. Additionally, SDNN, a time-domain marker for HRV that reflects total ANS variability [34], showed a marked increase in HU1 and remained elevated up to HU2 as compared to control values. Correspondingly, the HRV time-domain marker, RMSSD, which is a marker of cardiac parasympathetic activity [34], was elevated on HU1. Even though these markers showed changes, it is of interest that no significant change was found in the frequency-domain analysis of LF, considered as an index of cardiac sympathetic and parasympathetic tones and the HF, reflecting only cardiac parasympathetic tone. HF tends to increase only on HU1 and couples with a decrease in HR, which indicate an increase in vagal tone. HRV in the frequency domain not reaching significance may be due to the large intra-individual variability [34], or even in the restrictive data time frame measured. The decrease in HR can hardly be explained by the reduction in locomotor activity, as reduced locomotor activity persists throughout the HU period. This change was accompanied by a decrease in water intake. This may reflect an early adaptation to the fluid redistribution to the upper part of the body mediated by neuro-hormonal mechanisms [35,36]. The increased central blood volume perceived by aortic and carotid baroreceptors and cardiac receptors induce an increase in natriuresis and diuresis leading to real hypovolemia [36]. An increase in plasma atrial natriuretic factor has been shown after 2 h of −30° HU in rats in response to early central hypovolemia [35]. Direct measurements of the central venous pressure in rats showed that an increase was related to the head-down level and that central venous pressure remained elevated after 24 h at −45° [37]. In our study, we suppose that the changes observed in HR as the initial response persisted mainly for the first 2–3 days, and then the animals recovered their baseline values are a reflection of the adaptation to central fluid shift [36]. Inverse to HR, ABP increased during this period, and also stabilized to baseline values by HU3. This included a stabilization of HR and HRV markers of vagal activity and also ABP values. A previous study also showed a moderate bradycardia by HU2 that continued over the course of 4 days, after which HR returned to baseline as measured by radiotelemetry in mice [13]. An increase in BP was also reported in rats by Tsvirkun et al. [22]. However, these authors did not report an initial decrease in HR. Several reasons may explain these discrepancies: for instance, the magnitude and the response to the cephalad fluid shift may vary with the species. Other studies have been performed at discrete timepoints, often when the animal is released from constraint, and therefore cardiovascular deconditioning is studied, or is confounded by the use of anesthesia for handling and experimentation [21,22,38,39,40].



The recovery period, which represents the return to normal gravity with the HU model, is also of interest to understanding post-flight adaptations in astronauts. Our data showed that, as expected, the recovery period provoked a significant resting tachycardia and a decrease in vagal activity. Indeed resting tachycardia in rodent models was previously described at recovery after 7 or 14 days HU in mice [13,41] and in rats [38,42,43,44]. These findings are in accordance with the central hypovolemia induced by the reloading and also leading to the increase in water intake significant on R+1. ABP levels returned to baseline values at R+1, but a significant decrease was observed at R+2. Our findings are in accordance with previous studies for the return to baseline by R+1. For example, resting ABP was normal following 14 days of HU in rats, but reached lower levels compared to the control group [43]. In mice, Powers and Bernstein found that ABP dropped slightly after reloading showing how increasing the timing of experimentation can have a large role in the results [13]. Indeed, most deconditioning studies are performed immediately following reloading of the animal, and several of these have shown ABP levels return to resting state. These data surrounding ABP responses to recovery, however, may differ and are likely due to the unloading duration, ABP measurement technique, and the duration of the recovery period following HU. The significant decrease in ABP at R+2 may reflect a reduced sympathetic response to postural challenge. It has been suggested that impaired baroreflex and sympathetic activity could play a role in cardiovascular deconditioning and orthostatic intolerance observed after exposure to simulated or real microgravity. Foley et al. [43] showed that baroreflex-mediated activation of sympathetic activity (measured by RSNA) was blunted by HU (13–15 days) in rats. In our experiment, we also observed that global variability (SDNN) and BRS were lower at the recovery than control period. However cardiac parasympathetic activity (RMSSD) showed no significant change. We did not find any modification in frequency-domain indicators of HRV and sympatho-vagal scale (LF/HF), which agrees with a previous study that showed simulated microgravity did not change autonomic balance assessed by spectral properties of BP and HR in rats [38,45]. However, other studies using pharmacological tools showed an alteration of the baroreflex mediated sympathetic activity and an altered HR sympathovagal balance (both a significant increase in sympathetic tone and a reduction in parasympathetic tone) in response to HU [34,39]. The decreasing trend observed in BRS may reflect a lack of ANS adaptation to postural challenges.




4.2. Light/Dark Cycles and Circadian Rhythms during HU and Recovery


Daily, 24 h rhythmic variations in body temperature and activity levels are found in mice with an increase in both during the DC [46,47]. Consistently with previous studies [48], we observed a positive correlation between temperature and locomotor activity. When measures of activity are elevated, there is also a rise in the temperature. Both of these parameters show a clear baseline day/night response with elevation during the DC versus the LC. This pair of parameters also correlate in terms of their response to the HU phase and their ability to re-acquire baseline waveforms during the recovery phase. Immediately upon introduction to the HU phase, mouse activity declined severely and lost any semblance of LC/DC periodicity; albeit to a greater degree during the DC when the mice are normally more active [47], and this is likely due to the restraint since these parameters returned to normal upon release. Temperature readings trended in a very similar pattern throughout the 5-day HU phase. Additionally, both of these parameters were able to regain LC/DC periodicity immediately upon exiting HU. Interestingly, mouse food uptake returned to baseline within 72 h during HU, suggesting a compensatory thermoregulation mechanism [49] possibly in order to maintain body temperature. Our finding for reduced body temperature is in contrast to a recent study conducted on astronauts that found an increase in core body temperature during spaceflights [50]. It is worth noting that the changes in intraperitoneal temperature and the subcutaneous temperature had the same pattern.



Furthermore, ABP and HR have an established circadian pattern with a peak during the DC in rodents [51]. In our results, we clearly see the circadian rhythm of BP during the control period, the perturbation of that rhythm during the days of HU, and the conduct of that rhythm during the days of recovery. The main finding is the most significant increase occurring in ABP during LC. This corresponds to a non-dipper pattern which may due to vascular sympathetic activation. This pattern has been already described in HU in rats by Tsvirkun et al. [22] who also reported the same pattern in isolated rats in individual cages. In addition, the possible changes in baroreflex and ANS regulation induced by the HU may also play a role. Indeed studies performed in sinoaortic denervated rats have shown that the disruption of the baroreflex elevates the BP in rats during the light period, eliminating the 24-h rhythmicity although the level and pattern of locomotor activity rhythms were not changed by sinoaortic denervation [52].



For example, ABP shows a circadian waveform during the control phase, and the changes observed during HU are subtler and more difficult to interpret. There appears to be an alternation in the shape of the waveform immediately upon introduction to HU that then leads to a distortion in the circadian waveform on each subsequent day. Even upon exit to the recovery phase, it was not evident during the 2 days of recovery how the ABP waveform would eventually regain the baseline shape. In fact, the circadian rhythm observed for the days R+1 and R+2 are more different than any subtle modulations observed during the 3 control days. The circadian cycle of HR, after a complete perturbation on HU1, appears to gradually increase over the remaining days of HU. Akin to the recovery response observed for ABP, HR was not able to return to a baseline waveform within the recovery period.



Finally, we found that locomotor activity and temperature that fits the model during the control period no longer fit the model during HU, which was probably related to disruptions in circadian rhythms. However, fitting the model to certain data such as BP was not possible even during the control period. We suppose that these results may be influenced by the number of days of control versus the HU and the recovery phase. Second, we presume that since the period was tightly controlled in our experiment, this may bias the wave function. Future work and more thorough analyses are required to fully understand how HU impacts on the circadian cycle.




4.3. Limitations of the Model and Analyses


While we conducted a controlled experiment to understand the impact of HU on cardiovascular conditioning, we found considerable interaction between the physiological parameters, food and water consumption, with HU. Stress responses are classically measured by the loss of body weight, food consumption, and decreased core body temperature; all of which were altered in our experiment. It is important to note that mice were housed individually in HU studies. Social isolation and HU are known to induce stress, anxiety, depressive-like behavior, as well as disrupted circadian rhythms [22,38,53]. Although we tried to reduce stress, by acclimating the mice to handling and isolation prior to experimentation, we cannot exclude the effects of stress on the cardiovascular responses observed. There is some consensus that stress-related features manifest in unloading models and these can influence ABP and HR levels [22,54]. As such, the ensemble of changes renders the dissection of the root cause of cardiovascular ANS alterations during HU, and the ensuing deconditioning, challenging. These shortcomings are known in the literature and remain a caveat for all rodent-based studies and may also contribute to the disputed nature of findings.



Despite these limitations, our findings offer insight into the fluxes in HR and ABP in response to the experimental phase and the time that may explain the conflicting findings in the field. One noteworthy observation in our study is that several parameters of ANS activity appear to return to control period levels during the HU period. While we are aware that the exposure to microgravity in our experiment was of a relatively short duration, our findings agree with previously published studies of short-term HU showing similar adaptations [13,22]. It is important to keep in mind that most of the experimental protocols used assess cardiovascular ANS tone at discrete time points, and several of these require the unloading of the animal and/or the use of anesthesia. Moreover, analyses of the different parameters of the ANS require stable HR and ABP signals, which are a challenge to obtain in awake, free-roaming animals. Thus, our analyses of the ANS indices followed those previously published for 3 min intervals in the early morning [28]. In addition, our data equally shows a divide between locomotor activity counts and the cardiovascular markers, HR and ABP. These findings are perplexing given the high correlation between HR and activity (reviewed but not limited to [55,56]). We hypothesize that the observed overall increase in the sympathetic tone during the LC may help explain these findings. We need to keep in mind that in addition to the ground-based nature of these experiments, there are other features such as the fact that mice are quadrupeds and that fluid redistribution towards the upper part of the body may not be as significant as in Humans [13]. Although the murine model is a suitable model for assessing cardiovascular adaptation to microgravity such as observed in bed rest and spaceflight studies, the interpretation of the data should be made cautiously between species. It is noteworthy to note that 1G gravity applies to this model unlike spaceflight [57].




4.4. Conclusions and Potential New Insights


In our study, we demonstrated the several phases of physical, cardiovascular, and autonomic adaptation to simulated microgravity. On the one hand, we demonstrated an initial bradycardia associated with an increase in cardiac vagal activity and BRS, accompanied by a decrease in water intake, which may reflect an early adaptation to fluid redistribution. HU also led to a disruption of cardiovascular circadian rhythms, in particular a decrease in day/night differences in BP characterized by an increase in BP in LC, which may be related to an increased sympathetic activity. On the other hand, our results confirm that HU induced an immediate, dramatic, and persistent decrease in locomotor activity. Surprisingly, HU also induces a decrease in subcutaneous and core temperature, which to our knowledge has not been shown in mice. Finally, at the recovery, the mouse showed a resting tachycardia with a decrease in BP, in cardiac vagal activity, and BRS, reflecting the re-adaptation to normal gravity. Our investigation with continuous monitoring has both provided a degree of clarity with regard to the cardiovascular adaptation and regulation by the ANS in HU, also confirm the interest of this model to simulate and assess the post-flight cardiovascular deconditioning.



While the circadian rhythm is the most studied cycle, there are also cycles in nature that are shorter, ultradian (<22 h), and longer, infradian (>26 h) that also play a role in the regulation of biological systems [58]. The underlying mechanisms for infradian rhythms are poorly understood even if examples of these, which include levels in sex hormones [59,60], melatonin [61], and dopamine [62] have been shown. A major issue in the study of such cycles is the enormous amount of interaction between all the different rhythms with all their various periods. For instance, dopamine, an important neurotransmitter involved in stress and depression [63], not only exhibits ultradian rhythms but also influences circadian and infradian rhythms [62]. Dopamine levels were found to be reduced in mice exposed to 1 month of spaceflight on the Russian biosatellite BION-M1 [64], suggesting possible interactions between a known ultradian rhythm and microgravity. Studies have implicated both ultradian and infradian rhythms play a role in HRV [65]. Integrating our database with existing databases, coupled with new findings, and tracking in real-time physiological and behavioral parameters are key areas of study in the future to understand and enhance cosmonaut physiology for spaceflight missions.








Author Contributions


Conceptualization, D.N.A. and A.P.-L.T.; Formal analysis, O.H., M.K., S.D., A.M., S.L.G. and N.N.; Funding acquisition, M.K., D.N.A. and A.P.-L.T.; Investigation, O.H., M.K., S.D., S.L.G., R.Z., D.C., N.N. and D.N.A.; Methodology, O.H., M.K., S.L.G., R.Z., D.C., D.N.A. and A.P.-L.T.; Project administration, C.G. and A.P.-L.T.; Resources, S.L.G., R.Z., D.C. and N.N.; Supervision, M.K., S.D., D.C., D.N.A. and A.P.-L.T.; Writing—original draft, O.H., D.N.A. and A.P.-L.T.; Writing—review and editing, O.H., M.K., S.L.G., D.C., N.N., C.G., D.N.A. and A.P.-L.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by CNES, grant number 48000011/24/73, and by FDF, grant number FDFR19222BB.




Institutional Review Board Statement


Animal procedures with animals were in accordance with European Communities Council Directive (2010/63/EU) and European Community standards on the Care and Use of Laboratory Animals (Ministère de l’Enseignement supérieur, de la Recherche et de l’Innovation, MESRI, France, authorisation 25468). This experimental protocol has been approved by the regional ethic committee (Comité d’éthique de l’US006/CREFRE, CEEA-122).




Informed Consent Statement


Not applicable.




Data Availability Statement


All data related to the article are found within the article and the 2 h time bin datasets are available at doi:10.57745/QVRW8W (7 February 2022).




Acknowledgments


The authors thank Déborah Campayo and the staff of the CREFRE US006 of Toulouse for their help, Yann Abéguilé and the technical team of DSI for the technical support, Angèle Chopard from DMEM (UMR866-INRAE) of Montpellier, Laurence Vico and Laura Peurière, from SAIMBIOSE (UMR1059-INSERM) of Saint-Etienne for the material, Jean Michel Sénard from I2MC (UMR1297-INSERM) and the IMT (UMR5219-CNRS) of Toulouse, for their participation in the elaboration of the statistical analyses.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Patel, Z.S.; Brunstetter, T.J.; Tarver, W.J.; Whitmire, A.M.; Zwart, S.R.; Smith, S.M.; Huff, J.L. Red Risks for a Journey to the Red Planet: The Highest Priority Human Health Risks for a Mission to Mars. NPJ Microgravity 2020, 6, 33. [Google Scholar] [CrossRef]

	



Afshinnekoo, E.; Scott, R.T.; MacKay, M.J.; Pariset, E.; Cekanaviciute, E.; Barker, R.; Gilroy, S.; Hassane, D.; Smith, S.M.; Zwart, S.R.; et al. Fundamental Biological Features of Spaceflight: Advancing the Field to Enable Deep-Space Exploration. Cell 2020, 183, 1162–1184. [Google Scholar] [CrossRef]

	



Ly, V.; Velichala, S.R.; Hargens, A.R. Cardiovascular, Lymphatic, and Ocular Health in Space. Life 2022, 12, 268. [Google Scholar] [CrossRef] [PubMed]

	



Gallo, C.; Ridolfi, L.; Scarsoglio, S. Cardiovascular Deconditioning during Long-Term Spaceflight through Multiscale Modeling. NPJ Microgravity 2020, 6, 27. [Google Scholar] [CrossRef]

	



Man, J.; Graham, T.; Squires-Donelly, G.; Laslett, A.L. The Effects of Microgravity on Bone Structure and Function. NPJ Microgravity 2022, 8, 9. [Google Scholar] [CrossRef]

	



Coulombe, J.C.; Senwar, B.; Ferguson, V.L. Spaceflight-Induced Bone Tissue Changes That Affect Bone Quality and Increase Fracture Risk. Curr. Osteoporos. Rep. 2020, 18, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Comfort, P.; McMahon, J.J.; Jones, P.A.; Cuthbert, M.; Kendall, K.; Lake, J.P.; Haff, G.G. Effects of Spaceflight on Musculoskeletal Health: A Systematic Review and Meta-Analysis, Considerations for Interplanetary Travel. Sports Med. 2021, 51, 2097–2114. [Google Scholar] [CrossRef] [PubMed]

	



ElGindi, M.; Sapudom, J.; Ibrahim, I.H.; Al-Sayegh, M.; Chen, W.; Garcia-Sabaté, A.; Teo, J.C.M. May the Force Be with You (Or Not): The Immune System under Microgravity. Cells 2021, 10, 1941. [Google Scholar] [CrossRef] [PubMed]

	



Brainard, G.C.; Barger, L.K.; Soler, R.R.; Hanifin, J.P. The Development of Lighting Countermeasures for Sleep Disruption and Circadian Misalignment during Spaceflight. Curr. Opin. Pulm. Med. 2016, 22, 535–544. [Google Scholar] [CrossRef] [PubMed]

	



Baran, R.; Marchal, S.; Garcia Campos, S.; Rehnberg, E.; Tabury, K.; Baselet, B.; Wehland, M.; Grimm, D.; Baatout, S. The Cardiovascular System in Space: Focus on In Vivo and In Vitro Studies. Biomedicines 2021, 10, 59. [Google Scholar] [CrossRef]

	



McCrory, C.; Berkman, L.F.; Nolan, H.; O’Leary, N.; Foley, M.; Kenny, R.A. Speed of Heart Rate Recovery in Response to Orthostatic Challenge. Circ. Res. 2016, 119, 666–675. [Google Scholar] [CrossRef] [PubMed]

	



Mandsager, K.T.; Robertson, D.; Diedrich, A. The Function of the Autonomic Nervous System during Spaceflight. Clin. Auton. Res. 2015, 25, 141–151. [Google Scholar] [CrossRef]

	



Powers, J.; Bernstein, D. The Mouse as a Model of Cardiovascular Adaptations to Microgravity. J. Appl. Physiol. (1985) 2004, 97, 1686–1692. [Google Scholar] [CrossRef] [PubMed]

	



Hargens, A.R.; Richardson, S. Cardiovascular Adaptations, Fluid Shifts, and Countermeasures Related to Space Flight. Respir. Physiol. Neurobiol. 2009, 169 (Suppl. 1), S30–S33. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Hamamura, K.; Yokota, H. A Brief Review of Bone Adaptation to Unloading. Genom. Proteom. Bioinform. 2008, 6, 4–7. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, N.; Otsuka, K.; Kubo, Y.; Hayashi, M.; Mizuno, K.; Ohshima, H.; Mukai, C. Effects of Long-Term Microgravity Exposure in Space on Circadian Rhythms of Heart Rate Variability. Chronobiol. Int. 2015, 32, 327–340. [Google Scholar] [CrossRef]

	



Chouchou, F.; Pichot, V.; Costes, F.; Guillot, M.; Barthélémy, J.-C.; Bertoletti, L.; Roche, F. Autonomic Cardiovascular Adaptations to Acute Head-out Water Immersion, Head-down Tilt and Supine Position. Eur. J. Appl. Physiol. 2020, 120, 337–347. [Google Scholar] [CrossRef]

	



Pavy-Le Traon, A.; Heer, M.; Narici, M.V.; Rittweger, J.; Vernikos, J. From Space to Earth: Advances in Human Physiology from 20 Years of Bed Rest Studies (1986–2006). Eur. J. Appl. Physiol. 2007, 101, 143–194. [Google Scholar] [CrossRef]

	



Pandiarajan, M.; Hargens, A.R. Ground-Based Analogs for Human Spaceflight. Front. Physiol. 2020, 11, 716. [Google Scholar] [CrossRef] [PubMed]

	



Globus, R.K.; Morey-Holton, E. Hindlimb Unloading: Rodent Analog for Microgravity. J. Appl. Physiol. (1985) 2016, 120, 1196–1206. [Google Scholar] [CrossRef] [PubMed]

	



Hawliczek, A.; Brix, B.; Al Mutawa, S.; Alsuwaidi, H.; Du Plessis, S.; Gao, Y.; Qaisar, R.; Siddiqui, R.; Elmoselhi, A.B.; Goswami, N. Hind-Limb Unloading in Rodents: Current Evidence and Perspectives. Acta Astronaut. 2022, 195, 574–582. [Google Scholar] [CrossRef]

	



Tsvirkun, D.; Bourreau, J.; Mieuset, A.; Garo, F.; Vinogradova, O.; Larina, I.; Navasiolava, N.; Gauquelin-Koch, G.; Gharib, C.; Custaud, M.-A. Contribution of Social Isolation, Restraint, and Hindlimb Unloading to Changes in Hemodynamic Parameters and Motion Activity in Rats. PLoS ONE 2012, 7, e39923. [Google Scholar] [CrossRef] [PubMed]

	



Hasser, E.M.; Moffitt, J.A. Regulation of Sympathetic Nervous System Function after Cardiovascular Deconditioning. Ann. N. Y. Acad. Sci. 2001, 940, 454–468. [Google Scholar] [CrossRef]

	



Mueller, P.J.; Cunningham, J.T.; Patel, K.P.; Hasser, E.M. Proposed Role of the Paraventricular Nucleus in Cardiovascular Deconditioning. Acta Physiol. Scand. 2003, 177, 27–35. [Google Scholar] [CrossRef] [PubMed]

	



Morey-Holton, E.R.; Globus, R.K. Hindlimb Unloading Rodent Model: Technical Aspects. J. Appl. Physiol. (1985) 2002, 92, 1367–1377. [Google Scholar] [CrossRef] [PubMed]

	



Garg, P.; Strigini, M.; Peurière, L.; Vico, L.; Iandolo, D. The Skeletal Cellular and Molecular Underpinning of the Murine Hindlimb Unloading Model. Front. Physiol. 2021, 12, 749464. [Google Scholar] [CrossRef]

	



van den Buuse, M.; Malpas, S.C. 24-Hour Recordings of Blood Pressure, Heart Rate and Behavioural Activity in Rabbits by Radio-Telemetry: Effects of Feeding and Hypertension. Physiol. Behav. 1997, 62, 83–89. [Google Scholar] [CrossRef] [PubMed]

	



Thireau, J.; Zhang, B.L.; Poisson, D.; Babuty, D. Heart Rate Variability in Mice: A Theoretical and Practical Guide: Heart Rate Variability in Mice. Exp. Physiol. 2008, 93, 83–94. [Google Scholar] [CrossRef]

	



Wickham, H. Ggplot2; Springer: New York, NY, USA, 2009; ISBN 978-0-387-98140-6. [Google Scholar]

	



Cleveland, W.S.; Devlin, S.J. Locally Weighted Regression: An Approach to Regression Analysis by Local Fitting. J. Am. Stat. Assoc. 1988, 83, 596–610. [Google Scholar] [CrossRef]

	



Cornelissen, G. Cosinor-Based Rhythmometry. Theor. Biol. Med. Model. 2014, 11, 16. [Google Scholar] [CrossRef]

	



Mutak, A. Cosinor2: Extended Tools for Cosinor Analysis of Rhythms 2018. R Package Version 0.2.1. Available online: https://CRAN.R-project.org/package=cosinor2 (accessed on 16 March 2023).

	



Sachs, M. Cosinor: Tools for Estimating and Predicting the Cosinor Model 2022. R Package Version 1.2.2. Available online: https://cran.r-project.org/web/packages/cosinor/index.html (accessed on 16 March 2023).

	



Shaffer, F.; Ginsberg, J.P. An Overview of Heart Rate Variability Metrics and Norms. Front. Public Health 2017, 5, 258. [Google Scholar] [CrossRef] [PubMed]

	



Gauquelin, G.; Kazek, C.; Allevard, A.-M.; Garcin, R.; Bonnod, J.; Gutkowska, J.; Cantin, M.; Gharib, C. Early (1 to 24h) Plasma Atrial Natriuretic Factor Changes in the Rat during Antiorthostatic Hypokinetic Syspension. Biochem. Biophys. Res. Commun. 1987, 148, 582–588. [Google Scholar] [CrossRef] [PubMed]

	



Antunes-Rodrigues, J.; Machado, B.H.; Andrade, H.A.; Mauad, H.; Ramalho, M.J.; Reis, L.C.; Silva-Netto, C.R.; Favaretto, A.L.; Gutkowska, J.; McCann, S.M. Carotid-Aortic and Renal Baroreceptors Mediate the Atrial Natriuretic Peptide Release Induced by Blood Volume Expansion. Proc. Natl. Acad. Sci. USA 1992, 89, 6828–6831. [Google Scholar] [CrossRef]

	



Shellock, F.G.; Swan, H.J.; Rubin, S.A. Early Central Venous Pressure Changes in the Rat during Two Different Levels of Head-down Suspension. Aviat. Space Environ. Med. 1985, 56, 791–795. [Google Scholar] [PubMed]

	



Moffitt, J.A.; Grippo, A.J.; Beltz, T.G.; Johnson, A.K. Hindlimb Unloading Elicits Anhedonia and Sympathovagal Imbalance. J. Appl. Physiol. (1985) 2008, 105, 1049–1059. [Google Scholar] [CrossRef]

	



Moffitt, J.A.; Henry, M.K.; Welliver, K.C.; Jepson, A.J.; Garnett, E.R. Hindlimb Unloading Results in Increased Predisposition to Cardiac Arrhythmias and Alters Left Ventricular Connexin 43 Expression. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 304, R362–R373. [Google Scholar] [CrossRef]

	



Greening, G.J.; Miller, K.P.; Spainhour, C.R.; Cato, M.D.; Muldoon, T.J. Effects of Isoflurane Anesthesia on Physiological Parameters in Murine Subcutaneous Tumor Allografts Measured via Diffuse Reflectance Spectroscopy. Biomed. Opt. Express BOE 2018, 9, 2871–2886. [Google Scholar] [CrossRef] [PubMed]

	



Rose, A.; Steffen, J.M.; Musacchia, X.J.; Mandel, A.D.; Sonnenfeld, G. Effect of Antiorthostatic Suspension on Interferon-Alpha/Beta Production by the Mouse. Proc. Soc. Exp. Biol. Med. 1984, 177, 253–256. [Google Scholar] [CrossRef]

	



Musacchia, X.J.; Fagette, S. Weightlessness Simulations for Cardiovascular and Muscle Systems: Validity of Rat Models. J. Gravit. Physiol. 1997, 4, 49–59. [Google Scholar] [PubMed]

	



Foley, C.M.; Mueller, P.J.; Hasser, E.M.; Heesch, C.M. Hindlimb Unloading and Female Gender Attenuate Baroreflex-Mediated Sympathoexcitation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005, 289, R1440–R1447. [Google Scholar] [CrossRef]

	



Mueller, P.J.; Sullivan, M.J.; Grindstaff, R.R.; Cunningham, J.T.; Hasser, E.M. Regulation of Plasma Vasopressin and Renin Activity in Conscious Hindlimb-Unloaded Rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2006, 291, R46–R52. [Google Scholar] [CrossRef] [PubMed]

	



Fagette, S.; Lo, M.; Gharib, C.; Gauquelin, G. Cardiovascular Variability and Baroreceptor Reflex Sensitivity over a 14-Day Tail Suspension in Rats. J. Appl. Physiol. (1985) 1995, 78, 717–724. [Google Scholar] [CrossRef]

	



Gordon, C.J. The Mouse Thermoregulatory System: Its Impact on Translating Biomedical Data to Humans. Physiol. Behav. 2017, 179, 55–66. [Google Scholar] [CrossRef] [PubMed]

	



Ripperger, J.A.; Jud, C.; Albrecht, U. The Daily Rhythm of Mice. FEBS Lett. 2011, 585, 1384–1392. [Google Scholar] [CrossRef]

	



Shimatani, H.; Inoue, Y.; Maekawa, Y.; Miyake, T.; Yamaguchi, Y.; Doi, M. Thermographic Imaging of Mouse across Circadian Time Reveals Body Surface Temperature Elevation Associated with Non-Locomotor Body Movements. PLoS ONE 2021, 16, e0252447. [Google Scholar] [CrossRef] [PubMed]

	



Gaskill, B.N.; Gordon, C.J.; Pajor, E.A.; Lucas, J.R.; Davis, J.K.; Garner, J.P. Impact of Nesting Material on Mouse Body Temperature and Physiology. Physiol. Behav. 2013, 110–111, 87–95. [Google Scholar] [CrossRef]

	



Stahn, A.C.; Werner, A.; Opatz, O.; Maggioni, M.A.; Steinach, M.; von Ahlefeld, V.W.; Moore, A.; Crucian, B.E.; Smith, S.M.; Zwart, S.R.; et al. Increased Core Body Temperature in Astronauts during Long-Duration Space Missions. Sci. Rep. 2017, 7, 16180. [Google Scholar] [CrossRef]

	



Agarwal, R. Regulation of Circadian Blood Pressure—From Mice to Astronauts. Curr. Opin. Nephrol. Hypertens. 2010, 19, 51–58. [Google Scholar] [CrossRef]

	



Makino, M.; Hayashi, H.; Takezawa, H.; Hirai, M.; Saito, H.; Ebihara, S. Circadian Rhythms of Cardiovascular Functions Are Modulated by the Baroreflex and the Autonomic Nervous System in the Rat. Circulation 1997, 96, 1667–1674. [Google Scholar] [CrossRef]

	



Tahimic, C.G.T.; Paul, A.M.; Schreurs, A.-S.; Torres, S.M.; Rubinstein, L.; Steczina, S.; Lowe, M.; Bhattacharya, S.; Alwood, J.S.; Ronca, A.E.; et al. Influence of Social Isolation During Prolonged Simulated Weightlessness by Hindlimb Unloading. Front. Physiol. 2019, 10, 1147. [Google Scholar] [CrossRef]

	



Zhai, B.; Fu, J.; Xiang, S.; Shang, Y.; Yan, Y.; Yin, T.; Zhang, T. Repetitive Transcranial Magnetic Stimulation Ameliorates Recognition Memory Impairment Induced by Hindlimb Unloading in Mice Associated with BDNF/TrkB Signaling. Neurosci. Res. 2020, 153, 40–47. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, A.; Dikareva, A.; Bacon, S.L.; Daskalopoulou, S.S. The Impact of Physical Activity on Mortality in Patients with High Blood Pressure: A Systematic Review. J. Hypertens. 2012, 30, 1277–1288. [Google Scholar] [CrossRef]

	



Reimers, A.K.; Knapp, G.; Reimers, C.-D. Effects of Exercise on the Resting Heart Rate: A Systematic Review and Meta-Analysis of Interventional Studies. J. Clin. Med. 2018, 7, 503. [Google Scholar] [CrossRef]

	



Qaisar, R.; Karim, A.; Elmoselhi, A.B. Muscle unoading: A comparison between spaceflight and ground-based models. Acta Physiol. 2020, 228, e13431. [Google Scholar] [CrossRef] [PubMed]

	



Tabibzadeh, S. CircadiOmic Medicine and Aging. Ageing Res. Rev. 2021, 71, 101424. [Google Scholar] [CrossRef]

	



Rutovskaya, M.V.; Kosyreva, A.M.; Diatroptov, M.E. Ultradian and Infradian Rhythms in the Dynamic of Testosterone Concentration in the Serum of the White-Breasted Hedgehog Erinaceus Roumanicus. Sci. Rep. 2020, 10, 6334. [Google Scholar] [CrossRef]

	



Coyne, M.D.; Kesick, C.M.; Doherty, T.J.; Kolka, M.A.; Stephenson, L.A. Circadian Rhythm Changes in Core Temperature over the Menstrual Cycle: Method for Noninvasive Monitoring. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2000, 279, R1316–R1320. [Google Scholar] [CrossRef]

	



Kauffman, A.S.; Hoffmann, H.M. Editorial: Hormone Release Patterns in Mammals. Mol. Cell Endocrinol. 2020, 507, 110781. [Google Scholar] [CrossRef]

	



Blum, I.D.; Zhu, L.; Moquin, L.; Kokoeva, M.V.; Gratton, A.; Giros, B.; Storch, K.-F. A Highly Tunable Dopaminergic Oscillator Generates Ultradian Rhythms of Behavioral Arousal. eLife 2014, 3, e05105. [Google Scholar] [CrossRef]

	



Baik, J.-H. Stress and the Dopaminergic Reward System. Exp. Mol. Med. 2020, 52, 1879–1890. [Google Scholar] [CrossRef] [PubMed]

	



Popova, N.K.; Kulikov, A.V.; Kondaurova, E.M.; Tsybko, A.S.; Kulikova, E.A.; Krasnov, I.B.; Shenkman, B.S.; Bazhenova, E.Y.; Sinyakova, N.A.; Naumenko, V.S. Risk Neurogenes for Long-Term Spaceflight: Dopamine and Serotonin Brain System. Mol. Neurobiol. 2015, 51, 1443–1451. [Google Scholar] [CrossRef] [PubMed]

	



Otsuka, K.; Izumi, R.; Ishioka, N.; Ohshima, H.; Mukai, C. Chronomics of Heart Rate Variability on Earth and in Space. Respir. Physiol. Neurobiol. 2009, 169 (Suppl. 1), S69–S72. [Google Scholar] [CrossRef] [PubMed]








[image: Life 13 00844 g001 550] 





Figure 1. Schematic representation of the experimental design. 
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Figure 2. Effects of HU on food, water intake and body weight. (a) Food and (b) water intake was averaged daily during basal state (C-1, white box), during HU (HU1 to HU5, black box), and during recovery (R+1 and R+2, grey box). Data were measured 24 h, at 10 a.m. the next day (n = 11 mice). * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. C-1. (c) Body weight was measured before unloading (control, white bar), at the reloading (unloading, black bar) and after 2 days of recovery (recovery, grey bar). Body weight values were expressed as mean ± SD (n = 11 mice). ** p < 0.01 and *** p < 0.001 vs. control. 
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Figure 3. Ten-day continuous recordings of MBP, HR, locomotor activity, and subcutaneous temperature. Histograms representing day averaged data for each measure factor illustrating the values of (a) mean blood pressure, (b) heart rate, (c) locomotor activity, and (d) subcutaneous temperature. All data are expressed as 24 h mean ± SD (n = 8 mice). ** p < 0.01; *** p < 0.001 vs. C-1. 
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Figure 4. Time-domain analysis before (C-1), during unloading (HU1 to HU5) and recovery (R+1 and R+2). (a) Standard Deviation of NN intervals (SDNN) and (b) Root Mean Square of Successive R-R Interval Difference (RMSSD) were determined for 3 min mean triplicates, 20 h after each condition, between 8–10 am the next day. Inset: control (C-1, white bar), 5 days of unloading (HU1 to HU5, black bar) and 2-days recovery (R+1 and R+2, grey bar). Values are expressed as mean ± SD (n = 7 mice). * p < 0.05 and ** p < 0.01 vs. C-1. 
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Figure 5. Frequency-domain analysis before (C-1), during unloading (HU1 to HU5) and recovery (R+1 and R+2). (a) low frequency (LF), (b) high frequency (HF), and (c) sympathovagal balance (LF/HF ratio) were determined for 3 min mean triplicates, 20 h after each condition, between 8–10 a.m. the next day. Inset: control (C-1, white bar), 5 days of unloading (HU1 to HU5, black bar) and 2-days recovery (R+1 and R+2, grey bar). Values are expressed as mean ± SD (n = 7 mice). 
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Figure 6. Baroreflex sensitivity (BRS) before (C-1), during unloading (HU1 to HU5) and recovery (R+1 and R+2). Inset: control (C-1, white bar), 5 days of unloading (HU1 to HU5, black bar) and 2-days recovery (R+1 and R+2, grey bar). Values are expressed as mean ± SD for n = 7 mice. * p < 0.05 and ** p < 0.01 vs. C-1. 
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[image: Life 13 00844 g006]







[image: Life 13 00844 g007 550] 





Figure 7. Locomotor activity changes during the unloading and recovery period. (a) Mean (black full curve) and median (black dotted curve) variations of locomotor activity were represented during 3 days of control (C-3 to C-1, white circle), 5 days of unloading (HU1 to HU5, black circle) and 2 days of recovery (R+1 and R+2, grey circle). White and grey bars indicate 12/12-h light (LC) and dark (DC) periods (7-7), respectively. Curves are smoothed, grey area represents the confidence interval (n = 8 mice). (b) Box plot showing locomotor activity during control (white box), unloading (black box) and recovery (grey box) periods for LC and DC (n = 8 mice). 
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Figure 8. Subcutaneous and central temperature variations. (a) Mean (purple full curve) and median (purple dotted curve) variations of subcutaneous temperature were represented during 3 days of control (C-3 to C-1, white circle), 5 days of unloading (HU1 to HU5, black circle) and 2 days of recovery (R+1 and R+2, grey circle). White and grey bars indicate 12/12-h light (LC) and dark (DC) periods (7-7), respectively. Curves are smoothed, grey area represents the confidence interval (n = 8 mice). (b) Box plots showing subcutaneous (n = 8 mice) and (c) central (n = 6 mice) temperature variations for control (white box), unloading (black box) and recovery (grey box) for LC and DC. 
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Figure 9. Arterial blood pressure changes before, during HU and recovery. (a) Mean variations of systolic (SBP, red full curve) and diastolic (DBP, red dotted curve) blood pressure were represented during 3 days of control (C-3 to C-1, white circle), 5 days of unloading (HU1 to HU5, black circle) and 2 days of recovery (R+1 and R+2, grey circle). White and grey bars indicate 12/12-h light (LC) and dark (DC) periods (7-7), respectively. Curves are smoothed, grey area represents the confidence interval (n = 8 mice). (b) SBP and (c) DBP box plots for control (white box), unloading (black box) and recovery (grey box) periods LC and DC. 
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Figure 10. Heart rate responses before, during HU and recovery. (a) Heart rate (HR, blue curve) represented 3 days of control (C-3 to C-1, white circle), 5 days of unloading (HU1 to HU5, black circle) and 2 days of recovery (R+1 and R+2, grey circle). White and grey bars indicate 12/12-h light (LC) and dark (DC) periods (7-7), respectively. Curves are smoothed, grey area represents confidence interval (n = 8 mice). (b) Box plot of HR for control (white box), unloading (black box) and recovery (grey box) periods LC and DC. 
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Table 1. Cosinor analysis of mesor, acrophase, and amplitude, before, during and after unloading.
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Condition




	

	
Control

	
Unloading

	
Recovery






	
Locomotor activity (Counts)




	
MESOR

	
0.26 ± 0.11

	
0.04 ± 0.01 ***

	
0.21 ± 0.05 ###




	
Acrophase

	
−1.10 ± 0.82

	
−0.64 ± 0.68

	
0.95 ± 1.00 *** ##




	
Amplitude

	
0.18 ± 0.11

	
0.01 ± 0.01 ***

	
0.13 ± 0.08 ##




	
Rhythm detection test p-value

	
0.005 *

	
0.420

	
0.070




	
Subcutaneous temperature (°C)




	
MESOR

	
33.81 ± 0.72

	
32.69 ± 0.51 ***

	
33.73 ± 0.40 ##




	
Acrophase

	
−0.69 ± 0.25

	
−0.72 ± 1.01

	
0.18 ± 1.36




	
Amplitude

	
0.78 ± 0.19

	
0.23 ± 0.07 ***

	
0.71 ± 0.17 ###




	
Rhythm detection test p-value

	
0.004 *

	
0.129

	
0.026 *




	
Systolic blood pressure (mmHg)




	
MESOR

	
128.3 ± 14.4

	
134.4 ± 14.9 *

	
129.0 ± 12.8




	
Acrophase

	
−0.76 ± 0.96

	
−0.41 ± 0.39

	
−0.26 ± 1.06




	
Amplitude

	
6.32 ± 2.74

	
2.66 ± 1.28 ***

	
3.39 ± 1.89 **




	
Rhythm detection test p-value

	
0.118

	
0.192

	
0.486




	
Diastolic blood pressure (mmHg)




	
MESOR

	
102.3 ± 2.8

	
106.4 ± 7.1

	
101.8 ± 8.6 #




	
Acrophase

	
−1.18 ± 0.14

	
−0.40 ± 0.64

	
−0.05 ± 1.25 *




	
Amplitude

	
5.37 ± 2.53

	
2.09 ± 1.10 **

	
2.28 ± 4.95




	
Rhythm detection test p-value

	
0.104

	
0.316

	
0.372




	
Heart rate (bpm)




	
MESOR

	
590.6 ± 14.5

	
569.9 ± 22.9 *

	
616.6 ± 22.2 * ###




	
Acrophase

	
0.30 ± 0.87

	
0.17 ± 0.97

	
−0.09 ± 0.66




	
Amplitude

	
18.23 ± 8.29

	
8.57 ± 6.01

	
16.47 ± 10.46




	
Rhythm detection test p-value

	
0.170

	
0.562

	
0.486








Cosinor analysis was performed for locomotor activity (counts), subcutaneous temperature (°C), systolic blood pressure (mmHg), diastolic blood pressure (mmHg), and heart rate (bpm). Mean of mesor, acrophase, amplitude and model coherence, were determined for the control period of 3 days, hindlimb unloading period of 5 days and the 2 days of recovery. Rhythm detection test refers to the fit of the model to the data where p < 0.05. Data were expressed as mean ± SD (n = 8). * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. Control; # p < 0.05, ## p < 0.01 and ### p < 0.001 vs. Unloading.
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