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Torpor is a state used by several mammals to survive harsh winters and avoid predation, characterized by a drastic reduction in metabolic rate followed by a decrease in body temperature, heart rate, and many physiological variables. During torpor, all organs and systems must adapt to the new low-energy expenditure conditions to preserve physiological homeostasis. These adaptations may be exploited in a translational perspective in several fields. Recently, many features of torpor were shown to be mimicked in non-hibernators by the inhibition of neurons within the brainstem region of the Raphe Pallidus. The physiological resemblance of this artificial state, called synthetic torpor, with natural torpor has so far been described only in physiological terms, but no data have been shown regarding the induced morphological changes. Here, we show the first description of the ultrastructural changes in the liver, kidney, lung, skeletal muscle, and testis induced by a 6-hours inhibition of Raphe Pallidus neurons in a non-hibernating species, the rat.
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INTRODUCTION
Torpor is a state characterized by a significant and reversible reduction in metabolic rate, accompanied by a corresponding decrease in numerous physiological parameters, including body temperature, heart rate, respiratory rate, cortical electrical activity, and generally, all bodily functions (Geiser, 2013; Heldmaier, et al., 2004; Sonntag and Arendt, 2019). It is a strategy employed by many mammals, such as the dormouse, bear, squirrel, hamster, bat, and others, to endure periods of resource scarcity or to diminish the risk of predation (Geiser, 2013; Ruf and Bieber, 2023).
During natural torpor, all organs and systems adjust to the condition of hypometabolism to ensure the maintenance of body homeostasis. These systemic adaptations, which involve changes in cellular biology and structure, are critical for the animal’s survival during the hypometabolic period (Boyer and Barnes, 1999; Giroud et al., 2020; Klug and Brigham, 2015). Generally, changes in cellular homeostasis can be reflected by changes in the ultrastructure of various cellular domains. In fact, a diverse array of ultrastructural adaptations has been observed in many organs during torpor (Boyer and Barnes, 1999; Brustovetsky et al., 1993; Burlington et al., 1972; Giroud et al., 2020; Klug and Brigham, 2015; Zancanaro et al., 2000) that may be at the base of the cellular protection commonly attributed to the hibernating phenotype (Giroud et al., 2020) and that a recent hypothesis attributes to ferroptosis-resistance (Sone and Yamaguchi, 2024).
Over the last decade, several procedures have been developed to simulate aspects of torpor in non-hibernating animals (Cerri et al., 2013; Takahashi et al., 2020; Tupone et al., 2013; Yang et al., 2023; Zakharova et al., 2019). Specifically, the inhibition of neurons in the Raphe Pallidus, a crucial thermoregulatory nucleus in the brainstem (Morrison and Nakamura, 2019), causes a considerable reduction in body temperature (Zaretsky et al., 2003), and has been shown to induce many physiological changes also observed in torpor (Cerri et al., 2013; Hitrec et al., 2021; Sgarbi et al., 2022). This induced state has been proposed to be called Synthetic Torpor (STor) (Cerri, 2017).
It is currently unclear how much STor replicates natural torpor in terms of physiology and ultrastructural anatomy. Therefore, to assess the degree of resemblance of STor to natural torpor more accurately, at least within the first few hours of hypothermia, we utilized light (LM) and transmission electron microscopy (TEM) to evaluate the ultrastructural status of key organs such as the liver, kidney, lung, skeletal muscle, and testis.
Moreover, this research is advancing our understanding of the translational potential of STor technology, which could significantly impact medicine and, in a more distant future, the field of space exploration (Cerri et al., 2016; Chouker et al., 2021; Puspitasari et al., 2021; Puspitasari et al., 2022).
METHODS
Animals
Experiments were performed on 6 male Sprague-Dawley rats (250–300 g; Charles River). Upon arrival, the animals were acclimated for 1 week to standard laboratory conditions: a 12-hour light-dark (LD) cycle (lights on at 09:00 h and off at 21:00 h) with free access to food (4RF21 diet, Mucedola) and water, maintained at an ambient temperature (Ta) of 24.0°C ± 1.0°C. During the adaptation period, rats were pair-housed in Plexiglas cages (Techniplast) filled with dust-free wood shavings, and the bedding was replaced every 2 days. All the experiments were performed in compliance with DL 26/2014 and European Union Directive 2010/63/EU, under the oversight of the Central Veterinary Service of the University of Bologna, with the approval of the Italian National Health Authority (decree n° 262/2020-PR).
Surgery
After 1 week of adaptation, rats underwent surgery under general anesthesia (Diazepam, 5 mg/kg i.m.; Ketamine-HCl, Imalgene 1,000, Merial, 100 mg/kg, i.p.), as previously described (Cerri et al., 2013). The following probes were stereotactically implanted: a thermistor (Thermometrics Corporation) placed in the right anterior hypothalamus to record the deep brain temperature (Tb) and a microinjection guide cannula (C315G-SPC; Plastics One; internal cannula extension below guide: +3.5 mm) targeting the Raphe Pallidus (RPa), coordinates (mm) −3.4 posterior from the interaural, 0.0 Lateral, −9.5 from the brain surface (Paxinos and Watson, 2007). Since the inhibition of RPa neurons induces vasodilation (Blessing and Nalivaiko, 2001; Cerri et al., 2010), the positioning of the guide cannula was considered correct if an increase in tail surface temperature was observed within 5 min following the injection of the GABA-A agonist muscimol (1mM, 100 nL) (Figure 1A). Subsequently, the entire surgical area, including the implanted probes and four stainless steel screws, was secured with dental resin (ResPal, Salmoiraghi Produzione Dentaria). Rats were treated with antibiotics (benzathine benzylpenicillin, 12.500.000 U.I., dihydrostreptomycin sulphate 5 g/100 mL, Rubrocillina Veterinaria, intramuscular, Intervet—1 mL/kg), analgesics (Carprofen—Rimadyl, Pfizer, subcutaneous—5 mg/kg) and rehydrated with 5 mL saline subcutaneously. After the surgery and throughout the whole experiment, the animals’ pain, distress or suffering were constantly evaluated using the Humane End Point (HEP) criteria. After 1 week of recovery under standard laboratory conditions, rats were moved to the experimental cages, placed in a thermoregulated and sound-attenuated box, and adapted to constant darkness and low Ta (15°C ± 1.0°C) for 48 hours. Tb signal was recorded following already published amplification, filtering, and digitalization parameters (Cerri et al., 2013).
[image: Figure 1]FIGURE 1 | Representative examples of: panel (A) increase of tail temperature caused by the functional test used in an anaesthetized rat, after successful targeting of the region of the Raphe Pallidus (RPa) by muscimol nano-injection; panel (B) deep brain temperature recorded during repeated (1/h) Raphe Pallidus vehicle injection (empty arrowheads) in free-behaving rats; panel (C) deep brain temperature recorded during repeated (1/h) muscimol (1 mM, 100 nL) RPa injection (filled arrowheads) in free behaving rats. The green vertical lines indicate artifacts caused by the animal’s movement, which can occasionally disrupt the transmission of the temperature signal.
Experimental plan
On the experimental day, the animals were randomly assigned to one of the following two groups:
- Synthetic torpor group (STor, n = 3) received multiple microinjections (1 injection/hour, starting at 9 a.m.) of GABA-A agonist muscimol (1mM, 100 nL) within the RPa and successfully became hypothermic, reaching 24°C–22°C of brain temperature after 6 h from the first injection (Figure 1C).
- Normothermic group (Norm, n = 3) received multiple microinjections (1 injection/hour, starting at 9 a.m.) of artificial cerebrospinal fluid (aCSF, 100 nL; EcoCyte Bioscience) within the RPa (Figure 1B).
After 6 hours from the first microinjection, hypothermic and normothermic rats were euthanized by anaesthetic overdose (isoflurane 5%) and fresh tissue samples from liver, kidney, lung, skeletal muscle (quadriceps femoris) and testis were collected.
Light and transmission electron microscopy
Samples were processed following previously published work (Curzi et al., 2012). Briefly, after rinsing the tissue in sodium phosphate buffer to remove excess blood, samples were fixed by immersion in 4% paraformaldehyde +1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 24 h. Skeletal muscles were maintained under tension with pins and immediately fixed with 2.5% glutaraldehyde in a 0.1 M phosphate buffer for 3–6 h. All tissues were quickly minced into smaller (<1 mm3) fragments, postfixed in OsO4 (1% in PB), dehydrated with alcohol and embedded in araldite. Semithin sections, stained with 1% toluidine blue in distilled water at 60°C, were observed by means of a light microscope. Thin sections stained with uranyless and lead citrate were observed with a transmission electron microscope.
Data analysis
Data analysis was carried out by two independent blinded analysts, and their results were averaged. To qualitatively compare Norm vs. STor and detect the main cellular differences in term of mitochondria, lipid droplets, glycogen granules and macrophage number, a total area of 1,000 μm2 has been considered.
Quantitative morphometric analysis was conducted on the same tissue sections used for morphological observations. Lipid droplets were counted within a total area of 10,000 μm2 using light microscopy images from semithin sections, analyzed for three rats under both experimental conditions. For mitochondria and glycogen aggregate area quantification, TEM images (1,000 μm2 total area) from ultrathin sections mounted on nickel grids (3 mm in diameter, 400 mesh) were used.
The total area of each tissue image, along with the areas occupied by lipid droplets, glycogen granules, and mitochondria, was measured using ImageJ 1.54j software (National Institutes of Health). Data were expressed as mean ± standard deviation. Graphs were generated using GraphPad 9, and statistical analysis was performed with an unpaired t-test, except for the Mitochondria area quantification, that was evaluated with the Mann-Whitney test, since the Shapiro-Wilk normality test was significant for this comparison. A p-value <0.05 was considered as statistically significant for all comparisons.
RESULTS
Morphological qualitative results from all organs have been summarized in Table 1.
TABLE 1 | Shows an overview of the more relevant ultrastructural changes observed in synthetic torpor.
[image: Table 1]Liver
Morphological analysis of rat liver tissue has revealed a preserved structure of hepatic lobules in both experimental conditions (Figures 2A–C). As shown in Figure 2, the STor group (Figure 2C) exhibited a lower quantity of lipid droplets (black arrows) compared to the Norm group (Figures 2A, B). Morphometric analysis confirmed this result, since the area covered by lipid droplets is significantly (p = 0.007, t = 5.092, df = 4) lower in STor compared to Norm (Figure 3H). In the hepatocytes of both experimental groups, ultrastructural analysis revealed a dense cytoplasm with a centrally located nucleus (n), numerous mitochondria, and abundant endoplasmic reticulum (Figures 2D, E). The spacing between the plasma membranes at the macula adherens junction level appears larger in STor (approximately 42.2 nm, Figure 2G) compared to Norm (approximately 19.8 nm, Figure 2F).
[image: Figure 2]FIGURE 2 | Light Microscopy (A–C) and Transmission Electron Microscopy (D–G) micrographs of samples from Norm (A, B, D and F) and STor (C, E and G) liver tissues. Scale bars: 20 µm for (A, C); 5 µm for (B, D and E); 200 nm for (F, G). Black arrows and arrowheads indicate lipid droplets and the macula adherens junction, respectively. n: nucleus.
[image: Figure 3]FIGURE 3 | Transmission Electron Microscopy micrographs of Norm (A–C) and STor (D–G) liver tissues. High glycogen amount (arrows) in STor group (D–G) can be observed scattered in the cytoplasm (D, E) or accumulated in mitochondria (F, G). Scale bars: 1 µm for (A, B, D and E); 500 nm for (C, F and G) n: nucleus; m: mitochondria; asterisk: endoplasmic reticulum. (H, I) show quantification of lipid droplets and glycogen granulation areas. Scale bars: 1 μm for (A, B, D and E); 500 nm for (C, F and G) n: nucleus; m: mitochondria; asterisk: endoplasmic reticulum; red arrows: glycogen granulation; yellow arrow: swollen mitochondrion. * = p < 0.05.
Notably, at higher magnification, the STor group (Figures 3D, E) showed a greater number of glycogen granules (arrows) compared to the Norm group (Figures 3A–C). These granules were dispersed throughout the cytoplasm, accumulated in degradative vacuoles, or localized within mitochondria (Figures 3F, G). In fact, the quantification of the area covered by glycogen granulation is significantly (p = 0.049, t = 2.796, df = 4) higher in Stor compared to Norm (Figure 3I).
Occasionally, some mitochondria in the STor group appeared swollen (yellow arrow) and lost the regular distribution of mitochondrial cristae (Figures 3F, G).
Furthermore, while sinusoidal capillaries (arrows) were uniformly distributed throughout the liver parenchyma of the Norm group (Figures 4A, B), those in the STor group were characterized by an elongated and denser distribution (Figures 4C–F). The presence of sprouting among these capillaries suggests the potential activation of angiogenesis in the liver samples from the STor group.
[image: Figure 4]FIGURE 4 | Light Microscopy (A, C and D) and Transmission Electron Microscopy (B, E, F and G) micrographs of Norm (A, B) and STor (C, D, E, F and G) liver tissues. The liver sinusoidal capillaries (black arrows) of STor group show angiogenic sprouts (C, D). At the utrastructural level, erythrocytes (asterisks) and platelets (yellow arrows) are observed (E, F) as well as the preserved sinusoidal endothelium (G, empty red arrow). Scale bars: 10 µm for (A, C, D); 2 µm for (B, E, F); 0.5 µm for (G) n: nucleus.
Kidney
In the kidney, LM reveals comparable morphology between the Normothermia (Norm) group (Figures 5A, C) and the STor group (Figures 5B, D). Transverse sections of the renal cortex display proximal convoluted tubules (pct) with their microvillar components, as well as Malpighian corpuscles (yellow arrows). Ultrastructurally, the proximal convoluted tubules’ thin basement membrane (Figures 5E, F; orange arrows) is shown to have basal infoldings and is populated with an abundance of elongated mitochondria (m) in both experimental groups.
[image: Figure 5]FIGURE 5 | Light Microscopy (A–D) and Transmission Electron Microscopy (E, F) micrographs of Norm (A, C and E) and STor (B, D and F) kidney tissues. Proximal convoluted tubules (pct) appear around the renal corpuscles (yellow arrows) and show a preserved morphology in both experimental groups. Scale bars: 20 µm for (A, B); 10 µm for (C, D); 1 µm for (E, F). Orange arrows: proximal convoluted tubules’ basement membrane, m: mitochondria.
LM imaging of the Bowman’s capsule and the glomerulus did not reveal any differences between the groups (Figures 6A, B). This finding is supported by the ultrastructural analysis, which provides detailed insights into the interactions between the glomerulus and the podocytes (Figures 6C, D). At higher magnifications, the foot processes of the podocytes (green arrowheads) are distinctly visible in both Norm (Figures 6C, E) and STor (Figures 6D, F) groups. These foot processes are separated by slit diaphragms and are anchored to the glomerular basement membrane. The glomerular basement membrane, acting as an interface between the podocyte foot processes and the fenestrated endothelial cells (yellow arrows) of the capillary loops, displays segments of erythrocytes (asterisk).
[image: Figure 6]FIGURE 6 | Light Microscopy (A, B) and Transmission Electron Microscopy (C–F) micrographs of Norm (A, C and E) and STor (B, D and F) kidney tissues. In both conditions Bowman’s capsule (black arrows), glomerular capillaries and podocyte foot processes (green arrowheads) that cover the glomerular basement membrane separating it from the fenestrated endothelium (yellow arrows) can be seen. *: erythrocytes. Scale bars: 10 µm for (A, B); 2 µm for (C, D), 500 nm for (E, F).
Lungs
Morphological analysis of lung tissue in both the Norm and STor groups has revealed preserved organization of the alveolar sacs both in LM (Figures 7A, B) and TEM observations (Figures 7C–I). The cellular components of the alveolar wall, including endothelial cells with red blood cells (asterisks), as well as pneumocytes type I, were evident in the ultrastructural images and exhibited no morphological differences between the Norm (Figures 7C, E) and STor groups (Figures 7D, F). At higher magnification, the blood-air barrier was discernible, as well as the interface between pericytes and extensions of pneumocyte type I (black arrows), which displayed similar morphology in both examined conditions (Figures 7E, F).
[image: Figure 7]FIGURE 7 | Light Microscopy (A, B) and Transmission Electron Microscopy (C–I) micrographs of Norm (A, C, E, G and H) and STor (B, D, F and I) lung tissues. Alveolar sacs show no differences between the two conditions (A, B). No differences have also been observed at the ultrastructural level. Capillaries, containing red blood cells (white asterisks) are scattered into the lung parenchyma (C, D) and some of them contact type I pneumocytes (black arrows) to generate the air-blood membrane (E, F). Type II pneumocytes (G, I) can be observed in both conditions (green empty arrows). Diffuse macrophages appear in Norm group (H, black asterisks). Scale bars: 10 µm for (A, B); 2 µm for (C, D, G and H); 500 nm for (E, F); 1 µm for (I).
Pneumocytes type II (empty green arrows), characterized by their distinctive multilamellar bodies and a microvillar surface, appeared comparable in the Norm (Figure 7G) and STor (Figure 7I) groups. Notably, alveolar macrophages (black asterisks) were more abundant in the Norm samples (Figure 7H) compared to those from the STor group, suggesting a possible variation in immune cell distribution between the two states.
Skeletal muscle
Morphological evaluation of skeletal muscle tissue under LM reveals no discernible differences in muscle fiber organization between the Norm group (Figure 8A) and the STor group (Figure 8B). Muscle fibers maintain their physiological alignment and distribution in both states. At the ultrastructural level, however, some differences between the two experimental groups can be observed. The STor group (Figures 8D, F) exhibited a lower number of mitochondria (m) and glycogen granules (arrows) compared to the Norm group (Figures 8C, E), both in transverse (Figures 8C, D) and longitudinal (Figures 8E, F) sections. Occasionally, glycogen granules (arrow) are sequestered within vesicles, as noted in the insert of Figure 8F. Despite the qualitative results, quantitative analysis did not show a significant difference in mitochondria area quantification between groups (Figure 8G), whereas STor showed a significantly lower amount of glycogen particles compared to Norm (p = 0.0116, t = 4.407, df = 4, Figure 8H).
[image: Figure 8]FIGURE 8 | Light Microscopy (A, B) and Transmission Electron Microscopy (C–F) micrographs of Norm (A, C and E) and STor (B, D, F), inset (F) skeletal muscle tissues. No differences between myofibers can be seen (A, B). After ultrastructural analysis, a reduction in the number of mitochondria (m) and glycogen granules (arrows) can be observed in Stor (D, F). In (G, H), graphs show mitochondrial density quantification, and the area covered by glycogen granulation. Scale bars: 10 µm for (A, B); 500 nm for (C–F); 200 nm for inset (F). * = p < 0.05.
The structural integrity of the sarcomeres remained consistent under both experimental conditions. The sarcomeres, characterized by their well-organized thick and thin filaments, displayed a preserved structure, indicating that the essential muscle contraction mechanism remained unaltered during synthetic torpor (see Figures 8E, F). This preservation of sarcomere structure underscores the resilience of muscle architecture, even amidst changes in cellular components such as mitochondria and glycogen reserves in response to shifts in physiological states like hypothermia.
Testis
The testes of both the Norm group (Figures 9A, C, E, F) and the STor group (Figure 9B, inset B, D, inset D, G, H) rats displayed seminiferous tubules with a typical appearance, usually circular in cross-section (inset 9B) with regular contours. The tubules were populated with all stages of spermatogenic cells, and notably, lipid droplets (black arrows) were particularly prevalent in the STor samples (Figures 9B, D). The basal lamina surrounding the seminiferous tubules remained intact, with the interstitial tissue well preserved in both conditions.
[image: Figure 9]FIGURE 9 | Light Microscopy (A, B) and Transmission Electron Microscopy (C–G) micrographs of Norm (A, C, E and F) and STor (B), inset (B, D), inset (D, G and H) testes. Seminiferous tubules and details of spermatogenic cells can be observed without significant differences between the experimental groups. Lipid droplets (black arrows) appear more abundant in the STor group (B, D) and inset (D). In both samples, spermatocytes show a central nucleus and circular mitochondria localized around the plasma membrane (E, G). In late stages of spermatogenesis (F, H), round mitochondria (white arrows) surround the axoneme (ax). Scale bars: 10 µm for (A, B); 20 µm for inset (B); 2 µm for (C–G) and inset (D); 1 µm for (H). Se: Sertoli cells; Sg: spermatogonia; Sp: spermatocytes.
In both groups, the organization of cellular types within the seminiferous tubules was preserved, with the nuclei of Sertoli cells (Se) and spermatogonia (Sg) being readily identifiable. Their subcellular organelles were well preserved, as shown in Figures 9C, D. The primary spermatocytes (Sp; Figures 9E, G) showed a central nucleus with mitochondria characteristically situated near the plasma membrane, in line with known structures.
According to Godet and colleagues (Godet et al., 2008), the progression of meiosis relies on the close contact between spermatocytes and Sertoli cells, and this vital interaction was maintained in the STor samples (Figure 9G). Additionally, transverse sections of late-stage spermatids in both control and treated conditions (Figures 9F, H) show mitochondria that are regularly arranged, forming a collar or sheath around the axonemal core, which indicates preserved spermiogenesis.
This thorough examination of the testicular architecture highlights the stability of the spermatogenic process and the integrity of the spermatocyte-Sertoli cell interaction, even in treated conditions that may emulate physiological changes such as those induced by environmental or experimental factors.
DISCUSSION
In this study, we present the first morphological analysis of organ adaptation during an induced artificial torpor state in rats. We observed distinct organ-specific changes; some are consistent with those noted in natural torpor, while others appear unique to the synthetic torpor condition.
The main finding we observed is a significant increase in glycogen droplets in the liver during synthetic torpor. The first interpretation of this observation revolves around the methods used to induce synthetic torpor, specifically through pharmacological inhibition of neurons within the rostral Raphe Pallidus (RPa), a key thermoregulatory region in the brain (Morrison and Nakamura, 2019). These neurons have multisynaptic connections through the sympathetic nervous system with various metabolically active organs, including brown adipose tissue and the tail (via VGLUT-3 positive neurons) (Cano et al., 2003; Nakamura et al., 2004; Nakamura et al., 2002), white adipose tissue (Nguyen et al., 2014), the thyroid (Kalsbeek et al., 2000), the heart (Standish et al., 1995; Ter Horst et al., 1993), the kidney (Huang and Weiss, 1999), the adrenergic cells in the adrenal gland (Morrison and Cao, 2000), the bones (Denes et al., 2005), the skeletal muscle (Billig et al., 1999), the pancreas (Streefland et al., 1998), and the liver (Kalsbeek et al., 2004). Activation of RPa neurons leads to an increase in metabolic rate and thermogenesis both in anaesthetized (Morrison et al., 1999) and awake (Cerri et al., 2010) rats. This suggests a potential regulatory role for the RPa-to-liver pathway in managing hepatic regulation of energy. Activation of these pathways may signal the liver to mobilize energy reserves to meet heightened metabolic demands, whereas inhibition might cause an accumulation of energy substrates, prompting their storage as glycogen droplets due to reduced thermogenic activity. However, it cannot be excluded that the increase in glycogen is not centrally driven, but is rather a consequence of the effect of hypothermia, that could directly stimulate hepatocytes to increase glycogen accumulation. At the same time, the decrease in hepatocytes lipid droplets points towards a shift in the metabolic substrate used from glucose to lipids, in accordance with the idea of a neural regulation over the liver regulation of metabolism. Distinguishing the effects mediated by neural pathways from those resulting from temperature changes requires further investigation.
Interestingly, we observed sprouting in liver capillaries, suggesting the potential activation of angiogenesis in the liver samples from the STor group. To the best of our knowledge there is no evidence about a possible role of RPa in promoting angiogenesis, nor has it been described in hibernators. Future studies could aim at understanding the functional role of this phenomenon.
Lastly, structural analysis revealed a less rigid macula adherens in the STor group compared to Norm. The macula adherens has been shown to have a dynamic nature (Takeichi, 2014) and has been suggested to have a role in regulation of bile release (Kojima et al., 2003) Therefore, it is possible that synthetic torpor may influence bile release by the liver, possibly due to a shift in energy substrate from carbohydrates to lipids. The functional significance of this modification is still to be explored.
Regarding the skeletal muscle, our observations in quadriceps femoris included a significant reduction in glycogen. Mitochondrial density appeared to be qualitatively lower in synthetic torpor, however, this impression was not confirmed by quantitative analysis, likely due to high variability in the number of mitochondria of the control group. The changes we observed could be part of the selective preservation of muscle function, which could be exploited for applications where preserving muscle strength during prolonged inactivity would be beneficial (Cerri et al., 2021; Chouker et al., 2019). This effect can also be mediated by the RPa neurons or be temperature dependent. Regarding ultrastructural morphology, little changes in muscle cells were observed. It still needs to be determined whether these observations apply to all muscle tissues or are specific to the one we examined.
Interestingly, lipid droplets increased in spermatogenic cells, possibly reflecting a pause in the energetically demanding process of spermatogenesis during the hypometabolic state induced by RPa inhibition. No significant structural changes were noted in the kidneys, and the lung tissue exhibited fundamental stability in alveolar architecture and cellular characteristics despite the physiological shifts.
Our observations are mostly consistent with what has been described for natural hibernators, although not much ultrastructural data is available and although the duration of the hypothermia/hypometabolism bout is substantially longer in hibernation. Moreover, the difference in body mass between large and small hibernators may be quite significant and could therefore induce species-specific changes in selective tissues.
Regarding the liver, our observations contrast with the changes in glycogen droplets in natural torpor (Adodina et al., 1987; Malatesta et al., 2002), but the changes in lipid droplets may be consistent with the change in substrates used described for hibernators (Carey et al., 2003; Heldmaier et al., 1999).
Regarding the kidney, we found the renal architecture was maintained during synthetic torpor, similarly to what has been described for natural hibernators. In the latter, the renal architecture remains well-preserved with only minor morphological changes reported, such as many basolateral elongated mitochondria, dilation of the endoplasmic reticulum, and an increased amount of lysosomes (Soria-Milla and Coca-Garcia, 1986; Zancanaro et al., 1999; Zimny and Levy, 1971).
Regarding the lungs, our findings indicate a preserved organization of alveolar sacs during synthetic torpor; however, we observed a decrease in alveolar macrophage distribution. This reduction may suggest immune adaptations similar to those that have been observed in natural hibernation (Bouma et al., 2010). Such similarities could highlight shared strategies for energy conservation during hypometabolic states, although this requires further investigations.
In general, it is known that during hibernation many changes occur in the skeletal muscle: mitochondrial metabolism (Brown et al., 2012) and ATP utilization are reduced (Chazarin et al., 2019), protein and oxidative energy metabolism are downregulated (Miyazaki et al., 2022), and profound myosin structure remodeling occurs (Lewis et al., 2024), highlighting the translational potential for this kind of adaptation (Stenvinkel et al., 2013). The reduction in glycogen and mitochondrial density in skeletal muscle we observed has already been described in larger hibernators such as the bear (Chazarin et al., 2019). However, contrasting evidence in smaller hibernators shows an increase in muscle glycogen and mitochondria during torpor (Wang et al., 2019), suggesting that this process is variable across species, possibly as a function of body size, and most likely varies depending on the type of muscle and fiber studied. Regarding ultrastructural morphology, little changes were also described in natural hibernators (Malatesta et al., 2020; Malatesta et al., 2009).
Regarding the testis, seasonal hibernators undergo a drastic reshaping of testis mass and structure, that is strongly influenced by the seasonality of torpor (Barnes et al., 1986). Compared to natural hibernators (Reznik-Schuller and Reznik, 1974), rats do not show a reduction in the number of spermatids. Among the many possible reasons to explain this, the shorter duration of STor compared to natural episodes of torpor may prevent this adaptation from manifesting.
In summary, our TEM analysis did not reveal significant alterations in cellular fine structure across the examined tissues, suggesting that the main morphological changes during synthetic torpor are associated with shifts in lipid metabolism. Moreover, the adaptations observed appear to resemble what has been described in instances of natural torpor, suggesting that the inhibition of RPa neurons may physiologically mimic some of the torpor-induced organ adaptations. RPa neurons were in fact suggested to be inhibited at torpor onset (Hitrec et al., 2019). This aligns with previous studies indicating that synthetic torpor, although induced with a different method, does not appear to significantly compromise cellular functions (Puspitasari et al., 2022).
We are aware that 6 h of synthetic torpor may not compare adequately with weeks of hibernation and that our procedure does not replicate all the features of natural torpor. Nevertheless, these insights into the cellular adaptations during artificial torpor provide a valuable foundation for understanding organ-specific responses. While the potential therapeutic implications for humans, particularly in clinical scenarios requiring metabolic modulation, are intriguing, they remain speculative at this stage and warrant further investigation.
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