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Hibernating animals demonstrate a remarkable ability to withstand extreme physiological brain changes without triggering adverse neuroinflammatory responses. While hibernators may offer valuable insights into the neuroprotective mechanisms inherent to hibernation, studies using such species are constrained by the limited availability of molecular tools. Laboratory mice may serve as an alternative, entering states of hypometabolism and hypothermia similar to the torpor observed in hibernation when faced with energy shortage. Notably, prolonged calorie restriction (CR) induces serial daily torpor patterns in mice, comparable to species that utilize daily hibernation. Here, we examined the neuroinflammatory response in the hippocampus of male C57BL/6 mice undergoing serial daily torpor induced by a 30% CR for 4 weeks. During daily torpor episodes, CR mice exhibited transient increases in TNF-α mRNA expression, which normalized upon arousal. Concurrently, the CA1 region of the hippocampus showed persistent morphological changes in microglia, characterized by reduced cell branching, decreased cell complexity and altered shape. Importantly, these morphological changes were not accompanied by evident signs of astrogliosis or oxidative stress, typically associated with detrimental neuroinflammation. Collectively, the adaptive nature of the brain’s inflammatory response to CR-induced torpor in mice parallels observations in hibernators, highlighting its value for studying the mechanisms of brain resilience during torpor. Such insights could pave the way for novel therapeutic interventions in stroke and neurodegenerative disorders in humans.
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Introduction

Hibernation is a unique adaptation enabling certain species to endure harsh conditions, such as extreme temperatures and food shortages (Ruf and Geiser, 2015). It consists of torpor bouts, where metabolic rate and body temperature are drastically reduced for weeks to months in deep hibernators, alternated with short arousals lasting less than 24 h, during which normal physiological functions resume (Carey et al., 2003; Geiser, 2004). Remarkably, torpid deep hibernators endure drops in cerebral blood flow to as low as 10% of the normal value and subsequent reperfusion during arousal without noticeable neuronal damage (Frerichs et al., 1994; Frerichs and Hallenbeck, 1998; Ma et al., 2005). Non-hibernating mammals cannot withstand such changes and are particularly vulnerable to reperfusion injury (Yang and Betz, 1994; Aronowski et al., 1997; Dave et al., 2006; Bogren et al., 2014; Bogren and Drew, 2014), a complex cascade of inflammatory and oxidative processes leading to neuronal death and brain damage (Hallenbeck et al., 1986; Barone et al., 1992; Aronowski et al., 1997; Kuroda and Siesjo, 1997; Love, 1999). While it is unknown how hibernators evade this injury, a series of coordinated adaptations are believed to underlie this natural tolerance (Dave et al., 2012). Apart from reduction in cerebral blood flow, deep torpor poses several additional challenges to the brain including widespread hyperphosphorylation of the microtubule-associated protein tau (Arendt et al., 2003), synapse reorganization and spine retraction (Popov and Bocharova, 1992; Popov et al., 2007), and pronounced changes in microglia morphology (Cogut et al., 2018; Leon-Espinosa et al., 2018). Yet, these physiological changes are rapidly and completely reversed during arousals.

Unlike deep hibernators, smaller species mostly adopt a daily torpor strategy, with torpor bouts lasting between ~3 and 12 h, alternated by euthermic periods throughout the day. Daily torpor bouts are characterized by a milder reduction in metabolism and body temperatures between 15 and 30°C (Ruf and Geiser, 2015). To date, knowledge of torpor-associated brain mechanisms in daily torpor is even more scarce. Djungarian hamster brain features a reversible hyperphosphorylation of the tau protein during daily torpor similar to deep hibernators (Boerema et al., 2008). Further, transcriptomics studies in its hypothalamus have identified gene expression changes analogous to those reported in deep hibernators (Cubuk et al., 2017; Haugg et al., 2022). These findings suggest that torpor-associated molecular changes of deep and daily hibernators are (partly) overlapping. While daily torpor offers a practical model to study these brain changes, the variability between species and even among individuals of the same species poses significant challenges (Ruf and Geiser, 2015).

The laboratory mouse (Mus musculus) is a valuable species for studying torpor’s brain effects due to its cost-effectiveness, ease of genetic manipulation, and a fully annotated genome (Rydell-Tormanen and Johnson, 2019). Mice undergo daily torpor when faced with energy imbalances from limited food and colder environments (Hudson and Scott, 1979; Gavrilova et al., 1999; Hut et al., 2011; Jensen et al., 2013). One method to induce torpor is through moderate caloric restriction (CR) (Himms-Hagen, 1985; Walford and Spindler, 1997; Mitchell et al., 2015). When subjected to a prolonged calorie reduction of 30–40%, mice progressively undergo more frequent and deeper torpor bouts, reaching body temperatures below 25°C for several h (Mitchell et al., 2015). Importantly, the serial daily torpor patterns that emerge closely resemble the natural torpor patterns observed in Djungarian hamsters (Ruf and Heldmaier, 1992), providing a robust model for studying torpor’s effects on the brain and underlying mechanisms.

In this study, we induced serial daily torpor in male C57BL/6 mice subjected to a 30% CR for 4 weeks and assessed the oxidative stress and neuroinflammatory response in the hippocampus during various stages of torpor and arousal. Our findings reveal a phase-specific increase in mRNA expression of inflammation-associated genes and persistent microglia morphological alterations. However, in the absence of pronounced oxidative stress and evident gliosis, our data suggest that these changes represent neuroimmune adaptations to daily torpor, similar to those observed in the deep hibernator Syrian hamster (Cogut et al., 2018; Leon-Espinosa et al., 2018).



Methods


Animals

Male C57Bl/6J mice were bred in-house at the Groningen Animal Research Center (CDP). Prior to experiments, mice were group housed at 22°C under a standard 12:12 light–dark cycle, with ad libitum access to water and standard lab chow. Experimental procedures were conducted under the approval of the Animal Welfare Body (IVD) of the University of Groningen after approval of the competent authority [Dutch Central Committee for Animal Experiments (CCD), permit AVD105002016427].



Daily torpor paradigm

Animals were 4 months ±2 weeks of age at the start of the experiment. One week prior to the start of caloric restriction (CR), all mice were single-housed in a designated quiet room at an ambient temperature of 21°C under a 12:12 light–dark cycle, with lights on at 7:00 AM. Caloric intake was reduced to 70% of their individual food intake at their initial body mass, with a 10% calorie reduction every 2 days. CR mice received food at zeitgeber time (ZT) 8 and typically consumed it within 3 h, before the lights turned off. Control mice received 120% of their daily caloric intake at ZT + 8 and remained euthermic (EU) without entering torpor. CR mice exhibited a shift in their circadian activity patterns, becoming diurnal instead of their typical nocturnal behavior, as previously described (van der Vinne et al., 2014). After a subsequent CR for 3 weeks, mice were housed in calorimetric cages (TSE, Bad Homburg, Germany) to measure metabolic rates (VO2 in mL/h), CO2 production, and to calculate the respiratory exchange rate (RER). Based on VO2 consumption, mice were euthanized at different timepoints in their daily torpor cycle. Pre-torpor (PT) mice were sacrificed at ~ZT15, 15 h post-arousal and just before the expected onset of hypothermia and hypometabolism, when still active and with a body temperature (Tb) above 36°C. Torpor late (TL) mice were sacrificed at ~ZT23, approximately 6 h into torpor. Arousal early (A1) mice were sacrificed at ~ZT1, 1 h into arousal showing increased motor function and awareness but not yet fully active. Arousal late (A8) mice were sacrificed at ~ZT8, 8 h after arousal onset, by which time they were fully active and euthermic. Control EU mice were sacrificed at the same time as the A8 group, both prior to feeding. Additionally, a refed group (RF), receiving excess food over the last 2 days to interrupt torpor, was sacrificed at the same time as PT mice.



Tissue collection and preparation

Mice were anesthetized in a darkened inhalation box containing 5% isoflurane in oxygen/air (30/70%) before being moved to the operation room. Rectal temperatures were taken approximately 3 min after anesthesia induction by inserting the thermocouple approximately 2 cm into the mouse’s rectum and waiting for 30 s. For qRT-PCR and Western Blot, animals (n = 57) were transcardially perfused with 0.1 M PBS after which the hippocampus was dissected, snap-frozen in liquid nitrogen, and stored at −80°C. For immunohistochemical (IHC) staining, animals (n = 20) were transcardially perfused with 0.1 M PBS, followed by 4% paraformaldehyde (PFA) in 0.1 M PBS. Whole brains were dissected, post-fixed in PFA for 24 h at 4°C, dehydrated with 30% sucrose in PBS overnight at room temperature (RT) and subsequently frozen at −50°C and stored at −80°C.



RNA isolation and RT-qPCR

RNA from hippocampus was extracted using RNeasy Lipid Tissue Mini kit (Qiagen #74804). After RNA isolation, RNA was reversed transcribed and quantitative PCR was performed as previously described (Cogut et al., 2018). Primers used are listed in Supplementary Table 1.



Western blot

Protein lysates from hippocampus were obtained using RIPA lysis buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 1% Igepal Ca-630, 0.5% sodium deoxycholate, 1.0% sodium dodecyl sulfate) enriched with 0.4% protein inhibitor cocktail (Roche Diagnostics #11836170001), 1 mM sodium orthovanadate (Sigma-Aldrich #S6508), 10 mM NaF, 10 mM β-mercaptoethanol (Sigma-Aldrich #805740). Total protein concentrations were measured with Bradford assay (Bio-Rad Laboratories #5000116) and the samples were loaded onto 4–20% sodium dodecyl sulfate-polyacrylamide pre-casted gels (Bio-Rad TGX gels #456–8095). Western Blotting was performed as previously described (Nakladal et al., 2022). Membranes were probed with anti-4 hydroxynonenal antibody (1:1000 dilution, Abcam #ab46545). Chemiluminescent signal was normalized to total protein loading using the standard BioRad StainFree TGX blot technology. Analysis was performed in ImageLab 6.0.1 (Bio-Rad).



Immunohistochemistry, image acquisition and quantification

For immunofluorescence analysis, five free-floating coronal brain sections (25 μm) from the dorsal hippocampus (bregma coordinates −1.6 mm to −2.1 mm) were collected per animal and transferred to a 24-well plate. Slices were permeabilized with 0.5% Triton X-100 (Sigma #T8787) in 0.5% TBST (0.5% Tween-20 in 1xTBS) for 1 h at RT and then blocked in 5% bovine serum albumin (BSA, Westburg #ab270701) for 30 min at RT. Sections were incubated with primary antibodies diluted in 0.1% Triton X-100, 2.5% BSA, 1XTBST at 4°C overnight, followed by washing and incubation with respective secondary antibodies for 2 h at RT. Primary antibodies used were anti-GFAP (1:1000, chicken, Novus #3NBP1-05198) and anti-IBA-1 (1:1000, rabbit, Wako #019-19741). Secondary antibodies used were Alexa 488 anti-rabbit (1:500, Invitrogen #A-11008) and Alexa 594 anti-chicken (1:500, Invitrogen #A-11042). The sections were finally mounted on SuperFrostPlus Slides (Invitrogen) using Dapi containing Vectashield mounting media (Vector laboratories #H-1200-10) and imaged on a Zeiss LSM 780 confocal system. Z-stacked photomicrographs from pre-defined regions of interest were acquired using a 20× (for GFAP) and 40x (for IBA-1) objective lenses. Consistency in microscope settings and Z-stack parameters was maintained across all samples. GFAP fluorescence intensity from at least five photomicrographs per animal was quantified as the mean gray value in Fiji software (Schindelin et al., 2012).

IBA-1-positive microglia morphology was assessed using the AnalyzeSkeleton and FracLac plugins in Fiji according to the previously published protocol (Morrison and Filosa, 2013; Young and Morrison, 2018). For each animal, 15 photomicrographs from three sections were selected. Images with unclear microglial cell bodies due to staining or imaging artifacts were excluded. Microglia ramification was first assessed using the AnalyzeSkeleton plugin. In brief, photomicrographs were converted to 8-bit images and the FFT bandpass filter was applied. The brightness and contrast were adjusted to allow optimal visualization of microglial branches. The unsharp mask was then applied to further enhance the image contrast, and the despeckle function was employed to eliminate resultant noise. The image was binarized, followed by despeckle, close, and remove outliers functions to remove single-pixel background noise and gaps between processes. The image was then skeletonized and further processed using the AnalyzeSkeleton (2D/3D) function. Cell somas were manually counted to determine the total microglial count per image. Measurements of total microglial branch length and number of branch endpoints were normalized to the number of microglial cells in each frame. Next, microglia underwent fractal analysis. Briefly, using the binarized images from the skeleton analysis, a region of interest (ROI) was made with the rectangle tool to fit all microglial cells. Using the ROI, 2–3 microglial cells per image were randomly selected, averaging 24 cells per animal. The selected cells were individually processed. The paintbrush tool was used to remove adjacent cell processes and isolate the cell of interest, and connect fragmented processes using the original photomicrograph as a reference. The binary image was then converted to an outline. The cells were subsequently analyzed with the FracLac plugin by selecting the “box counting” method and setting the “grid design Num G” to 4. The convex hull and bounding circle of each cell were calculated. The fractal dimension (a measure of shape complexity), the convex hull area and perimeter (indicators of the overall territory area of the cell), and the convex hull span ratio and circularity (reflecting cell shape) were measured.



Statistics

All statistical analysis was performed in GraphPad Prism (version 9, GraphPad Software Inc., San Diego, CA, USA). Differences between the groups were compared using one-way ANOVA with Tukey’s post-hoc for multiple comparisons for normally distributed data. For data non-normally distributed, statistical analyses were performed using the Kruskal-Wallis test. The Pearson correlation coefficient was used to assess the linear relationship between variables. Statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Investigators were blinded during the molecular analysis.




Results


Serial daily torpor induction in mice by calorie restriction

Torpor in mice was induced by gradually reducing calorie intake to 70% of the normal intake and then maintained for 3 weeks with timed feeding at ZT + 8. Control euthermic mice (EU) were kept on food ad libitum with feeding at ZT + 8 and did not enter torpor. In addition, we included a refed group (RF) where mice were switched from CR to timed feeding with an excess of food for 2 days, essentially ending daily torpor. During the final week of CR, mice were placed into metabolic cages to measure VO2 consumption and CO2 production, and calculate RER (Figure 1A). Torpor bouts, characterized by a marked reduction in VO2 consumption rate, were consistently observed in all CR mice during the second half of the dark phase and early light phase, followed by an arousal period. The RF group showed an intermediate pattern of torpor during the first day of refeeding and recovered to the normal pattern of control EU by the second day.
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FIGURE 1
 Serial daily torpor induction in mice by calorie restriction. (A) Schematic outline of the experimental timeline and representative calorimetric data from the last three consecutive days depicting the oxygen consumption rates (VO2, in mL/h) and respiratory exchange ratios (RER) for non-restricted (EU), calorie-restricted (CR), and refed (RF) mice. (B) Quantification of VO2 consumption during torpor (a, b), arousal (c), and the mean change in VO2 consumption between these phases (d) for EU and CR groups. (C,D) Rectal body temperatures and body weights at termination for control EU mice and CR- PT, TL, A1, A8 groups and RF mice. EU, euthermia; PT, pre-torpor; TL, torpor late; A1, arousal early; A8, arousal late. Data are presented as boxplots, where the central line indicates the median, the box edges represent the interquartile range (IQR) and the whiskers extend up to 1.5 times the IQR.


Compared to control EU mice, where VO2 consumption rates consistently stayed above 80 mL/h, CR mice experienced a marked decline in metabolic rate, evidenced by an average VO2 of 42.5 ± 1.4 mL/h and reaching a minimum value of 20.7 ± 0.9 mL/h (Figure 1B, panel a, b). These effect sizes were consistent with previous findings from fasting-induced torpor in mice (Hitrec et al., 2019; Hrvatin et al., 2020; de Veij Mestdagh et al., 2021). The arousal phase in CR mice was marked by an increase in VO2 consumption rates to an average of 80.6 ± 1.8 mL/h, marginally below the control EU group levels (Figure 1B, panel c). Notably, the average VO2 consumption change between arousal and torpor phases was −38.1 ± 1.7 mL/h for CR mice, in contrast to a minor fluctuation in the control EU group (Figure 1B, panel d).

As described in detail in the methods section, animals were euthanized at different phases of daily torpor and the presence or absence of torpor and termination in the correct phases was corroborated by rectal temperatures (Figure 1C). By the end of the protocol, CR mice had lost ~30% of their initial body weight, with weights stabilizing at ~20 g (Figure 1D).

Together, these data demonstrate that 30% CR in mice yielded a highly reproducible daily torpor, which was quickly ended by timed feeding of excess food.



Hippocampal 4-HNE protein levels remain unchanged in mice undergoing CR-induced serial daily torpor

We first assessed whether CR-induced serial daily torpor in mice leads to increased oxidative stress in the hippocampus, one of the brain regions especially vulnerable to oxidative damage (Wang and Michaelis, 2010). In non-hibernating mammals, oxidative stress is one of the major contributors to brain damage following ischemic events. Especially during reperfusion, the excess production of reactive oxygen species (ROS) can lead to lipid peroxidation, inflammation, and ultimately cell death (Chan, 2001). To this end, we quantified the protein levels of 4-hydroxy-2-nonenal (4-HNE), a byproduct of lipoperoxidation (Dalleau et al., 2013). Across all daily torpor phases (PT, TL, A1 and A8) and in RF mice, 4-HNE expression levels remained consistent and were comparable to the control EU group (Figure 2). These data suggest that the repeated torpor and arousal cycles in CR mice do not appear to result in increased oxidative stress of the hippocampus.
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FIGURE 2
 4-HNE protein expression levels remain unchanged throughout daily torpor in the hippocampus of CR mice. Representative western-blot analysis and protein expression quantification for control EU mice (not restricted, no torpor), calorie-restricted (CR) mice across torpor (TL) and arousal (A1, A8, PT) phases and refed (RF) mice. Expression was normalized to total protein (TPN) and expressed as a fraction of EU group. EU, euthermia; PT, pre-torpor; TL, torpor late; A1, arousal early; A8, arousal late. Data are mean ± SEM; p = ns.




TNF-α mRNA levels are transiently elevated in the hippocampus during daily torpor in CR mice

Next, we investigated whether CR-induced serial daily torpor initiates a neuroinflammatory response. We first examined the hippocampal mRNA expression levels of pro-inflammatory markers TNF-α, IL-6 and IL-1β (Figure 3A). TNF-α expression was highly upregulated compared to the control EU group and showed the largest change throughout the torpor (TL) and arousal phases (A1, A8, PT). TNF-α expression peaked in TL, decreased by A1, and normalized to EU levels by A8. A slight, non-significant increase was observed in PT compared to A8 and EU. This trend was abolished by cessation of torpor (RF group). IL-6 mRNA levels were moderately increased in PT, but by TL, A1 and A8 phases, its levels were consistent with the control EU group. In contrast to TNF-α and IL-6, IL-1β exhibited stable mRNA expression levels comparable to the control EU group throughout all daily torpor phases.
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FIGURE 3
 Transient elevation of TNF-α and IL-6 mRNA expression in the hippocampus during daily torpor in CR mice without evident astrogliosis. (A) Relative RNA expression of pro-inflammatory markers TNF-α, IL-6, IL-1β and (B) astrocyte marker GFAP in control EU mice (not restricted, no torpor), calorie-restricted (CR) mice across torpor (TL) and arousal (A1, A8, PT) phases and refed (RF) mice. RNA expression was normalized to Hmbs and expressed as a fraction of EU group. (C) Photomicrographs of GFAP staining in the dentate gyrus region of hippocampus. One representative full 25 μm Z projection is shown. Coronal brain sections were scanned using the confocal microscope at 20x magnification using the same acquisition settings between different groups. Immunofluorescent labeling for GFAP (green) and nuclear staining with DAPI (blue) is depicted. Quantification of GFAP fluorescence intensity was performed using Fiji software; n = 3–4 animals per group (except for PT group where n = 2 due to technical problems). Scale bar = 100 μm. EU, euthermia; PT, pre-torpor; TL, torpor late; A1, arousal early; A8, arousal late. Statistical analysis was performed with non-parametric Kruskal-Wallis test with Dunn’s post-hoc comparison (panels a, c, d, e) and one-way ANOVA test with Tukey post-hoc comparison (panel b). Data are mean ± SEM; * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001.


Thereafter, we explored the impact on astrocyte reactivity using GFAP, a common marker of astroglial activation and gliosis. Quantitative PCR analysis showed no significant changes in GFAP mRNA expression across the torpor and arousal phases compared to the control EU group (Figure 3B). Consistent with the mRNA data, GFAP fluorescence in the dentate gyrus region of the hippocampus showed no major differences between the groups (Figure 3C).

Collectively, our findings indicate that CR-induced serial daily torpor in mice results in a transient, phase-specific upregulation of pro-inflammatory genes TNF-α and IL-6 during torpor and pre-torpor, respectively. Meanwhile, astrocyte activation remains largely unaffected as indicated by unchanged GFAP abundance.



Hippocampal microglia undergo morphological alterations during daily torpor in CR mice

To further examine the neuroinflammatory response, we analyzed the morphology of microglia, the CNS’s resident macrophages, within the CA1 area of the hippocampus using Iba-1 immunohistochemistry to identify cells. Microglia cell ramifications decreased in PT, TL, A1 and A8 relative to the control EU group, with only partial reversibility in RF (Figure 4A).
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FIGURE 4
 Hippocampal microglia undergo morphological changes during daily torpor in CR mice. (A) Photomicrographs of IBA-1 staining in the CA1 region of hippocampus in control EU mice (not restricted, no torpor), calorie-restricted (CR) mice across torpor (TL) and arousal (A1, A8, PT) phases and refed (RF) mice. One representative full 25 μm Z projection is shown. Coronal brain sections were scanned using the confocal microscope at 40x magnification using the same acquisition settings between different groups. (B) Maximum intensity projections of confocal images were converted to binary images and then skeletonized (for clarity, only one microglial cell is depicted). The number of microglia process endpoints (blue) and process length (orange) were normalized by the total number of microglia in each image. (C) Individual microglia were randomly selected from binarized images in (B) and processed for FracLac analysis. Fractal dimensions (a), convex hull area and perimeter (b, c), and convex hull span ratio and circularity (d, e) were measured. N = 3–4 animals per group (except for PT group where n = 2 due to technical problems). Scale bar = 50 μm. CA1, cornu ammonis 1 area; EU, euthermia; PT, pre-torpor; TL, torpor late; A1, arousal early; A8, arousal late. Statistical analysis was performed with one-way ANOVA test with Tukey post-hoc comparison and Pearson’s correlation test (C, panel f). Data are mean ± SEM; * ≤ 0.05, ** ≤ 0.01.


We objectivated changes in microglia ramification using the AnalyzeSkeleton plugin in Fiji (Figure 4B). After binarizing and skeletonizing the dendritic branching of all microglia in each photomicrograph, process endpoints (blue) and process length (orange) of the tagged skeletons were quantified (Young and Morrison, 2018). The number of microglia process endpoints and the summed process lengths were significantly reduced during TL, A1, and A8 compared to the control EU group. Interestingly, even after cessation of torpor by refeeding (RF), reduced branching of microglia persisted.

Additionally, using the FracLac plugin, we observed significant changes in microglia complexity, size and shape (Figure 4C). After generating convex hulls and bounding circles of individual cells, we quantified several fractal parameters. Fractal dimensions, indicative of microglia complexity, significantly decreased during TL, A1, and A8 phases compared to the control EU group, which also persisted after ending of torpor by refeeding (RF) (Figure 4C, panel a). Concurrently, the convex hull area and convex hull perimeter, parameters reflecting microglia cell size, were also decreased. The TL phase showed the most significant decrease, with notable reductions also observed in the A1 phase, which persisted after cessation of torpor after refeeding (Figure 4C, panel b, c).

Alterations in microglia shape were also evident from the convex hull span ratio and convex hull circularity (Figure 4C, panel d, e). Span ratio, representing the elongation or aspect ratio of a cell, increased during TL and A1, suggesting a more elongated morphology during these phases. In contrast, the span ratios in A8 and PT more closely resembled those of the control EU group. The convex hull circularity, which indicates the roundness of the overall cell shape, significantly decreased during TL and A1 (Figure 4C, panel e). Expectedly, there was a strong negative correlation between the convex hull span ratio and circularity, implicating that elongated microglia indeed are to be less spherical (Figure 4C, panel f).

Collectively, the consistent decrease in microglia ramification and complexity, coupled with shape alterations, suggests an activation of microglia in the hippocampus of mice undergoing CR-induced serial daily torpor.



Microglia-associated homeostasis and phagocytic gene expression is transiently downregulated in the hippocampus during daily torpor in CR mice

After observing consistent morphological alterations in CA1 microglia, indicative of a shift from their surveillant state, we sought to understand the associated molecular changes. Given that persistent microglia activation often coincides with changes in gene expression, particularly in genes associated with homeostasis, phagocytosis, and lipid metabolism, we examined the mRNA expression of relevant genes in total hippocampal tissue. The mRNA abundance of homeostatic genes P2ry12 and Cx3cr1 was significantly lower in TL, A1 and A8 compared to the control EU group but returned to near-control EU levels in PT and RF (Figure 5A). The mRNA levels of microglia homeostatic gene Hexb, showed a more subtle decrease in TL, A1 and A8 compared to the control EU group and expression levels returned back to control EU levels in RF (Figure 5A). The expression of phagocytic marker Lgals3 was downregulated throughout torpor and arousal phases compared to EU and remained lower also in RF, while the expression of Axl, another phagocytic marker, decreased modestly in TL and A1 and normalized in PT (Figure 5B). Expression of Apoe, a gene involved in lipid metabolism, remained unchanged throughout the different phases of torpor and arousal relative to the control EU group (Figure 5C).
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FIGURE 5
 Expression of genes associated with microglia homeostasis, phagocytosis and metabolism in the hippocampus during daily torpor in CR mice. (A) Total hippocampal tissue RNA expression of homeostasis (P2ry12, Cx3cr1, HexB), (B) phagocytosis (Lgals3, Axl) and (C) metabolism-associated (ApoE) genes in control EU mice (not restricted, no torpor), calorie-restricted (CR) mice across torpor (TL) and arousal (A1, A8, PT) phases and refed (RF) mice. RNA expression was normalized to Hmbs and expressed as a fraction of EU animals. EU, euthermia; PT, pre-torpor; TL, torpor late; A1, arousal early; A8, arousal late. Statistical analysis was performed with non-parametric Kruskal-Wallis test with Dunn’s post-hoc comparison (panels a, f) and one-way ANOVA test with Tukey post-hoc comparison (panels b, c, d, e). Data are mean ± SEM; * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001.


Together, a transient downregulation in the expression of genes related to microglia homeostasis and phagocytosis was observed during torpor and arousal phases A1, A8 in the hippocampus. Expression was largely restored to near-euthermic levels 12 h post-arousal (PT) and when torpor was blocked by refeeding (RF), except for Lgals3.




Discussion

Whereas a few studies have investigated neuroinflammation in hibernators, no study, to our knowledge, has addressed this in daily heterotherms. Using a 30% CR to induce robust serial daily torpor in C57BL/6J mice, our main findings included a transient increase in TNF-α gene expression during torpor and persistent alterations in microglia morphology in the hippocampus.

The use of calorie restriction as a means to induce serial daily torpor in mice introduces two variables that may influence changes in the brain, i.e., CR and torpor. Many benefits of CR including increased lifespan, improved metabolism, enhanced stress response and mitigation of neuroinflammation and neurodegeneration (Mattson, 2012), are also observed in hibernators (Dave et al., 2012), suggesting potential overlapping mechanisms between the two. Indeed, previous research has identified similar physiological responses and gene expression changes, primarily involving the metabolism (Walford and Spindler, 1997; Xu et al., 2013). Because CR alone, in the absence of torpor, can alter gene expression in the brain (Lee et al., 2000; Wu et al., 2009), separating the effects of torpor from those of CR is challenging in our model. However, the transient gene expression changes we observed, specific to torpor-arousal phases, suggest that mechanisms beyond mere CR are at play.

Beyond the gene expression changes, we questioned whether the morphological alterations in microglia were attributable to CR or daily torpor. To our knowledge, no studies specifically addressed CR’s impact on basal microglia morphology in mice. However, CR has been shown to partially counteract age-related functional changes of microglia, essentially ‘rejuvenating’ their functions (Olmedillas Del Moral et al., 2020). Moreover, numerous rodent studies demonstrated CR’s role in attenuating microglial activation in the context of neuroinflammation and age-related neuropathologies (Morgan et al., 1999; Lee et al., 2003; Radler et al., 2014; Zarini et al., 2021). In a rat model of traumatic brain injury, CR preserved microglia in a ramified, surveillance-like state throughout the recovery period, averting a shift to a more classically activated phenotype (Loncarevic-Vasiljkovic et al., 2012). Yet, our observations showing a transition from a ramified phenotype to one characterized by reduced cell branching, complexity, and size – features commonly associated with microglia activation (Karperien et al., 2013; Morrison and Filosa, 2013; Baron et al., 2014; Verdonk et al., 2016; van Olst et al., 2018) – suggest that daily torpor, rather than CR, is the primary factor at play. Supporting this, two studies in the Syrian hamster, a deep hibernator, reported similar microglia morphological changes during torpor (Cogut et al., 2018; Leon-Espinosa et al., 2018). However, while the Syrian hamster showed rapid microglia morphological reversal during the euthermic period of interbout arousal, CR mice displayed only marginal reversal during their euthermic phases (A8 and PT). This disparity may stem from the energy constraint in mice undergoing daily torpor. Unlike the Syrian hamster, which consumes hoarded food upon arousal replenishing their energy sources, CR mice remain under constant low energetic supply because of the dietary restriction. Consequently, CR mice might prioritize their limited energy reserves to processes other than the recovery of microglia morphology during arousals. This notion is further supported by the observation that even after 2 days of increased food intake, the microglial morphology in CR mice does not completely restore to control EU levels.

While CR mice displayed microglial morphological changes akin to those in Syrian hamsters, their status as daily heterotherms sets them apart. The sustained “de-ramified” state of microglia in these mice led us to question whether these alterations signify microglia activation in response to the repetitive metabolic stress of daily torpor, potentially leading to adverse neuroinflammatory events, rather than an adaptive response characteristic of hibernators. Although microglia can exhibit various morphologies in response to different stimuli or injuries (Vidal-Itriago et al., 2022), we did not observe the amoeboid form often associated with an advanced activation state seen in chronic neuroinflammation and neurodegenerative disorders (Muzio et al., 2021). In addition, despite the evident downregulation of microglial homeostatic genes, there was no concurrent upregulation of genes related to phagocytosis and lipid metabolism. This pattern is typically observed in disease-associated microglia (DAM) phenotype found in many neuroinflammatory and neurodegenerative conditions (Hickman et al., 2013; Keren-Shaul et al., 2017; Deczkowska et al., 2018). Further, the transient increase in TNF-α mRNA expression, unaccompanied by elevated levels of other pro-inflammatory cytokines, and the absence of reactive astrogliosis, points toward the absence of a deleterious neuroinflammatory response, in contrast to concomitant changes in these parameters in chronic neuroinflammation and neurodegeneration (Hostenbach et al., 2014). Additionally, the stable 4-HNE protein levels during daily torpor suggest an absence of increased lipid peroxidation, a hallmark of oxidative damage (Breitzig et al., 2016), which is closely associated with neuroinflammatory processes (Smith et al., 2022). Together, our findings indicate that CR-induced serial daily torpor in mice does not trigger a deleterious neuroinflammatory response. Rather, the morphological alterations in microglia might represent a unique neuroimmune response tailored to the metabolic and physiological changes of daily torpor in mice, paralleling observations in deep hibernators.

The upregulation of TNF-α mRNA levels during torpor, which later normalizes during euthermic phases, is especially noteworthy. This pattern differs from our observations in the Syrian hamster, where no increase in TNF-α or other pro-inflammatory cytokines mRNA levels was detected in the hippocampus during torpor (Cogut et al., 2018). This discrepancy might be attributed to differences in torpid body temperatures (Tb). In Syrian hamsters, Tb drops to 8°C, resulting in a likely suppression of transcription (van Breukelen and Martin, 2001, 2002), whereas in CR mice, it only declines to around 25°C. Nevertheless, even mild therapeutic hypothermia (30–35°C) has been shown to attenuate TNF-α mRNA expression levels in the brain (Gu et al., 2015; Liu et al., 2016), suggesting that the upregulation of TNF-α in CR torpid mice might play a crucial role in brain adaptation during daily torpor.

TNF-α, despite being a potent pro-inflammatory cytokine (McCoy and Tansey, 2008), also plays a crucial role in neuroprotection (Hattori et al., 1993; Gary et al., 1998; Tamatani et al., 1999) and is implicated in regulating hippocampal synaptic plasticity, particularly in synaptic scaling (Stellwagen and Malenka, 2006). Specifically, during extended periods of reduced neural activity, TNF-α released by glial cells scales synapses up, by increasing excitatory glutamatergic synaptic responses while simultaneously decreasing inhibitory synaptic strength (Stellwagen et al., 2005; Stellwagen and Malenka, 2006; Pribiag and Stellwagen, 2013). In the context of torpor, characterized by reduced neural activity, this mechanism becomes particularly intriguing. Unlike deep hibernators that undergo substantial hippocampal neuronal dendrite retraction and reduction in spine numbers (Popov and Bocharova, 1992; Magarinos et al., 2006; Popov et al., 2007), a study in mice undergoing fasting-induced torpor revealed no signs of such structural reorganization (de Veij Mestdagh et al., 2021). While deep hibernators likely rely on these structural changes for efficient energy conservation and neuronal protection during extended torpor (Carey et al., 2003), daily heterotherms might prioritize functional adaptations such as synaptic scaling over major structural alterations. Nevertheless, the question remains whether the synaptic changes reported in response to torpor in fasted mice are similar to those of CR mice. Further exploration of the neuronal and synaptic adaptations during CR-induced daily torpor in mice and the potential interplay with TNF-α is warranted.

In summary, our results show that CR-induced serial daily torpor in mice triggers changes in hippocampal gene expression and microglial morphology, which are primarily driven by the torpor state, rather than CR. Despite mice being non-obligatory hibernators, the observed changes do not appear to be harmful. Instead, they point toward activation of adaptive neuroimmune responses that may be instrumental in preserving neuronal integrity during serial torpor-arousal cycles, much like natural hibernators. Given this similarity, CR-induced daily torpor in mice offers a valuable and readily accessible model for studying torpor-associated adaptive brain mechanisms. Unraveling these underlying neuroprotective strategies could have a significant impact on humans, particularly in the context of preventing and developing therapeutic approaches for stroke and neurodegenerative diseases.



Limitations

This study has some limitations. First, we used only male mice, not addressing potential gender differences. Second, relying solely on lipid peroxidation as a marker for oxidative stress may overlook oxidative stress-induced damage to other macromolecules such as DNA and proteins. A broader evaluation of oxidative stress markers is necessary for a definitive conclusion. Third, the use of total hippocampal tissue to analyze microglia-associated gene expression may not provide an accurate representation, given that some of these genes are also expressed in other cell types. However, the genes we examined, such as P2ry12 and Cx3cr1, are predominantly expressed by microglia in the CNS. Future studies would benefit from isolating microglia to more precisely assess gene expression alterations in mice undergoing CR-induced serial daily torpor. Additionally, corroborating our mRNA data by protein expression assessments would offer a more thorough understanding of the neuroimmune changes associated with torpor. Lastly, our torpor induction method introduces two variables that are challenging to separate from the effects of torpor itself: a shift from nocturnal to diurnal activity, which may have various hormonal, physiological, behavioral and molecular implications, and the potential for cold stress due to sub-thermoneutral housing temperatures. These factors should be carefully considered when interpreting our results.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by Animal Welfare Body (IVD) of the University of Groningen after approval of the competent authority [Dutch Central Committee for Animal Experiments (CCD), permit AVD105002016427]. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

VC: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing – original draft. MG: Data curation, Investigation, Methodology, Resources, Writing – review & editing. AJ: Data curation, Formal analysis, Investigation, Methodology, Writing – review & editing. MS: Formal analysis, Writing – review & editing. RH: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Writing – original draft.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the MD/PhD scholarship programme of the Junior Scientific Masterclass (JSM) of the University of Groningen.



Acknowledgments

We thank Prof. B.J.L. Eggen for his assistance in the experimental process and manuscript writing.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnana.2024.1334206/full#supplementary-material



References

 Arendt, T., Stieler, J., Strijkstra, A. M., Hut, R. A., Rudiger, J., Van der Zee, E. A., et al. (2003). Reversible paired helical filament-like phosphorylation of tau is an adaptive process associated with neuronal plasticity in hibernating animals. J. Neurosci. 23, 6972–6981. doi: 10.1523/JNEUROSCI.23-18-06972.2003

 Aronowski, J., Strong, R., and Grotta, J. C. (1997). Reperfusion injury: demonstration of brain damage produced by reperfusion after transient focal ischemia in rats. J. Cereb. Blood Flow Metab. 17, 1048–1056. doi: 10.1097/00004647-199710000-00006 

 Barone, F. C., Schmidt, D. B., Hillegass, L. M., Price, W. J., White, R. F., Feuerstein, G. Z., et al. (1992). Reperfusion increases neutrophils and leukotriene B4 receptor binding in rat focal ischemia. Stroke 23, 1337–1347. doi: 10.1161/01.STR.23.9.1337 

 Baron, R., Babcock, A. A., Nemirovsky, A., Finsen, B., and Monsonego, A. (2014). Accelerated microglial pathology is associated with Abeta plaques in mouse models of Alzheimer's disease. Aging Cell 13, 584–595. doi: 10.1111/acel.12210 

 Boerema, A., Steinlechner, S., Van der Zee, E., Keijser, J. N., Stieler, J., and Strijkstra, A. (2008). Reversible hyperphosphorylation of the microtubule-associated protein tau during daily torpor in Djungarian hamsters, In McKechnie, Andrew E., and Lovegrove, Barry G. (Ed.), Hypometabolism in animals: hibernation, torpor and cryobiology. Pietermaritzburg, South Africa: University of KwaZulu-Natal Press.

 Bogren, L. K., and Drew, K. L. (2014). Ischemia/reperfusion injury resistance in hibernators is more than an effect of reduced body temperature or winter season. Temperature 1, 87–88. doi: 10.4161/temp.29761 

 Bogren, L. K., Olson, J. M., Carpluk, J., Moore, J. M., and Drew, K. L. (2014). Resistance to systemic inflammation and multi organ damage after global ischemia/reperfusion in the arctic ground squirrel. PLoS One 9:e94225. doi: 10.1371/journal.pone.0094225 

 Breitzig, M., Bhimineni, C., Lockey, R., and Kolliputi, N. (2016). 4-Hydroxy-2-nonenal: a critical target in oxidative stress? Am. J. Phys. Cell Phys. 311, C537–C543. doi: 10.1152/ajpcell.00101.2016 

 Carey, H. V., Andrews, M. T., and Martin, S. L. (2003). Mammalian hibernation: cellular and molecular responses to depressed metabolism and low temperature. Physiol. Rev. 83, 1153–1181. doi: 10.1152/physrev.00008.2003 

 Chan, P. H. (2001). Reactive oxygen radicals in signaling and damage in the ischemic brain. J. Cereb. Blood Flow Metab. 21, 2–14. doi: 10.1097/00004647-200101000-00002 

 Cogut, V., Bruintjes, J. J., Eggen, B. J. L., van der Zee, E. A., and Henning, R. H. (2018). Brain inflammatory cytokines and microglia morphology changes throughout hibernation phases in Syrian hamster. Brain Behav. Immun. 68, 17–22. doi: 10.1016/j.bbi.2017.10.009 

 Cubuk, C., Kemmling, J., Fabrizius, A., and Herwig, A. (2017). Transcriptome analysis of hypothalamic gene expression during daily torpor in Djungarian hamsters (Phodopus sungorus). Front. Neurosci. 11:122. doi: 10.3389/fnins.2017.00122 

 Dalleau, S., Baradat, M., Gueraud, F., and Huc, L. (2013). Cell death and diseases related to oxidative stress: 4-hydroxynonenal (HNE) in the balance. Cell Death Differ. 20, 1615–1630. doi: 10.1038/cdd.2013.138 

 Dave, K. R., Christian, S. L., Perez-Pinzon, M. A., and Drew, K. L. (2012). Neuroprotection: lessons from hibernators. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 162, 1–9. doi: 10.1016/j.cbpb.2012.01.008 

 Dave, K. R., Prado, R., Raval, A. P., Drew, K. L., and Perez-Pinzon, M. A. (2006). The arctic ground squirrel brain is resistant to injury from cardiac arrest during euthermia. Stroke 37, 1261–1265. doi: 10.1161/01.STR.0000217409.60731.38 

 Deczkowska, A., Keren-Shaul, H., Weiner, A., Colonna, M., Schwartz, M., and Amit, I. (2018). Disease-associated microglia: a universal immune sensor of neurodegeneration. Cell 173, 1073–1081. doi: 10.1016/j.cell.2018.05.003 

 de Veij Mestdagh, C. F., Timmerman, J. A., Koopmans, F., Paliukhovich, I., Miedema, S. S. M., Goris, M., et al. (2021). Torpor enhances synaptic strength and restores memory performance in a mouse model of Alzheimer's disease. Sci. Rep. 11:15486. doi: 10.1038/s41598-021-94992-x

 Frerichs, K. U., and Hallenbeck, J. M. (1998). Hibernation in ground squirrels induces state and species-specific tolerance to hypoxia and aglycemia: an in vitro study in hippocampal slices. J. Cereb. Blood Flow Metab. 18, 168–175. doi: 10.1097/00004647-199802000-00007 

 Frerichs, K. U., Kennedy, C., Sokoloff, L., and Hallenbeck, J. M. (1994). Local cerebral blood-flow during hibernation, a model of natural tolerance to cerebral-ischemia. J. Cereb. Blood Flow Metab. 14, 193–205. doi: 10.1038/jcbfm.1994.26 

 Gary, D. S., Bruce-Keller, A. J., Kindy, M. S., and Mattson, M. P. (1998). Ischemic and excitotoxic brain injury is enhanced in mice lacking the p55 tumor necrosis factor receptor. J. Cereb. Blood Flow Metab. 18, 1283–1287. doi: 10.1097/00004647-199812000-00001 

 Gavrilova, O., Leon, L. R., Marcus-Samuels, B., Mason, M. M., Castle, A. L., Refetoff, S., et al. (1999). Torpor in mice is induced by both leptin-dependent and -independent mechanisms. Proc. Natl. Acad. Sci. U. S. A. 96, 14623–14628. doi: 10.1073/pnas.96.25.14623 

 Geiser, F. (2004). Metabolic rate and body temperature reduction during hibernation and daily torpor. Annu. Rev. Physiol. 66, 239–274. doi: 10.1146/annurev.physiol.66.032102.115105 

 Gu, X., Wei, Z. Z., Espinera, A., Lee, J. H., Ji, X., Wei, L., et al. (2015). Pharmacologically induced hypothermia attenuates traumatic brain injury in neonatal rats. Exp Neurol 267, 135–142.

 Hallenbeck, J. M., Dutka, A. J., Tanishima, T., Kochanek, P. M., Kumaroo, K. K., Thompson, C. B., et al. (1986). Polymorphonuclear leukocyte accumulation in brain regions with low blood flow during the early postischemic period. Stroke 17, 246–253. doi: 10.1161/01.STR.17.2.246 

 Hattori, A., Tanaka, E., Murase, K., Ishida, N., Chatani, Y., Tsujimoto, M., et al. (1993). Tumor-necrosis-factor stimulates the synthesis and secretion of biologically-active nerve growth-factor in nonneuronal cells. J. Biol. Chem. 268, 2577–2582. doi: 10.1016/S0021-9258(18)53813-8 

 Haugg, E., Borner, J., Diedrich, V., and Herwig, A. (2022). Comparative transcriptomics of the Djungarian hamster hypothalamus during short photoperiod acclimation and spontaneous torpor. FEBS Open Biol. 12, 443–459. doi: 10.1002/2211-5463.13350 

 Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L. C., Means, T. K., et al. (2013). The microglial sensome revealed by direct RNA sequencing. Nat. Neurosci. 16, 1896–1905. doi: 10.1038/nn.3554 

 Himms-Hagen, J. (1985). Food restriction increases torpor and improves brown adipose tissue thermogenesis in Ob/Ob mice. Am. J. Phys. 248, E531–E539. doi: 10.1152/ajpendo.1985.248.5.E531 

 Hitrec, T., Luppi, M., Bastianini, S., Squarcio, F., Berteotti, C., Lo Martire, V., et al. (2019). Neural control of fasting-induced torpor in mice. Sci. Rep. 9:15462. doi: 10.1038/s41598-019-51841-2

 Hostenbach, S., Cambron, M., D'Haeseleer, M., Kooijman, R., and De Keyser, J. (2014). Astrocyte loss and astrogliosis in neuroinflammatory disorders. Neurosci. Lett. 565, 39–41. doi: 10.1016/j.neulet.2013.10.012 

 Hrvatin, S., Sun, S., Wilcox, O. F., Yao, H., Lavin-Peter, A. J., Cicconet, M., et al. (2020). Neurons that regulate mouse torpor. Nature 583, 115–121. doi: 10.1038/s41586-020-2387-5 

 Hudson, J. W., and Scott, I. M. (1979). Daily torpor in the laboratory mouse, Mus musculus var. albino. Physiol. Zool. 52, 205–218. doi: 10.1086/physzool.52.2.30152564

 Hut, R. A., Pilorz, V., Boerema, A. S., Strijkstra, A. M., and Daan, S. (2011). Working for food shifts nocturnal mouse activity into the day. PLoS One 6:e17527. doi: 10.1371/journal.pone.0017527 

 Jensen, T. L., Kiersgaard, M. K., Sorensen, D. B., and Mikkelsen, L. F. (2013). Fasting of mice: a review. Lab. Anim. 47, 225–240. doi: 10.1177/0023677213501659 

 Karperien, A., Ahammer, H., and Jelinek, H. F. (2013). Quantitating the subtleties of microglial morphology with fractal analysis. Front. Cell. Neurosci. 7:3. doi: 10.3389/fncel.2013.00003 

 Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld, R., Ulland, T. K., et al. (2017). A unique microglia type associated with restricting development of Alzheimer's disease. Cell 169, 1276–1290 e1217. doi: 10.1016/j.cell.2017.05.018 

 Kuroda, S., and Siesjo, B. K. (1997). Reperfusion damage following focal ischemia: pathophysiology and therapeutic windows. Clin. Neurosci. 4, 199–212.

 Lee, C. K., Weindruch, R., and Prolla, T. A. (2000). Gene-expression profile of the ageing brain in mice. Nat. Genet. 25, 294–297. doi: 10.1038/77046 

 Lee, J., Auyeung, W. W., and Mattson, M. P. (2003). Interactive effects of excitotoxic injury and dietary restriction on microgliosis and neurogenesis in the hippocampus of adult mice. NeuroMolecular Med. 4, 179–196. doi: 10.1385/NMM:4:3:179 

 Leon-Espinosa, G., Regalado-Reyes, M., DeFelipe, J., and Munoz, A. (2018). Changes in neocortical and hippocampal microglial cells during hibernation. Brain Struct. Funct. 223, 1881–1895. doi: 10.1007/s00429-017-1596-7 

 Liu, T., Zhao, D. X., Cui, H., Chen, L., Bao, Y. H., Wang, Y., et al. (2016). Therapeutic hypothermia attenuates tissue damage and cytokine expression after traumatic brain injury by inhibiting necroptosis in the rat. Sci Rep. 6:24547.

 Loncarevic-Vasiljkovic, N., Pesic, V., Todorovic, S., Popic, J., Smiljanic, K., Milanovic, D., et al. (2012). Caloric restriction suppresses microglial activation and prevents neuroapoptosis following cortical injury in rats. PLoS One 7:e37215. doi: 10.1371/journal.pone.0037215 

 Love, S. (1999). Oxidative stress in brain ischemia. Brain Pathol. 9, 119–131. doi: 10.1111/j.1750-3639.1999.tb00214.x 

 Magarinos, A. M., McEwen, B. S., Saboureau, M., and Pevet, P. (2006). Rapid and reversible changes in intrahippocampal connectivity during the course of hibernation in European hamsters. Proc. Natl. Acad. Sci. U. S. A. 103, 18775–18780. doi: 10.1073/pnas.0608785103 

 Mattson, M. P. (2012). Energy intake and exercise as determinants of brain health and vulnerability to injury and disease. Cell Metab. 16, 706–722. doi: 10.1016/j.cmet.2012.08.012 

 Ma, Y. L., Zhu, X., Rivera, P. M., Toien, O., Barnes, B. M., LaManna, J. C., et al. (2005). Absence of cellular stress in brain after hypoxia induced by arousal from hibernation in Arctic ground squirrels. Am. J. Physiol. Regul. Integr. Comp. Physiol. 289, R1297–R1306. doi: 10.1152/ajpregu.00260.2005 

 McCoy, M. K., and Tansey, M. G. (2008). TNF signaling inhibition in the CNS: implications for normal brain function and neurodegenerative disease. J. Neuroinflammation 5:45. doi: 10.1186/1742-2094-5-45 

 Mitchell, S. E., Delville, C., Konstantopedos, P., Derous, D., Green, C. L., Chen, L., et al. (2015). The effects of graded levels of calorie restriction: III. Impact of short term calorie and protein restriction on mean daily body temperature and torpor use in the C57BL/6 mouse. Oncotarget 6, 18314–18337. doi: 10.18632/oncotarget.4506 

 Morgan, T. E., Xie, Z., Goldsmith, S., Yoshida, T., Lanzrein, A. S., Stone, D., et al. (1999). The mosaic of brain glial hyperactivity during normal ageing and its attenuation by food restriction. Neuroscience 89, 687–699. doi: 10.1016/S0306-4522(98)00334-0 

 Morrison, H. W., and Filosa, J. A. (2013). A quantitative spatiotemporal analysis of microglia morphology during ischemic stroke and reperfusion. J. Neuroinflammation 10:4. doi: 10.1186/1742-2094-10-4 

 Muzio, L., Viotti, A., and Martino, G. (2021). Microglia in neuroinflammation and neurodegeneration: from understanding to therapy. Front. Neurosci. 15:742065. doi: 10.3389/fnins.2021.742065 

 Nakladal, D., Lambooy, S. P. H., Misuth, S., Cepcova, D., Joschko, C. P., van Buiten, A., et al. (2022). Homozygous whole body Cbs knockout in adult mice features minimal pathology during ageing despite severe homocysteinemia. FASEB J. 36:e22260. doi: 10.1096/fj.202101550R 

 Olmedillas Del Moral, M., Frohlich, N., Figarella, K., Mojtahedi, N., and Garaschuk, O. (2020). Effect of caloric restriction on the in vivo functional properties of aging microglia. Front. Immunol. 11:750. doi: 10.3389/fimmu.2020.00750

 Popov, V. I., and Bocharova, L. S. (1992). Hibernation-induced structural-changes in synaptic contacts between mossy fibers and hippocampal pyramidal neurons. Neuroscience 48, 53–62. doi: 10.1016/0306-4522(92)90337-2 

 Popov, V. I., Medvedev, N. I., Patrushev, I. V., IgnaT'Ev, D. A., Morenkov, E. D., and Stewart, M. G. (2007). Reversible reduction in dendritic spines in ca1 of rat and ground squirrel subjected to hypothermia-normothermia in vivo: a three-dimensional electron microscope study. Neuroscience 149, 549–560. doi: 10.1016/j.neuroscience.2007.07.059 

 Pribiag, H., and Stellwagen, D. (2013). TNF-α downregulates inhibitory neurotransmission through protein phosphatase 1-dependent trafficking of GABA receptors. J. Neurosci. 33, 15879–15893. doi: 10.1523/JNEUROSCI.0530-13.2013 

 Radler, M. E., Hale, M. W., and Kent, S. (2014). Calorie restriction attenuates lipopolysaccharide (LPS)-induced microglial activation in discrete regions of the hypothalamus and the subfornical organ. Brain Behav. Immun. 38, 13–24. doi: 10.1016/j.bbi.2013.11.014 

 Ruf, T., and Geiser, F. (2015). Daily torpor and hibernation in birds and mammals. Biol. Rev. Camb. Philos. Soc. 90, 891–926. doi: 10.1111/brv.12137 

 Ruf, T., and Heldmaier, G. (1992). The impact of daily torpor on energy-requirements in the Djungarian Hamster, Phodopus-Sungorus. Physiol. Zool. 65, 994–1010. doi: 10.1086/physzool.65.5.30158554

 Rydell-Tormanen, K., and Johnson, J. R. (2019). The applicability of mouse models to the study of human disease. Methods Mol. Biol. 1940, 3–22. doi: 10.1007/978-1-4939-9086-3_1

 Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019 

 Smith, A. N., Shaughness, M., Collier, S., Hopkins, D., and Byrnes, K. R. (2022). Therapeutic targeting of microglia mediated oxidative stress after neurotrauma. Front Med 9:1034692. doi: 10.3389/fmed.2022.1034692

 Stellwagen, D., Beattie, E. C., Seo, J. Y., and Malenka, R. C. (2005). Differential regulation of AMPA receptor and GABA receptor trafficking by tumor necrosis factor-α. J. Neurosci. 25, 3219–3228. doi: 10.1523/JNEUROSCI.4486-04.2005 

 Stellwagen, D., and Malenka, R. C. (2006). Synaptic scaling mediated by glial TNF-alpha. Nature 440, 1054–1059. doi: 10.1038/nature04671 

 Tamatani, M., Che, Y. H., Matsuzaki, H., Ogawa, S., Okado, H., Miyake, S., et al. (1999). Tumor necrosis factor induces Bcl-2 and Bcl-x expression through NFκB activation in primary hippocampal neurons. J. Biol. Chem. 274, 8531–8538. doi: 10.1074/jbc.274.13.8531 

 van Breukelen, F., and Martin, S. L. (2001). Translational initiation is uncoupled from elongation at 18 degrees C during mammalian hibernation. Am J Physiol Regul Integr Comp Physiol. 281:R1374–9. doi: 10.1152/ajpregu.2001.281.5.R1374

 van Breukelen, F., and Martin, S. L. (2002). Reversible depression of transcription during hibernation. J Comp Physiol B. 172, 355–361. doi: 10.1007/s00360-002-0256-1

 van der Vinne, V., Riede, S. J., Gorter, J. A., Eijer, W. G., Sellix, M. T., Menaker, M., et al. (2014). Cold and hunger induce diurnality in a nocturnal mammal. Proc. Natl. Acad. Sci. U. S. A. 111, 15256–15260. doi: 10.1073/pnas.1413135111 

 van Olst, L., Bielefeld, P., Fitzsimons, C. P., de Vries, H. E., and Schouten, M. (2018). Glucocorticoid-mediated modulation of morphological changes associated with aging in microglia. Aging Cell 17:e12790. doi: 10.1111/acel.12790 

 Verdonk, F., Roux, P., Flamant, P., Fiette, L., Bozza, F. A., Simard, S., et al. (2016). Phenotypic clustering: a novel method for microglial morphology analysis. J. Neuroinflammation 13:153. doi: 10.1186/s12974-016-0614-7

 Vidal-Itriago, A., Radford, R. A. W., Aramideh, J. A., Maurel, C., Scherer, N. M., Don, E. K., et al. (2022). Microglia morphophysiological diversity and its implications for the CNS. Front. Immunol. 13:997786. doi: 10.3389/fimmu.2022.997786 

 Walford, R. L., and Spindler, S. R. (1997). The response to calorie restriction in mammals shows features also common to hibernation: a cross-adaptation hypothesis. J. Gerontol. A Biol. Sci. Med. Sci. 52, B179–B183. doi: 10.1093/gerona/52a.4.b179 

 Wang, X. K., and Michaelis, E. K. (2010). Selective neuronal vulnerability to oxidative stress in the brain. Front. Aging Neurosci. 2:12. doi: 10.3389/fnagi.2010.00012 

 Wu, P., Jiang, C., Shen, Q., and Hu, Y. (2009). Systematic gene expression profile of hypothalamus in calorie-restricted mice implicates the involvement of mTOR signaling in neuroprotective activity. Mech. Ageing Dev. 130, 602–610. doi: 10.1016/j.mad.2009.07.005 

 Xu, Y., Shao, C., Fedorov, V. B., Goropashnaya, A. V., Barnes, B. M., and Yan, J. (2013). Molecular signatures of mammalian hibernation: comparisons with alternative phenotypes. BMC Genomics 14:567. doi: 10.1186/1471-2164-14-567

 Yang, G. Y., and Betz, A. L. (1994). Reperfusion-induced injury to the blood-brain barrier after middle cerebral artery occlusion in rats. Stroke 25, 1658–1664; discussion 1664–5. doi: 10.1161/01.str.25.8.1658

 Young, K., and Morrison, H. (2018). Quantifying microglia morphology from photomicrographs of immunohistochemistry prepared tissue using ImageJ. J. Vis. Exp. 136:e57648. doi: 10.3791/57648-v 

 Zarini, D., Pasbakhsh, P., Nekoonam, S., Mojaverrostami, S., Ghasemi, S., Shabani, M., et al. (2021). Protective features of calorie restriction on cuprizone-induced demyelination via modulating microglial phenotype. J. Chem. Neuroanat. 116:102013. doi: 10.1016/j.jchemneu.2021.102013 


Copyright
 © 2024 Cogut, Goris, Jansma, van der Staaij and Henning. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnana-18-1334206-g005.jpg
Homeostasis

Relatlve RNA expression

Relative RNA expression

o

P2ry12 Cx3cr1 HexB
a . 24° 29°
. R - I
I | ﬂ ﬂ
ﬂ m m o 0
EU PT TL A1 A8 EU PT TL A1 A8 RF EU PT TL Al A8 RF
c
Phagocytosis Metabolism
Lgals3 Axl ApoE
b 5d i 2o f
b " % i oA -t
A I . :
5 ReHEH | =
o [
’—.I:‘ ? ’%‘ ﬁ i
S —t i e o e s e [ T
EU PT TL A1 A8 RF EU PT TL A1 A8 RF EU PT TL A1 A8 RF





OPS/images/fnana-18-1334206-g003.jpg
IL-18 GFAP
c d
s 4 52
2 ?
¢ 1
g ’ : .
< L ] P
H ol - s e s
& 2k il
A
2 1 2 2 i
5 5 o
€ e
Busm o o
€U PT TL A1 AB RF €U PT TL AT A RF EUPT L A1 Ae RF P T A As RF

TL ..

GFAP intensity

DAPI+GFAP

EU BT TL A1 AB RF





OPS/images/fnana-18-1334206-g004.jpg
Binary

b

=1 Convex Hull
=1 Bounding circle

Fractal dimension

Convex hull span ratio

.
.

IBA-1-positive microglia Binary 2391
3
S 200
82
€8 1504
& | .. .o
v LA
Skeleton ]
28 50
{ &
Analyze Skeleton
i £
o=
Tagged Skeleton 58
E5
H
E?.
g
7 =
= g
E =
2 5
16 Fl 2 a0
2 . £ s
= 10000 1 N I g =)
2 - [ - &
N . 2 i I :
ik 2 B L g
g 38 s
14- 5000 © 100-
WK P T A Ae Re P T A1 A R
L3 & 4mxCHA
Y — CHP? f
%5 10 08¢
R=0,79
2 =
19 2 08
® Bosl ——— z
. 5
s H
5 3 080
16 ER o H 1 e 3
1l 5 os & & 5
w4 H . o7
§ 5
10 oz 07—
EU PT TL A1 A8 RF EU PT TL A1 A8 RF 1M 13 15 17 19

Span ratio





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hippocampal neuroimmune response in mice undergoing serial daily torpor induced by calorie restriction



		Introduction



		Methods



		Animals



		Daily torpor paradigm



		Tissue collection and preparation



		RNA isolation and RT-qPCR



		Western blot



		Immunohistochemistry, image acquisition and quantification



		Statistics









		Results



		Serial daily torpor induction in mice by calorie restriction



		Hippocampal 4-HNE protein levels remain unchanged in mice undergoing CR-induced serial daily torpor



		TNF-α mRNA levels are transiently elevated in the hippocampus during daily torpor in CR mice



		Hippocampal microglia undergo morphological alterations during daily torpor in CR mice



		Microglia-associated homeostasis and phagocytic gene expression is transiently downregulated in the hippocampus during daily torpor in CR mice









		Discussion



		Limitations



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnana-18-1334206-g001.jpg
A

CR

EU

CR

EU

8

T2 18 00 06 12 18 00 06 12

T8 00 06

« i
% & IMWTL.L
] z I
2
ey ©
§ 8 8 8 ° & ° 8 ¢ 8 8 8
J0di0} (41u) ZOA U (Uw) 20A v uesi '
et 7o I 5
: & e
1 ¢
2
© ©
§ 8 8 & ° § 8§ 8 =8 °
10d10} (Y/|w) ZOA ues. |esnose (y/w) ZOA uesy
2238888 ¢
& I INEAA R
£ 1t
3
E
5
38 2
3
Tl
= i)
ao—f o3
i
< oo
g2 * R
¢
g, 3
s L =
gty
S e I 8 < <23
(unw)?on RES)

12

Time of day

35;

40

o
£

'y

(6) brem Apog

o
£

(00) eyas 1

20;

8

15

20,

PT TL Al A8 RF

EU

PT TL Al A8 RF

EU

Phase

Phase





OPS/images/fnana-18-1334206-g002.jpg
o p—ol oo e

ee eobbie s Lo
g

e o e * %

s . <
4
a
a
o |
=
2|






OPS/images/cover.jpg
’ frontiers | Frontiers in Neuroscience

Directed causal effect with
PCMCI in hyperscanning EEG
time series












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neuroscience






