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Acute Fasting Does Not Induce Cognitive Impairment in Mice
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Preoperative baseline cognitive impairment is associated with postoperative neurocognitive disorder (PND). Fasting, and more generally, calorie restriction has been shown to exert controversial effects in clinical settings and various animal models of neurological disorders. Every patient needs acute fasting before anesthesia and surgery. However, the impact of acute fasting on cognitive function remain largely unknown. We, therefore, set out to determine whether acute fasting can induce neurotoxicity and neurobehavioral deficits in rodents. In the present system establishment study, a mouse model of acute fasting was established. The effects of the acute fasting on natural and learned behavior were evaluated in the buried food test, open field test and the Y maze test. The expression of c-Fos, the marker of neuronal activation, and caspase-3 activation, the marker of cellular apoptosis, were measured with immunohistochemistry. We found that the 9 h acute fasting increased the latency to eat food in the buried food test. The acute fasting also selectively increased the total distance and decreased the freezing time in open field test, and increased the duration in the novel arm in the Y maze test. Besides, the immunohistochemical study showed that the fasting significantly increased the c-Fos level in the hippocampus and various sub-cortical areas, including paraventricular thalamus (PVT), dorsomedial hypothalamus (DMH), lateral hypothalamus (LH), and basal amygdala (BMA). However, the acute fasting did not induce apoptosis, demonstrating by no appearance of caspase-3 activation in the corresponding brain areas. These data showed that acute fasting did not cause cellular apoptosis and cognitive impairment in the mice. Instead, the acute fasting increased the neuronal activity, enhanced the ambulatory activity and improved the spatial recognition memory in the mice. These findings will promote more research in the established system to further determine the effects of perioperative factors on the postoperative neurocognitive function and the underlying mechanisms.
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INTRODUCTION

Postoperative neurocognitive disorder (PND), including postoperative cognitive dysfunction and postoperative delirium, is one of the most common postoperative complications in elderly patients and is associated with increased morbidity, mortality and costs of medical care (Gleason et al., 2015; Crocker et al., 2016; Inouye et al., 2016; Marcantonio, 2017). However, its causes, neuropathogenesis, and risk factors remain largely unknown. Several risk factors are identified to contribute to the PND, including preoperative baseline cognitive impairment (Robinson et al., 2012; Vasilevskis et al., 2012; Silbert et al., 2015; Raats et al., 2016). Specifically, a narrative review of 54 studies has shown that preoperative baseline cognitive impairment is associated with 2- to 17-fold increases in PND (Oresanya et al., 2014). Therefore, it is essential to reduce any risk factors associated with the preoperative baseline cognitive impairment.

Clinically, the patients usually have more than 12 h fasting before their anesthesia and surgery. Fasting, and more generally, calorie restriction has been shown to exert controversial outcomes (Benau et al., 2014; Longchamp et al., 2017). In various animal models of neurological diseases, such as epilepsy, Parkinson’s disease and Alzheimer’s disease (Greene et al., 2001; Maswood et al., 2004; Halagappa et al., 2007), calorie restriction is reported to mitigate the neurological damage. In healthy human intervention trials, intermittent fasting appears to results in weight loss with mixed impacts on metabolic biomarkers associated with risk of cardiovascular disease, diabetes, and cancer (Patterson et al., 2015). In clinical settings, preoperative fasting initiates the metabolic stress response, leads to hyperglycemia and insulin resistance, which is associated with postoperative complications (e.g., impaired wound healing and immunosuppression) and the length of hospital stay (Melnyk et al., 2011). However, the effects of acute fasting on cognitive function remain largely to be determined. We, therefore, set out to assess the impact of acute fasting on the cognitive function in mice. The outcomes of the present studies would ultimately illustrate whether acute fasting is a risk factor of the PND.

C-Fos is one of the immediate early genes, which are the first group of genes expressed after stimulation of neurons (Gallo et al., 2018). The basal expression of c-Fos is at a relatively low level in brains. Elevated levels of c-Fos transcription can be induced by calcium influxes resulting from extracellular stimulation (Morgan and Curran, 1986). Thus, the imaging of c-Fos is considered to be a marker of stimulation-related neural activation and is often used as a method of visualizing neuronal networks that are activated (Kemp et al., 2013). In the present studies, we assessed the effects of acute fasting on the brain levels of c-Fos, the marker of neuronal activation, and caspase-3 activation, the marker of cellular apoptosis (Crowley and Waterhouse, 2016; Lossi et al., 2018).

The objective of the current study was to determine the effects of acute fasting on the cognitive function in adult mice and the cellular changes including caspase-3 activation and c-Fos expression in the brain tissues of the mice. The hypothesis in the present study was that acute fasting induced cognitive impairment, brain c-Fos expression, and caspase-3 activation in mice. Specifically, we used a battery of behavioral tests (buried food test, open field test, and Y maze test) (Peng et al., 2016) to determine the behavioral changes in 9 month-old mice. We further assessed the effects of acute fasting on the c-Fos levels in different brain regions (e.g., cortex and hippocampus) and on the levels of caspase-3 in the brain tissues of the mice.

MATERIALS AND METHODS

Animals and Acute Fasting Model

The protocol of the animal study was approved by the Massachusetts General Hospital Standing Committee on Animals (Boston, MA, United States) on the use of Animals in Research and Teaching. We performed animal studies according to the regulation of the National Institutes of Health (Bethesda, MD, United States). All efforts were used to reduce the number of mice used in the experiments. C57BL/6J female mice (wild-type) were used in the experiments. The C57BL/6 mice (9-month-old) were obtained from Jackson Labs (Bar Harbor, ME, United States). The mice were housed in a temperate- and humidity-controlled environment (20–22°C; 12-h light: dark on a reversed light cycle; lights-off at 7:00 p.m.) with free access to water and food (control mice), and to water but not food (acute fasting mice). Mice were randomly assigned to one of two groups: control (fed ad libitum) and fasting (food removed). In the fasting group, the mice were fasted by completely depriving of food for 9 h, which was started at 8:00 a.m. In the control group, the mice had free access to food. Water was available ad libitum for the mice in the two groups. In the current system establishment study, we only used female mice.

Behavioral Tests

A battery of behavioral tests including buried food test, followed by an open field test and Y maze test, were performed as described in our previous study (Peng et al., 2016) with modifications. As demonstrated in the diagram (Figure 1), all mice had buried food training at 2 days and 1 day before fasting or control condition, and had Y maze training at 7 h after the fasting or control condition. The mice then had the behavioral tests in the order of buried food test, open field test and Y maze test at 9 h after fasting or control condition. We performed multiple behavior tests in groups of 4 mice and finished the tests in these mice within 1 h.
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FIGURE 1. Schematic diagram of experimental design. The mice receive buried food training at 2 days and 1 day before treatment (fasting or control) and Y maze training at 7 h after treatment, and then behavior tests in the order of buried food test, open field test and Y maze test at 9 h after treatment.



Buried Food Test

Before the test, all mice were familiarized with sweetened cereal (Kellogg’s Froot Loops, Battle Creek, MI, United States) daily over the 2 days before the testing. During the test, a mouse was placed in the center of a testing cage (30 cm × 19 cm × 13 cm, width × length × height) to seek and recover one piece of sweetened cereal, which was buried 0.5 cm below the surface of a 3 cm deep layer of fresh bedding. The time between the placement of the mouse in the testing cage and the time when the mouse grasped the sweetened cereal with its forepaws and teeth was recorded and defined as the latency time of buried food test. If a mouse failed to locate the food within 300 s, the testing session ended and the latency time was recorded as 300 s. Mice were allowed to consume the sweetened cereal and then returned to their home cage. After the test, the testing cage was cleaned with 70% ethanol solution, and the bedding inside was changed between the trials.

Open Field Test

The open field test was performed in a square arena (40 cm × 40 cm × 40 cm, width × length × height), with an open top, four white walls, and a gray floor. After a mouse was placed in the corner of the open field, the ambulation of the mouse for 5 min was recorded by a video tracking software (Any-Maze behavior tracking software, Stoelting Co., Wood Dale, IL, United States). The total distance traveled (m), the freezing time (seconds), the latency to the center (seconds), and the time spent in the center of the open field (seconds) were analyzed. After the test, mice were removed from the open field and returned to their home cage. The floor of the apparatus was cleaned with 70% ethanol solution before the next testing.

Y Maze Test

The Y maze test was performed in a Y-shaped maze, which consisted of three gray polyvinylene arms (8 cm × 30 cm × 15 cm, width × length × height), with a 120° angle from each other. Three arms were randomly designated as start arm, novel arm, and other arm. The Y-maze test included two trials separated by a 2-h interval. In the first trial (training), the novel arm was blocked, and the mouse was allowed to explore the start arm and other arm for 10 min. In the second trial (retention), all three arms were opened, and the mouse was allowed to move freely for 5 min from the end of the same start arm. A ceiling-mounted video camera and Any-Maze behavior tracking software were used to record and analyze the number of arm entries and the time spent in each arm. Recognition of the novel arm from the start arm and other arm is considered as the spatial recognition memory (learned behavior). Maze arms were cleaned with 70% ethanol solution between trials.

Immunohistochemistry

A different group of mice was used for immunohistochemistry studies. After 9 h of fasting or ad libitum, the mice were anesthetized with 1.4% isoflurane for 3 min and perfused transcardially with PBS followed by 4% cold, buffered paraformaldehyde. The brain tissues were removed and post-fixed at 4°C overnight, and then cryoprotected in 15% sucrose followed by 30% sucrose in PBS for 48 h. 20-μm coronal sections were obtained with a Leica CM1850 cryostat. Non-specific antibody binding was inhibited by incubating the slices in 0.1 M PBS containing 10% goat serum and 0.3% Triton X-100. Slices were then incubated for 24 h at 4°C with one of the following primary antibodies: rabbit anti-c-Fos antibody (#2250, 1:200 dilution, Cell Signaling Technology, Danvers, MA, United States), rabbit anti-caspase-3 antibody (#9662, 1:200 dilution, Cell Signaling Technology, Danvers, MA, United States), and rabbit anti-cleaved caspase-3 antibody (#9661, 1:200 dilution, Cell Signaling Technology, Danvers, MA, United States). After the incubation, tissue sections were washed and incubated for 1 h at room temperature with Alexa Fluor 488 or Alexa Fluor 594 (1:500 dilution, Thermo Fisher Scientific, Rockford, IL, United States) as the secondary antibodies. Fluoroshield medium with DAPI (ab104139, Abcam, Cambridge, MA, United States) was used for nuclear counterstain.

Quantification

Tissue sections were examined under an All-in-One Keyence BZ-9000 microscope interfaced to a computer workstation. We used the Mouse Brain Atlas (Paxinos and Franklin, 2001) to visually guide localization of the regions of interest (ROI). The brain regions at bregma −1.7 ± 0.2 mm that were examined in all of the groups are diagrammed in Figures 5D, 6B. Digital images of coronal sections containing the following brain areas were captured by a BZ-II Viewer program: dentate gyrus (DG), CA1, CA2/3, paraventricular thalamus (PVT), dorsomedial hypothalamus (DMH), lateral hypothalamus (LH), and basal amygdala (BMA). All cells with staining intensities that were ≥2 × background were quantified manually at 200× magnification using the Cell Counter function in BZ-II Analyzer.

Statistics

The number of samples was 12–16 per group in the behavioral tests, and 4–6 per group in the immunohistochemical studies. Data of behavior tests and immunohistochemistry were presented as the mean ± standard error of the mean (SEM). Normality of data was first analyzed by using the Shapiro-Wilk test. The latency to eat food in the buried food test, the latency to the center, time spent in the center and freezing time in the open field test were found not normally distributed. Thus, the data were analyzed by the Mann-Whitney test. Normally distributed data, including the total distance moved in the open field test, the number of arm entries, entries, and duration in novel arm in Y maze test and immunohistochemical results, were analyzed by the Student’s t-test. Statistical comparisons were deemed significantly different if p < 0.05. Graphpad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, United States) was used for all analyses.

RESULTS

Acute Fasting Enhanced the Natural Behavior of Mice in the Buried Food Test and Open Field Test

First, we performed the buried food test and open field test in the mice to assess the changes in natural behavior of the mice after the 9 h fasting. As can be seen in Figure 2, the acute fasting for 9 h decreased the latency of mice to eat the food as compared to the control condition (p < 0.001, Figure 2). Then as shown in Figure 3, there was no significant difference in the latency to the center (p = 0.416; Figure 3B) and the central zone activities (p = 0.061; Figure 3C) between the mice in the fasting group and the mice in the control group in the open field test. However, the acute fasting significantly increased the distance traveled (19.95 ± 0.77 vs. 15.42 ± 1.07, p = 0.001; Figure 3A) while decreased the freezing time (44.00 ± 4.07 vs. 74.18 ± 9.68, p = 0.006; Figure 3D) as compared to the control condition in the mice. Collectively, these data demonstrated that the acute fasting would enhance the natural behavior of the mice.
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FIGURE 2. Acute fasting enhances the natural behavior of mice in buried food test. The bar graphs show that acute fasting for 9 h (green column) significantly decreases the latency to eat the food of the mice as compared to the control condition (black column) in the buried food test. Data are shown as means ± SEM (Mann-Whitney test; ∗∗∗p < 0.001; n = 12–16 animals).
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FIGURE 3. Acute fasting enhances the natural behavior of mice in the open field test. The bar graphs show the total distance moved (A), the latency to the center (B), time spent in the center of the open field (C), and freezing time (D) of mice in control (black columns) and fasting groups (green columns). Note that 9-h fasting significantly elevated the distance traveled and reduced the freezing time as compared to the control condition. Data are shown as means ± SEM (Mann-Whitney test or Student’s t-test; ∗∗p < 0.01; n = 12–16 animals).



Acute Fasting Enhanced the Learned Behavior of Mice in the Y-Maze Test

In addition to natural behavior, learned behavior of mice was assessed by using the Y-maze test after the 9 h fasting. There was no significant difference in the number of arm entries (p = 0.945; Figure 4A) and novel arm entries (p = 0.641; Figure 4B) between the mice in the fasting group and the mice in the control group. However, the acute fasting increased the time spent in open arms of the mice as compared to the control condition (109.90 ± 5.19 vs. 89.91 ± 7.04, p = 0.024; Figure 4C). In the current study, the numbers of arm entries were not significantly different between the mice in the fasting group and the mice in the control group, suggesting that the more time spent in the open arms by the mice in the fasting group as compared to the mice in the control group may not be due to the changes in the locomotor activity of the mice. These data demonstrated that the acute fasting enhanced the spatial recognition memory in the mice.
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FIGURE 4. Acute fasting enhances the learned behavior of mice in the Y-maze test. The graphs are showing the number of arm entries (A), novel arm entries (B) and duration in the novel arm (C). Note that 9-h fasting significantly elevated the duration in the novel arm as compared to the control condition. Data are shown as means ± SEM (Student’s t-test; ∗p < 0.05; n = 12–16 animals).



Acute Fasting Increased the C-Fos Levels in Brain Tissues of the Mice

Next, to explore which specific brain regions were associated in the behavioral changes induced by acute fasting, we investigated c-Fos expression in different brain areas. The hippocampus has been studied extensively as part of a brain system responsible for learning and memory (Jeffery, 2018). To determine whether the acute fasting can affect the c-Fos level in the hippocampus, we performed c-Fos immunostaining and counted c-Fos+ cells in the DG, CA1, and CA2/3 areas. As can be seen in Figure 5, there were increased numbers of c-Fos+ cells in the DG of the mice in the fasting group as compared to the mice in the control group (22.80 ± 1.77 vs. 3.20 ± 0.49, p < 0.001; Figure 5A). Similarly, there were more c-Fos+ cells in the CA1 (3.60 ± 0.81 vs. 1.20 ± 0.37, p = 0.028; Figure 5B) and CA2/3 (9.60 ± 2.02 vs. 3.20 ± 0.58, p = 0.016; Figure 5C) of the mice in the fasting group as compared to the mice in the control group. These data showed that acute fasting significantly increased the number of c-Fos+ cells in the hippocampus of the mice.
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FIGURE 5. Acute fasting increases the c-Fos expression in different sub-hippocampal areas. (A–C) Representative photomicrographs of c-Fos immunostaining in the dentate gyrus (DG), CA1, and CA2/3. There were a higher number of c-Fos+ cells in the fasting group (right panel) in comparison with the control group (left panel). Scale bars represent 100 μm. (D) Schematic illustration of the hippocampus. The red line indicates the captured and analyzed sub-region of hippocampus including DG, CA1, and CA2/3 areas. The bar graph shows the number of c-Fos+ cells in different hippocampal areas. Note that the number of c-Fos+ cells was significantly increased following 9-h fasting as compared to the control condition. Data are shown as mean ± SEM (Student’s t-test; ∗p < 0.05; ∗∗∗p < 0.001; n = 4–6 animals).



We further characterized c-Fos expression in other cognitive-related brain regions. There were increased number of c-Fos+ cells in PVT (13.83 ± 2.89 vs. 2.00 ± 0.35, p < 0.001; Figure 6), DMH (5.83 ± 1.22 vs. 1.50 ± 0.92, p = 0.018; Figure 6), LH (8.33 ± 1.02 vs. 2.50 ± 1.06, p = 0.003; Figure 6), and the BMA (10.50 ± 1.82 vs. 2.83 ± 0.70, p = 0.003; Figure 6) of the mice in the fasting group as compared to the mice in the control group. Collectively, these data demonstrated that acute fasting was associated with significantly increased levels of c-Fos protein in specific sub-regions of thalamus, hypothalamus, and amygdala.
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FIGURE 6. Acute fasting increases the c-Fos expression in different sub-cortical areas. (A) Representative photomicrographs of c-Fos immunostaining in the sub-region of the cortex including paraventricular thalamus (PVT), dorsomedial hypothalamus (DMH), lateral hypothalamus (LH), and basal amygdala (BMA). There were a higher number of c-Fos+ cells in the fasting group (right panel) in comparison with the control group (left panel). Scale bars represent 50 μm. (B) Schematic illustration of the regions of interest. The red box (500 μm × 140 μm) indicates the captured and analyzed sub-region of the cortex. (C) The number of c-Fos+ cells in different sub-cortical areas. Note that the number of c-Fos+ cells was significantly elevated following 9-h fasting as compared to the control condition. Data are shown as mean ± SEM (Student’s t-test; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; n = 4–6 animals).



Acute Fasting Did Not Induce Cell Apoptosis in Sub-Hippocampal and Sub-Cortical Areas

The increased c-Fos expression has been shown to associate with increased neuronal activity. However, c-Fos overexpression could also play a causal role in cell death (Preston et al., 1996; Inada et al., 1998). Cleaved caspase-3 immunoreactivity is a marker of cells undergoing apoptosis. We, therefore, used frozen coronal brain sections to detect the cleaved (activated) caspase-3 by using immunohistochemical analysis. The cell counts from each mouse were obtained from the same areas corresponding to the region of interest (ROI) of the counted c-Fos from a standard mouse brain atlas (Paxinos and Franklin, 2001). As shown in Figure 7, total caspase-3 immunoreactivity in the brain regions were observed in the mice of both control and fasting groups without significant difference. In contrast, cleaved caspase-3 immunoreactivity was not detected despite prominent c-Fos immunoreactivity in these regions. Moreover, we found that sleep disturbance increased the number of the cleaved caspase-3 positive cells in several brain regions in the mice (Supplementary Figure S1), consistent with the findings of our previous studies (Zhu et al., 2012) and suggesting that the cleaved caspase-3 antibody in the current study was able to demonstrate the activation of caspase-3 in the brain tissues of mice. Taken together, these data showed that the observed robust increases in c-Fos immunoreactivity induced by fasting were not associated with the cellular apoptosis in the brain of the mice following acute fasting in the mice.
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FIGURE 7. Acute fasting does not induce cell apoptosis in sub-hippocampal and sub-cortical areas. Representative photomicrographs of caspace-3 (A) and cleaved caspace-3 (B) immunostaining in the sub-region of the hippocampus and cortex including DG, CA1 and CA2/3, PVT, DMH, LH, and BMA. No cleaved caspase-3 immunoreactivity was detected in both control and fasting group. Scale bars, 100 μm (DG, CA1, and CA2/3), 50 μm (PVT, DMH, LH, and BMA).


DISCUSSION

In the current studies, we showed that 9 h of acute fasting did not impair both natural behavior and learned behavior in mice. Besides, the acute fasting increased the c-Fos protein expression in several sub-regions in the brain of the mice. Finally, the acute fasting did not induce apoptosis, demonstrating by no activation of caspase-3 in the corresponding brain areas. These results did not support our hypothesis. Instead, these data showed that the 9 h acute fasting did not induce neurotoxicity and neurobehavioral deficits in the mice.

We first found that the 9 h acute fasting decreased the latency of mice to eat the food as compared to the control condition in the buried food test (Figure 2). The buried food test assess the olfactory function and odor discrimination of rodent. However, the mouse should have intact cognitive ability (e.g., attention) to complete the buried food test. Thus, the buried food test in the present study also assessed the cognitive function together with the open field test and Y maze test. Next, our results showed that the 9 h acute fasting increased the total distance traveled as compared to the control condition in the mice in the open field test (Figure 3A). The total distance traveled by mice represents the locomotor activity of the mice (Sestakova et al., 2013), indicating that the acute fasting in the current study increased the locomotor activity of the mice. Then, the finding that the acute fasting decreased the freezing time in the open field test as compared to the control condition (Figure 3D) showed that the acute fasting altered the anxiety-like behaviors of the mice (Prut and Belzung, 2003; Chen et al., 2014). Finally, we observed that acute fasting increased the duration in the novel arm in the mice (Figure 4C). These results indicated that the acute fasting enhanced the spatial recognition memory of the mice as compared to the control condition, consistent with the findings from the other studies (Rayatnia et al., 2011; Wolf et al., 2016). Taken together, the 9 h acute fasting was able to improve certain natural and learned behaviors associated with cognitive function in mice.

In the current study, we observed the increased activity in the mice after 9 h of acute fasting. Consistently, in the studies by Overton and Williams (2004) and Kanizsai et al. (2009), the mice also exhibited increased locomotor activity after fasting or caloric restriction. Besides, the increased locomotor activity in the mice disappeared when the ambient temperature was increased to 29–33°C (Overton and Williams, 2004). These findings were consistent with the observation that the increased locomotor activity of the mice occurred in the temperature of 20–22°C, potentially resulting in some cold-associated stress. Future studies to investigate the interaction of acute fasting and body temperature on the potential neurotoxicity and neurobehavioral deficits are warranted. Interestingly, behavioral activity during fasting has also been shown either to remain unchanged or to be decreased in mice (Gelegen et al., 2006; Tucci et al., 2006). However, these studies were different from our current studies. First, there was a variety of fasting durations. The duration of fasting was reported to be an essential variable in determining the effects of acute fasting on the behavior of mice (Cui et al., 2018). The duration of fasting in other studies ranged from days to weeks, but the duration of the fasting in the current studies was 9 h. Second, the age of mice used was different. There is evidence to suggest that aging affects behaviors such as exploration activity and object recognition in mice (Fahlstrom et al., 2012). The mice in other studies were 2–6 months old. However, the age of mice in the current study was 9 month old. Third, the behavioral tests utilized in the studies were diverse. In other studies, the locomotor activity was detected through a single test. In the current studies, a battery of behavioral test was performed to assess changes in both natural and learned behavior in the mice.

We selected 9 h, not longer time, of acute fasting to minimize animal suffering (Cui et al., 2018). The outcomes from the current studies suggest that the 9 h acute fasting did not induce cognitive impairment in the 9 month-old wild-type mice. However, it is still possible that the acute fasting might have different effects in the more vulnerable mice, such as aged mice and Alzheimer’s disease transgenic mice. Future studies using the established system to determine the impact of acute fasting on cognitive function and the associated cellular changes in both aged and Alzheimer’s disease transgenic mice are warranted.

The increases in c-Fos expression have been shown in several stimuli models including fasting (Gallo et al., 2018). In the mechanistic studies, the increased c-Fos expression was observed in many brain areas following the acute fasting. Specifically, the increased c-Fos expression by acute fasting has been reported in the prefrontal cortex (Lutter et al., 2008), amygdala (Velazquez et al., 2015), and hypothalamus (Cano et al., 2003; Riediger et al., 2004). However, the current study was the first one to systemically investigate the c-Fos expression in many sub-regions of brains involved in the behavioral changes in motivated animals induced by fasting. C-Fos expression induced by the 9 h acute fasting was significantly enhanced in many brain areas. These data indicated the substantial impacts of acute fasting on the neural system. Interestingly, most remarkable c-Fos activation was observed in the DG of the hippocampus (Figure 5A) and PVT (Figure 6A). These data revealed that DG and PVT might be the essential brain regions on the mechanism of the behavioral changes induced by acute fasting. The fasting-related neural circuit and its associated behavioral changes are worthy of further investigation in the future.

Moreover, we evaluated the level of caspase-3 and cleaved caspase-3, the biomarkers of cellular apoptosis (Crowley and Waterhouse, 2016; Lossi et al., 2018), in the mice in the acute fasting group or the mice in the control group. We found that cleaved caspase-3 immunoreactivity was detected in neither the mice in the control group nor the mice in the fasting group (Figure 7B). However, the c-Fos immunoreactivity was prominent in the brain regions of the mice in the acute fasting group. These data demonstrated that acute fasting increased neuronal activities but did not induce apoptosis in the particular brain areas associated with cognitive function.

There are several limitations in the current studies. First, each of the mice in the fasting group received the three behavioral tests in the sequence of buried food test, open field test and Y maze test. Therefore, the earlier behavioral test could interfere the following behavioral test. In order to minimize such interference, we purposely performed the natural behavioral tests (buried food test and open field test) before the learned behavioral test (Y-maze test). Moreover, the mouse in the control group received the same behavioral tests with the same sequence. Second, we only used female mice (C57BL/6J, wild-type, 9-month-old) in the present study to establish the system and demonstrate the effects of fasting on the behavioral and biochemistry changes in the mice. We will use the established system to determine the sex-dependent changes in the future. Third, an increased expression of c-Fos after acute fasting has been shown in this study. However, the mechanism of this induction and whether the induction of c-Fos is neuroprotective or detrimental to the brain after fasting is not clear. Nevertheless, the outcomes showed that acute fasting might influence neuronal physiology but might not cause neurotoxicity. Forth, the cause-effect link between the fasting-induced changes in c-Fos expression and the fasting-induced behavioral changes also remain uncovered. However, the current studies have established a system to perform such research in the future.

Postoperative neurocognitive disorder is a common postoperative complication (Vutskits and Xie, 2016). However, the causes and neuropathogenesis of PND remain largely to be determined. In clinical settings, every patient needs to have fasting before anesthesia, and surgery to avoid potential aspiration of food and water into lungs. Therefore, it is important to know whether fasting can induce neurotoxicity and neurobehavioral deficits. The finding in the current studies showed that acute fasting induced neither neuronal apoptosis nor cognitive impairment in adult mice. These results suggest that fasting may not be the risk factor of PND, pending further investigations. However, it is still not known whether fasting in young and aged mice, which are more vulnerable to the development to PND, can cause neurotoxicity and neurobehavioral deficits. We will use the established system to answer these questions in the future studies.

CONCLUSION

In conclusion, we found that the 9 h acute fasting improved the natural and learned behavior in mice. Besides, acute fasting increased the number of c-Fos+ cells in various brain areas without causing caspase-3 activation. These results suggest that acute fasting in mice might not cause neurotoxicity and cognitive impairment in mice. These findings would promote further investigation to determine the effects of perioperative factors, e.g., acute fasting, on the PND in the future.
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FIGURE S1 |
Positive control of immunohistochemistry stained with anti-cleaved caspase-3 antibody. The representative immunohistochemical staining is showing that sleep disturbance -induced cleaved caspase-3 expression distribute in the cortex of mice. The coronal section is located 1.2 ± 0.2 mm anterior from the bregma. The region of interest is outlined with a dash-dot line. Arrows indicate cleaved caspase-3-positive neurons. Scale bars, 100 μm (left image), 50 μm (right image).
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