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Assessing sex as a biological variable is critical to determining the influence of environmental and lifestyle risks and protective factors mediating behavior and neuroplasticity across the lifespan. We investigated sex differences in affective behavior, memory, and hippocampal neurogenesis following short- or long-term exposure to exercise or chronic mild stress in young and aged mice. Male and female mice were assigned control, running, or chronic stress rearing conditions for 1 month (young) or for 15 months (aged), then underwent a behavioral test battery to assess activity, affective behavior, and memory. Stress exposure into late-adulthood increased hyperactivity in both sexes, and enhanced anxiety-like and depressive-like behavior in aged female, but not male, mice. One month of stress or running had no differential effects on behavior in young males and females. Running increased survival of BrdU-labelled hippocampal cells in both young and aged mice, and enhanced spatial memory in aged mice. These findings highlight the importance of considering sex when determining how aging is differently impacted by modifiable lifestyle factors across the lifespan.
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1 Introduction

Attention to the need to consider biological sex differences across the lifespan has increased in recent years, with the majority of neurobiological research involving models of the brain and aging being conducted using only males (Beery and Zucker, 2011; Klein et al., 2015; Beltz et al., 2020; Rechlin et al., 2022). Differences in affective and cognitive processing between biological sex is well documented, with males generally performing better at spatial-related cognitive processing, and females having a higher prevalence of stress, anxiety and fear-related affective disorders (Bauer, 2023; Yagi and Galea, 2019). At the neural level, molecular mechanisms within the central amygdala and hippocampus have been shown to differentially regulate fear memory consolidation and extinction in young male and female mice (Florido et al., 2024; Matsuda et al., 2015; Velasco et al., 2019). Morphologically, sex differences within the hippocampus have been observed in young rodents and regulated by estrous cycling, including gross hippocampal volume (Qiu et al., 2013), dendritic spine density (Woolley et al., 1990), and neural cell proliferation (Rummel et al., 2010). Confounding factors and variability associated with active estrous cycling in females is often given as the rationale for using exclusively male rodents in studies of cognition and physiology (Becegato and Silva, 2024; Kaluve et al., 2022), limiting and biasing the pool of studies of brain and behavior across the lifespan. A recent meta-analysis of studies assessing preclinical behavioral models of anxiety-like behavior found that just 21% of studies included both sexes and considered biological sex in their analyses, and that 61% of published studies used exclusively male subjects (Kaluve et al., 2022). While a growing number of studies are considering how environmental factors such as stress exposure during early-life and critical developmental periods differentially impact males and females (Bale and Epperson, 2015; Guadagno et al., 2018; Hodes and Epperson, 2019; LoPilato et al., 2020), direct investigations of sex differences in behavior and brain plasticity in response to modifiable environmental and lifestyle risk factors and protective factors active into late-adulthood are scarce (Bangasser and Cuarenta, 2021).

Adequately assessing differences in cognitive and affective behavior along with brain structure and function across the lifespan in humans exposed to different environmental factors remains a considerable challenge. Many studies tend to be correlational, rely on retrospective self-report, are limited to measures of observable forms of brain activity with limited spatial and temporal resolution, or are based on post-mortem examination of brain pathology (Grady, 2012; Palliyaguru et al., 2021). While these approaches provide valuable insight, they are limited in identifying underlying changes at the cellular level (Fischer, 2016). Rodent models of aging can overcome this limitation and provide critical information about differences in neuronal plasticity in the young and aged brain, while maintaining control over exposure to external environmental factors. However, due to cost-prohibitive limitations on aging research using animal models, few studies to date have directly investigated sex differences related to the aging brain and behavior (Palliyaguru et al., 2021; Özalay et al., 2024).

Chronic stress has been associated with detrimental effects to both physical and psychological health (McEwen and Gianaros, 2010; O’Connor et al., 2021; Sapolsky, 1996). These effects include memory impairment (Kim and Diamond, 2002; Luine et al., 2017) and increased levels of anxiety and depression (McEwen, 2004). Further, it has been shown that behavioral stress is associated with increased inflammatory glial responses (Frank et al., 2007; Bollinger et al., 2017), pro-inflammatory cytokine expression (Mograbi et al., 2020), depleted brain neurotrophic growth factors (Duman and Monteggia, 2006; Murakami et al., 2005; Notaras and van den Buuse, 2020), stunted prefrontal cortex dendritic growth (Bloss et al., 2010), and reduced hippocampal volume and neurogenesis (Duman, 2004; Jung et al., 2020; Schoenfeld et al., 2017). Many of the adverse effects of stress exposure compound with age and may contribute to an acceleration of brain aging (Bishop et al., 2010; Wolf et al., 2024; Yegorov et al., 2020).

Certain modifiable lifestyle and environmental factors may be protective against age-related brain and behavioral changes. Brief periods of exposure to voluntary aerobic exercise and environmental enrichment contribute to beneficial effects on neuronal development and cognition, including enhanced hippocampal-dependent memory and hippocampal neurogenesis (Epp et al., 2021; Kempermann et al., 1997, 2002; Scholz et al., 2015; van Praag et al., 1999a, 1999b, 2005), increases in endothelial growth factors (Cao et al., 2004; Fabel et al., 2003; Morland et al., 2017) and brain-derived neurotrophic factor (BDNF), particularly in young adults (Adlard et al., 2005; Cotman et al., 2007; Huang et al., 2014; Wrann et al., 2013; Maass et al., 2016). There is strong evidence that long-term engagement in voluntary aerobic exercise such as running is neuroprotective, and protective against cognitive decline with aging in humans (Chan et al., 2005; Duzel et al., 2016; Tyndall et al., 2018) and rodents (Alvarez-López et al., 2013; Diederich et al., 2017; Robison et al., 2018; Connolly et al., 2022). However, the degree to which running confers protection against cognitive impairment and promotes brain plasticity may differ in males and females (Triviño-Paredes et al., 2016; Barha et al., 2017a, 2017b; Barha and Liu-Ambrose, 2018; Loprinzi and Frith, 2018). One study exposing mice to daily voluntary running throughout young and middle adulthood did include both male and female subjects, but analyses considering biological sex were not performed (Robison et al., 2018). A systematic review of sex differences in aerobic exercise effects on brain and cognition using aged rodent models noted that most studies conducted to date used only a single sex, the majority of which were male, limiting any conclusions that can be directly drawn related to the effectiveness of exercise exposure in aged males and females (Barha et al., 2017b).

In male mice, 16 months of continuous exposure to voluntary wheel running enhanced synaptic plasticity-related gene expression in the hippocampus and improved spatial memory relative to sedentary sex-matched controls, suggesting a cumulative benefit of aerobic exercise throughout the lifespan in aged males (Stranahan et al., 2010). Aged male mice exposed to 2 months of late-life voluntary running exhibited enhanced spatial memory performance relative to socially isolated aged mice, although neither of these late-life environmental factors (running or isolation) significantly altered gene expression of microglial and astrocytic genes (i.e., Iba1, GFAP) or anti-inflammatory cytokines in the hippocampus (Ederer et al., 2022), suggesting that relatively brief environmental changes in late-life may not robustly alter brain physiology in males, despite being sufficient to impact spatial memory and behavior. Findings on the effects of environmental enrichment including voluntary running on brain and cognition in aged females are also mixed. Late-life exposure to 6 months of voluntary running decreased anxiety-like behavior in the open field, enhanced spatial memory, and increased rates of late-adult hippocampal neurogenesis and BDNF levels in aged female mice, suggesting that periods of prolonged exercise in late-adulthood are beneficial to affect, cognition, and brain plasticity in females (Marlatt et al., 2012). However, female mice continuously exposed to enrichment conditions, including access to voluntary wheel running for 11 months, showed enhancements in memory performance, despite no enhancements in neurogenesis (Hüttenrauch et al., 2016). The apparent inconsistency in brain and behavior between sexes in response to brief or prolonged enrichment and exercise into late-adulthood is striking, yet the methodological differences used across studies make it difficult to directly compare their findings.

Exposure to chronic mild stress has differential effects on males and females (Bremner and Narayan, 1998; Lupien et al., 2009; McLaughlin et al., 2009), although the majority of animal model investigations considering the role of sex in reactivity to chronic stress involve juvenile and young adult animals with stressor periods typically lasting only 1–8 weeks (Franceschelli et al., 2014). In response to 21 days of chronic restraint stress, young adult female rats showed decreased dendritic branching complexity and length within hippocampal CA3 subfield, and increased corticosterone relative to males experiencing the same restraint stress (Galea et al., 1997), suggesting that the female brain is particularly sensitive to the effects of chronic stress exposure in young adulthood. At the behavioral level, young adult female rats have shown greater resilience to chronic restraint stressors than young adult male rats, which show impairments in spatial and non-spatial memory (Bowman et al., 2003, 2009). The same sex distinction was not observed in aged rats exposed to 3 weeks of restraint stress in late-adulthood, with comparable memory performance in both males and females on the spatial recognition test that was unimpaired by stress (Bowman et al., 2006). Potential sex differences following chronic stress exposure throughout the entire adult lifespan are still unknown. These findings highlight the importance of identifying how environmental factors may differentially impact males and female behavior and neural physiology across the lifespan and between biological sexes.

As there are no studies contrasting behavior and brain plasticity in male and female mice with identical environmental rearing conditions into late-adulthood, it is not yet known the degree to which life-long chronic stress and exercise differentially impact cognition, affect, and brain plasticity between biological sexes. A central goal of this study is identifying how modifiable environmental factors (running, stress) may differentially influence affective and cognitive behavior and brain plasticity in males and females across the lifespan. Given the co-morbidity seen with late-life inactivity, depression, and dementia (Alexopoulos, 2005; Cunningham et al., 2020; Strawbridge et al., 2002), understanding the impact of environmental risk factors is critical to developing interventions aimed at protecting against age-related cognitive decline, anxiety and depression, neurodegeneration and other pathologies that may differentially affect males and females. Here, we investigated sex differences on affective behavior, memory, and hippocampal cell division related to the effects of long-term exposure to chronic mild stress or voluntary exercise in young and aged male and female mice.



2 Methods


2.1 Subjects

Female and male F1 hybrid C57BL/6J (Jackson Labs) × 129S6/SvEvTac (Taconic) were bred in the Baylor University rodent vivarium. At 8 weeks of age, mice were randomly assigned to one of three rearing conditions: control rearing (control), running rearing (runner), or chronic mild stress rearing (stress). Mice were further subdivided into two aging conditions (young, aged). Mice assigned to the young condition were reared for 1 month and mice assigned to the aged condition were reared for 15 months, under their assigned rearing conditions (n = 232, group n’s = 10–29; see Supplementary Table S1 for groups). Following rearing of 1 or 15 months, all mice were placed under control rearing conditions for the remainder of the study in order not to impact behavioral testing. Mice received 5-bromo-2′-deoxyuridine (BrdU) injections to label proliferating cells. Two weeks post-injections, mice underwent a battery of post-rearing behavioral testing for 3 weeks. Mice were weighed each month throughout the rearing period and checked daily for visual signs of distress (piloerection, hunched posture, lethargy). Any mouse exhibiting signs of distress, poor body condition, or lost >20% body weight during the rearing period were removed from the study (15 mice lost to attrition). See Figure 1A for a schematic of the study design and timeline. All procedures were approved by Baylor University’s Institutional Care and Use Committee and conducted in accordance with the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health.
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FIGURE 1
 Experimental timeline and weight record. (A) Schematic of the study timeline. Male and female mice were assigned to either a running, stress, or control rearing condition for 1 month (top, young) or 15 months (bottom, aged). Following the assigned rearing period, all mice were placed under the control rearing condition and given BrdU treatment (2 injections per day for 7 days) followed by a 7 day rest period, and 3 weeks of post-rearing behavioral testing including: open field (OF; 1 trial), novel object recognition task (NOR; sample trial, 24-h delay test trial; 2 days), Y-maze (YM; sample trial, 2 min delay test trial; 1 day), elevated plus maze (EPM; 1 trial; 1 day), beam walk (BW; 3 trials, 1 day), spatial water maze training (WM; 5 trials/day; 5 days), forced swim task (FST; 1 trial; 1 day), and fear conditioning (FC; conditioning trial, 24-h delay context test trial and tone test trial; 2 days). Mouse weights (grams, g) at after 1 month (B) and 15 months (C) of rearing. Weight records throughout the rearing and testing period for aged male (D) and female (E) mice. Error bars represent the standard error of the mean (SEM). **p ≤ 0.01 and ***p ≤ 0.001.




2.2 Rearing conditions


2.2.1 Control rearing (control)

Mice were group-housed with sex-matched conspecifics (3–5 per cage) in standard polysulfone cages (19.9 cm × 37.9 cm × 13.0 cm; Tecniplast, USA) with corncob bedding and cotton batting nesting materials, using ventilated racks. Mice had ad libitum access to food and water and were maintained at an ambient temperature of 22 ± 2C°, on a standard 12 h light–dark cycle (lights on 600 h–1,800 h), with behavioral testing conducted during the light phase of the cycle.



2.2.2 Running rearing (runner)

Mice were reared under the control housing conditions, with unlimited access to a metered low-profile running wheel (Fast Trac wheel, 15.24 cm diameter, Bio Serv) in the home cage. Digitally recorded data (distance travelled, time of activity) was sent to the wireless running wheel USB interface hub (Med Associates).



2.2.3 Chronic mild stress rearing (stress)

Mice were group-housed in standard polysulfone cages with corncob bedding. Mice had ad libitum access to food and water throughout the study, except during limited restriction periods described below. No enrichment stimuli were placed in the home cage. All mice in the stress group were exposed to a series of chronic mild stress manipulations throughout the rearing period. Mice were exposed to 5 stressors per week of rearing. Mice received a single stress manipulation (food or water restriction, light cycle manipulation, restraint, social isolation, confined social approach, or wet cage) on a given day (see Supplementary Table S2 for sample schedule of stressors for 1 month). The number of weekly stressors was selected based on other chronic mild stress paradigms, which typically consist of exposing mice to 2–7 unpredictable social and non-social stressors per week over the course of multiple weeks (Willner, 2017; Burstein and Doron, 2018). These manipulations have all been previously used as stress models in rodents (Duman and Monteggia, 2006).


2.2.3.1 Food or water restriction

For food or water restriction, access was removed for 23 h, after which ad libitum access resumed. Food or water restriction sessions never exceeded a combined total of 3 non-consecutive restriction sessions per week. Food and water restriction are considered ecologically valid conditions for inducing mild chronic stress (Willner, 1997), as it mimics the stressors and pressures of the animal’s natural environment. Weekly weight records were kept for all mice in the stress condition to ensure their weight did not drop below 80% of their free-feeding weight.



2.2.3.2 Light cycle manipulation

Mice were relocated to a separate colony room and exposed to 36 h of light or 36 h of darkness, after which they were transferred back to resume rearing under the normal 12 h light–dark cycle.



2.2.3.3 Restraint

Mice were individually restrained in a clear Plexiglas, flat-bottom restrainer with ventilation holes (3.81 cm width × 7.62 cm length × 2.54 cm height, Plas-Labs) for 1 h.



2.2.3.4 Social isolation

Mice were single-housed in a standard polysulfone cage with corncob bedding for 8 h, with ad libitum access to food and water.



2.2.3.5 Confined social approach

The mouse was confined to a cylinder cage (7.62 cm diameter, 17.78 cm height, metal bars spaced 0.64 cm apart). The cage was placed within a rectangular compartment (43.18 cm width × 20.32 cm length × 22.86 cm height). An unfamiliar conspecific mouse was placed in the chamber with the cage and allowed to explore the cage containing the confined mouse for 10 min (Toth and Neumann, 2013).



2.2.3.6 Wet cage

Two hundred and fifty milliliters of water was poured onto the bedding in the home cage, and left for 8 h (Li et al., 2007). Mice were then returned to a clean home cage with fresh bedding.





2.3 Behavioral testing

Behavioral testing began 2 weeks following the end of the experimental rearing period for both young and aged groups in order to accommodate BrdU injections and recovery prior to initiating behavioral testing. Mice were handled individually by an experimenter for 5 min/day for 5 days prior to beginning behavioral testing. A post-rearing behavioral test battery assessed affective behavior (anxiety-like and depressive-like behavior) and memory (see Figure 1A for test battery details and test order). The behavioral test battery was conducted over the course of 3 weeks, with only a single behavioral task conducted each day. See Figure 1A for behavioral testing timeline. Behavioral tasks were conducted in a least-to-most aversive order, and each test apparatus was cleaned with 70% ethanol between trials. Mice were returned to their home cage following completion of each behavioral task. For all behavioral tasks, activity was recorded by a digital camera and activity levels were analyzed using the SMART video-tracking system (Panlab, RRID:SCR_002852) software, unless otherwise stated.


2.3.1 Tasks to assess affective behavior


2.3.1.1 Open field

The open field task was used to assess exploratory and anxiety-like behavior (Prut and Belzung, 2003). The open field arena (45 cm × 45 cm × 40 cm) consisted of four white, solid acrylic walls. Mice were placed individually in the center of the arena and allowed to freely explore for 15 min. The number of entries and percentage of time spent in the different zones of the open field (periphery, middle, and center), and the distance and speed travelled were analyzed. The periphery zone is defined as the area within 10 cm from the edge of the wall, and the center zone is defined as the inner-most 7.5 × 7.5 cm area. Preference for the periphery zone is indicative of a thigmotaxic, anxiety-like phenotype (Seibenhener and Wooten, 2015).



2.3.1.2 Elevated plus maze

The elevated plus maze (EPM) task was also used as a measure of anxiety-like behavior, with less time spent in the open arms of the maze indicating an anxiety-like phenotype (Hogg, 1996). The white Plexiglas apparatus consisted of 2 open arms (30 cm long × 5 cm wide × 0 cm high) and 2 closed arms (30 cm long × 5 cm wide × 15 cm high) extended from a central platform (5 cm × 5 cm) elevated 50 cm above the floor. Mice were individually placed on the central platform facing an open arm and allowed to freely explore the maze for 5 min. The latency (seconds) to enter a closed arm of the maze, the total time spent in open and closed arms of the maze, and the distance and speed travelled were measured.



2.3.1.3 Beam walk

A beam (2 cm wide, 30 cm long) was elevated 50 cm above the ground, with a 10 × 10 × 10 cm dark escape chamber attached to the end of the beam. A bright light was placed at the start end of the beam to encourage the mouse to move towards the escape chamber at the opposite end. The mouse was placed at the start end of the beam and the latency to enter the escape chamber was recorded by a blinded experimenter using a stopwatch. If a mouse failed to enter the escape chamber, it was assigned the maximal 300 s score. Mean escape latency scores across 3 trials were calculated for each mouse.



2.3.1.4 Forced swim task

A clear Plexiglas cylinder (10 cm diameter, 25 cm high, Panlab) was filled halfway with room temperature water. The mouse was placed in the chamber for a single 6 min test and immobility behavior during the task was recorded. Immobility was defined as a lack of movement other than the minor movement required to maintain the head above water (Castagné et al., 2011). After completion of the trial, mice were dried with a towel and placed back in the home cage, which was partially located on heating pad. Lower periods of activity are indicative of a learned helplessness phenotype or a stress-coping strategy (Porsolt et al., 1977; Cryan et al., 2002; Commons et al., 2017).




2.3.2 Tasks to assess cognition


2.3.2.1 Y-maze

The Y-maze task is a measure of spatial recognition memory, with preference for the novel arm of the apparatus being indicative of memory performance (Conrad et al., 1996; Kraeuter et al., 2019). The grey Plexiglas Y-maze apparatus consisted of three arms (30 cm long × 9 cm wide × 15 cm high) extended from a common central platform (8 cm × 8 cm × 15 cm). For the sample trial, one arm of the Y-maze was blocked by a removable door. The mouse was placed on the central platform facing an open arm and allowed to explore the 2 accessible arms of the maze for 5 min. The mouse was returned to a holding cage for a 2 min inter-trial interval. The door blocking access to the third arm of the maze was then removed, and the mouse was again placed on the central platform facing an open arm and allowed to freely explore for an additional 3 min for recognition the test trial. The latency to enter the novel arms of the maze, the number of entries into each arm, and the speed and distance travelled were measured.



2.3.2.2 Novel object recognition

The novel object recognition (NOR) task is a well-established measure recognition memory based on a rodent’s preference for novelty (Eichenbaum et al., 2007). An open field arena, as described previously, was used to conduct both the acquisition and the test phase of the NOR task. During the NOR acquisition phase, an object (e.g., LEGO blocks, toy car) was placed on one side of the arena. Mice were individually placed in the center of the arena and allowed to explore the object for 5 min before being returned to their home cage. Twenty-four hours later, mice were returned to the chamber, and both the familiar object used during acquisition and a similar sized novel object were presented in different locations of the chamber. Novel and familiar objects were counterbalanced across mice. Exploratory behavior of each object during the 5 min test was measured. Exploration was defined as the mouse’s time spent in proximity to the object (≤1 cm), with its head facing the object (Knapman et al., 2010).



2.3.2.3 Spatial water maze

Spatial memory was assessed using the Morris water maze (Morris et al., 1982). A circular plastic pool (127 cm diameter) was filled to a depth of 40 cm with water (~26°C) made opaque by the addition of nontoxic paint. A circular escape platform (10 cm diameter) was submerged 0.5 cm below the surface of the water in the center of one of the pool quadrants. The pool was surrounded by distinct geometric cues located on the walls of the room. During training, mice were given 5 non-consecutive trials per day for 5 days, with a 30 min inter-trial interval. Each trial started with the mouse being released into the pool from one of four possible points, facing the wall. The order of release points varied pseudo-randomly across days. The trial ended when the mouse mounted the platform with all four paws, or after 60 s elapsed. If a mouse failed to find the platform, it was guided by the experimenter. At the end of each trial, the mouse was allowed to rest atop the platform for 15 s. After completion of the trial, mice were dried with a towel and placed back in the home cage partially located on heating pad. For each trial, the latency to mount the platform was recorded by a blinded experimenter using a stopwatch. Mean escape latency scores across the 5 trials per day were calculated for each mouse.



2.3.2.4 Tone and context fear conditioning

Fear conditioning was conducted in a chamber (19 cm × 20 cm × 128 cm) with a shock grid floor (bars 3.2 mm in diameter spaced 7.9 mm apart), clear acrylic front and back walls, and aluminum sidewalls and roof (Coulborn Instruments). The mouse was allowed 2 min to explore the chamber, then received 3 foot shocks (0.5 mA, 2 s duration, 1 min apart) paired with a tone (2,800 Hz, 85 dB, 30 s). The mouse was removed from the chamber 1 min after the last shock (Sekeres et al., 2012). The chamber was cleaned with an ethanol solution between trials. Context test: twenty-four hours later, the mouse was replaced in the conditioning chamber and freezing behavior was recorded for 3 min. Tone test: the tone was then sounded for an additional 3 min, and freezing levels were measured. Freezing is a species-specific defense reaction that is typically used as a measure of fear in rodents (Kim and Fanselow, 1992). Behavior in the chamber was recorded by an overhead camera, and activity levels were analyzed using Freezeframe software (Actimetrix, RRID:SCR_014429).





2.4 BrdU treatment

Following the end of the rearing period (1 month rearing for young; 15 months rearing for aged), mice received 2 daily i.p. injections (12 h apart) of BrdU (Sigma, 19–160) for 7 consecutive days (100 mg/kg, BrdU dissolved in sterile phosphate buffered saline). Following BrdU injections, mice were given 1 week rest prior to beginning behavioral testing. BrdU is a thymidine analog that is incorporated into newly synthesized DNA, used to measure post-natal cell division in the rodent hippocampus (Wojtowicz and Kee, 2006). Mice were sacrificed 1 month following the final BrdU injection.



2.5 Sacrifice and BrdU immunohistochemistry

Eight mice per group were randomly selected for immunohistochemical analysis of BrdU expression in the dentate gyrus. Following behavioral testing, mice were anesthetized using an isoflurane and oxygen mixture and intracardially perfused with PBS and 4% paraformaldehyde (PFA). Brains were removed from the skull, and post-fixed in PFA for 24 h at 4°C then transferred to a 0.02% sodium azide PBS solution until sectioning. Brains were sectioned coronally using a vibratome (Leica, VT1000 S) at 30um. Serial sections were stored 5 sections per well in 0.02% sodium azide-PBS solution. Using a systematic random sampling method, one section per well was sampled between −1.58 to −2.92 A/P from bregma, for a total of 8 sections per brain. Sections were washed in 4 × 10 min PBS, incubated in HCl at 45°C for 45 min for denaturing, washed in 3 × 2 min PBS, incubated with blocking solution at RT for 30 min (1X PBS, 3% Triton X, and 2% normal goat serum), and then incubated with rat-anti-BrdU primary antibody (1:200, PBS and 0.3% Triton X-100, Abcam, ab6326) at 4°C for 48 h. Sections were then washed 4 × 10 min in PBS and incubated with goat-anti-rat Alexa 488 secondary antibody (1:200, Abcam, ab150157) for 2 h at room temperature. Sections were then washed with 3 × 10 min PBS, then mounted with PermaFluor mounting medium on glass slides, and cover slipped.


2.5.1 BrdU quantification

Stained sections were imaged and analyzed using a Nikon Eclipse-NI-E fluorescent microscope. The dentate gyrus upper and lower blades were counted live on the microscope by two investigators blind to experimental conditions. The investigators randomly chose a subset of mice that they both counted to assess inter-rater reliability, with a ~5% margin of error accepted. Data are presented as the number of BrdU-positive cells per section. Cell count criteria were restricted to spherical GFP+ cells located within the upper and lower blades of the granule cell layer. Only sections with intact upper and lower blade staining were included in the analyses, and sections corresponding the Paxinos and Franklin (2019) were matched between conditions to ensure equivalent sampling between brains. For each counted section, data are presented for the entire dentate gyrus, although a similar pattern of main effects were observed when assessing the upper and lower blades separately (data not shown, but available upon request). Up to 2 brains per group were excluded from analyses due to poor tissue integrity following immunostaining.




2.6 Statistical analyses

Univariate ANOVAs were conducted for behavioral measures and BrdU analyses. Post-hoc t-tests of Tukey’s HSD tests were used to assess significant main effects and interactions. All statistical analyses were conducted using SPSS 26 (RRID:SCR_002865) by an experimenter blind to experimental condition. Effects were considered significant at p < 0.05. Where appropriate, Bonferroni corrections for multiple comparisons were applied. Data are represented in the figures using truncated violin plots, with the dark dotted line indicating the group median and the fine dotted lines indicating the upper and lower quartiles for each condition (GraphPad 12, Prism; RRID:SCR_002798). Due to technical issues related to video and software malfunction, and logistical issues related to scheduling during the pandemic, data from certain mice were unavailable for all behavioral tasks.




3 Results


3.1 Long-term chronic stress reduces weight in aged mice

One month of running or chronic mild stress exposure was not sufficient to alter the overall body weight of young mice. Long-term running and exposure to chronic mild stress was associated with low body weight of aged mice. A 3 (rearing condition: control, runner, stress) × 2 (sex: male, female) ANOVA was conducted using both the young and aged mice after 1 month of rearing (3 months of age for all mice). A main effect emerged for sex [F(1,195) = 242.247, p < 0.001, η2
p
 = 0.554], with female mice weighing less than males. One month of rearing was not sufficient to differentially affect weight, with no main effect of rearing [F(2,195) = 2.506, p = 0.084, η2
p
 = 0.025], nor a sex × rearing interaction [F(2,195) = 0.661, p = 0.518, η2
p
 = 0.007] (Figure 1B). After 15 months of continuous rearing under the assigned rearing condition in the aged group, ANOVA identified a main effect of rearing condition [F(2,78) = 15.893, p < 0.001, η2
p
 = 0.290] with aged stressed mice weighing less than control (p < 0.001) and runners (p = 0.001) (Figure 1C). There was no main effect of sex [F(1,78) = 0.007, p = 0.933, η2
p
 = 0.000], but a significant rearing × sex interaction [F(2,78) = 5.002, p = 0.009, η2
p
 = 0.114] in aged mice. Post-hoc analyses using age and sex-matched control-reared mice found that both aged running-reared male [t(23) = 3.841, p = 0.001, d = 1.569] and stress-reared male mice [t(28) = 3.223, p = 0.003, d = 1.987] weighed significantly less than controls (Figure 1D). Similarly, aged stress-reared females [t(30) = 3.792, p = 0.001, d = 1.318] weighed significantly less than controls, while aged running-reared females exhibited comparable weights relative to controls [t(22) = −0.705, p = 0.488, d = 0.303] (Figure 1E). These results suggest that long-term (15 months), but not short term (1 month) exposure to chronic stress results in low weight gain in both sexes.



3.2 Assessments of locomotor activity and affect


3.2.1 Open field

When examining the total locomotor activity within the open field arena, a main effect of rearing condition emerges for young [F(2,79) = 9.036, p < 0.001, η2
p
 = 0.186] (Figure 2A) and aged mice [F(2,77) = 10.640, p < 0.001, η2
p
 = 0.217], and a main effect of sex for young mice [F(1,79) = 8.415, p = 0.005, η2
p
 = 0.096] (Figure 2B). Tukey’s post-hoc test confirms that both young and aged mice reared under stress conditions travel a greater distance than control-reared mice (young, p = 0.002; aged, p = 0.005) and running-reared mice (young, p < 0.001; aged, p < 0.001). A similar main effect of rearing condition was observed for travelling speed in aged mice [F(2,77) = 13.179, p < 0.001, η2
p
 = 0.255] (Figure 2D), but not in young mice [F(2,79) = 0.781, p = 0.461, η2
p
 = 0.019] (Figure 2C), with aged stressed mice moving faster than either control (p = 0.003) or runner mice (p < 0.001). These findings indicate a hyperactive phenotype in aged stressed mice. When assessing their exploratory behavior, main effects of sex were seen for both young [F(1,79) = 10.569, p = 0.002, η2
p
 = 0.118] (Figure 2E) and aged mice [F(1,77) = 6.229, p = 0.015, η2
p
 = 0.075] (Figure 2F), with males entering the center zone of the arena more frequently than females. Assessment of the total percentage of time spent in the periphery of the open field arena also revealed main effects of sex for young mice [F(1,79) = 6.660 p = 0.012, η2
p
 = 0.078] (Figure 2G) and aged mice [F(1,77) = 6.120, p = 0.016, η2
p
 = 0.074] (Figure 2H), with female mice spending more time in the periphery, indicative of an anxiety-like phenotype, regardless of rearing condition. No further main effects of rearing condition, or rearing × sex interactions were observed (all p’s >0.05).
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FIGURE 2
 Open field activity. Stressed mice exhibit hyperactive behavior in the open field (OF) arena. Distance travelled (cm) (A, young; B, aged) and speed (cm/s) (C, young; D, aged) during the OF task. Young and aged female mice exhibit more anxiety-like behavior than aged-matched males. The number of entries into the center zone of the open field (E, young; F, aged) and the percentage of time in the periphery of the OF arena (G, young; H, aged). *p < 0.05, **p ≤ 0.01, and p < 0.001.




3.2.2 Elevated plus maze

A trending main effect of rearing was observed in the distance travelled in young mice [F(2,66) = 2.944, p = 0.060, η2
p
 = 0.082], and a significant main effect of sex [F(1,66) = 5.252, p = 0.025, η2
p
 = 0.074], with young males travelling farther than females (Figure 3A). Consistent with what was observed in the open field, main effects of rearing were found for the total distance travelled in aged mice [F(2,96) = 7.636, p = 0.001, η2
p
 = 0.137], with stressed mice exploring significantly further distances than controls (p = 0.001) and runners (p = 0.003) (Figure 3B). A main effect of sex on speed was also confirmed in young mice, with males travelling faster than females [F(1,66) = 6.869, p = 0.011, η2
p
 = 0.094] (Figure 3C). A main effect of rearing on speed was observed in aged mice [F(2,96) = 8.58, p = 0.024, η2
p
 = 0.074], with stressed mice moving significantly faster than controls (p = 0.038) and runners (p = 0.007) (Figure 3D), confirming the hyperactive behavior in aged stressed mice.
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FIGURE 3
 Elevated plus maze activity. Aged stressed mice exhibit hyperactive behavior in the elevated plus maze (EPM). Distance travelled (cm) (A, young; B, aged) and speed (cm/s) (C, young; D, aged) during the EPM task. Aged female mice exhibit more anxiety-like behavior than aged-matched males. The percentage of time in the open arms (E, young; F, aged) and latency (sec) to enter a closed arm of the EPM (G, young; H, aged). *p < 0.05, **p ≤ 0.01, and ***p < 0.001.


No group differences were observed for the percent of time spent in the open arms of the EPM for young mice (all p’s >0.05) (Figure 3E), and only a main effect of sex was observed for aged mice [F(1,96) = 5.518, p = 0.021, η2
p
 = 0.054], with females spending less time than males in the open arms of the maze (Figure 3F). No further main effects, or rearing × sex interactions were observed (all p’s >0.05). No group differences were observed for the latency to enter the closed arms of the maze for either young (Figure 3G) or aged mice (Figure 3H) (all p’s >0.05).



3.2.3 Beam walk

We assessed escape behavior and motor activity in the beam walk task (Brooks and Dunnett, 2009), with shorter escape latencies into the dark escape chamber being indicative of increased anxiety-like behavior. Aged mice demonstrated a main effect of rearing condition on escape latency [F(2,71) = 3.955, p = 0.024, η2
p
 = 0.100], with stressed mice exhibiting significantly faster escape times than control (p = 0.019; Figure 4B). A significant rearing × sex interaction emerged for aged mice [F(2,71) = 3.499, p = 0.036, η2
p
 = 0.090], driven by shorter escape latencies in runner [t(18) = 2.398, p = 0.032, d = 1.025] and stressed females [t(17) = 2.751, p = 0.019, d = 1.156] when compared with sex-matched controls. Young mice did not show these same main effects or interactions (all p’s >0.05) (Figure 4A).
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FIGURE 4
 Beam walk and forced swim task activity. Escape latencies (sec) in the beam walk task (A, young; B, aged). Percent of time spent immobile in the forced swim task (FST) (C, young; D, aged). *p < 0.05, **p ≤ 0.01, and ***p < 0.001.




3.2.4 Forced swim task

In assessing learned helplessness in the forced swim task (FST), we found that young mice in all rearing conditions spent a comparable percentage of time immobile [F(2,74) = 1.910, p = 0.115, η2
p
 = 0.049, Figure 4C]. No main effect of sex was observed [F(1,74) = 0.119, p = 0.731, η2
p
 = 0.002], but a rearing × sex interaction emerged [F(2,74) = 5.890, p = 0.004, η2
p
 = 0.137, Figure 4C], with young male runners spending more time immobile than young female runners [t(24) = 2.087, p = 0.048, d = 0.806]. The inverse was observed for young female control mice, with female mice spending more time immobile relative to male controls [t(28) = −2.707, p = 0.011, d = 0.989]. Male runners also spent more time immobile relative to male control mice [t(25) = −3.449, p = 0.002, d = 1.281], whereas young female runners spent less time immobile relative to female controls [t(27) = 1.068, p = 0.295, d = 0.372]. These findings suggest that running may reduce learned helplessness in young females, but not young males. Aged mice show a main effect of sex [F(1,95) = 49.606, p < 0.001, η2
p
 = 0.343] in overall immobility behavior, with females displaying more immobility relative to males (Figure 4D). As in young mice, there was no main effect of rearing [F(2,95) = 0.388, p = 0.608, η2
p
 = 0.008], but a rearing × sex interaction was observed [F(2,95) = 10.439, p < 0.001, η2
p
 = 0.180]. Interestingly, prolonged running led to reduced immobility behavior in aged male mice when contrasted with aged-matched female mice [t(23) = −2.214, p = 0.037, d = 0.833]. In aged males, prolonged stress was associated with less immobility behavior relative to control mice [t(35) = 4.232, p < 0.001, d = 1.346]. The opposite pattern emerged in aged female mice, with stress-reared females displaying significantly more immobility behavior than age-matched control females [t(33) = −2.610, p = 0.014, d = 0.884]. This indicates a robust sex difference in the impact of prolonged chronic stress on learned helplessness in aged mice, with stress exacerbating learned helplessness in females, but increasing struggling behavior in males during the inescapable swim task.




3.3 Long-term stress or exercise generally does not interfere with memory performance in aged mice


3.3.1 Y-maze

Rearing moderated memory performance in the Y-maze in aged mice, with both running and stress-rearing enhancing preference for the novel arm of the Y-maze after the familiarization trial. When assessing the latencies to enter the novel arm of the maze, a significant main effect of rearing was observed [F(2,98) = 4.033, p = 0.021, η2
p
 = 0.078], with runners (p = 0.035) and stressed mice (p = 0.008) having shorter latencies to enter the novel arm relative to aged control mice (Figure 5B). This same main effect of rearing was not observed in young mice [F(2,84) = 0.246, p = 0.782, η2
p
 = 0.006; Figure 5A]. Enhanced memory for the novel spatial location in the Y-maze was also reflected as a marginal main effect of rearing on the total number of entries into the novel arm of the maze in aged mice [F(2,98) = 3.179, p = 0.046, η2
p
 = 0.061], with stressed mice (p = 0.011) entering the novel arm more often than controls (Figure 5D). These findings reflect the hyperactivity observed in aged stressed mice. The same preference for the novel arm of the Y-maze was not observed in young mice (all p’s >0.05; Figure 5C). There were no other main effects of sex or rearing × sex interaction for recognition memory (all p’s >0.05).
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FIGURE 5
 Y-maze recognition memory and activity. The latency (sec) to enter a novel arm (A, young; B, aged) and number of entries into a novel arm of the Y-maze (YM) (C, young; D, aged). Aged stressed mice exhibit hyperactive behavior in the YM. Speed (cm/s) (E, young; F, aged) and distance travelled (cm) (G, young; H, aged) during the YM task. *p < 0.05, **p ≤ 0.01, and ***p < 0.001.


Activity in the Y-maze was generally moderated by rearing condition in aged mice, but these effects were not observed in young mice. In aged mice, a main effect of rearing was evident for speed travelled in the Y-maze [F(2,98) = 3.537, p = 0.033, η2
p
 = 0.067], with stressed mice travelling faster than controls (p = 0.024) and runners (p = 0.017 Figure 5F). Similarly, a significant main effect of rearing emerged for distance travelled in the Y-maze [F(2,98) = 15.432, p < 0.001, η2
p
 = 0.240], with aged stressed mice exploring further distances than aged controls (p < 0.001) and runners (p < 0.001; Figure 5H). A main effect of sex was also observed [F(2,98) = 10.525, p = 0.002, η2
p
 = 0.097] with aged males exploring further distances than females. No rearing × sex interaction were observed (all p’s >0.05). These results suggest that prolonged exposure to chronic mild stress induces a hyperactive phenotype in aged mice. Young mice did not display similar rearing effects on speed [F(2,84) = 0.988, p = 0.376, η2
p
 = 0.023] (Figure 5E), or distance travelled in the Y-maze [F(2,84) = 1.181, p = 0.312, η2
p
 = 0.027] (Figure 5G), nor any main effect of sex or rearing × sex interaction (all p’s >0.05).



3.3.2 Novel object recognition

We assessed exploratory behavior in the NOR task. Here too, aged mice demonstrated a hyperactive phenotype, with a main effect of rearing condition on total exploration duration [F(2,59) = 13.984, p < 0.001, η2
p
 = 0.322]. Stressed mice explored both objects significantly longer than control (p = 0.042) and runner (p < 0.001), while runners explored significantly less than controls (p = 0.022; Figure 6B). A significant rearing × sex interaction was revealed for aged mice [F(2,59) = 4.841, p = 0.011, η2
p
 = 0.141], with the effect driven by significantly longer exploration times by female stressed mice when compared with sex-matched controls [t(13) = −2.979, p = 0.011, d = 1.145] and runners [t(9) = −3,603, p = 0.006, d = 2.283] (Figure 6B). A significant sex difference also emerged for stressed aged mice, with females exhibiting higher exploratory behavior than males [t(23) = −2.832, p = 0.009, d = 1.199] (Figure 6B). Together, these findings confirm a hyperactive phenotype in aged stressed female mice that is not observed in males. Young mice did not display similar rearing effects on total exploration time [F(2,73) = 1.409, p = 0.251, η2
p
 = 0.038] (Figure 6A), a main effect of sex [F(1,73) = 0.699, p = 0.406, η2
p
 = 0.010], nor an interaction [F(2,73) = 0.536, p = 0.587, η2
p
 = 0.015] (Figure 6A).

[image: Figure 6]

FIGURE 6
 Novel object recognition performance. Aged stressed mice exhibit hyperactive behavior in the novel object recognition (NOR) task. Total explorations time (sec) (A, young; B, aged) and proportion of time (%) exploring the novel object (C, young; D, aged) during the NOR task. *p < 0.05, **p ≤ 0.01, and ***p < 0.001.


Despite increased exploratory behavior in aged mice, no differences in recognition memory performance were observed for either young or aged mice [young: rearing (F(2,73) = 0.784, p = 0.460, η2
p
 = 0.021); sex (F(1,73) = 0.074, p = 0.786, η2
p
 = 0.001); rearing × sex interaction (F(2,73) = 0.453, p = 0.637, η2
p
 = 0.012) (Figure 6C). Aged: rearing (F(2,59) = 0.292, p = 0.748, η2
p
 = 0.010), sex (F(1,59) = 0.421, p = 0.519, η2
p
 = 0.007), rearing × sex interaction (F(2,59) = 1.901, p = 0.159, η2
p
 = 0.061) (Figure 6D)], indicating that neither stress nor running affected the percent of time spent exploring the novel object.



3.3.3 Spatial water maze

A repeated measures ANOVA with water maze training day (day 1–5) as a within-subjects factor and rearing and sex as between-subjects factors showed main effects of day [F(1,76) = 124.143, p < 0.001, η2
p
 = 0.620] for young mice, with post-hoc tests finding that escape latencies decreased across testing days (p’s <0.005, corrected for multiple comparisons; Figure 7A). No main effect of rearing [F(2,76) = 1.159, p = 0.319, η2
p
 = 0.030], sex [F(1,76) = 2.219, p = 0.140, η2
p
 = 0.028], or a rearing × sex interaction [F(2,76) = 2.442, p = 0.094, η2
p
 = 0. 060] was identified. Aged mice similarly showed a main effect of day [F(1,77) = 244.966, p < 0.0001, η2
p
 = 0.761], with escape latencies decreasing across testing days (p’s <0.001; Figure 7B). A marginal main effect was observed for rearing [F(2,77) = 3.138, p = 0.049, η2
p
 = 0.075], with aged runners having overall faster escape latencies than controls (p = 0.16) (Figure 7B). No main effect of sex [F(1,77) = 0.198, p = 0.657, η2
p
 = 0.003] nor rearing × sex interaction [F(2,77) = 0.372, p = 0.2691, η2
p
 = 0.010] were observed. These findings indicate that prolonged running confers mild protective effects on spatial memory in aged mice relative to sedentary control-reared mice, a finding which is not evident in young mice exposed to only one month of running.
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FIGURE 7
 Spatial water maze. Escape latency (sec) decreased across 5 training days (A, young; B, aged). *p < 0.05 and ***p < 0.001.




3.3.4 Context and tone fear memory

In a test of context and cued tone fear memory, no group differences for rearing were observed for either age group. Prior to the presentation of shock, both male and female young and aged mice from all rearing conditions exhibited comparable levels of activity in the conditioning chamber [young: rearing (F(2,82) = 2.157, p = 0.122, η2
p
 = 0.050); sex (F(1,82) = 0.261, p = 0.611, η2
p
 = 0.003) (Figure 8A); aged: rearing (F(2,97) = 1.060, p = 0.351, η2
p
 = 0.021); sex (F(1,97) = 0.001, p = 0.980, η2
p
 = 0.000) (Figure 8B)], indicating that neither stress nor running affected baseline levels of anxiety-like behavior during the task. Following the presentation of the three foot shocks during the conditioning trial, all groups exhibited equivalent levels of post-shock freezing [Young: rearing (F(2,82) = 0.325, p = 0.723, η2
p
 = 0.008); sex (F(1,82) = 1.862, p = 0.176, η2
p
 = 0.022) (Figure 8C). Aged: rearing (F(2,97) = 1.747, p = 0.180, η2
p
 = 0.035); sex (F(1,97) = 0.983, p = 0.324, η2
p
 = 0.010) (Figure 8D)]. Twenty-four hours later, all groups exhibited comparable levels of freezing during the context memory test [Young: rearing (F(2,82) = 0.033, p = 0.967, η2
p
 = 0.001); sex (F(1,82) = 2.283, p = 0.135, η2
p
 = 0.027) (Figure 8E). Aged: rearing (F(2,97) = 0.500, p = 0.608, η2
p
 = 0.010); sex (F(1,97) = 0.038, p = 0.846, η2
p
 = 0.000) (Figure 8F)], and during the subsequent cued tone fear memory test [Young: rearing (F(2,82) = 1.319, p = 0.273, η2
p
 = 0.031); sex (F(1,82) = 1.277, p = 0.262, η2
p
 = 0.015) (Figure 8G). Aged: rearing (F(2,97) = 0.159, p = 0.853, η2
p
 = 0.003); sex (F(1,97) = 4.209, p = 0.043, η2
p
 = 0.042), (Figure 8H). All rearing × sex interactions p’s >0.05]. These findings indicate that acute or prolonged stress or running did not impair mice’s ability to form a robust fear memory across the lifespan, nor did it enhance the sensitivity or reactivity of the mice to an aversive shock stimulus.
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FIGURE 8
 Fear conditioning. Rearing conditions did not affect fear behavior in young or aged mice. No differences were observed in the conditioning chamber prior to shock presentation (pre-US) (A, young; B, aged), and all groups displayed comparable levels of freezing following the final shock presentation during the conditioning trial (post-US) (C, young; D, aged). Twenty-four hours later, mice in all rearing conditions displayed comparable levels of freezing behavior (% freezing) during the 3 min context test phase (E, young; F, aged), and during the 3 min tone test phase (G, young; H, aged). *p < 0.05.





3.4 Hippocampal BrdU labelling

Following rearing, rates of hippocampal cell division were assessed using end-point BrdU labelling in the dentate gyrus. For both young and aged mice, those reared under running conditions had enhanced rates of BrdU-labelled cells. In young mice, a main effect of rearing was observed [F(2,32) = 5.318, p = 0.010, η2
p
 = 0.249], with significantly higher rates of post-rearing BrdU-labelled cells in young runners relative to controls (p = 0.020) and stressed mice (p = 0.012) (Figures 9A,B)). No main effects emerged for sex [F(2,32) = 0.157, p = 0.695, η2
p
 = 0.005], nor a rearing × sex interaction [F(2,32) = 1.232, p = 0.305, η2
p
 = 0.071] following 1 month of rearing. A main effect of rearing was also observed in aged mice [F(2,36) = 10.599, p < 0.001, η2
p
 = 0.371], with significantly higher rates of post-rearing BrdU-labelled cells in aged runners relative to controls (p < 0.001) and stressed mice (p = 0.001) (Figures 9C,D), while the main effect of sex [F(1,36) = 3.799, p = 0.059, η2
p
 = 0.095] was non-significant. No rearing × sex interaction was observed in aged mice [F(2,36) = 0.91, p = 0.913, η2
p
 = 0.005]. Together, running robustly enhanced survival of hippocampal BrdU-labelled cells across the lifespan in both sexes, while both short and long-term exposure to chronic mild stress did not significantly suppress hippocampal BrdU-labelled cells relative to sedentary control rearing.
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FIGURE 9
 Hippocampal neurogenesis. Running enhanced rates of hippocampal BrdU labelled cells in both young and aged mice. Mean number of BrdU+ neurons per section in the dentate gyrus of the hippocampus (A, young; C, aged). Representative BrdU+ cell labelling per condition (B, young; D, aged; top: control; middle: runners; bottom: stress). BrdU+ cells are marked in yellow. Scale bar represents 100 μm. ~p = 0.059, *p < 0.05, and ***p ≤ 0.001.





4 Discussion

In line with previous findings, we found that voluntary running increased hippocampal cell division in both young and aged mice (Epp et al., 2021; Pereira et al., 2007; van Praag et al., 1999a, 1999b, 2005). While previous analyses of sex differences in rates of cell division and survival in young rats identified rates of attrition of newborn hippocampal neurons are higher in males than in females (Yagi et al., 2020), here, no differences in rates of Brdu+ cell survival 1-month post-labelling were observed in young mice, although BrdU labelling alone cannot identify cell type (neuron or glial). However, sex differences were evident in aged mice, with females retaining slightly higher survival of late-adult newborn cells, regardless of environmental stressors or exercise. Sex-specific effects of stress were not evident in the BrdU+ cell survival of young or aged mice. Previous reports in young adult rats exposed to 2 weeks of restraint stress did show evidence of a sex-specific reduction of survival of BrdU+ hippocampal neurons in females (Hillerer et al., 2013). It may be that the high levels of restraint stress-induced corticosterone in females relative to males contributed to the sex-differences in cell survival (Hillerer et al., 2013). While corticosterone measures were not obtained in the present study, it is possible that the varied mild stressors employed for 1 month in young mice were not sufficient to induce corticosterone mediated suppression of hippocampal proliferation and survival. To thoroughly characterize the cumulative and progressive impact of chronic stress on the brain and behaviors into aging, it will be informative for future investigations to repeatedly assesses additional biochemical and physiological variables including hormone and corticosterone levels, as well as a longitudinal behavioral assessment rather than using only end-point behavior and BrdU measures. Given normal age-related declines in neural stem cells and hippocampal neurogenesis neurotrophic factors, and brain volume which may be moderated by running behavior into late-adulthood (Connolly et al., 2022; Gao et al., 2023; Gil-Mohapel et al., 2013; Zocher and Toda, 2023), repeated in-vivo assessments of brain volume and structural changes over time, as well as cell specific measures of neural plasticity (DCX, Ki67, NeuN, BDNF, GFAP, IBA1) will be essential to identifying the neural mechanisms mediating sex-specific differences in response to environmental factors across the lifespan. Previous investigation of granule cell and molecular layer volumes in the dentate gyrus also identified age-related reductions associated with a smaller pool of precursor cells (Olariu et al., 2007), and fewer synaptic inputs into the granule cells (Geinisman and Bondareff, 1976; Geinisman et al., 1992), rather than being attributable to a gross reduction in the number of granule cells or the dendritic complexity of granule cells (Chawla and Barnes, 2007; Morgenstern et al., 2008). The factors contributing to potential age-related differences in hippocampal cell layer composition and morphology have not yet been systematically investigated between sexes, and highlight an avenue for further investigation in order to identify the factors that are most susceptible to the cumulative effects of stress or exercise into late-adulthood.

Studies involving prolonged periods of voluntary wheel running using single housing introduce a confounding stressor associated with extended periods of social isolation (Barha et al., 2017b). The environmental enrichment associated with group exercise is an important mediator of running-related enhancements of hippocampal neurogenesis (Stranahan et al., 2006). Given the manipulation of periodic social isolation as one of the stressors in the stress rearing condition, we deliberately chose to group-house running-reared mice to avoid introducing confounding stress induced by single housing. Consistent with a landmark study using group-running into late-adulthood that identified increased hippocampal BrdU+ cells (Kronenberg et al., 2006), the use of group housing during the 15-month running period limited the ability to track individual running activity of each mouse. As a result, directly correlating running behavior with each animal’s results are not possible, limiting the identification of a dose-dependent relationship between rates of running behavior and brain and behavioral measures between sexes. Previous investigation in young male rats exposed to voluntary running for 30 days did find a relationship between rates and intensity of running behavior and BrdU+ cell survival, with moderate running activity (4–8 h/day) producing the greatest benefit to cell survival. Interestingly, they found a negative correlation between distance run and BrdU+ cell survival, suggesting that prolonged, excessive running behavior may be detrimental to the survival of newly generated hippocampal cells (Nguemeni et al., 2018). In the aged brain, there is evidence that longer durations of running are required to induce a neurogenic boost, with higher rates of hippocampal neurogenesis observed after 7, but not 2, weeks of running in aged male mice (Connolly et al., 2022). Given the prolonged testing period following rearing, it is possible that the rated of BrdU+ cell survival observed in the present study reflect a more cumulative response to the interventions, rather than the acute effects of stress or exercise which might have been captured by testing immediately following the rearing interventions.

We observed that prolonged exercise (15 months) was associated with quicker acquisition of a spatial learning task compared to stressed and sedentary control aged mice, while acute (1 month) mild stress or exercise was not sufficient to significantly influence memory performance in any task in young mice. Despite an enhancement of spatial memory performance in the water maze, no other enhancements of memory were observed in aged mice, suggesting that running throughout the lifespan induced only a modest cumulative protective effect on memory. Though no sex-specific differences in memory performance were observed in response to running or stress exposure in the present study, increasing stress during a spatial water maze task by using cold water identified sex-specific search strategies, in which females used more variable search strategies relative to males (O’Leary et al., 2022), suggesting that the timing of exposure and type of stress are important factors to consider when assessing stress-induced sex differences in brain and behavioral activity. In the present study, stress did not differentially affect the acquisition of spatial memory across training days in either young or aged mice, but a more nuanced evaluation of search strategies may have identified potential sex differences associated with acute or prolonged stress exposure and performance in the water maze.

Methodological variability in common chronic stressor models depends on whether the intent is to model depression, post-traumatic stress, or other affective and mood disorders (Duman and Monteggia, 2006; Schöner et al., 2017; Antoniuk et al., 2019). The majority of chronic stress models have been optimized using exclusively male mice, and resultantly may not adequately model stress-related behaviors experienced by females (Lopez and Bagot, 2021). The decision to use multiple mild stressors in the present study was motivated by the goal of mimicking relevant everyday stressors in mouse’s natural environment (occasional food or water deprivation, proximity to predator, periodic isolation, circadian disruption, soiled nesting area) to enhance the ecological validity of unpredictable daily stressors relevant to a rodent (Antoniuk et al., 2019).

Life-long running was associated with low body weight in aged males, but not females, while long-term stress exposure resulted in low body weights in both aged males and females. Low weight gain in aged male and female rodents has been previously observed following several weeks of restraint stress exposure (Bowman et al., 2006; Bloss et al., 2010). The behavioral manifestations of stress appear to vary across sex, with both young and aged females displaying a more anxious-like phenotype in the open field, relative to males. Previous findings following late-life restraint stress found that stress differentially increased anxiety-like behavior in the open field in males but not in females, while having no effect on overall activity levels (Bowman et al., 2006). Aged females also show an increased depressive-like phenotype compared to males, while no differences in sex were evident in younger mice. Hyperactivity and enhancements in anxiety-like behavior in aged mice were the most notable observations following prolonged stress exposure. In the open field, elevated plus maze, and Y-maze exploration tasks, aged stressed mice generally exhibited a hyperactive phenotype, which was not observed in young mice. This effect was especially pronounced in aged female stressed mice, consistent with prior observations of hyperactivity in aged females exposed to social isolation stress in late-adulthood (Sullens et al., 2021). Hyperactivity and impulsivity following prolonged exposure to stress has been commonly observed in young and aged rodents (Ashby et al., 2010; An et al., 2017; Strekalova et al., 2005; Schweizer et al., 2009), with some studies interpreting hyperlocomotion or hyperactivity as a symptom of chronic stress, potentially confounding typical behavioral measures such as the open field and the forced swim task in which low activity is thought to be indicative of anxiety-like and depressive-like behaviors (Strekalova et al., 2005, 2022). As noted by Strekalova et al. (2005), stress-induced hyperactivity may be exacerbated by strong illumination, as evident in the present study’s observed enhanced distance travelled in the open field by stressed mice, irrespective of age or sex, and high speed of exploration for aged males and females. In support of this interpretation, during the beam walk test where bright illumination is used at the starting point, the rapid escape latency observed in aged males and females may be reflective of a hyperactive phenotype following prolonged stress into late-adulthood. Interpreting the meaning behind the observed hyperactive behavior remains a significant challenge to rodent models of stress, anxiety-like and depression-like behaviors, with few studies directly considering the differential effects between biological sex (Lima et al., 2022).

In sum, we provide evidence supporting differential effects of exercise and chronic mild stress across the lifespan in male and female mice, and highlight the sensitivity of females to stress-induced increases in hyperactivity, anxiety-like and depressive-like behavior with age. A growing body of literature highlights the importance of considering sex as a biological variable when determining how healthy aging is differently impacted by modifiable lifestyle factors across the lifespan, and points to the need to develop models that explicitly include biological sex as a variable of interest using standardized models of chronic stress or enrichment and a standardized behavioral battery in order to improve the methodological rigor required to systematically investigate sex differences in aging models.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Baylor University’s Institutional Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

DGS: Formal analysis, Funding acquisition, Investigation, Writing – original draft, Writing – review & editing. KG: Investigation, Writing – review & editing. LEM: Investigation, Writing – review & editing. SD: Investigation, Writing – review & editing. JTH: Investigation, Writing – review & editing. MBW: Investigation, Writing – review & editing. RCB: Investigation, Writing – review & editing. ATG: Conceptualization, Methodology, Supervision, Writing – review & editing. MJS: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by Courtney Knight Gaines Foundation (DGS), Baylor University Undergraduate Research and Scholarly Achievement Grants (SD and JH), Baylor University Research Committee Grant (MJS), University Research Committee Grant (MJS), 950-233046 Canada Research Chairs Program (MJS).



Acknowledgments

The authors gratefully acknowledge the technical assistance of David Carpenter, Eric Dorris, Bisma Ikram, Josh Learned, Kinsey Lano, Lana Madi, and vivarium animal care staff Lee Lowe and Natashia Howard.



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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/fnagi.2024.1508801/full#supplementary-material



References

 Adlard, P. A., Perreau, V. M., and Cotman, C. W. (2005). The exercise-induced expression of BDNF within the hippocampus varies across life-span. Neurobiol. Aging 26, 511–520. doi: 10.1016/j.neurobiolaging.2004.05.006 

 Alexopoulos, G. S. (2005). Depression in the elderly. Lancet 365, 1961–1970. doi: 10.1016/S0140-6736(05)66665-2

 Alvarez-López, M. J., Castro-Freire, M., Cosín-Tomás, M., Sanchez-Roige, S., Lalanza, J. F., Del Valle, J., et al. (2013). Long-term exercise modulates hippocampal gene expression in senescent female mice. J. Alzheimers Dis. 33, 1177–1190. doi: 10.3233/JAD-121264 

 An, P. N. T., Shimaji, K., Tanaka, R., Yoshida, H., Kimura, H., Fukusaki, E., et al. (2017). Epigenetic regulation of starvation-induced autophagy in Drosophila by histone methyltransferase G9a. Sci. Rep. 7:7343. doi: 10.1038/s41598-017-07566-1 

 Antoniuk, S., Bijata, M., Ponimaskin, E., and Wlodarczyk, J. (2019). Chronic unpredictable mild stress for modeling depression in rodents: meta-analysis of model reliability. Neurosci. Biobehav. Rev. 99, 101–116. doi: 10.1016/j.neubiorev.2018.12.002 

 Ashby, D. M., Habib, D., Dringenberg, H. C., Reynolds, J. N., and Beninger, R. J. (2010). Subchronic MK-801 treatment and post-weaning social isolation in rats: differential effects on locomotor activity and hippocampal long-term potentiation. Behav. Brain Res. 212, 64–70. doi: 10.1016/j.bbr.2010.03.041 

 Bale, T. L., and Epperson, C. N. (2015). Sex differences and stress across the lifespan. Nat. Neurosci. 18, 1413–1420. doi: 10.1038/nn.4112 

 Bangasser, D. A., and Cuarenta, A. (2021). Sex differences in anxiety and depression: circuits and mechanisms. Nat. Rev. Neurosci. 22, 674–684. doi: 10.1038/s41583-021-00513-0 

 Barha, C. K., Davis, J. C., Falck, R. S., Nagamatsu, L. S., and Liu-Ambrose, T. (2017a). Sex differences in exercise efficacy to improve cognition: a systematic review and meta-analysis of randomized controlled trials in older humans. Front. Neuroendocrinol. 46, 71–85. doi: 10.1016/j.yfrne.2017.04.002 

 Barha, C. K., Falck, R. S., Davis, J. C., Nagamatsu, L. S., and Liu-Ambrose, T. (2017b). Sex differences in aerobic exercise efficacy to improve cognition: a systematic review and meta-analysis of studies in older rodents. Front. Neuroendocrinol. 46, 86–105. doi: 10.1016/j.yfrne.2017.06.001 

 Barha, C. K., and Liu-Ambrose, T. (2018). Exercise and the aging brain: considerations for sex differences. Brain Plast. 4, 53–63. doi: 10.3233/BPL-180067 

 Bauer, E. P. (2023). Sex differences in fear responses: neural circuits. Neuropharmacology 222:109298. doi: 10.1016/j.neuropharm.2022.109298 

 Becegato, M., and Silva, R. H. (2024). Female rodents in behavioral neuroscience: narrative review on the methodological pitfalls. Physiol. Behav. 284:114645. doi: 10.1016/j.physbeh.2024.114645 

 Beery, A. K., and Zucker, I. (2011). Sex bias in neuroscience and biomedical research. Neurosci. Biobehav. Rev. 35, 565–572. doi: 10.1016/j.neubiorev.2010.07.002 

 Beltz, A. M., Kelly, D. P., and Berenbaum, S. A. (2020). “Sex differences in brain and behavioral development” in Neural circuit and cognitive development (Amsterdam: Academic Press), 585–638.

 Bishop, N. A., Lu, T., and Yankner, B. A. (2010). Neural mechanisms of ageing and cognitive decline. Nature 464, 529–535. doi: 10.1038/nature08983 

 Bloss, E. B., Janssen, W. G., McEwen, B. S., and Morrison, J. H. (2010). Interactive effects of stress and aging on structural plasticity in the prefrontal cortex. J. Neurosci. 30, 6726–6731. doi: 10.1523/JNEUROSCI.0759-10.2010 

 Bollinger, J. L., Collins, K. E., Patel, R., and Wellman, C. L. (2017). Behavioral stress alters corticolimbic microglia in a sex-and brain region-specific manner. PLoS One 12:e0187631. doi: 10.1371/journal.pone.0187631 

 Bowman, R. E., Beck, K. D., and Luine, V. N. (2003). Chronic stress effects on memory: sex differences in performance and monoaminergic activity. Horm. Behav. 43, 48–59. doi: 10.1016/S0018-506X(02)00022-3 

 Bowman, R. E., Maclusky, N. J., Diaz, S. E., Zrull, M. C., and Luine, V. N. (2006). Aged rats: sex differences and responses to chronic stress. Brain Res. 1126, 156–166. doi: 10.1016/j.brainres.2006.07.047 

 Bowman, R. E., Micik, R., Gautreaux, C., Fernandez, L., and Luine, V. N. (2009). Sex-dependent changes in anxiety, memory, and monoamines following one week of stress. Physiol. Behav. 97, 21–29. doi: 10.1016/j.physbeh.2009.01.012 

 Bremner, J. D., and Narayan, M. (1998). The effects of stress on memory and the hippocampus throughout the life cycle: implications for childhood development and aging. Dev. Psychopathol. 10, 871–885. doi: 10.1017/S0954579498001916 

 Brooks, S. P., and Dunnett, S. B. (2009). Tests to assess motor phenotype in mice: a user’s guide. Nat. Rev. Neurosci. 10, 519–529. doi: 10.1038/nrn2652 

 Burstein, O., and Doron, R. (2018). The unpredictable chronic mild stress protocol for inducing anhedonia in mice. J. Vis. Exp. 140:e58184. doi: 10.3791/58184-v

 Cao, L., Jiao, X., Zuzga, D. S., Liu, Y., Fong, D. M., Young, D., et al. (2004). VEGF links hippocampal activity with neurogenesis, learning and memory. Nat. Genet. 36, 827–835. doi: 10.1038/ng1395 

 Castagné, V., Moser, P., Roux, S., and Porsolt, R. D. (2011). Rodent models of depression: forced swim and tail suspension behavioral despair tests in rats and mice. Curr. Protoc. Neurosci. 55, 1–8. doi: 10.1002/0471142301.ns0810as55

 Chan, A. S., Ho, Y. C., Cheung, M. C., Albert, M. S., Chiu, H. F., and Lam, L. C. (2005). Association between mind-body and cardiovascular exercises and memory in older adults. J. Am. Geriatr. Soc. 53, 1754–1760. doi: 10.1111/j.1532-5415.2005.53513.x 

 Chawla, M. K., and Barnes, C. A. (2007). Hippocampal granule cells in normal aging: insights from electrophysiological and functional imaging experiments. Prog. Brain Res. 163, 661–821. doi: 10.1016/S0079-6123(07)63036-2 

 Commons, K. G., Cholanians, A. B., Babb, J. A., and Ehlinger, D. G. (2017). The rodent forced swim test measures stress-coping strategy, not depression-like behavior. ACS Chem. Neurosci. 8, 955–960. doi: 10.1021/acschemneuro.7b00042 

 Connolly, M. G., Bruce, S. R., and Kohman, R. A. (2022). Exercise duration differentially effects age-related neuroinflammation and hippocampal neurogenesis. Neuroscience 490, 275–286. doi: 10.1016/j.neuroscience.2022.03.022 

 Conrad, C. D., Galea, L. A., Kuroda, Y., and McEwen, B. S. (1996). Chronic stress impairs rat spatial memory on the Y maze, and this effect is blocked by tianeptine treatment. Behav. Neurosci. 110, 1321–1334. doi: 10.1037/0735-7044.110.6.1321 

 Cotman, C. W., Berchtold, N. C., and Christie, L. A. (2007). Exercise builds brain health: key roles of growth factor cascades and inflammation. Trends Neurosci. 30, 464–472. doi: 10.1016/j.tins.2007.06.011 

 Cryan, J. F., Markou, A., and Lucki, I. (2002). Assessing antidepressant activity in rodents: recent developments and future needs. Trends Pharmacol. Sci. 23, 238–245. doi: 10.1016/S0165-6147(02)02017-5 

 Cunningham, C., O’Sullivan, R., Caserotti, P., and Tully, M. A. (2020). Consequences of physical inactivity in older adults: a systematic review of reviews and meta-analyses. Scand. J. Med. Sci. Sports 30, 816–827. doi: 10.1111/sms.13616 

 Diederich, K., Bastl, A., Wersching, H., Teuber, A., Strecker, J. K., Schmidt, A., et al. (2017). Effects of different exercise strategies and intensities on memory performance and neurogenesis. Front. Behav. Neurosci. 11:47. doi: 10.3389/fnbeh.2017.00047 

 Duman, R. S. (2004). Depression: a case of neuronal life and death? Biol. Psychiatry 56, 140–145. doi: 10.1016/j.biopsych.2004.02.033 

 Duman, R. S., and Monteggia, L. M. (2006). A neurotrophic model for stress-related mood disorders. Biol. Psychiatry 59, 1116–1127. doi: 10.1016/j.biopsych.2006.02.013

 Duzel, E., van Praag, H., and Sendtner, M. (2016). Can physical exercise in old age improve memory and hippocampal function? Brain 139, 662–673. doi: 10.1093/brain/awv407 

 Ederer, M. L., Günther, M., Best, L., Lindner, J., Kaleta, C., Witte, O. W., et al. (2022). Voluntary wheel running in old C57BL/6 mice reduces age-related inflammation in the colon but not in the brain. Cells 11:566. doi: 10.3390/cells11030566 

 Eichenbaum, H., Yonelinas, A. P., and Ranganath, C. (2007). The medial temporal lobe and recognition memory. Annu. Rev. Neurosci. 30, 123–152. doi: 10.1146/annurev.neuro.30.051606.094328 

 Epp, J. R., Botly, L. C., Josselyn, S. A., and Frankland, P. W. (2021). Voluntary exercise increases neurogenesis and mediates forgetting of complex paired associates memories. Neuroscience 475, 1–9. doi: 10.1016/j.neuroscience.2021.08.022 

 Fabel, K., Fabel, K., Tam, B., Kaufer, D., Baiker, A., Simmons, N., et al. (2003). VEGF is necessary for exercise-induced adult hippocampal neurogenesis. Eur. J. Neurosci. 18, 2803–2812. doi: 10.1111/j.1460-9568.2003.03041.x 

 Fischer, A. (2016). Environmental enrichment as a method to improve cognitive function. What can we learn from animal models? NeuroImage 131, 42–47. doi: 10.1016/j.neuroimage.2015.11.039 

 Florido, A., Velasco, E. R., Romero, L. R., Acharya, N., Marin Blasco, I. J., Nabás, J. F., et al. (2024). Sex differences in neural projections of fear memory processing in mice and humans. Sci. Adv. 10:eadk3365. doi: 10.1126/sciadv.adk3365 

 Franceschelli, A., Herchick, S., Thelen, C., Papadopoulou-Daifoti, Z., and Pitychoutis, P. M. (2014). Sex differences in the chronic mild stress model of depression. Behav. Pharmacol. 25, 372–383. doi: 10.1097/FBP.0000000000000062 

 Frank, M. G., Baratta, M. V., Sprunger, D. B., Watkins, L. R., and Maier, S. F. (2007). Microglia serve as a neuroimmune substrate for stress-induced potentiation of CNS pro-inflammatory cytokine responses. Brain Behav. Immun. 21, 47–59. doi: 10.1016/j.bbi.2006.03.005 

 Galea, L. A. M., McEwen, B. S., Tanapat, P., Deak, T., Spencer, R. L., and Dhabhar, F. S. (1997). Sex differences in dendritic atrophy of CA3 pyramidal neurons in response to chronic restraint stress. Neuroscience 81, 689–697. doi: 10.1016/S0306-4522(97)00233-9 

 Gao, Y., Syed, M., and Zhao, X. (2023). Mechanisms underlying the effect of voluntary running on adult hippocampal neurogenesis. Hippocampus 33, 373–390. doi: 10.1002/hipo.23520 

 Geinisman, Y., and Bondareff, W. (1976). Decrease in the number of synapses in the senescent brain: a quantitative electron microscopic analysis of the dentate gyrus molecular layer in the rat. Mech. Ageing Dev. 5, 11–23. doi: 10.1016/0047-6374(76)90003-8 

 Geinisman, Y., de Toledo-Morrell, L., Morrell, F., Persina, I. S., and Rossi, M. (1992). Age-related loss of axospinous synapses formed by two afferent systems in the rat dentate gyrus as revealed by the unbiased stereological dissector technique. Hippocampus 2, 437–444. doi: 10.1002/hipo.450020411 

 Gil-Mohapel, J., Brocardo, P. S., Choquette, W., Gothard, R., Simpson, J. M., and Christie, B. R. (2013). Hippocampal neurogenesis levels predict WATERMAZE search strategies in the aging brain. PLoS One 8:e75125. doi: 10.1371/journal.pone.0075125 

 Grady, C. (2012). The cognitive neuroscience of ageing. Nat. Rev. Neurosci. 13, 491–505. doi: 10.1038/nrn3256 

 Guadagno, A., Wong, T. P., and Walker, C. D. (2018). Morphological and functional changes in the preweaning basolateral amygdala induced by early chronic stress associate with anxiety and fear behavior in adult male, but not female rats. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 81, 25–37. doi: 10.1016/j.pnpbp.2017.09.025 

 Hillerer, K. M., Neumann, I. D., Couillard-Despres, S., Aigner, L., and Slattery, D. A. (2013). Sex-dependent regulation of hippocampal neurogenesis under basal and chronic stress conditions in rats. Hippocampus 23, 476–487. doi: 10.1002/hipo.22107 

 Hodes, G. E., and Epperson, C. N. (2019). Sex differences in vulnerability and resilience to stress across the life span. Biol. Psychiatry 86, 421–432. doi: 10.1016/j.biopsych.2019.04.028 

 Hogg, S. (1996). A review of the validity and variability of the elevated plus-maze as an animal model of anxiety. Pharmacol. Biochem. Behav. 54, 21–30. doi: 10.1016/0091-3057(95)02126-4 

 Huang, T., Larsen, K. T., Ried-Larsen, M., Møller, N. C., and Andersen, L. B. (2014). The effects of physical activity and exercise on brain-derived neurotrophic factor in healthy humans: a review. Scand. J. Med. Sci. Sports 24, 1–10. doi: 10.1111/sms.12069 

 Hüttenrauch, M., Salinas, G., and Wirths, O. (2016). Effects of long-term environmental enrichment on anxiety, memory, hippocampal plasticity and overall brain gene expression in C57BL6 mice. Front. Mol. Neurosci. 9:62. doi: 10.3389/fnmol.2016.00062 

 Jung, S., Choe, S., Woo, H., Jeong, H., An, H. K., Moon, H., et al. (2020). Autophagic death of neural stem cells mediates chronic stress-induced decline of adult hippocampal neurogenesis and cognitive deficits. Autophagy 16, 512–530. doi: 10.1080/15548627.2019.1630222 

 Kaluve, A. M., Le, J. T., and Graham, B. M. (2022). Female rodents are not more variable than male rodents: a meta-analysis of preclinical studies of fear and anxiety. Neurosci. Biobehav. Rev. 143:104962. doi: 10.1016/j.neubiorev.2022.104962 

 Kempermann, G., Gast, D., and Gage, F. H. (2002). Neuroplasticity in old age: sustained fivefold induction of hippocampal neurogenesis by long-term environmental enrichment. Ann. Neurol. 52, 135–143. doi: 10.1002/ana.10262 

 Kempermann, G., Kuhn, H. G., and Gage, F. H. (1997). More hippocampal neurons in adult mice living in an enriched environment. Nature 386, 493–495. doi: 10.1038/386493a0 

 Kim, J. J., and Diamond, D. M. (2002). The stressed hippocampus, synaptic plasticity and lost memories. Nat. Rev. Neurosci. 3, 453–462. doi: 10.1038/nrn849 

 Kim, J. J., and Fanselow, M. S. (1992). Modality-specific retrograde amnesia of fear. Science 256, 675–677. doi: 10.1126/science.1585183 

 Klein, S. L., Schiebinger, L., Stefanick, M. L., Cahill, L., Danska, J., De Vries, G. J., et al. (2015). Sex inclusion in basic research drives discovery. Proc. Natl. Acad. Sci. U.S.A. 112, 5257–5258. doi: 10.1073/pnas.1502843112 

 Knapman, A., Heinzmann, J. M., Hellweg, R., Holsboer, F., Landgraf, R., and Touma, C. (2010). Increased stress reactivity is associated with cognitive deficits and decreased hippocampal brain-derived neurotrophic factor in a mouse model of affective disorders. J. Psychiatr. Res. 44, 566–575. doi: 10.1016/j.jpsychires.2009.11.014 

 Kraeuter, A. K., Guest, P. C., and Sarnyai, Z. (2019). “The Y-maze for assessment of spatial working and reference memory in mice” in Pre-clinical models. methods in molecular biology. ed. P. Guest (New York, NY: Humana Press).

 Kronenberg, G., Bick-Sander, A., Bunk, E., Wolf, C., Ehninger, D., and Kempermann, G. (2006). Physical exercise prevents age-related decline in precursor cell activity in the mouse dentate gyrus. Neurobiol. Aging 27, 1505–1513. doi: 10.1016/j.neurobiolaging.2005.09.016 

 Li, S., Wang, C., Wang, M., Li, W., Matsumoto, K., and Tang, Y. (2007). Antidepressant like effects of piperine in chronic mild stress treated mice and its possible mechanisms. Life Sci. 80, 1373–1381. doi: 10.1016/j.lfs.2006.12.027 

 Lima, S., Sousa, N., Patricio, P., and Pinto, L. (2022). The underestimated sex: a review on female animal models of depression. Neurosci. Biobehav. Rev. 133:104498. doi: 10.1016/j.neubiorev.2021.12.021 

 Lopez, J., and Bagot, R. C. (2021). Defining valid chronic stress models for depression with female rodents. Biol. Psychiatry 90, 226–235. doi: 10.1016/j.biopsych.2021.03.010 

 LoPilato, A. M., Addington, J., Bearden, C. E., Cadenhead, K. S., Cannon, T. D., Cornblatt, B. A., et al. (2020). Stress perception following childhood adversity: unique associations with adversity type and sex. Dev. Psychopathol. 32, 343–356. doi: 10.1017/S0954579419000130 

 Loprinzi, P. D., and Frith, E. (2018). The role of sex in memory function: considerations and recommendations in the context of exercise. J. Clin. Med. 7:132. doi: 10.3390/jcm7060132 

 Luine, V., Gomez, J., Beck, K., and Bowman, R. (2017). Sex differences in chronic stress effects on cognition in rodents. Pharmacol. Biochem. Behav. 152, 13–19. doi: 10.1016/j.pbb.2016.08.005 

 Lupien, S. J., McEwen, B. S., Gunnar, M. R., and Heim, C. (2009). Effects of stress throughout the lifespan on the brain, behaviour and cognition. Nat. Rev. Neurosci. 10, 434–445. doi: 10.1038/nrn2639 

 Marlatt, M. W., Potter, M. C., Lucassen, P. J., and van Praag, H. (2012). Running throughout middle-age improves memory function, hippocampal neurogenesis, and BDNF levels in female C57BL/6J mice. Dev. Neurobiol. 72, 943–952. doi: 10.1002/dneu.22009 

 Maass, A., Düzel, S., Brigadski, T., Goerke, M., Becke, A., Sobieray, E., et al. (2016). Relationships of peripheral IGF-1, VEGF and BDNF levels to exercise-related changes in memory, hippocampal perfusion and volumes in older adults. Neuroimage, 131, 142–154. doi: 10.1016/j.neuroimage.2015.10.084 

 Matsuda, S., Matsuzawa, D., Ishii, D., Tomizawa, H., Sutoh, C., and Shimizu, E. (2015). Sex differences in fear extinction and involvements of extracellular signal-regulated kinase (ERK). Neurobiol. Learn. Mem. 123, 117–124. doi: 10.1016/j.nlm.2015.05.009 

 McEwen, B. S. (2004). Protection and damage from acute and chronic stress: allostasis and allostatic overload and relevance to the pathophysiology of psychiatric disorders. Ann. N. Y. Acad. Sci. 1032, 1–7. doi: 10.1196/annals.1314.001 

 McEwen, B. S., and Gianaros, P. J. (2010). Central role of the brain in stress and adaptation: links to socioeconomic status, health, and disease. Ann. N. Y. Acad. Sci. 1186, 190–222. doi: 10.1111/j.1749-6632.2009.05331.x 

 McLaughlin, K. J., Baran, S. E., and Conrad, C. D. (2009). Chronic stress-and sex-specific neuromorphological and functional changes in limbic structures. Mol. Neurobiol. 40, 166–182. doi: 10.1007/s12035-009-8079-7 

 Mograbi, K. D. M., Suchecki, D., da Silva, S. G., Covolan, L., and Hamani, C. (2020). Chronic unpredictable restraint stress increases hippocampal pro-inflammatory cytokines and decreases motivated behavior in rats. Stress 23, 427–436. doi: 10.1080/10253890.2020.1712355 

 Morgenstern, N. A., Lombardi, G., and Schinder, A. F. (2008). Newborn granule cells in the ageing dentate gyrus. J. Physiol. 586, 3751–3757. doi: 10.1113/jphysiol.2008.154807 

 Morland, C., Andersson, K. A., Haugen, Ø. P., Hadzic, A., Kleppa, L., Gille, A., et al. (2017). Exercise induces cerebral VEGF and angiogenesis via the lactate receptor HCAR1. Nat. Commun. 8:15557. doi: 10.1038/ncomms15557 

 Morris, R. G., Garrud, P., Rawlins, J. A., and O’Keefe, J. (1982). Place navigation impaired in rats with hippocampal lesions. Nature 297, 681–683. doi: 10.1038/297681a0 

 Murakami, S., Imbe, H., Morikawa, Y., Kubo, C., and Senba, E. (2005). Chronic stress, as well as acute stress, reduces BDNF mRNA expression in the rat hippocampus but less robustly. Neurosci. Res. 53, 129–139. doi: 10.1016/j.neures.2005.06.008 

 Nguemeni, C., McDonald, M. W., Jeffers, M. S., Livingston-Thomas, J., Lagace, D., and Corbett, D. (2018). Short-and long-term exposure to low and high dose running produce differential effects on hippocampal neurogenesis. Neuroscience 369, 202–211. doi: 10.1016/j.neuroscience.2017.11.026 

 Notaras, M., and van den Buuse, M. (2020). Neurobiology of BDNF in fear memory, sensitivity to stress, and stress-related disorders. Mol. Psychiatry 25, 2251–2274. doi: 10.1038/s41380-019-0639-2 

 O’Connor, D. B., Thayer, J. F., and Vedhara, K. (2021). Stress and health: a review of psychobiological processes. Annu. Rev. Psychol. 72, 663–688. doi: 10.1146/annurev-psych-062520-122331 

 O’Leary, T. P., Askari, B., Lee, B. H., Darby, K., Knudson, C., Ash, A. M., et al. (2022). Sex differences in the spatial behavior functions of adult-born neurons in rats. eNeuro 9:ENEURO.0054-22.2022. doi: 10.1523/ENEURO.0054-22.2022

 Olariu, A. N. A., Cleaver, K. M., and Cameron, H. A. (2007). Decreased neurogenesis in aged rats results from loss of granule cell precursors without lengthening of the cell cycle. J. Comp. Neurol. 501, 659–667. doi: 10.1002/cne.21268 

 Özalay, Ö., Mediavilla, T., Giacobbo, B. L., Pedersen, R., Marcellino, D., Orädd, G., et al. (2024). Longitudinal monitoring of the mouse brain reveals heterogenous network trajectories during aging. Commun. Biol. 7:210. doi: 10.1038/s42003-024-05873-8 

 Palliyaguru, D. L., Vieira Ligo Teixeira, C., Duregon, E., di Germanio, C., Alfaras, I., Mitchell, S. J., et al. (2021). Study of longitudinal aging in mice: presentation of experimental techniques. J. Gerontol. A 76, 552–560. doi: 10.1093/gerona/glaa285 

 Paxinos, G., and Franklin, K. B. (2019). Paxinos and Franklin’s the mouse brain in stereotaxic coordinates. San Diego, CA: Academic Press.

 Pereira, A. C., Huddleston, D. E., Brickman, A. M., Sosunov, A. A., Hen, R., GM, M. K., et al. (2007). An in vivo correlate of exercise-induced neurogenesis in the adult dentate gyrus. Proc. Natl. Acad. Sci. U.S.A. 14, 5638–5643. doi: 10.1073/pnas.0611721104

 Porsolt, R. D., Le Pichon, M., and Jalfre, M. (1977). Depression: a new animal model sensitive to antidepressant treatments. Nature 266, 730–732. doi: 10.1038/266730a0 

 Prut, L., and Belzung, C. (2003). The open field as a paradigm to measure the effects of drugs on anxiety-like behaviors: a review. Eur. J. Pharmacol. 463, 3–33. doi: 10.1016/S0014-2999(03)01272-X 

 Qiu, L. R., Germann, J., Spring, S., Alm, C., Vousden, D. A., Palmert, M. R., et al. (2013). Hippocampal volumes differ across the mouse estrous cycle, can change within 24 hours, and associate with cognitive strategies. NeuroImage 83, 593–598. doi: 10.1016/j.neuroimage.2013.06.074 

 Rechlin, R. K., Splinter, T. F., Hodges, T. E., Albert, A. Y., and Galea, L. A. (2022). An analysis of neuroscience and psychiatry papers published from 2009 and 2019 outlines opportunities for increasing discovery of sex differences. Nat. Commun. 13:2137. doi: 10.1038/s41467-022-29903-3 

 Robison, L. S., Popescu, D. L., Anderson, M. E., Beigelman, S. I., Fitzgerald, S. M., Kuzmina, A. E., et al. (2018). The effects of volume versus intensity of long-term voluntary exercise on physiology and behavior in C57/Bl6 mice. Physiol. Behav. 194, 218–232. doi: 10.1016/j.physbeh.2018.06.002 

 Rummel, J., Epp, J. R., and Galea, L. A. (2010). Estradiol does not influence strategy choice but place strategy choice is associated with increased cell proliferation in the hippocampus of female rats. Hormones and Behavior, 58, 582–590.

 Sapolsky, R. M. (1996). Why stress is bad for your brain. Science 273, 749–750. doi: 10.1126/science.273.5276.749

 Schoenfeld, T. J., McCausland, H. C., Morris, H. D., Padmanaban, V., and Cameron, H. A. (2017). Stress and loss of adult neurogenesis differentially reduce hippocampal volume. Biol. Psychiatry 82, 914–923. doi: 10.1016/j.biopsych.2017.05.013 

 Scholz, J., Allemang-Grand, R., Dazai, J., and Lerch, J. P. (2015). Environmental enrichment is associated with rapid volumetric brain changes in adult mice. NeuroImage 109, 190–198. doi: 10.1016/j.neuroimage.2015.01.027 

 Schöner, J., Heinz, A., Endres, M., Gertz, K., and Kronenberg, G. (2017). Post-traumatic stress disorder and beyond: an overview of rodent stress models. J. Cell. Mol. Med. 21, 2248–2256. doi: 10.1111/jcmm.13161 

 Schweizer, M. C., Henniger, M. S., and Sillaber, I. (2009). Chronic mild stress (CMS) in mice: of anhedonia, ‘anomalous anxiolysis’ and activity. PLoS One 4:e4326. doi: 10.1371/journal.pone.0004326 

 Seibenhener, M. L., and Wooten, M. C. (2015). Use of the open field maze to measure locomotor and anxiety-like behavior in mice. J. Vis. Exp. 96:e52434. doi: 10.3791/52434

 Sekeres, M. J., Mercaldo, V., Richards, B., Sargin, D., Mahadevan, V., Woodin, M. A., et al. (2012). Increasing CRTC1 function in the dentate gyrus during memory formation or reactivation increases memory strength without compromising memory quality. J. Neurosci. 32, 17857–17868. doi: 10.1523/JNEUROSCI.1419-12.2012 

 Stranahan, A. M., Khalil, D., and Gould, E. (2006). Social isolation delays the positive effects of running on adult neurogenesis. Nat. Neurosci. 9, 526–533. doi: 10.1038/nn1668 

 Stranahan, A. M., Lee, K., Becker, K. G., Zhang, Y., Maudsley, S., Martin, B., et al. (2010). Hippocampal gene expression patterns underlying the enhancement of memory by running in aged mice. Neurobiol. Aging 31, 1937–1949. doi: 10.1016/j.neurobiolaging.2008.10.016 

 Strawbridge, W. J., Deleger, S., Roberts, R. E., and Kaplan, G. A. (2002). Physical activity reduces the risk of subsequent depression for older adults. Am. J. Epidemiol. 156, 328–334. doi: 10.1093/aje/kwf047 

 Strekalova, T., Liu, Y., Kiselev, D., Khairuddin, S., Chiu, J. L. Y., Lam, J., et al. (2022). Chronic mild stress paradigm as a rat model of depression: facts, artifacts, and future perspectives. Psychopharmacology 239, 663–693. doi: 10.1007/s00213-021-05982-w 

 Strekalova, T., Spanagel, R., Dolgov, O., and Bartsch, D. (2005). Stress-induced hyperlocomotion as a confounding factor in anxiety and depression models in mice. Behav. Pharmacol. 16, 171–180. doi: 10.1097/00008877-200505000-00006 

 Sullens, D. G., Gilley, K., Jensen, K., Vichaya, E., Dolan, S. L., and Sekeres, M. J. (2021). Social isolation induces hyperactivity and exploration in aged female mice. PLoS One 16:e0245355. doi: 10.1371/journal.pone.0245355 

 Toth, I., and Neumann, I. D. (2013). Animal models of social avoidance and social fear. Cell Tissue Res. 354, 107–118. doi: 10.1007/s00441-013-1636-4 

 Triviño-Paredes, J., Patten, A. R., Gil-Mohapel, J., and Christie, B. R. (2016). The effects of hormones and physical exercise on hippocampal structural plasticity. Front. Neuroendocrinol. 41, 23–43. doi: 10.1016/j.yfrne.2016.03.001 

 Tyndall, A. V., Clark, C. M., Anderson, T. J., Hogan, D. B., Hill, M. D., Longman, R. S., et al. (2018). Protective effects of exercise on cognition and brain health in older adults. Exerc. Sport Sci. Rev. 46, 215–223. doi: 10.1249/JES.0000000000000161 

 van Praag, H., Christie, B. R., Sejnowski, T. J., and Gage, F. H. (1999a). Running enhances neurogenesis, learning, and long-term potentiation in mice. Proc. Natl. Acad. Sci. U.S.A. 96, 13427–13431. doi: 10.1073/pnas.96.23.13427 

 van Praag, H., Kempermann, G., and Gage, F. H. (1999b). Running increases cell proliferation and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci. 2, 266–270. doi: 10.1038/6368 

 van Praag, H., Shubert, T., Zhao, C., and Gage, F. H. (2005). Exercise enhances learning and hippocampal neurogenesis in aged mice. J. Neurosci. 25, 8680–8685. doi: 10.1523/JNEUROSCI.1731-05.2005 

 Velasco, E. R., Florido, A., Milad, M. R., and Andero, R. (2019). Sex differences in fear extinction. Neurosci. Biobehav. Rev. 103, 81–108. doi: 10.1016/j.neubiorev.2019.05.020 

 Willner, P. (1997). Validity, reliability and utility of the chronic mild stress model of depression: a 10-year review and evaluation. Psychopharmacology 134, 319–329. doi: 10.1007/s002130050456 

 Willner, P. (2017). The chronic mild stress (CMS) model of depression: history, evaluation and usage. Neurobiol. Stress 6, 78–93. doi: 10.1016/j.ynstr.2016.08.002 

 Wojtowicz, J. M., and Kee, N. (2006). BrdU assay for neurogenesis in rodents. Nat. Protoc. 1, 1399–1405. doi: 10.1038/nprot.2006.224 

 Wolf, E. J., Miller, M. W., Hawn, S. E., Zhao, X., Wallander, S. E., McCormick, B., et al. (2024). Longitudinal study of traumatic-stress related cellular and cognitive aging. Brain Behav. Immun. 115, 494–504. doi: 10.1016/j.bbi.2023.11.009 

 Woolley, C. S., Gould, E., Frankfurt, M., and McEwen, B. S. (1990). Naturally occurring fluctuation in dendritic spine density on adult hippocampal pyramidal neurons. J. Neurosci. 10, 4035–4039. doi: 10.1523/JNEUROSCI.10-12-04035.1990 

 Wrann, C. D., White, J. P., Salogiannnis, J., Laznik-Bogoslavski, D., Wu, J., Ma, D., et al. (2013). Exercise induces hippocampal BDNF through a PGC-1α/FNDC5 pathway. Cell Metab. 18, 649–659. doi: 10.1016/j.cmet.2013.09.008 

 Yagi, S., and Galea, L. A. (2019). Sex differences in hippocampal cognition and neurogenesis. Neuropsychopharmacology 44, 200–213. doi: 10.1038/s41386-018-0208-4 

 Yagi, S., Splinter, J. E., Tai, D., Wong, S., Wen, Y., and Galea, L. A. (2020). Sex differences in maturation and attrition of adult neurogenesis in the hippocampus. eNeuro 7:ENEURO.0468-19.2020. doi: 10.1523/ENEURO.0468-19.2020 

 Yegorov, Y. E., Poznyak, A. V., Nikiforov, N. G., Sobenin, I. A., and Orekhov, A. N. (2020). The link between chronic stress and accelerated aging. Biomedicines 8:198. doi: 10.3390/biomedicines8070198 

 Zocher, S., and Toda, T. (2023). Epigenetic aging in adult neurogenesis. Hippocampus 33, 347–359. doi: 10.1002/hipo.23494 


Copyright
 © 2025 Sullens, Gilley, Moraglia, Dison, Hoffman, Wiffler, Barnes, Ginty and Sekeres. 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/xhtml/Nav.xhtml




Contents





		Cover



		Sex in aging matters: exercise and chronic stress differentially impact females and males across the lifespan



		1 Introduction



		2 Methods



		2.1 Subjects



		2.2 Rearing conditions



		2.2.1 Control rearing (control)



		2.2.2 Running rearing (runner)



		2.2.3 Chronic mild stress rearing (stress)



		2.2.3.1 Food or water restriction



		2.2.3.2 Light cycle manipulation



		2.2.3.3 Restraint



		2.2.3.4 Social isolation



		2.2.3.5 Confined social approach



		2.2.3.6 Wet cage















		2.3 Behavioral testing



		2.3.1 Tasks to assess affective behavior



		2.3.1.1 Open field



		2.3.1.2 Elevated plus maze



		2.3.1.3 Beam walk



		2.3.1.4 Forced swim task









		2.3.2 Tasks to assess cognition



		2.3.2.1 Y-maze



		2.3.2.2 Novel object recognition



		2.3.2.3 Spatial water maze



		2.3.2.4 Tone and context fear conditioning















		2.4 BrdU treatment



		2.5 Sacrifice and BrdU immunohistochemistry



		2.5.1 BrdU quantification









		2.6 Statistical analyses









		3 Results



		3.1 Long-term chronic stress reduces weight in aged mice



		3.2 Assessments of locomotor activity and affect



		3.2.1 Open field



		3.2.2 Elevated plus maze



		3.2.3 Beam walk



		3.2.4 Forced swim task









		3.3 Long-term stress or exercise generally does not interfere with memory performance in aged mice



		3.3.1 Y-maze



		3.3.2 Novel object recognition



		3.3.3 Spatial water maze



		3.3.4 Context and tone fear memory









		3.4 Hippocampal BrdU labelling









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















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

Sex in aging matters: exercise and
chronic stress differentially
impact females and males across
the lifespan












OPS/images/crossmark.jpg
©

2

i

|






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






OPS/images/fnagi-16-1508801-g005.jpg
5 120 J Control < 120 - Control —,;
& 100 = Runner 8 100 = Runner k@
E I Stress E ] I Stress
s 80 s 80
f la ]
2 2
£ 40 2 40 |
g z
2 2 g 20
N A i 104
N K&K » % %
e’:“{:’. o@@{c“é@'p é‘%‘{’f S5 f“é“"’
5
S T R

35 [ Control
g 30 = Runner |+
L I Stress
=25
£ 2
£ 0
215
£
£ 10 é ﬁ
H
* 5
o
6 [ Control
= Runner » [«
I Stress =
4
2
o

speed (cm/sec)

&& LEE
S S
&F ;"“ S
9 150 [ Control =100 [ Control
5 = Runner 5 =) Runnemzlm
3 I Stress 2 1000 I Stress =
H H ‘
g E *
2={ § s00
s k]
@ @
3 3
o
> & &
S&& LS
ST S






OPS/images/fnagi-16-1508801-g006.jpg
T
%120 [ Control
£ 100 =3 Runner
2 I Stress
S 80
£ w
-3
3 40
B
£ 20
L l
g )&&a‘ > &5
$P,\9' 49‘ “‘*‘@Q 96
100 [ Control
3 Runner
80- I stress

3

% exploring novel object
8 4

L

120 [ Control
iwn ™ [ Runner 4 |*
K] - I stress
5 80
U
3
B 40
tale18 b
I
SS S
Oy
WY hd
100 [ Control
2 1 Runner
s 80 I Stress
]
3 6o
H
I T
=
K]
s
S 20
= o
& > & & %
3 & SO & &
pﬁ:ﬁ;&' p°&@"(;“a
e ¥ e ¥





OPS/images/fnagi-16-1508801-g003.jpg
__ 1500 [ Control
£ 1 Runner
= I Stress
2 1000 g
]
g
8 so0
g
8
2
5
o
«
LS LS
SEF L8P
Male _*__ Female
15 [ Control
= Runner
I Stress

B E

& &
& o
IE 2
Male _* _ Female
100 I Control
= Runner
E & I Stress
§ 60
&
2
= 20 8
oA P\
g 1507 [ Control
3 = Runner
E B Stress
% 100+
K]
]
o 504
g 10
H i
HEIUS @Y
SES FEE
St St
SFE FEY

distance travelled (cm)

vv v

= Runner #x |+
I Stress

15 [ Control
get ¢

speed (cmisec)

& & %
&S @e“s."’
St Fo
O o> & 2
FEY FE

100

% time open arm

CE N
F&F L&
L”(s s *'&\v?‘.

Male _*

latency to closed arm (sec)
- 8 B
Y & 8
%
D
AN
[ [}
0o
g 5
2

J Control

=3 Runner
807} I Stress
60
40
20 g
o

= Runner # 4
I stress

1500; [ Control
1000;
500
[

P |

a





OPS/images/fnagi-16-1508801-g004.jpg
Q

300 ] Control
= Runner
I stress

3
8

escape latency (sec)
23
8

S ‘a‘e..\* o\ﬂé&j‘
St S G
Y PSR

*

ek

c 100 1 Control
= Runner

2 80 I Stress

3

2 60 |

E

_g 40

® 20

&
S \x@: ¢

& o S
4“0 -\*:)*"’ & e <2

300 % [ Control
T O Runner |«
2 B Stress
B.ZM
H
5
2 100
g
b lal

PR ESEP S -
\té*er* 60\’(&6&0”%*
S S
¥y vev
*
*
100 = = [ Control
= Runner
2 807w I Stress
L 0
E
2w i
® 20
0
» > S & &
F & K&
p"&;"‘i@. oty
Pl Ll o

Male _***  Female





OPS/images/fnagi-16-1508801-g009.jpg
Control
o2 3 Control _
S 3 Runner
g 20 Stress
3
Q15
@ 10 &
S Q
L
@

2 O control _
s = Runner 37
B 20 I stress
13
Q
Q
)

3
3
] é
3
X
&

Male _~_ Female

Control

Control

Female

Female






OPS/images/fnagi-16-1508801-g007.jpg
Q

escape latency (sec)

8

@
8

»
3

2 3 4
training day #x%

LN N

Y-Control-M
Y-Runner-M
Y-Stress-M
Y-Control-F
Y-Runner-F
Y-Stress-F

(o3

escape latency (sec)

3

@
-

N
8

3

2 3 4
training day ##*

[N N

A-Control-M:

*
A—Runner—M:I

A-Stress-M
A-Control-F
A-Runner-F
A-Stress-F

e





OPS/images/fnagi-16-1508801-g008.jpg
Pre-Us O3 Control

60
5“ = Runner
I Stress
Pao
D)
&
R 20
10
o
¢
100 [ Control
g 1 Runner
80 I Stress
£
£
40
®
20
o

Context test

100 [ Control
= Runner
0 0 A B Stress
2
£ 60
f d
£ a0
®
20
o

@@,’h \* & %

Tone test

g 100 3 Control
o = Runner
I Stress.
£
3
£ 4
4 !
20
o

S &
A"ﬁ""ﬁ”ﬂ i"’ﬁf‘i

60
o [ Runner
[ Stress
240
§
8 30
=2
10
o
»

Pre-Us [ Control

& S
& S s
SFY v“o‘;’p‘?&
isd Post-US [ Control
[ Runner
88 I stress
°
£ 60
2 40
®
20
']
B & &
s‘ f s d
o v @

Context test [ Control

100
1 Runner
80 I Stress
60
40
20
o

% freezing

o
h Tone test
100 [ Control
. ? = Runner
. I Stress
2
5 60
g 40
®
20
,@@c :'* S5 «a*"ﬁ
SEY Y

Male Female






OPS/images/fnagi-16-1508801-g001.jpg
Young Rearing Groups Control Rearing

Running/Stress/Control Rearing OF, NOR, YM, EPM,

LM: 12/10/18; F: 17/22/17 Brdu | | BW, WM, FST, FC
! 1 month 1 week 11 weekl 3 weeks
Aged Rearing Groups

Control Rearing

Running/Stress/Control Rearing
L M: 15/25/19; F: 25/23/29

OF, NOR, YM, EPM,

Brdu ) |__BW, WM, FST, FC
J 15 months 1 week 11 week ! 3 weeks
60 1month rearing
O3 Control = ControkM
s 3 Runner i
N I cirven o StressM
% 30-
H
H
£ 20-
&
10-
0
2 4 6 8 10 12 14 16 18
S age (months)
S ge ( )
Male
15 months rearing e
M S ® - ControlF
Control
= Runnerrﬂwﬂ 40 © Runner-F
2 o StessF

8

' [ stress

‘weight (g)
8

10

02 4 6 8
age (months)

10 12 14 16 18






OPS/images/fnagi-16-1508801-g002.jpg
Q

__ 6000 [ Control __ 6000 [ Control
g [ Runnerssslsx  E = Runner.zln
= I Stress = I Stress =
2 4000 S 4000 l
H 2
E E
§ 2000 § 2000
k: z
s s
o o
S & & % N S & * & K
& S S 5
5
EEFY S S

Male _**_ Female

35 ] Control d 35 [ Control
30 =1 Runner 10 = Runner*gl e
5 I Stress 5 I Stress
8§25 8 25
. K
g g
3 15 515
3 H
g0 * g10 é
s % 8 4}
o o

> N & & & N S % %%
S&F S8 SEE L8
SEE G S S
e 40 [ Control f 40 ] Control
2 [ Runner 2 [ Runner
£ 30 I Stress & 30 I Stress
H : ‘
§ 20 § 20
g 0 2
o i £.
8 8
: A4 : 2l
o o
& & £ S N S & & &
O & 8 & R
S5 S S5 S5
E EN S S
—** _ Female Male —* _ Female

g h = [] Control

107 28 ¥ ¢ ¥ Control 400
2 5 = Runner 2 5 8 ¥ Y EF = Runner
£ I stress £ | I Stress
5 2
g 60 g 60
€ £
; 20 =
0 o
« &
Q@"}«gf « é@ij‘ \’:@:",.’* & c{,,-*
A o s &
S 58 S SV

Male _* _ Female Male _* _ Female






