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Environmental enrichment (EE) is an experimental paradigm that is used to explore how a complex, stimulating environment can impact overall health. In laboratory animal experiments, EE housing conditions typically include larger-than-standard cages, abundant bedding, running wheels, mazes, toys, and shelters which are rearranged regularly to further increase stimulation. EE has been shown to improve multiple aspects of health, including but not limited to metabolism, learning and cognition, anxiety and depression, and immunocompetence. Recent advances in lifespan have led some researchers to consider aging as a risk factor for disease. As such, there is a pressing need to understand the processes by which healthspan can be increased. The natural and predictable changes during aging can be reversed or decreased through EE and its underlying mechanisms. Here, we review the use of EE in laboratory animals to understand mechanisms involved in aging, and comment on relative areas of strength and weakness in the current literature. We additionally address current efforts toward applying EE-like lifestyle interventions to human health to extend healthspan. Although increasing lifespan is a clear goal of medical research, improving the quality of this added time also deserves significant attention. Despite hurdles in translating experimental results toward clinical application, we argue there is great potential in using features of EE toward improving human healthy life expectancy or healthspan, especially in the context of increased global longevity.
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INTRODUCTION


Environmental Enrichment

Environmental enrichment (EE) is a laboratory animal housing model that combines complex physical, social, cognitive, motor, and somatosensory stimuli to elicit improvements in systemic metabolism, immunity, and behavior (Nithianantharajah and Hannan, 2006). Although EE housing protocols vary between labs (Nithianantharajah and Hannan, 2006; Sztainberg and Chen, 2010; Slater and Cao, 2015), they achieve similar and reproducible results. Common experimental methods incorporate toys, shelters, running wheels, increased levels of bedding and housing surface area, and varied social networks, (Nithianantharajah and Hannan, 2006; Sztainberg and Chen, 2010; Slater and Cao, 2015) and the physical components of EE are frequently rearranged for an added level of stimulation. In contrast, standard housing environments (SE) incorporate limited bedding, fewer animals, and a nestlet inside a much smaller and unchanging shoebox-sized cage.

EE elicits numerous biological changes that appear quickly and are maintained throughout the housing period. One particularly impactful phenotypic feature of EE is the activation of a brain-adipose axis, dubbed the hypothalamic-sympthoneural-adipocyte (HSA) axis (Cao et al., 2010, 2011; McMurphy et al., 2018b). An upstream mediator, brain-derived neurotrophic factor (BDNF), is upregulated in as soon as 2 weeks within the EE paradigm (Cao et al., 2010). The induction of BDNF – whether through EE or other experimental means – initiates numerous downstream biological changes in peripheral tissues directly or indirectly through regulating sympathetic tone to the adipose tissues, manifesting in: (1) reduced weight gain – despite increased food intake (Cao et al., 2009, 2010, 2011; Liu et al., 2014b; McMurphy et al., 2018a, b; Ali et al., 2019, 2020; Foglesong G. et al., 2019; Queen et al., 2020), (2) improved glycemic control (Cao et al., 2009, 2010, 2011; Liu et al., 2014b; During et al., 2015; McMurphy et al., 2018a, b; Ali et al., 2019, 2020; Foglesong G.D. et al., 2019; Queen et al., 2020), (3) reduced circulating leptin (Cao et al., 2009, 2010, 2011; Nachat-Kappes et al., 2012; Liu et al., 2014b; McMurphy et al., 2018a, b; Foglesong G. et al., 2019; Ali et al., 2020; Queen et al., 2020), (4) increased circulating adiponectin (Cao et al., 2009, 2010; Nachat-Kappes et al., 2012; Liu et al., 2014a; McMurphy et al., 2018a, b; Foglesong G.D. et al., 2019; Queen et al., 2020), (5) decreased adiposity and increased total lean mass (Cao et al., 2009, 2010, 2011; During et al., 2015; McMurphy et al., 2018a, b; Ali et al., 2019, 2020; Queen et al., 2020), (6) adipose browning/beiging and elevated energy expenditure (Cao et al., 2010, 2011; During et al., 2015; McMurphy et al., 2018a, b), (7) reduced hepatosteatosis (Cao et al., 2010; Liu et al., 2014b; McMurphy et al., 2018a, b), and (8) suppression of cancer growth (Cao et al., 2010; Nachat-Kappes et al., 2012; Liu et al., 2014b; Li et al., 2015; Xiao et al., 2016; Foglesong G. et al., 2019; Meng et al., 2019). Furthermore, hypothalamic BDNF plays an important role in mediating the immunomodulating effects of EE through the sympathetic nervous system (SNS) and/or hypothalamic-pituitary-adrenal (HPA) axis (Xiao et al., 2016), as well as certain behavior changes such as increased locomotion and decreased anxiety/depression-like behavior (Cao et al., 2010; McMurphy et al., 2018a, b; Queen et al., 2020). Others have shown that peripheral administration of BDNF affects glucose utilization (Yamanaka et al., 2007b, 2008a), energy expenditure (Yamanaka et al., 2007a, 2008b), and food intake (Yamanaka et al., 2008a). Loss-of-function studies provide further supportive evidence for the systemic functions of BDNF; heterozygosity for Bdnf results in hyperphagia, obesity, and abnormal locomotor activity (Kernie et al., 2000; Rios et al., 2001). In humans, single nucleotide polymorphism (SNP) variants in the BDNF locus have been associated with higher body mass index (BMI) (Speliotes et al., 2010; Mou et al., 2015). Additional work has shown a negative correlation between body weight and plasma BDNF levels (Lommatzsch et al., 2005).

The ability of EE to improve overall behavioral and cognitive health has been widely recognized through BDNF-dependent and –independent mechanisms. Several experimental tools exist to assess anxiety, depression, and sociability. Behavioral and pharmacological manipulations have revealed that EE reduces anxiety-like (Benaroya-Milshtein et al., 2004; Sztainberg et al., 2010), and depression-like behaviors (Jha et al., 2011), and can increase sociability in models with abnormal social behavior (Queen et al., 2020). Further work has shown the ability of EE to improve cognition (Arendash et al., 2004; Jankowsky et al., 2005), and memory (Bruel-Jungerman et al., 2005; Prado Lima et al., 2018) in models of normal and abnormal neural function.

Combined, these brain-driven systemic changes yield an overall improvement of physical and mental health. In summary, EE is a valuable experimental model that allows researchers to understand the role of environmental influences on physiological and pathological processes. With EE, researchers ultimately elicit broad, systemic physiologic changes with easily identifiable phenotypes, demonstrating a clear brain-body connection in the context of both animal and human disease models. Accordingly, the EE paradigm is exceptionally well suited to study and modulate systemic processes like aging; the overlap of the two will be the focus of this review.



Lifespan, Healthspan, and Aging

To understand the aging process, one first must understand the nuances between life span, life expectancy, and healthspan. Lifespan describes the time between an organism’s birth and its death, while life expectancy is an estimate of expected duration of life for an individual based on a statistical evaluation of the population. There has been recent debate (Dong et al., 2016; Olshansky, 2016; de Beer et al., 2017; Lenart and Vaupel, 2017; Rozing et al., 2017) about a biological maximum limitation on lifespan. The prevailing consensus suggests that any possible improvements to lifespan, and thus life expectancy, are likely to be difficult despite previous successes. This is because the most significant extensions of life expectancy achieved thus far have occurred by reductions of childhood mortality; further increases in life expectancy will be more difficult despite advances in medicine and technology because they must occur by extending the lives of older people (Olshansky, 2018).

Thus, a more feasible, and significantly more important problem to focus on would be extending healthspan. Broadly speaking, if lifespan is defined as the total length of time an organism spends alive, healthspan is the subset duration of time of an organism’s life spent in good health. One of the first academic references to healthspan was in a review on human aging by Rowe and Kahn in 1987 where they stated, “[A substantial] increase in health span, the maintenance of full function as nearly as possible to the end of life, should be the next gerontological goal” (Rowe and Kahn, 1987). In other words, an ideally maximized healthspan would be an organism living in perfect health until the exact moment of its death.

From an individual organism’s perspective, the imperfect reconciliation between lifespan and healthspan overall results in decreased functionality, diminished satisfaction, and increased pain and suffering. Furthermore, on a population scale, this discrepancy results in decreased societal productivity, and increased costs of healthcare. Thus, extensions of lifespan without extension of healthspan are likely to bring predominantly negative effects. Current work to study or expand healthspan has typically focused on increasing the “span,” that is the time someone spends healthy before declining. However, health is not a binary state of being, but instead a relative spectrum. As organisms progress through life, they not only have longer to receive injury, but they also experience a decline in general health and physiological function due to the normal aging process. Thus, efforts to evaluate or improve healthspan should also consider elements of improving general health; meaningful improvements to healthspan can and do occur without expansion of its duration.

Aging as a concept, despite an almost ubiquitous experience, has been notoriously difficult to define. Early definitions included “the progressive increase of risk of death over time” (Comfort, 1979), primarily linking aging to lifespan, and “a persistent decline in the age-specific fitness components of an organism due to internal physiological degeneration” (Rose, 1994), which indirectly considers healthspan. Rowe and Kahn defined successful aging as “low probability of disease and disease-related disability, high cognitive and physical functional capacity, and active engagement with life” (Rowe and Kahn, 1997). More recently, aging has been reviewed and re-defined (Holliday, 2006; Hayflick, 2007; Flatt, 2012; Rose et al., 2012; Kennedy et al., 2014; Gladyshev, 2016) with further and significant considerations toward positive aspects of aging, the heterogeneity of aging, and the feasibility of understanding and reversing the aging process. Additionally, much work has been done to establish and review the biochemical and cellular mechanisms of aging (Rattan, 2009; Salminen and Kaarniranta, 2009; Kenyon, 2010; van Deursen, 2014; Childs et al., 2015; Longo et al., 2015; Kauppila et al., 2017; Herranz and Gil, 2018) as well as potential pharmacological therapeutic options (Kaeberlein et al., 2015; Shetty et al., 2018; Fuellen et al., 2019; Vaiserman et al., 2019; Hodgson et al., 2020). We encourage interested readers to explore these reviews and others for more contextual understanding of aging.

There is still no consensus as to if aging is a deviation from normal biology or if it simply represents a range, or maturation, of normal biology. With many negative changes associated with aging, some call for aging to be classified as a disease (Bulterijs et al., 2015; De Winter, 2015). Others firmly believe that aging is not a disease (Hayflick, 2007; Rattan, 2009; Kennedy et al., 2014; Gavrilov and Gavrilova, 2017) or acknowledge it as is “neither disease nor non-disease” (Gladyshev and Gladyshev, 2016) or a “gray area between health and sickness” (Gems, 2015). Aging is a broad phenomenon, and variation of an aged phenotype within an individual organism, all organisms within a species, or even among all lifeforms, makes aging impossible to be reduced into a single definition or defined as a disease. Therefore, we take the perspective that aging is associated, but distinct from age-related diseases. In other words, while aging has a correlative, or potentially causative relationship with disease, and in many cases may be intertwined with specific disease states, it is not disease itself. Similarly, although healthspan differs from aging and age-associated disease, they are intricately linked, and improvements to age-related conditions result in improved healthspan.

Currently, a significant portion of the aging research community wishes to elucidate how maximization of healthspan might occur. The EE model is uniquely positioned in healthspan research due to its ability to ameliorate or prevent many aspects of aging-related physiological decline. As such, this review will serve to discuss the work of our lab and others to highlight how EE can be a powerful tool to elucidate novel systemic and local mechanisms underlying age-related bodily change, disease, and health (Figure 1). While this is not the first review to summarize the benefits of enrichment across the lifespan – and is certainly not the first to mention gene-environment interactions on neurodegenerative disease (Nithianantharajah and Hannan, 2006; Laviola et al., 2008; Pang and Hannan, 2013; Mo et al., 2015; Shepherd et al., 2018), cognitive disorders (Ohline and Abraham, 2019; Rogers et al., 2019), and psychiatric disorders (Nithianantharajah and Hannan, 2006; Burrows et al., 2011; Rogers et al., 2019) – this review newly broaches the healthspan issue, highlights EE-healthspan work, and investigates the “translatability problem” of such research. Accordingly, we discuss the search for human lifestyle interventions that elicit EE-like mechanisms and further emphasize the importance of understanding conserved mechanisms and environmental factors that may contribute to healthy aging. With these insights, we hope both clinicians and researchers can better develop and implement therapeutic applications in the pursuit of increasing human healthspan.
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FIGURE 1. Environmental factors induce systemic physiological change via a brain-body connection. Complex EE stimuli in laboratory animals (right) and analogous stimuli in humans (left) contribute to not only improved psychological health, but to numerous tissue-specific and global physiological benefits as well (center).




BIOLOGICAL CONSEQUENCES OF AGING AND THE NEED FOR IMPROVEMENTS IN HEALTHSPAN

To understand the interplay between environmental factors, aging, and healthspan, one must first consider the biological mechanisms implicated in the normal aging process. Here, we will present several age-modulated biological processes and consider how the brain-body connection contributes to the physical manifestation of aging.


Cognitive and Behavioral Aspects of Aging

Age-related structural and functional alterations within the brain – including subtle synapse loss (Smith et al., 2000; Adams et al., 2010) in the absence of global reductions (Calhoun et al., 1998; Poe et al., 2001; Shi et al., 2007; Newton et al., 2008), reduced synaptic plasticity (Hatanpää et al., 1999), reduced spine density (Dickstein et al., 2013), dendritic regression (Dickstein et al., 2013), and increased neuroinflammation (Chen et al., 2016; Guillemot-Legris and Muccioli, 2017), among others – can result in decreased cognitive ability. With age, mental processing speed slows (Verhaeghen and Salthouse, 1997; Salthouse, 2000), memory fades (Spencer and Raz, 1995; Zacks et al., 2000), and executive function declines (Buckner, 2004), while some functions – including control over language – remain relatively stable. Though cognitive decline is common in aging, the rate and extent of decline is highly heterogeneous. For some, cognitive decline is so mild that it may be imperceptible, while for others, resultant diseases like dementia and Alzheimer’s are debilitating for patients and their families.

The aforementioned alterations in the central nervous system (CNS) can also result in altered behavior and emotionality. The elderly are at risk for many mental illnesses, including depression, anxiety, and schizophrenia. Decreased BDNF levels and mutations in genes associated with BDNF signaling have been associated with hippocampal dysfunction (Egan et al., 2003), memory impairment (Egan et al., 2003), increased risk for depression (Martinowich et al., 2007; Erickson et al., 2012), schizophrenia (Angelucci et al., 2005), and anxiety (Egan et al., 2003; Martinowich et al., 2007; Erickson et al., 2012). In contrast, physical activity has been linked to an increase in BDNF levels and a reversal of these pathologies (Lampinen et al., 2000; Laske et al., 2011).



The Hypothalamic-Pituitary-Adrenal (HPA) Axis

During the aging process, the body is subject to various stressors that activate neuroendocrine signaling via the HPA axis. A bevy of evidence indicates that the HPA axis can contribute to biological aging, whether through dysregulated glucocorticoid secretion or alterations in the production of regulatory peptides across one’s lifespan (Sapolsky et al., 1986; Aguilera, 2011; Nehlin, 2017). Corticotropin-releasing hormone (CRH) is one actor within the HPA axis and is highly expressed within hypothalamic nuclei. CRH is an upstream regulator of pituitary adrenocorticotropic hormone (ACTH) synthesis and adrenal production of corticosterone/cortisol (Vale et al., 1981; Nehlin, 2017). While the literature is mixed on how aging alters CRH production, the predominant belief is that production increases with age (Sapolsky et al., 1986; Tizabi et al., 1992; Hauger et al., 1994; Meijer et al., 2005; Aguilera, 2011; Vitale et al., 2013; Nehlin, 2017), perhaps due to inhibition of glucocorticoid- and mineralcorticoid-driven negative feedback loops (Vitale et al., 2013). The regulation of HPA axis activity is further complicated by crosstalk that occurs between the central HPA axis and peripheral tissues, including adipose, muscle, and liver tissue (McEwen, 2007; Iwen et al., 2008; Petrescu et al., 2018). Accordingly, dysregulation of the HPA axis is associated with various maladies, including Alzheimer’s disease (Swaab et al., 2005; Green et al., 2006), metabolic syndrome (Chrousos, 2000; Moraitis et al., 2017), depression (De Kloet et al., 2005; Swaab et al., 2005), mood disorders (De Kloet et al., 2005; Swaab et al., 2005), and other forms of mental illness. In sum, HPA signaling is multifaceted due to its role in central and peripheral mechanisms (Spencer et al., 2015); alterations of this important neuroendocrine axis can lead to many age-associated diseases, the mechanisms of which are explored in greater detail in the following valuable reviews (Chahal and Drake, 2007; Aguilera, 2011; Murri et al., 2014).



Metabolic Function

A decrease in metabolic function accompanies the natural aging process, due in part to hypothalamic neuroinflammation (Guillemot-Legris and Muccioli, 2017; Cai and Khor, 2019). Murine models experience an increase in body mass through middle and old age (Turturro et al., 1999); such body composition change is to increases in total fat mass and occurs despite concurrent decreases in lean mass (Houtkooper et al., 2011; Zhu et al., 2019). This change in adiposity is thought to result from decreased physical activity (White et al., 2016) and age-related alterations in lipolysis (Mennes et al., 2013), fatty acid oxidation (Houtkooper et al., 2011), and mitochondrial function (Katic et al., 2007). Aged models display impairments in glycemic control, likely due to an underlying reduction in pancreatic beta cell function or the development of peripheral insulin resistance (Houtkooper et al., 2011; McMurphy et al., 2018a, b; Abarkan et al., 2019). Leptin and adiponectin are two adipokines that have been linked to metabolic health, with the former being positively correlated and the latter being negatively correlated to adipose mass (Lutz and Quinn, 2012). Accordingly, leptin and adiponectin play roles in energy expenditure, thermogenesis, lipid metabolism, and insulin resistance (Scarpace et al., 2000; Gil-Campos et al., 2004) and have been shown to be modulated by the aging process. With age, an increase in leptin and a decrease in adiponectin occurs (Palmer and Kirkland, 2016). As this might suggest, increased levels of adiponectin have been positively correlated to longevity and good metabolic health (Atzmon et al., 2008; Palmer and Kirkland, 2016) whereas the development of central and peripheral leptin resistance in aged models contributes to obesity and other metabolic dysfunction resulting in numerous further comorbidities (Scarpace et al., 2000, 2001).



Immune Function

The aging process has been shown by many to influence immune function. Elsewhere, others have summarized the aging-immune interplay to a great extent (Weiskopf et al., 2009; Pereira and Akbar, 2016; Nikolich-Žugich, 2018; Cai and Khor, 2019), however, this review would be remiss to avoid touching this subject completely. Age-related deterioration of the CNS coincides with reduced peripheral organ dysfunction and is thought to result in many of the systemic age-related changes in metabolism, immunity, and behavior. Microglial cells are CNS specific resident macrophage-like immune cells, acting as surveyors to sense immunogenic stimuli or tissue injury. Upon insult, microglia produce proinflammatory mediators, leading to further immune signaling, phagocytosis of cellular debris, and presentation of antigens to the immune system (Guillemot-Legris and Muccioli, 2017). Additionally, through BDNF signaling, microglia contribute to synaptic plasticity (Ferrini and De Koninck, 2013; Parkhurst et al., 2013). Aging-associated microglial dysfunction is characterized by hyper-reactivity to inflammatory stimuli, higher basal levels of cytokine expression, reduced surveilling activity, shortened process length, and slower movement (Hefendehl et al., 2014; Norden et al., 2015; Ziebell et al., 2015). Functional decline of microglia is associated with neurodegenerative disease and peripheral tissue dysfunction (Chen et al., 2016; Spittau, 2017).



Aging and Epigenetic Change

Environmental stimuli are thought to alter the epigenome, thus influencing healthspan and lifespan (Benayoun et al., 2015; Sen et al., 2016). Recent work has suggested that biological aging proceeds under the control of a so-called “epigenetic clock”; in this model, DNA methylation levels are used as a correlative biomarker of aging (Horvath, 2013; Horvath and Raj, 2018). This epigenetic clock can be influenced by environmental exposures and lifestyle factors like diet, physical activity, education, smoking, and alcohol consumption (Hannum et al., 2013; Quach et al., 2017; Horvath and Raj, 2018). Molecular and functional alterations are associated with one’s epigenetic regulation state and accordingly, age-related physiological decline has been associated with epigenetic regulation. Alterations in promoter methylation have been observed in aged samples for genes involved in hippocampal function (Haberman et al., 2012) and memory storage (Penner et al., 2011). Some evidence suggests that Alzheimer’s disease is modulated by environmental factors – including diet and physical activity – and associated epigenetic regulation (Chouliaras et al., 2010; Griñán-Ferré et al., 2018). Other age-related processes and disease states have been tied to epigenetic clock shifts, including metabolic syndrome (Horvath et al., 2014), Parkinson’s disease (Horvath and Ritz, 2015), cardiovascular disease (Perna et al., 2016), and cancer (Perna et al., 2016). Furthermore, a recent commentary (Hannan, 2020) highlights the potential for therapeutics mimicking some of the effects of EE and lifestyle interventions by targeting epigenetic factors. Altogether, these studies highlight the importance of gene-environment interactions, further highlighting the role that exogenous factors can play in healthspan and the aging process.



ENVIRONMENTAL ENRICHMENT AND AGING

Human longitudinal aging research is challenging due to our species’ lifespan length. Mice are the mammalian model of choice due to their short lifespan, homology, size, and ease of rearing. Laboratory mice have mean lifespans of 2–3 years in well-controlled housing conditions (Turturro et al., 1999). The murine aging process mirrors that of humans and allows researchers to perform work on the biology of aging in a comparatively short time span. It is important to note that some murine age-related observations have been found to be strain- and source-dependent; special considerations must be made when comparing and designing such experiments (Turturro et al., 1999; Brayton et al., 2012).

As previously detailed, aging results in a myriad of physical changes in both humans and mammalian models that, when combined, can manifest in disease. EE-induced improvements in systemic metabolism, immunity, and behavior run counter to many age-associated deficits. Accordingly, researchers have investigated whether the EE model can ameliorate or perhaps prevent age-related disease. Here, we will discuss the work of our lab and others to highlight how EE can be a powerful tool to elucidate novel systemic and local mechanisms underlying age-related bodily change, disease, and health.


Promoting Healthy Aging Through EE

Spurred by observations of EE-driven improvements in the systemic metabolic, immunity, and behavior in young mice, experiments by our lab investigated the ability of EE to promote healthy aging in aged mice (McMurphy et al., 2018b). When initiated at middle-age (10 months old), short-term EE (6 weeks) was able to activate the hypothalamic-sympathoneural-adipocyte (HSA) axis in a similar fashion to young counterparts. Consistent with previous work, we observed an upregulation of hypothalamic Bdnf as well as associated improvements in metabolism and related molecular pathways. These results acted as a proof-of-concept for the use of EE in aged models, indicating that even a short exposure of EE – after lifelong housing in standard conditions – could yield a meaningful phenotypic shift.

Having shown that EE provides short-term benefits in both young and old mice, we were especially interested in identifying the potential for lasting effects, as the utility of these benefits would be questionable if they were temporary. We assessed the ability of EE to impart lasting and consistent phenotypic changes over the murine lifespan, thus increasing healthspan (McMurphy et al., 2018b) by enrolling mice with no history of enrichment at 10 months of age in either standard housing or EE for an additional 12 months. As in previous experiments, mice in EE experienced an upregulation of hypothalamic Bdnf, as well as improvements in global metabolism and behavior, Mice exhibited decreased fat mass with increased lean mass, improved glycemic control, reduced hepatosteatosis, increased locomotion, and decreased anxiety over a year-long period, suggesting that EE provides durable and significant improvements to healthspan in laboratory mice and promote healthy aging. In a separate cohort of middle-aged mice, exogenous introduction of BDNF to the hypothalamus via injection of an adeno-associated viral (AAV) vector was able to recapitulate much of the EE phenotype in mice with no exposure to EE. Of note, BDNF prevented the development of aging-associated metabolic decline and reduced anxiety- and depression-like behavior (McMurphy et al., 2018a). These observations further confirm the importance of the brain-body connection in systemic aging and implicate BDNF as an important player in healthy aging processes.

A considerable amount of research interrogates the relationship between neurological disease, environmental factors, and aging. EE has been shown to increase neurogenesis, dendritic complexity (Comery et al., 1996), dendritic spine number (Comery et al., 1996), synaptic plasticity (Leal-Galicia et al., 2008; Consorti et al., 2019), and cognitive flexibility (Gelfo, 2019), signifying the potential of the experimental model to promote healthy brain aging and slow the progression of neurodegenerative diseases. Previous work has described the relationship between EE and aging-related neurodegenerative disease in greater detail than can be discussed within the scope of this review (Nithianantharajah and Hannan, 2006; Laviola et al., 2008; Pang and Hannan, 2013; Mo et al., 2015; Shepherd et al., 2018). Perhaps unsurprisingly, EE has been shown to mitigate neurodegeneration observed in murine models of Alzheimer’s disease (Jankowsky et al., 2005; Lazarov et al., 2005; Cracchiolo et al., 2007), Parkinson’s disease (Faherty et al., 2005; Wassouf and Schulze-Hentrich, 2019), and Huntington’s disease (van Dellen et al., 2000; Hockly et al., 2002; Spires et al., 2004; Zajac et al., 2010). While the mechanisms of such diseases remain a topic of debate, future work with EE may reveal therapeutically relevant neuroprotective pathways that can be implicated in healthy aging.

Additional work by our lab has shown the importance of microglia in the aging-EE phenotype (Ali et al., 2019). Long-term EE (7.5 months) was shown to increase a microglial marker (Iba1) within the hippocampus, hypothalamus, and amygdala. Quantification of immunohistochemistry revealed that EE increased microglial hypertrophy and ramification, with no concurrent increase in microglial cell density. These alterations were observed alongside an EE-induced reduction in neuroinflammatory markers (Ccl2, Il1b, Il6, Nfkbia, Socs3, and H2Ab1) and improvement of systemic metabolism. Typically, aged microglial morphologies are described as de-ramified and are associated with altered inflammatory cytokine production (Sierra et al., 2007; Rawji et al., 2016). Our data suggests that EE can ameliorate many age-induced changes in microglial function, perhaps contributing to systemic health. Current work in our lab using functional depletion of microglia within older mice suggests that aged microglia contribute to age-related metabolic decline, perhaps through BDNF-dependent or BDNF-independant pathways.



Caveats of Using EE to Study Lifespan

While our work and others’ suggest that complex environmental stimuli play an important role in promoting healthy aging, their relationship to lifespan is less conclusive. One experiment performed by our lab looked at the potential for EE to increase murine lifespan. Interestingly, a trending, but non-statistically significant increase in mean lifespan was observed when EE was initiated at 18 months of age (McMurphy et al., 2018b). Although EE may only have a mild impact on lifespan, it is encouraging that readily observable improvements to healthspan through EE are sustainable throughout age in our models. As lifespan studies are time and resource intensive, special care must be taken during experimental design process to anticipate the unexpected, and more work is needed to understand the EE-driven influence – or lack of influence – on murine lifespan. Careful integration of both healthspan and lifespan data will be important to discover mechanisms underlying healthy aging; as discussed previously, increased lifespan without concurrent improvements in healthspan may be problematic. For experiments interrogating the lifespan-environment interplay, large sample sizes and/or additional experimental challenges – like Western diet – may not only help ensure proper statistical power, but may also be more representative of human populations which may gain the most from similar interventions.

In sum, a great breadth of literature describes the ability of this dynamic environmental model to ameliorate or prevent age-related bodily dysfunction and disease. EE has been shown to increase healthspan and prompt healthy aging at least in part via hypothalamic induction of BDNF, highlighting the important connection between CNS and peripheral tissue function. While work on EE’s influence on lifespan is less conclusive, the observed improvements in systemic health underlie the necessity of understanding mechanisms inherent to the aging process. A better understanding of these processes may reveal therapeutically relevant targets to limit the negative aspects of aging and increase overall health, and thus further work in these areas is highly justified.



THE SEARCH FOR EE TRANSLATION

Recent increases in global longevity underscore the need for improvements in healthspan. Without such improvements, aging individuals will spend a larger portion of their lives afflicted by acute and chronic disease, thus posing a large burden for healthcare providers. Therefore, it is important to understand the biological mechanisms by which healthspan can be increased. Previous sections in this review have commented on the nature of laboratory animal EE as a model for improving overall physical wellbeing, extending healthspan, and revealing biological mechanisms implicit in the brain-body connection. While EE has been well characterized by many groups, its translatability to humans has been a topic of debate (Burrows et al., 2011), perhaps due to the difficult task of connecting animal toys, shelters, bedding, etc. to the human condition. Complicating the matter, each animal in EE experiences a different combination of complex stimuli, shaping its phenotypic response (Kempermann, 2019). It is important to note that some scholars argue EE is more analogous to the normal human experience than the minimal physical, social, cognitive, motor, and somatosensory stimulation conferred by standard laboratory housing (Burrows et al., 2011). Indeed, some posit that EE might reverse a so-called “impoverishment” experienced within standard laboratory housing (Kempermann, 2019). With these positions in mind, we argue that EE might be a more apt model for understanding human aging than standard housing alone, providing a modeling system for inter-individual differences in exposure to complex stimuli that more closely mirrors the complexity of the human experience.

Detractors of the model suggest that EE introduces unnecessary cost, overhead, labor, and variability to experimental research (Hutchinson et al., 2005). Admittedly, variations between protocols exist, but some evidence suggests that between-laboratory effects contribute relatively little to total variance observed in EE experiments (Wolfer et al., 2004). It is our opinion that the main goal of EE is to reveal therapeutically-relevant, conserved biological mechanisms – indicated through brain-peripheral tissue axes – that can be implicated in human health and disease. Thus, specific technical differences between enrichment paradigms among laboratories or between murine models and humans which result in similar phenotypes are of minor consequence, and actually highlight the strength and robustness of the EE model system.

While the majority of biomedical research emphasizes discrete disease processes, a renewed focus on systemic processes like aging is warranted. In doing so, researchers will be able to consider biological mechanisms implicit in several comorbid disease states that accompany aging. Although EE allows for interrogation of such systemic changes in laboratory animals, the ultimate goal is to seek human therapeutics that modulate the same pathways revealed via EE, whether through lifestyle intervention efforts or targeted pharmacotherapies (Hannan, 2020). Here, we will discuss the search for lifestyle interventions that elicit similar biological pathways to those observed in laboratory EE. By integrating knowledge garnered from the EE model and human lifestyle interventions, we can begin to bridge the bench-to-bedside gap and thus begin the journey toward maximizing human healthspan.


Physical Activity

Physical activity serves as one such example of a lifestyle intervention – it is known to restrict various age-related disease processes, including type II diabetes (T2D) (American Diabetes Association, 2004; Colberg et al., 2010; Aune et al., 2015), cardiovascular disease (CVD) (Wannamethee and Shaper, 2001; Mora et al., 2007), obesity (Wadden and Bray, 2018), and ischemic stroke (Kiely et al., 1994; Lee et al., 2003), among others. While physical activity becomes more difficult with age due to biological processes – including sarcopenia, arthritis, and osteoporosis – the benefits on systemic health cannot be ignored. Voluntary exercise is thought to modulate HPA axis signaling (Droste et al., 2003), immune function (Vieira et al., 2009; Pedersen et al., 2016), muscle maintenance (White et al., 2016), and adipose remodeling (Vieira et al., 2009; Stanford et al., 2015).

In preclinical studies across healthy, obese, and aging models, physical activity has been shown to increase Bdnf levels within central and peripheral tissues (Gómez-Pinilla et al., 2002; Molteni et al., 2004; Stranahan et al., 2009; Erickson et al., 2012). One group showed that voluntary exercise was protective against stress-induced decreases in BDNF (Adlard and Cotman, 2004). Voluntary exercise in murine longevity models shows clear healthspan benefits through central and peripheral neuroendocrine signaling, but data investigating the causal link between increases in lifespan after voluntary exercise are limited (Holloszy et al., 1985; Kujala, 2018).

It is important to note that a great deal of research has sought to define to what extent voluntary physical activity contributes to the EE phenotype in preclinical models. Some evidence indicates that voluntary physical activity and EE work in dissociable pathways (Olson et al., 2006). Additional work suggests that voluntary physical activity may act to “prime” physiological change induced within EE (Kronenberg et al., 2006; Fabel et al., 2009). Several reviews cover these topics in greater detail (Bekinschtein et al., 2011; Pang and Hannan, 2013; Rogers et al., 2019). We would like to especially note that the full EE phenotype often surpasses what is accomplished with exercise alone (Fabel et al., 2009; Cao et al., 2010, 2011; McMurphy et al., 2018b), suggesting the confluence of EE stimuli are vital for the observed improvements in health. In conclusion, physical activity is one lifestyle intervention that induces biological change inherent to healthy aging and may contribute to a compression of morbidity.



Lost in Translation: Current Limitations of EE Crosstalk

In the laboratory setting, enrichment of an animal’s environment increases mental stimulation by providing access to exercise, additional peers for improved socialization, and novelty through regular rearrangement of environment. However, emergent properties of human intelligence and social structure compared to murine models means that more complex applications of these stimuli might not only be required to elicit beneficial psychological effect, but possibly necessary at a baseline level to achieve adequate health. For example, recognition of the importance of stimulation and inspiration by art as being vital, and not just optional, to the human experience has led several museums in the United States and Europe to provide free or reduced admission to those receiving social assistance. Additionally, many humans tend to actively seek out inherently complicated careers or hobbies, engage in spiritual or religious activities, or appreciate auditory and visual aesthetics difficult to translate into animal models. What a human may perceive as beauty, another animal may ignore or avoid. Furthermore, the effects of a particular stimulus can differ not only among individual people but also within a particular person as time goes on. For humans, it is difficult to tell where instinct ends and personality begins.

While many EE mechanisms such as BDNF, leptin, adiponectin, and the HPA axis stress response are known to be conserved between mice and humans, there may exist additional mechanisms unique to human-centric stimuli. If the mechanisms to these are wholly conserved, laboratory EE models will show even more promise to benefit humans. Alternatively, any differences will suggest additional mechanisms to target and induce in murine or other models, presenting ample future directions and assisting in effective human translation.



THERAPEUTIC VALUE OF ENRICHMENT AND LIFESTYLE INTERVENTIONS

Thus far, we have described how EE is uniquely positioned to interrogate the systemic processes that underlie aging, due in part to the ability of the model to confer global improvements in metabolism, immunity, and behavior that run counter to age-related systemic dysfunction. Additionally, we have discussed the so-called “translation problem” and have discussed the search for human lifestyle interventions that may elicit similar biological pathways to those observed in the EE paradigm. Below, we will discuss the potential therapeutic value of EE and lifestyle interventions to increase overall healthspan and how the model may inform future public health and medical considerations as researchers and clinicians connect the bench and bedside.


Loneliness and Social Prescribing

As previously discussed, laboratory EE elicits various changes in the CNS that can manifest in improved behavioral health. While murine models cannot mirror complex human emotionality, we can consider the therapeutic value that EE analogs may provide in human mental health. For example, social partners are important for both laboratory animals and humans alike. Upon aging, humans experience a deterioration of social ties and some experience loneliness. While social isolation and loneliness have subtle differences – better discussed elsewhere (Hawkley and Cacioppo, 2007) – a plurality of research suggests that both may result in the manifestation of physical disease and mental illness – due to biological mechanisms induced by stress and coping mechanisms (Hawkley and Cacioppo, 2007). Concerns regarding loneliness in aged individuals have grown in recent years. In 2018, United Kingdom Prime Minister, Theresa May, appointed a “Minister for Loneliness” to address the growing public health concern of loneliness within the aging population. Over the coming years, a government initiative is set to connect lonely individuals with social activities, including cooking classes, art clubs, and walking clubs. Such efforts are described as “social prescribing” to stem the physical and mental toll that loneliness takes on aging individuals. Herein lies one public health initiative to imply therapeutic benefit for lonely aged individuals. While we cannot speculate on specific biological mechanisms here, such an initiative provides fodder for future research that interrogates whether such public health programs are beneficial and how systemic biological processes may be beneficially altered in engaged individuals.



Cognitive Decline and Reserve

Aging leads to reduced cognitive function; however, the brain is resilient, having multiple coping mechanisms and reserve factors to combat the natural aging process. The cognitive reserve theory posits that the brain has an innate ability to cope with cerebral damage to minimize clinical manifestations of diseases like dementia and Alzheimer’s disease (Stern, 2002; Solé-Padullés et al., 2009); with a greater cognitive reserve buffer, more damage can be sustained before symptomatic presentation. In 2002, Stern characterized this idea and would later suggest that intellectual activities, like reading newspapers or books, could contribute to increased cognitive reserve capacity and thus reduced risk for manifestation of neurodegenerative disease (Stern, 2002; Scarmeas and Stern, 2003). Accordingly, environmental and lifestyle factors are considered key modulators of cognitive reserve (Scarmeas and Stern, 2003; Gelfo, 2019). Epidemiological work appears to confirm this notion (Stern and Barulli, 2019), identifying education as a key environmental factor that may contribute to increased cognitive reserve (Meng and D’arcy, 2012), as well as occupational status (Stern et al., 1994), smoking abstinence (Flicker et al., 2011), and regular physical activity (Rovio et al., 2005). An open area of exploration is how environment-driven increases in cognitive reserve might contribute to increased “mind-span,” or the length of an individual’s healthy cognitive function. In conclusion, the cognitive reserve theory runs alongside many of the discussions in this review and highlights another viewpoint regarding healthy aging and the importance of maintaining healthy environmental stimuli.



Optimization of Environment in Medicine

Anecdotally, most people would agree that physical environment and psychological stress can affect recovery from disease or injury. However, it wasn’t until an article published in Science in 1984 by Ulrich (1984) that rigorous scientific study of the effects of design in the healthcare environment was truly considered. In 2008, an extensive literature review by Ulrich et al. (2008) deeply examined how exposure to factors such as natural and artificial light, noise, plants, art, air quality, color, simulated and actual views of nature, and support groups or other social opportunities could greatly affect the healing process. Exploration, categorization, and evaluation of these factors over the last 35 years has led to the development and iterative refinement of frameworks for “evidence based design” and best practices in which to create “optimal healing environments,” both inside and out of clinical encounters (Ulrich, 1991, 1997; Sakallaris et al., 2015; DuBose et al., 2018).

Early classifications of features required for healing predominantly focused on the perspective of a patient’s external environment including a sense of control of surroundings, access to social support, and access to positive distractions (Ulrich, 1991). Over time, others expanded and refined these classifications to evaluate the internal, interpersonal, and behavioral environments, in addition to external experiences of patients (Sakallaris et al., 2015). A recent review of the emotional, psychological, social, behavioral, and functional antecedents of healing has specifically indicated that creation of a homelike environment, with access to views and nature, appropriate light exposure, noise control, and a room layout that minimizes barriers not only improves patient safety and satisfaction, but also improves recovery, representing the emphasis that evidence based design places on environmental factors (DuBose et al., 2018). More specific explorations of these factors include studying patient exposure to natural and artificial light on sleep quality and subsequent recovery (Hadi et al., 2019), how the design of mental health facilities affects stress and behavior (Connellan et al., 2013; Ulrich et al., 2018), and how perceptions of loneliness diminish recovery from stroke (Anåker et al., 2019). Studies evaluating the effects of acoustics and sound on medical outcomes (Blomkvist et al., 2005; Joseph and Ulrich, 2007; Ulrich, 2008) have also concluded that sound can both help and hinder recovery. While ambient noise from poor building design, conversations heard from hallways or shared patient rooms, and various machines and medical devices negatively impact patients through impaired sleep and increased stress, relaxing music and music of a patient’s choice have been demonstrated to aid healing and decrease stress.

One underlying factor acknowledged in all of these studies and reviews is the significance of a patient’s perception of control, a factor considered important early on in this field (Ulrich, 1991). Even when both patients and healthcare providers ultimately have little to no control over outcomes, patients benefit from feeling like they can exert some influence over their situation. In a study exploring how perceptions of the treatment environment in a palliative care setting affected patient perceptions of positive emotion during treatment (Timmermann et al., 2014), patients reported that personalized decorations, maintaining a familiar daily rhythm with familiar tasks, and creation of a sense of “coziness” or “homeliness” was important for their sense of well-being and experience of positive emotions. It is clear that these factors do not only impact terminally ill patients and that the contribution of environmental factors on psychological and physical health extend to people in all states of health.

Another well explored aspect of improving health and the healing process is exposure to nature. Instead of incidentally viewing nature through a window, patients and their families are now receiving in-depth real and simulated exposure in and out of the healthcare setting surpassing just a therapeutic adjunct. Recent work in this area has included studying psychological benefits from exposure to nature through indoor and outdoor spaces in general, Lacanna et al. (2019), Sachs (2019), as well as during childbirth (Aburas et al., 2017), before colonoscopy (Sjölander et al., 2019), for those visiting someone in an intensive care unit (Ulrich et al., 2019), and exposure to sights, sounds, and scents from a traditional Japanese garden for those with cognitive impairment (Goto et al., 2017). These studies and reviews emphasize that exposure to nature decreases stress, increases happiness and satisfaction with treatment, improves sleep, and leads to measurable improvements in recovery; additionally, these exposures provide socialization and an improved perception of control of one’s environment. It is important to consider the complexity of healthcare environments in such studies; care must be taken to evaluate whether these nature-related stress reductions are correlative or causative, controlling for relevant variables. The development and use of biomarkers will push this field forward, alongside clinical outcome metrics.

It is important to iterate that the therapeutic benefits of factors useful in creating optimal healing environments are not limited to healthcare settings or even in unhealthy individuals. More recent work has explored the use of nature-based stimuli as a therapeutic driver for well-being in healthy aged individuals (Gagliardi and Piccinini, 2019; Gagliardi et al., 2019; Santini et al., 2019). Horticultural therapy within community or home gardens and the inclusion of green spaces within neighborhoods, hospitals, and nursing homes shows incredible promise to benefit people across a wide spectrum of health. Experiencing complex stimuli such as nature shows immense benefits to one’s well-being, in sickness and in health, and even when simulated through pictures or video or through temporary exposure.



DISCUSSION AND FUTURE CONSIDERATIONS

In this review, we have presented EE (Figure 1) as an apt model for studying healthspan and have speculated on how we might begin to translate findings to the clinic in search of extended healthspan. The EE model is exceptionally well poised to probe questions within the aging research field, as EE’s complex stimuli mirror those that are thought to elicit healthy aging processes in humans and thus elicit maximization of healthspan. While the translatability of EE is a topic of debate, we argue that the model’s importance lies within its ability to reveal therapeutically-relevant mechanisms that underlie the brain-body connection, and thus global biological processes.

Although the exact stimuli in laboratory EE differ among research groups or between murine models and humans, EE models provide a starting point for human enrichment and subsequent improvements to health and well-being. In fact, the ability for similar sustained and robust results to occur despite differences further highlights the strengths of the model and the importance of the underlying physiology. The fundamental mechanisms such as hypothalamic BDNF, leptin, adiponectin, and the HPA stress response, are conserved. Despite the ability to study and manipulate laboratory models of EE, researchers are limited in measuring or modulating these systems in humans; for example, we and others cannot biopsy brain tissue in living humans to measure gene or protein expression or observe certain changes to organ structure and function. Further research in aging and healthspan through EE in laboratory models would strongly benefit from additional exploration and identification of potential biomarkers or other measurable factors specific to enrichment or healthspan so that we may better understand and evaluate effects of potential enrichment paradigms on humans. Many of the human studies and reviews referenced in previous sections acknowledged the potential for using blood pressure, pulse, and serum or salivary cortisol to more objectively measure the benefits of a proposed intervention. We similarly believe that human studies would immensely benefit from these and other objective measurements of physiological change to measure the actual effects of enrichment.

We also acknowledge the dual diagnostic and prognostic potential of using biomarkers. Measurement and evaluation of biomarkers might not only be useful in measuring the efficacy of a lifestyle intervention, but may also assist in determining which people would most or least benefit from a particular intervention, creating an opportunity for more personalized and cost-effective care. Some have proposed that epigenetic clocks could act as an advanced biomarker for assessing lifestyle intervention efficacy, however DNA methylation is not thought to be a particularly dynamic marker of short-term lifestyle changes (Horvath and Raj, 2018). Work in this field is ongoing; early evidence supports an association between lifestyle factors – including diet, education, physical activity, and low BMI – and epigenetic age (Quach et al., 2017).

Additional research toward identification of aging biomarkers is ongoing and will require next-generation –omics strategies for identification of new targets. One meta-analysis suggests several biomarkers – total adiposity, visceral adiposity, CRP, IL-6, insulin, IGF-1, HOMA, adiponectin, leptin, and IGF binding proteins – to assess efficacy of dietary interventions in aged individuals (Lettieri-Barbato et al., 2016). Others have characterized serum biomarkers of DNA damage – CRAMP, EF-1α, stathmin, n-acetyl-glucosaminidase and chitinase – and have shown lifestyle interventions to be effective in altering these markers (Song et al., 2010). While several of these biomarkers would be considered by some to be the “usual suspects,” the discoveries of so-called “geroprotective footprints” (Lettieri-Barbato et al., 2016) or “healthy aging phenotypes” (Lara et al., 2013) will be essential to bridge bench and bedside work.

While we know that the combination of complex physical, social, cognitive, motor, and somatosensory stimuli within EE can elicit global changes in aged metabolism, immunity, and behavior, there is still a great deal of opportunity for more research. Work in young mice indicates that EE confers improvements in innate and adaptive immunity; we are currently working to determine whether aged mice exhibit similar results in the face of a cancer challenge. Similar experiments interrogating the role of the HPA axis in the EE-aging phenotype are needed. Furthermore, the field needs further work regarding the effect – or lack of effect – that EE may have on murine lifespan; such research will require careful design and large sample sizes.

While BDNF has been implicated as one important molecular mediator of healthy aging, additional work is needed to elucidate central, systemic, and peripheral actors that might yield a compression of morbidity and thus extension of healthspan. Though exogenous introduction of BDNF in the human brain is an unlikely treatment for aging itself, animal experiments helped to elucidate BDNF as an upstream mediator of healthy aging processes. Such observations also emphasize the importance of the brain-body connection in systemic aging. Our hope is that these preclinical experiments provide the framework for understanding how human lifestyle interventions and environmental stimuli might initiate similar biological change toward healthspan extension and compression of morbidity. With these insights, researchers can develop novel environmimetics and epimimetics for pharmacological use – an exceptionally important goal because lifestyle interventions are difficult to implement in the long-term and are rarely a panacea (Kelly and Hannan, 2019; Hannan, 2020).

The aging process is highly heterogeneous and this is reflected through the vast differences in the physical and mental state of aged individuals. Of note, many aging processes occur in a sexually-dimorphic manner (Berchtold et al., 2008). Historical data shows that women outlive their male counterparts, even when controlling for cultures and causes of death (Austad, 2006). Despite this, women have higher overall rates of physical illness, disability days, chronic illnesses, and hospital stays than do men (Wingard, 1984). Animal modeling of aging-related sexual dimorphisms provides its own challenges. Notably, some animal models are incongruent with the human findings, with males more likely to live longer than females (Turturro et al., 1999). Historically, males have been the sex of choice for animal experiments, leading to biases in the literature. Unfortunately, a paucity of data exists in animal models to explain these the biology of aging sexual dimorphisms within EE. This is an ongoing field of study; naturally, we wonder if aging-EE phenotypes will be affected by sex. Our recent EE-aging work was completed in females (McMurphy et al., 2018b; Ali et al., 2019) for an experimental design reason; we surmised that they would be less likely to fight and compromise a long-term aging study. Further work investigating sexual dimorphisms in the aging-EE space is warranted, although special care must be taken to choose the appropriate animal model and experimental design.

While the majority of this review has covered the negative aspects of aging, some positivity can be found within the human aging process, which Rowe and Kahn termed “successful” aging. With age and retirement, some humans have more free time; while this time is fleeting, a greater portion is available for enjoyment of hobbies, traveling, and family or other social support systems. Aged humans also tend to better understand themselves in terms of strengths, weaknesses, and preferences. Rowe and Kahn recognized these and similar factors as contributing to a stronger autonomy and sense of control of one’s life as people age (Rowe and Kahn, 1987). However, the loss of support and control in one’s life from physical or mental ailments due to disease or normal aging, preclude maximization of this extra time and lead to further deterioration. This furthers the importance of determining biological mechanisms inherent to healthspan so that we might maximize precious time and happiness in our waning years.

Topics in this review suggest the essential role public health measures will play in implementation of healthy aging interventions. The aforementioned cognitive reserve theory indicates that some groups may be at higher risk for the development of neurodegenerative disease than others, due in part to reduced exposure to brain-stimulating activities. As we continue to explore both the breadth of application and the depth of known mechanisms involved in laboratory EE models, we will improve our ability to effectively apply their principles to humans. Current and future results from these efforts, in combination with public health initiatives and epidemiological evaluation, have great potential to improve human healthspan. Identification and engagement of at-risk populations will be essential in causing a noticeable shift in healthspan on a population level.

While these effects may take generations to become apparent, changes in the clinic are already occurring. There has been an increased focus on the “social determinants of health” over the last few decades (Schroeder, 2007) and a creation of “health systems science” to understand how to best deliver healthcare (Gonzalo et al., 2017a, b). To help accomplish this, allopathic medical schools in the United States have recently emphasized collecting more thorough social histories to aid in evaluation and treatment of a patient’s overall well-being and health. While medical fact-finding has long included inquiry of recreational hazards such as drug use or high-risk sexual activity, students are now taught to gather and consider detailed information on a patient’s diet, exercise, living situation, education, employment, recreation, involvement in their community, spirituality, and access to a sufficient support network. These data do more than just predict patient non-adherence; more importantly they help identify unknown factors impairing treatment. Knowledge of these environmental factors enable clinicians to discuss and engage in non-pharmacological treatments which may improve the effect of a treatment or possibly even reduce or eliminate its need. These didactic shifts indicate the acknowledgment of the influence of environment in clinical outcomes and the importance of a person’s psychological health toward their holistic health and well-being.

In summary, the goal to extend healthspan is a lofty one; researchers require a multitude of techniques to investigate which environmental interventions may have the greatest clinical impact. EE is one of the best-served tools due to its ability to ameliorate or prevent many age-associated declines in physiological function. In considering the brain-body connection, researchers can best understand the systemic processes that underlie aging and thus develop and evaluate effective therapeutic options to extend and improve healthspan.



AUTHOR CONTRIBUTIONS

NQ and QH wrote the review. LC revised the manuscript and provided the funding.



ACKNOWLEDGMENTS

We thank Dr. Daniel Clinchot of The Ohio State University’s College of Medicine for helpful comments and suggestions. This work was supported by NIH grants AG041250, CA166590, and CA163640 to LC.



REFERENCES

Abarkan, M., Gaitan, J., Lebreton, F., Perrier, R., Jaffredo, M., Mulle, C., et al. (2019). The glutamate receptor GluK2 contributes to the regulation of glucose homeostasis and its deterioration during aging. Mol. Metab. 30, 152–160. doi: 10.1016/j.molmet.2019.09.011

Aburas, R., Pati, D., Casanova, R., and Adams, N. G. (2017). The influence of nature stimulus in enhancing the birth experience. Health Environ. Res. Design J. 10, 81–100. doi: 10.1177/1937586716665581

Adams, M. M., Donohue, H. S., Linville, M. C., Iversen, E. A., Newton, I. G., and Brunso-Bechtold, J. K. (2010). Age-related synapse loss in hippocampal CA3 is not reversed by caloric restriction. Neuroscience 171, 373–382. doi: 10.1016/j.neuroscience.2010.09.022

Adlard, P., and Cotman, C. (2004). Voluntary exercise protects against stress-induced decreases in brain-derived neurotrophic factor protein expression. Neuroscience 124, 985–992. doi: 10.1016/j.neuroscience.2003.12.039

Aguilera, G. (2011). HPA axis responsiveness to stress: implications for healthy aging. Exp. Gerontol. 46, 90–95. doi: 10.1016/j.exger.2010.08.023

Ali, S., Liu, X., Queen, N. J., Patel, R. S., Wilkins, R. K., Mo, X., et al. (2019). Long-term environmental enrichment affects microglial morphology in middle age mice. Aging 11, 2388–2402. doi: 10.18632/aging.101923

Ali, S., Mansour, A. G., Huang, W., Queen, N. J., Mo, X., Anderson, J. M., et al. (2020). CSF1R inhibitor PLX5622 and environmental enrichment additively improve metabolic outcomes in middle-aged female mice. Aging 12, 2101–2122. doi: 10.18632/aging.102724

American Diabetes Association (2004). Physical activity/exercise and diabetes. Diabetes Care 27(Suppl. 1), s58–s62. doi: 10.2337/diacare.27.2007.s58

Anåker, A., von Koch, L., Heylighen, A., and Elf, M. (2019). “It’s lonely”: patients’ experiences of the physical environment at a newly built stroke unit. Health Environ. Res. Design J. 12, 141–152. doi: 10.1177/1937586718806696

Angelucci, F., Brenè, S., and Mathé, A. A. (2005). BDNF in schizophrenia, depression and corresponding animal models. Mol. Psychiatr. 10, 345–352. doi: 10.1038/sj.mp.4001637

Arendash, G. W., Garcia, M. F., Costa, D. A., Cracchiolo, J. R., Wefes, I. M., and Potter, H. (2004). Environmental enrichment improves cognition in aged Alzheimer’s transgenic mice despite stable β-amyloid deposition. Neuroreport 15, 1751–1754. doi: 10.1097/01.wnr.0000137183.68847.4e

Atzmon, G., Pollin, T. I., Crandall, J., Tanner, K., Schechter, C. B., Scherer, P. E., et al. (2008). Adiponectin levels and genotype: a potential regulator of life span in humans. J. Gerontol. Ser. A 63, 447–453. doi: 10.1093/gerona/63.5.447

Aune, D., Norat, T., Leitzmann, M., Tonstad, S., and Vatten, L. J. (2015). Physical activity and the risk of type 2 diabetes: a systematic review and dose–response meta-analysis. Eur. J. Epidemiol. 59, 2527–2545.

Austad, S. N. (2006). Why women live longer than men: sex differences in longevity. Gen. Med. 3, 79–92. doi: 10.1016/s1550-8579(06)80198-1

Bekinschtein, P., Oomen, C. A., Saksida, L. M., and Bussey, T. J. (2011). Effects of environmental enrichment and voluntary exercise on neurogenesis, learning and memory, and pattern separation: BDNF as a critical variable? Semi. Cell Dev. Biol. 22, 536–542. doi: 10.1016/j.semcdb.2011.07.002

Benaroya-Milshtein, N., Hollander, N., Apter, A., Kukulansky, T., Raz, N., Wilf, A., et al. (2004). Environmental enrichment in mice decreases anxiety, attenuates stress responses and enhances natural killer cell activity. Eur. J. Neurosci. 20, 1341–1347. doi: 10.1111/j.1460-9568.2004.03587.x

Benayoun, B. A., Pollina, E. A., and Brunet, A. (2015). Epigenetic regulation of ageing: linking environmental inputs to genomic stability. Nat. Rev. Mol. Cell Biol. 16, 593–610. doi: 10.1038/nrm4048

Berchtold, N. C., Cribbs, D. H., Coleman, P. D., Rogers, J., Head, E., Kim, R., et al. (2008). Gene expression changes in the course of normal brain aging are sexually dimorphic. Science 105, 15605–15610. doi: 10.1073/pnas.0806883105

Blomkvist, V., Eriksen, C., Theorell, T., Ulrich, R., and Rasmanis, G. (2005). Acoustics and psychosocial environment in intensive coronary care. Occup. Environ. Med. 62:e1. doi: 10.1136/oem.2004.017632

Brayton, C., Treuting, P., and Ward, J. (2012). Pathobiology of aging mice and GEM: background strains and experimental design. J. Vet. Pathol. 49, 85–105. doi: 10.1177/0300985811430696

Bruel-Jungerman, E., Laroche, S., and Rampon, C. (2005). New neurons in the dentate gyrus are involved in the expression of enhanced long-term memory following environmental enrichment. Eur. J. Neurosci. 21, 513–521. doi: 10.1111/j.1460-9568.2005.03875.x

Buckner, R. L. (2004). Memory and executive function in aging and AD: multiple factors that cause decline and reserve factors that compensate. Neuron 44, 195–208. doi: 10.1016/j.neuron.2004.09.006

Bulterijs, S., Hull, R. S., Björk, V. C. E., and Roy, A. G. (2015). It is time to classify biological aging as a disease. Front. Genet. 6:205. doi: 10.3389/fgene.2012.00205

Burrows, E. L., McOmish, C. E., and Hannan, A. J. (2011). Gene–environment interactions and construct validity in preclinical models of psychiatric disorders. Prog. Neuro Psychopharmacol. Biol. Psychiatr. 35, 1376–1382. doi: 10.1016/j.pnpbp.2010.12.011

Cai, D., and Khor, S. (2019). Hypothalamic microinflammation” paradigm in aging and metabolic diseases. Cell Metab. 30, 19–35. doi: 10.1016/j.cmet.2019.05.021

Calhoun, M. E., Kurth, D., Phinney, A. L., Long, J. M., Hengemihle, J., Mouton, P. R., et al. (1998). Hippocampal neuron and synaptophysin-positive bouton number in aging C57BL/6 mice. Neurobiol. Aging 19, 599–606. doi: 10.1016/s0197-4580(98)00098-0

Cao, L., Choi, E. Y., Liu, X., Martin, A., Wang, C., Xu, X., et al. (2011). White to brown fat phenotypic switch induced by genetic and environmental activation of a hypothalamic-adipocyte axis. Cell Metab. 14, 324–338. doi: 10.1016/j.cmet.2011.06.020

Cao, L., Lin, E. J., Cahill, M. C., Wang, C., Liu, X., and During, M. J. (2009). Molecular therapy of obesity and diabetes by a physiological autoregulatory approach. Nat. Med. 15, 447–454. doi: 10.1038/nm.1933

Cao, L., Liu, X., Lin, E. J., Wang, C., Choi, E. Y., Riban, V., et al. (2010). Environmental and genetic activation of a brain-adipocyte BDNF/leptin axis causes cancer remission and inhibition. Cell 142, 52–64. doi: 10.1016/j.cell.2010.05.029

Chahal, H., and Drake, W. (2007). The endocrine system and ageing. J. Pathol. 211, 173–180. doi: 10.1002/path.2110

Chen, W. W., Zhang, X., and Huang, W. J. (2016). Role of neuroinflammation in neurodegenerative diseases. Mol. Med. Rep. 13, 3391–3396. doi: 10.3892/mmr.2016.4948

Childs, B. G., Durik, M., Baker, D. J., and van Deursen, J. M. (2015). Cellular senescence in aging and age-related disease: from mechanisms to therapy. Nat. Med. 21, 1424–1435. doi: 10.1038/nm.4000

Chouliaras, L., Rutten, B. P., Kenis, G., Peerbooms, O., Visser, P. J., Verhey, F., et al. (2010). Epigenetic regulation in the pathophysiology of Alzheimer’s disease. Prog. Neurobiol. 90, 498–510.

Chrousos, G. P. (2000). The role of stress and the hypothalamic–pituitary–adrenal axis in the pathogenesis of the metabolic syndrome: neuro-endocrine and target tissue-related causes. Int. J. Obes. Relat. Metab. Disord. 24, S50–S55.

Colberg, S. R., Sigal, R. J., Fernhall, B., Regensteiner, J. G., Blissmer, B. J., Rubin, R. R., et al. (2010). Exercise and type 2 diabetes: the american college of sports medicine and the american diabetes association: joint position statement. Diabetes Care 33, e147–e167. doi: 10.2337/dc10-9990

Comery, T. A., Stamoudis, C. X., Irwin, S. A., and Greenough, W. (1996). Increased density of multiple-head dendritic spines on medium-sized spiny neurons of the striatum in rats reared in a complex environment. Neurobiol. Learn. Mem. 66, 93–96. doi: 10.1006/nlme.1996.0049

Comfort, A. (1979). The Biology of Senescence. Amsterdam: Elsevier.

Connellan, K., Gaardboe, M., Riggs, D., Due, C., Reinschmidt, A., and Mustillo, L. (2013). Stressed spaces: mental health and architecture. Health Environ. Res. Design J. 6, 127–168. doi: 10.1177/193758671300600408

Consorti, A., Sansevero, G., Torelli, C., Berardi, N., and Sale, A. (2019). From basic visual science to neurodevelopmental disorders: the voyage of environmental enrichment-like stimulation. Neural Plast. 2019:5653180.

Cracchiolo, J. R., Mori, T., Nazian, S. J., Tan, J., Potter, H., and Arendash, G. W. (2007). Enhanced cognitive activity—over and above social or physical activity—is required to protect Alzheimer’s mice against cognitive impairment, reduce Aβ deposition, and increase synaptic immunoreactivity. Neurobiol. Learn. Mem. 88, 277–294. doi: 10.1016/j.nlm.2007.07.007

de Beer, J., Bardoutsos, A., and Janssen, F. (2017). Maximum human lifespan may increase to 125 years. Nature 546, E16–E17.

De Kloet, E. R., Joëls, M., and Holsboer, F. (2005). Stress and the brain: from adaptation to disease. Nat. Rev. Neurosci. 6:463. doi: 10.1038/nrn1683

De Winter, G. (2015). Aging as disease. Med. Health Care Philos. 18, 237–243.

Dickstein, D. L., Weaver, C. M., Luebke, J. I., and Hof, P. R. (2013). Dendritic spine changes associated with normal aging. Neuroscience 251, 21–32. doi: 10.1016/j.neuroscience.2012.09.077

Dong, X., Milholland, B., and Vijg, J. (2016). Evidence for a limit to human lifespan. Nature 538, 257–259. doi: 10.1038/nature19793

Droste, S. K., Gesing, A., Ulbricht, S., Muller, M. B., Linthorst, A. C., and Reul, J. M. (2003). Effects of long-term voluntary exercise on the mouse hypothalamic-pituitary-adrenocortical axis. Endocrinology 144, 3012–3023. doi: 10.1210/en.2003-0097

DuBose, J., MacAllister, L., Hadi, K., and Sakallaris, B. (2018). exploring the concept of healing spaces. Health Environ. Res. Design J. 11, 43–56. doi: 10.1177/1937586716680567

During, M. J., Liu, X., Huang, W., Magee, D., Slater, A., McMurphy, T., et al. (2015). Adipose VEGF links the white-to-brown fat switch with environmental, genetic, and pharmacological stimuli in male mice. Endocrinology 156, 2059–2073. doi: 10.1210/en.2014-1905

Egan, M. F., Kojima, M., Callicott, J. H., Goldberg, T. E., Kolachana, B. S., Bertolino, A., et al. (2003). The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and human memory and hippocampal function. Cell 112, 257–269. doi: 10.1016/s0092-8674(03)00035-7

Erickson, K. I., Miller, D. L., and Roecklein, K. A. (2012). The aging hippocampus: interactions between exercise, depression, and BDNF. Neuroscientist 18, 82–97. doi: 10.1177/1073858410397054

Fabel, K., Wolf, S., Ehninger, D., Babu, H., Galicia, P., and Kempermann, G. (2009). Additive effects of physical exercise and environmental enrichment on adult hippocampal neurogenesis in mice. Front. Neurosci. 3:50. doi: 10.3389/neuro.22.002.2009

Faherty, C. J., Raviie Shepherd, K., Herasimtschuk, A., and Smeyne, R. J. (2005). Environmental enrichment in adulthood eliminates neuronal death in experimental parkinsonism. Mol. Brain Res. 134, 170–179. doi: 10.1016/j.molbrainres.2004.08.008

Ferrini, F., and De Koninck, Y. (2013). Microglia control neuronal network excitability via BDNF signalling. Neural Plast. 2013:429815.

Flatt, T. (2012). A new definition of aging? Fron. Genet. 3:148. doi: 10.3389/fgene.2012.00148

Flicker, L., Liu-Ambrose, T., and Kramer, A. F. (2011). Why so negative about preventing cognitive decline and dementia? The jury has already come to the verdict for physical activity and smoking cessation. Br. J. Sports Med. 45, 465–467. doi: 10.1136/bjsm.2010.077446

Fuellen, G., Jansen, L., Cohen, A. A., Luyten, W., Gogol, M., Simm, A., et al. (2019). Health and aging: unifying concepts, scores, biomarkers and pathways. Aging Dis. 10, 883–900.

Gagliardi, C., and Piccinini, F. (2019). The use of nature – based activities for the well-being of older people: an integrative literature review. Archiv. Gerontol. Geriatr. 83, 315–327. doi: 10.1016/j.archger.2019.05.012

Gagliardi, C., Santini, S., Piccinini, F., Fabbietti, P., and di Rosa, M. (2019). A pilot programme evaluation of social farming horticultural and occupational activities for older people in Italy. Health Soc. Care Commun. 27, 207–214. doi: 10.1111/hsc.12641

Gavrilov, L. A., and Gavrilova, N. S. (2017). Is aging a disease? A biodemographers’ point of view. Adv. Gerontol. 30, 841–842.

Gelfo, F. (2019). Does experience enhance cognitive flexibility? an overview of the evidence provided by the environmental enrichment studies. Front. Behav. Neurosci. 13:150. doi: 10.3389/fnbeh.2019.00150

Gems, D. (2015). The aging-disease false dichotomy: understanding senescence as pathology. Front. Genet. 6:212. doi: 10.3389/fgene.2012.00212

Gil-Campos, M., Cañete, R., and Gil, A. (2004). Adiponectin, the missing link in insulin resistance and obesity. Clin. Nutrit. 23, 963–974. doi: 10.1016/j.clnu.2004.04.010

Gladyshev, T. V., and Gladyshev, V. N. (2016). A Disease or not a disease? aging as a pathology. Trends Mol. Med. 22, 995–996.

Gladyshev, V. N. (2016). Aging: progressive decline in fitness due to the rising deleteriome adjusted by genetic, environmental, and stochastic processes. Aging Cell. 15, 594–602. doi: 10.1111/acel.12480

Gómez-Pinilla, F., Ying, Z., Roy, R. R., Molteni, R., and Edgerton, V. R. (2002). Voluntary exercise induces a BDNF-mediated mechanism that promotes neuroplasticity. J. Neurophysiol. 88, 2187–2195. doi: 10.1152/jn.00152.2002

Gonzalo, J. D., Dekhtyar, M., Starr, S. R., Borkan, J., Brunett, P., Fancher, T., et al. (2017a). Health systems science curricula in undergraduate medical education: identifying and defining a potential curricular framework. Acad. Med. 92, 123–131. doi: 10.1097/acm.0000000000001177

Gonzalo, J. D., Haidet, P., Papp, K. K., Wolpaw, D. R., Moser, E., Wittenstein, R. D., et al. (2017b). Educating for the 21st-century health care system: an interdependent framework of basic, clinical, and systems sciences. Acad. Med. 92, 35–39. doi: 10.1097/acm.0000000000000951

Goto, S., Gianfagia, T. J., Munafo, J. P., Fujii, E., Shen, X., Sun, M., et al. (2017). The power of traditional design techniques: the effects of viewing a japanese garden on individuals with cognitive impairment. Health Environ. Res. Design J. 10, 74–86. doi: 10.1177/1937586716680064

Green, K. N., Billings, L. M., Roozendaal, B., McGaugh, J. L., and LaFerla, F. M. (2006). Glucocorticoids increase amyloid-β and tau pathology in a mouse model of Alzheimer’s disease. J. Neurosci. 26, 9047–9056. doi: 10.1523/jneurosci.2797-06.2006

Griñán-Ferré, C., Izquierdo, V., Otero, E., Puigoriol-Illamola, D., Corpas, R., Sanfeliu, C., et al. (2018). Environmental enrichment improves cognitive deficits, ad hallmarks and epigenetic alterations presented in 5xFAD mouse model. Front. Cell Neurosci. 12:224. doi: 10.3389/fncel.2018.00224

Guillemot-Legris, O., and Muccioli, G. G. (2017). Obesity-induced neuroinflammation: beyond the hypothalamus. Trends Neurosci. 40, 237–253. doi: 10.1016/j.tins.2017.02.005

Haberman, R., Quigley, C., and Gallagher, M. (2012). Characterization of CpG island DNA methylation of impairment-related genes in a rat model of cognitive aging. Epigenetics 7, 1008–1019. doi: 10.4161/epi.21291

Hadi, K., Du Bose, J. R., and Choi, Y.-S. (2019). The effect of light on sleep and sleep-related physiological factors among patients in healthcare facilities: a systematic review. Health Environ. Res. Design J. 12, 116–141. doi: 10.1177/1937586719827946

Hannan, A. J. (2020). Epimimetics: novel therapeutics targeting epigenetic mediators and modulators. Trends Pharmacol. Sci. 41, 232–235. doi: 10.1016/j.tips.2020.01.005

Hannum, G., Guinney, J., Zhao, L., Zhang, L., Hughes, G., Sadda, S., et al. (2013). Genome-wide methylation profiles reveal quantitative views of human aging rates. Mol. Cell 49, 359–367. doi: 10.1016/j.molcel.2012.10.016

Hatanpää, K., Isaacs, K. R., Shirao, T., Brady, D. R., and Rapoport, S. I. (1999). Loss of proteins regulating synaptic plasticity in normal aging of the human brain and in Alzheimer Disease. J. Neuropathol. Exp. Neurol. 58, 637–643. doi: 10.1097/00005072-199906000-00008

Hauger, R. L., Thrivikraman, K., and Plotsky, P. (1994). Age-related alterations of hypothalamic-pituitary-adrenal axis function in male Fischer 344 rats. Endocrinology 134, 1528–1536. doi: 10.1210/endo.134.3.8119195

Hawkley, L. C., and Cacioppo, J. T. (2007). Aging and loneliness: downhill quickly? Curr. Direct. Psychol. Sci. 16, 187–191. doi: 10.1111/j.1467-8721.2007.00501.x

Hayflick, L. (2007). Biological aging is no longer an unsolved problem. Ann. N. Y. Acad. Sci. 1100, 1–13. doi: 10.1196/annals.1395.001

Hefendehl, J. K., Neher, J. J., Sühs, R. B., Kohsaka, S., Skodras, A., and Jucker, M. (2014). Homeostatic and injury-induced microglia behavior in the aging brain. Aging Cell 13, 60–69. doi: 10.1111/acel.12149

Herranz, N., and Gil, J. (2018). Mechanisms and functions of cellular senescence. J. Clin. Invest. 128, 1238–1246. doi: 10.1172/jci95148

Hockly, E., Cordery, P. M., Woodman, B., Mahal, A., Van Dellen, A., Blakemore, C., et al. (2002). Environmental enrichment slows disease progression in R6/2 Huntington’s disease mice. Ann. Neurol. 51, 235–242. doi: 10.1002/ana.10094

Hodgson, R., Kennedy, B. K., Masliah, E., Scearce-Levie, K., Tate, B., Venkateswaran, A., et al. (2020). Aging: therapeutics for a healthy future. Neurosci. Biobehav. Rev. 108, 453–458. doi: 10.1016/j.neubiorev.2019.11.021

Holliday, R. (2006). Aging is no longer an unsolved problem in biology. Ann. N. Y. Acad. Sci. 1067, 1–9. doi: 10.1196/annals.1354.002

Holloszy, J. O., Smith, E. K., Vining, M., and Adams, S. (1985). Effect of voluntary exercise on longevity of rats. J. Appl. Physiol. 59, 826–831. doi: 10.1152/jappl.1985.59.3.826

Horvath, S. (2013). DNA methylation age of human tissues and cell types. Genome Biol. 14:3156.

Horvath, S., Erhart, W., Brosch, M., Ammerpohl, O., von Schönfels, W., Ahrens, M., et al. (2014). Obesity accelerates epigenetic aging of human liver. Proc. Natl. Acad. Sci. U.S.A. 111, 15538–15543. doi: 10.1073/pnas.1412759111

Horvath, S., and Raj, K. (2018). DNA methylation-based biomarkers and the epigenetic clock theory of ageing. Nat. Rev. Genet. 19:371. doi: 10.1038/s41576-018-0004-3

Horvath, S., and Ritz, B. R. (2015). Increased epigenetic age and granulocyte counts in the blood of Parkinson’s disease patients. Aging 7:1130. doi: 10.18632/aging.100859

Houtkooper, R. H., Argmann, C., Houten, S. M., Cantó, C., Jeninga, E. H., Andreux, P. A., et al. (2011). The metabolic footprint of aging in mice. Sci. Rep. 1:134.

Hutchinson, E., Avery, A., and VandeWoude, S. (2005). Environmental enrichment for laboratory rodents. ILAR J. 46, 148–161. doi: 10.1093/ilar.46.2.148

Iwen, K. A. H., Senyaman, O., Schwartz, A., Drenckhan, M., Meier, B., Hadaschik, D., et al. (2008). Melanocortin crosstalk with adipose functions: ACTH directly induces insulin resistance, promotes a pro-inflammatory adipokine profile and stimulates UCP-1 in adipocytes. J. Endocrinol. 196, 465–472. doi: 10.1677/joe-07-0299

Jankowsky, J. L., Melnikova, T., Fadale, D. J., Xu, G. M., Slunt, H. H., Gonzales, V., et al. (2005). Environmental enrichment mitigates cognitive deficits in a mouse model of Alzheimer’s Disease. J. Neurosci. 25, 5217–5224. doi: 10.1523/jneurosci.5080-04.2005

Jha, S., Dong, B., and Sakata, K. (2011). Enriched environment treatment reverses depression-like behavior and restores reduced hippocampal neurogenesis and protein levels of brain-derived neurotrophic factor in mice lacking its expression through promoter IV. Transl. Psychiatry 1:e40. doi: 10.1038/tp.2011.33

Joseph, A., and Ulrich, R. P. (2007). Sound control for improved outcomes in healthcare settings. Center Health Design 4, 1–17.

Kaeberlein, M., Rabinovitch, P. S., and Martin, G. M. (2015). Healthy aging: the ultimate preventative medicine. Science 350, 1191–1193. doi: 10.1126/science.aad3267

Katic, M., Kennedy, A. R., Leykin, I., Norris, A., McGettrick, A., Gesta, S., et al. (2007). Mitochondrial gene expression and increased oxidative metabolism: role in increased lifespan of fat-specific insulin receptor knock-out mice. Aging Cell 6, 827–839. doi: 10.1111/j.1474-9726.2007.00346.x

Kauppila, T. E. S., Kauppila, J. H. K., and Larsson, N.-G. (2017). Mammalian mitochondria and aging: an update. Cell Metab. 25, 57–71. doi: 10.1016/j.cmet.2016.09.017

Kelly, A., and Hannan, A. J. (2019). Therapeutic impacts of environmental enrichment: neurobiological mechanisms informing molecular targets for enviromimetics. Neuropharmacology 145(Pt A), 1–2. doi: 10.1016/j.neuropharm.2018.11.005

Kempermann, G. (2019). Environmental enrichment, new neurons and the neurobiology of individuality. Nat. Rev. Neurosci. 20, 235–245. doi: 10.1038/s41583-019-0120-x

Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel, E. S., et al. (2014). Geroscience: linking aging to chronic disease. Cell 159, 709–713. doi: 10.1016/j.cell.2014.10.039

Kenyon, C. J. (2010). The genetics of ageing. Nature 464, 504–512.

Kernie, S. G., Liebl, D. J., and Parada, L. F. (2000). BDNF regulates eating behavior and locomotor activity in mice. EMBO J. 19, 1290–1300. doi: 10.1093/emboj/19.6.1290

Kiely, D. K., Wolf, P. A., Cupples, L. A., Beiser, A. S., and Kannel, W. B. (1994). Physical activity and stroke risk: the framingham study. Am. J. Epidemiol. 140, 608–620. doi: 10.1093/oxfordjournals.aje.a117298

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

Kujala, U. M. (2018). Is physical activity a cause of longevity? It is not as straightforward as some would believe. A critical analysis. Br. J. Sports Med. 52, 914–918. doi: 10.1136/bjsports-2017-098639

Lacanna, G., Wagenaar, C., Avermaete, T., and Swami, V. (2019). Evaluating the psychosocial impact of indoor public spaces in complex healthcare settings. Health Environ. Res. Design J. 12, 11–30. doi: 10.1177/1937586718812439

Lampinen, P., Heikkinen, R.-L., and Ruoppila, I. (2000). Changes in intensity of physical exercise as predictors of depressive symptoms among older adults: an eight-year follow-Up. Prevent. Med. 30, 371–380. doi: 10.1006/pmed.2000.0641

Lara, J., Godfrey, A., Evans, E., Heaven, B., Brown, L. J. E., Barron, E., et al. (2013). Towards measurement of the healthy ageing phenotype in lifestyle-based intervention studies. Maturitas 76, 189–199. doi: 10.1016/j.maturitas.2013.07.007

Laske, C., Stellos, K., Hoffmann, N., Stransky, E., Straten, G., Eschweiler, G. W., et al. (2011). Higher BDNF serum levels predict slower cognitive decline in Alzheimer’s disease patients. Intern. J. Neuropsychopharmacol. 14, 399–404. doi: 10.1017/s1461145710001008

Laviola, G., Hannan, A. J., Macrì, S., Solinas, M., and Jaber, M. (2008). Effects of enriched environment on animal models of neurodegenerative diseases and psychiatric disorders. Neurobiol. Dis. 31, 159–168. doi: 10.1016/j.nbd.2008.05.001

Lazarov, O., Robinson, J., Tang, Y.-P., Hairston, I. S., Korade-Mirnics, Z., Lee, V. M.-Y., et al. (2005). Environmental enrichment reduces Aβ levels and amyloid deposition in transgenic mice. Cell 120, 701–713. doi: 10.1016/j.cell.2005.01.015

Leal-Galicia, P., Castañeda-Bueno, M., Quiroz-Baez, R., and Arias, C. (2008). Long-term exposure to environmental enrichment since youth prevents recognition memory decline and increases synaptic plasticity markers in aging. Neurobiol. Learn. Mem. 90, 511–518. doi: 10.1016/j.nlm.2008.07.005

Lee, C. D., Folsom, A. R., and Blair, S. N. (2003). Physical activity and stroke risk: a meta-analysis. Stroke 34, 2475–2481. doi: 10.1161/01.str.0000091843.02517.9d

Lenart, A., and Vaupel, J. W. (2017). Questionable evidence for a limit to human lifespan. Nature 546, E13–E14.

Lettieri-Barbato, D., Giovannetti, E., and Aquilano, K. (2016). Effects of dietary restriction on adipose mass and biomarkers of healthy aging in human. Aging 8, 3341–3355. doi: 10.18632/aging.101122

Li, G., Gan, Y., Fan, Y., Wu, Y., Lin, H., Song, Y., et al. (2015). Enriched environment inhibits mouse pancreatic cancer growth and down-regulates the expression of mitochondria-related genes in cancer cells. Sci. Rep. 5:7856.

Liu, X., Magee, D., Wang, C., McMurphy, T., Slater, A., During, M., et al. (2014a). Adipose tissue insulin receptor knockdown via a new primate-derived hybrid recombinant AAV serotype. Mol. Ther. Methods Clin. Dev. 1:8. doi: 10.1038/mtm.2013.8

Liu, X., McMurphy, T., Xiao, R., Slater, A., Huang, W., and Cao, L. (2014b). Hypothalamic gene transfer of BDNF inhibits breast cancer progression and metastasis in middle age obese mice. Mol. Ther. 22, 1275–1284. doi: 10.1038/mt.2014.45

Foglesong, G., Queen, N., Huang, W., Widstrom, K., and Cao, L. (2019). Enriched environment inhibits breast cancer progression in obese models with intact leptin signaling. Endocr. Relat. Cancer 26, 483–495. doi: 10.1530/erc-19-0075

Foglesong, G. D., Queen, N. J., Huang, W., Widstrom, K. J., and Cao, L. (2019). Enriched environment inhibits breast cancer progression in obese models with intact leptin signaling. Endocr. Relat. Cancer 26:483.

Lommatzsch, M., Zingler, D., Schuhbaeck, K., Schloetcke, K., Zingler, C., Schuff-Werner, P., et al. (2005). The impact of age, weight and gender on BDNF levels in human platelets and plasma. Neurobiol. Aging 26, 115–123. doi: 10.1016/j.neurobiolaging.2004.03.002

Longo, V. D., Antebi, A., Bartke, A., Barzilai, N., Brown-Borg, H. M., Caruso, C., et al. (2015). Interventions to slow aging in humans: are we ready? Aging Cell 14, 497–510. doi: 10.1111/acel.12338

Lutz, C. T., and Quinn, L. S. (2012). Sarcopenia, obesity, and natural killer cell immune senescence in aging: altered cytokine levels as a common mechanism. Aging 4, 535–546. doi: 10.18632/aging.100482

Martinowich, K., Manji, H., and Lu, B. (2007). New insights into BDNF function in depression and anxiety. Nat. Neurosci. 10, 1089–1093. doi: 10.1038/nn1971

McEwen, B. S. (2007). Physiology and neurobiology of stress and adaptation: central role of the brain. Physiol. Rev. 87, 873–904. doi: 10.1152/physrev.00041.2006

McMurphy, T., Huang, W., Liu, X., Siu, J. J., Queen, N. J., Xiao, R., et al. (2018a). Hypothalamic gene transfer of BDNF promotes healthy aging in mice. Aging Cell 18:e12846. doi: 10.1111/acel.12846

McMurphy, T., Huang, W., Liu, X., Siu, J. J., Queen, N. J., Xiao, R., et al. (2018b). Implementation of environmental enrichment after middle age promotes healthy aging. Aging 10, 1698–1721. doi: 10.18632/aging.101502

Meijer, O., Topic, B., Steenbergen, P., Jocham, G., Huston, J., and Oitzl, M. (2005). Correlations between hypothalamus-pituitary-adrenal axis parameters depend on age and learning capacity. Endocrinology 146, 1372–1381. doi: 10.1210/en.2004-0416

Meng, X., and D’arcy, C. (2012). Education and dementia in the context of the cognitive reserve hypothesis: a systematic review with meta-analyses and qualitative analyses. PLoS One 7:e38268. doi: 10.1371/journal.pone.0038268

Meng, Z., Liu, T., Song, Y., Wang, Q., Xu, D., Jiang, J., et al. (2019). Exposure to an enriched environment promotes the terminal maturation and proliferation of natural killer cells in mice. Brain Behav. Immun. 77, 150–160. doi: 10.1016/j.bbi.2018.12.017

Mennes, E., Dungan, C. M., Frendo-Cumbo, S., Williamson, D. L., and Wright, D. C. (2013). Aging-associated reductions in lipolytic and mitochondrial proteins in mouse adipose tissue are not rescued by metformin treatment. J. Gerontol. Ser. A 69, 1060–1068. doi: 10.1093/gerona/glt156

Mo, C., Hannan, A. J., and Renoir, T. (2015). Environmental factors as modulators of neurodegeneration: insights from gene–environment interactions in Huntington’s disease. Neurosci. Biobehav. Rev. 52, 178–192. doi: 10.1016/j.neubiorev.2015.03.003

Molteni, R., Wu, A., Vaynman, S., Ying, Z., Barnard, R., and Gomez-Pinilla, F. (2004). Exercise reverses the harmful effects of consumption of a high-fat diet on synaptic and behavioral plasticity associated to the action of brain-derived neurotrophic factor. Neuroscience 123, 429–440. doi: 10.1016/j.neuroscience.2003.09.020

Mora, S., Cook, N., Buring, J. E., Ridker, P. M., and Lee, I.-M. (2007). Physical activity and reduced risk of cardiovascular events: potential mediating mechanisms. Circulation 116:2110. doi: 10.1161/circulationaha.107.729939

Moraitis, A. G., Block, T., Nguyen, D., and Belanoff, J. K. (2017). The role of glucocorticoid receptors in metabolic syndrome and psychiatric illness. J. Steroid. Biochem. Mol. Biol. 165, 114–120.

Mou, Z., Hyde, T. M., Lipska, B. K., Martinowich, K., Wei, P., Ong, C. J., et al. (2015). Human obesity associated with an intronic snp in the brain-derived neurotrophic factor locus. Cell Rep. 13, 1073–1080. doi: 10.1016/j.celrep.2015.09.065

Murri, M. B., Pariante, C., Mondelli, V., Masotti, M., Atti, A. R., Mellacqua, Z., et al. (2014). HPA axis and aging in depression: systematic review and meta-analysis. Psychoneuroendocrinology 41, 46–62. doi: 10.1016/j.psyneuen.2013.12.004

Nachat-Kappes, R., Pinel, A., Combe, K., Lamas, B., Farges, M. C., Rossary, A., et al. (2012). Effects of enriched environment on COX-2, leptin and eicosanoids in a mouse model of breast cancer. PLoS One 7:e51525. doi: 10.1371/journal.pone.0051525

Nehlin, J. O. (2017). Environmental and Physiological Cues on the Hypothalamus During Aging. Hormones in Ageing and Longevity. Berlin: Springer.

Newton, I. G., Forbes, M. E., Linville, M. C., Pang, H., Tucker, E. W., Riddle, D. R., et al. (2008). Effects of aging and caloric restriction on dentate gyrus synapses and glutamate receptor subunits. Neurobiol. Aging 29, 1308–1318. doi: 10.1016/j.neurobiolaging.2007.03.009

Nikolich-Žugich, J. (2018). The twilight of immunity: emerging concepts in aging of the immune system. Nat. Immunol. 19, 10–19. doi: 10.1038/s41590-017-0006-x

Nithianantharajah, J., and Hannan, A. J. (2006). Enriched environments, experience-dependent plasticity and disorders of the nervous system. Nat. Rev. Neurosci. 7, 697–709. doi: 10.1038/nrn1970

Norden, D. M., Muccigrosso, M. M., and Godbout, J. P. (2015). Microglial priming and enhanced reactivity to secondary insult in aging, and traumatic CNS injury, and neurodegenerative disease. Neuropharmacology 96, 29–41. doi: 10.1016/j.neuropharm.2014.10.028

Ohline, S. M., and Abraham, W. C. (2019). Environmental enrichment effects on synaptic and cellular physiology of hippocampal neurons. Neuropharmacology 145, 3–12. doi: 10.1016/j.neuropharm.2018.04.007

Olshansky, S. J. (2016). Measuring our narrow strip of life. Nature 538, 175–176. doi: 10.1038/nature19475

Olshansky, S. J. (2018). From lifespan to healthspan. JAMA 320, 1323–1324.

Olson, A. K., Eadie, B. D., Ernst, C., and Christie, B. R. (2006). Environmental enrichment and voluntary exercise massively increase neurogenesis in the adult hippocampus via dissociable pathways. Hippocampus 16, 250–260. doi: 10.1002/hipo.20157

Palmer, A. K., and Kirkland, J. L. (2016). Aging and adipose tissue: potential interventions for diabetes and regenerative medicine. Exper. Gerontol. 86, 97–105. doi: 10.1016/j.exger.2016.02.013

Pang, T. Y. C., and Hannan, A. J. (2013). Enhancement of cognitive function in models of brain disease through environmental enrichment and physical activity. Neuropharmacology 64, 515–528. doi: 10.1016/j.neuropharm.2012.06.029

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R. III, Lafaille, J. J., et al. (2013). Microglia promote learning-dependent synapse formation through brain-derived neurotrophic factor. Cell 155, 1596–1609. doi: 10.1016/j.cell.2013.11.030

Pedersen, L., Idorn, M., Olofsson, G. H., Lauenborg, B., Nookaew, I., Hansen, R. H., et al. (2016). Voluntary running suppresses tumor growth through epinephrine-and IL-6-dependent NK cell mobilization and redistribution. Cell Metab. 23, 554–562. doi: 10.1016/j.cmet.2016.01.011

Penner, M. R., Roth, T. L., Chawla, M. K., Hoang, L. T., Roth, E. D., Lubin, F. D., et al. (2011). Age-related changes in Arc transcription and DNA methylation within the hippocampus. Neurobiol. Aging 32, 2198–2210. doi: 10.1016/j.neurobiolaging.2010.01.009

Pereira, B. I., and Akbar, A. N. (2016). Convergence of innate and adaptive immunity during human aging. Front. Immunol. 7:445. doi: 10.3389/fgene.2012.00445

Perna, L., Zhang, Y., Mons, U., Holleczek, B., Saum, K.-U., and Brenner, H. (2016). Epigenetic age acceleration predicts cancer, cardiovascular, and all-cause mortality in a German case cohort. Clin. Epigenet. 8:64.

Petrescu, A. D., Kain, J. M., Liere, V., Heavener, T., and DeMorrow, S. (2018). Hypothalamus-pituitary-adrenal dysfunction in cholestatic liver Disease. Front. Endocrinol. 9:660. doi: 10.3389/fgene.2012.00660

Poe, B. H., Linville, C., Riddle, D. R., Sonntag, W. E., and Brunso-Bechtold, J. K. (2001). Effects of age and insulin-like growth factor-1 on neuron and synapse numbers in area CA3 of hippocampus. Neuroscience 107, 231–238. doi: 10.1016/s0306-4522(01)00341-4

Prado Lima, M. G., Schimidt, H. L., Garcia, A., Daré, L. R., Carpes, F. P., Izquierdo, I., et al. (2018). Environmental enrichment and exercise are better than social enrichment to reduce memory deficits in amyloid beta neurotoxicity. Proc. Natl. Acad. Sci. U.S.A. 115, E2403–E2409.

Quach, A., Levine, M. E., Tanaka, T., Lu, A. T., Chen, B. H., Ferrucci, L., et al. (2017). Epigenetic clock analysis of diet, exercise, education, and lifestyle factors. Aging 9, 419–446. doi: 10.18632/aging.101168

Queen, N. J., Boardman, A. A., Patel, R. S., Siu, J. J., Mo, X., and Cao, L. (2020). Environmental enrichment improves metabolic and behavioral health in the BTBR mouse model of autism. Psychoneuroendocrinology 111:104476. doi: 10.1016/j.psyneuen.2019.104476

Rattan, S. I. S. (2009). Theories of biological aging: genes, proteins, and free radicals. Free Rad. Res. 40, 1230–1238. doi: 10.1080/10715760600911303

Rawji, K. S., Mishra, M. K., Michaels, N. J., Rivest, S., Stys, P. K., and Yong, V. W. (2016). Immunosenescence of microglia and macrophages: impact on the ageing central nervous system. Brain 139, 653–661. doi: 10.1093/brain/awv395

Rios, M., Fan, G., Fekete, C., Kelly, J., Bates, B., Kuehn, R., et al. (2001). Conditional deletion of brain-derived neurotrophic factor in the postnatal brain leads to obesity and hyperactivity. Mol. Endocrinol. 15, 1748–1757. doi: 10.1210/mend.15.10.0706

Rogers, J., Renoir, T., and Hannan, A. J. (2019). Gene-environment interactions informing therapeutic approaches to cognitive and affective disorders. Neuropharmacology 145(Pt A), 37–48. doi: 10.1016/j.neuropharm.2017.12.038

Rose, M., Flatt, T., Graves, J. L., Greer, L. F., Martínez, D. E., Matos, M., et al. (2012). What is aging? Front. Genet. 3:134. doi: 10.3389/fgene.2012.00134

Rose, M. R. (1994). Evolutionary Biology of Aging. Oxford: Oxford University Press.

Rovio, S., Kåreholt, I., Helkala, E.-L., Viitanen, M., Winblad, B., Tuomilehto, J., et al. (2005). Leisure-time physical activity at midlife and the risk of dementia and Alzheimer’s disease. Lancet Neurol. 4, 705–711. doi: 10.1016/s1474-4422(05)70198-8

Rowe, J. W., and Kahn, R. L. (1987). Human aging: usual and successful. Science 237, 143–149. doi: 10.1126/science.3299702

Rowe, J. W., and Kahn, R. L. (1997). Successful aging. Gerontologist 37, 433–440.

Rozing, M. P., Kirkwood, T. B. L., and Westendorp, R. G. J. (2017). Is there evidence for a limit to human lifespan? Nature 546, E11–E12.

Sachs, N. A. (2019). A breath of fresh air: outdoor spaces in healthcare facilities can provide clean air and respite. Health Environ. Res. Design J. 12, 226–230. doi: 10.1177/1937586719872396

Sakallaris, B. R., MacAllister, L., Voss, M., Smith, K., and Jonas, W. B. (2015). Optimal healing environments. Glob. Adv. Health Med. 4, 40–45.

Salminen, A., and Kaarniranta, K. (2009). Regulation of the aging process by autophagy. Trends Mol. Med. 15, 217–224. doi: 10.1016/j.molmed.2009.03.004

Salthouse, T. A. (2000). Aging and measures of processing speed. Biol. Psychol. 54, 35–54. doi: 10.1016/s0301-0511(00)00052-1

Santini, S., Piccinini, F., and Gagliardi, C. (2019). Can a green care informal learning program foster active aging in older adults? results from a qualitative pilot study in central Italy. J. Appl. Gerontol. 4:733464819883769.

Sapolsky, R. M., Krey, L. C., and McEwen, B. S. (1986). The neuroendocrinology of stress and aging: the glucocorticoid cascade hypothesis. Endocr. Rev. 7, 284–301. doi: 10.1210/edrv-7-3-284

Scarmeas, N., and Stern, Y. (2003). Cognitive reserve and lifestyle. J. Clin. Exper. Neuropsychol. 25, 625–633.

Scarpace, P. J., Matheny, M., Moore, R. L., and Tümer, N. (2000). Impaired leptin responsiveness in aged rats. Diabetes 49:431. doi: 10.2337/diabetes.49.3.431

Scarpace, P. J., Matheny, M., and Tümer, N. (2001). Hypothalamic leptin resistance is associated with impaired leptin signal transduction in aged obese rats. Neuroscience 104, 1111–1117. doi: 10.1016/s0306-4522(01)00142-7

Schroeder, S. A. (2007). We can do better — improving the health of the American people. New Engl. J. Med. 357, 1221–1228. doi: 10.1056/nejmsa073350

Sen, P., Shah, P. P., Nativio, R., and Berger, S. L. (2016). Epigenetic mechanisms of longevity and aging. Cell 166, 822–839. doi: 10.1016/j.cell.2016.07.050

Shepherd, A., Zhang, T. D., Zeleznikow-Johnston, A. M., Hannan, A. J., and Burrows, E. L. (2018). Transgenic mouse models as tools for understanding how increased cognitive and physical stimulation can improve cognition in Alzheimer’s Disease. Brain Plast. 4, 127–150. doi: 10.3233/bpl-180076

Shetty, A. K., Kodali, M., Upadhya, R., and Madhu, L. N. (2018). Emerging anti-aging strategies - scientific basis and efficacy. Aging Dis. 9, 1165–1184.

Shi, L., Adams, M. M., Linville, M. C., Newton, I. G., Forbes, M. E., Long, A. B., et al. (2007). Caloric restriction eliminates the aging-related decline in NMDA and AMPA receptor subunits in the rat hippocampus and induces homeostasis. Exper. Neurol. 206, 70–79. doi: 10.1016/j.expneurol.2007.03.026

Sierra, A., Gottfried-Blackmore, A. C., McEwen, B. S., and Bulloch, K. (2007). Microglia derived from aging mice exhibit an altered inflammatory profile. Glia 55, 412–424. doi: 10.1002/glia.20468

Sjölander, A., Jakobsson, U. E., Theorell, T., Nilsson, A., and Ung, K.-A. (2019). Hospital design with nature films reduces stress-related variables in patients undergoing colonoscopy. Health Environ. Res. Design J. 12, 186–196. doi: 10.1177/1937586719837754

Slater, A. M., and Cao, L. (2015). A protocol for housing mice in an enriched environment. J. Vis. Exp. 10:e52874.

Smith, T. D., Adams, M. M., Gallagher, M., Morrison, J. H., and Rapp, P. R. (2000). Circuit-Specific alterations in hippocampal synaptophysin immunoreactivity predict spatial learning impairment in aged rats. Cell 20, 6587–6593. doi: 10.1523/jneurosci.20-17-06587.2000

Solé-Padullés, C., Bartrés-Faz, D., Junqué, C., Vendrell, P., Rami, L., Clemente, I. C., et al. (2009). Brain structure and function related to cognitive reserve variables in normal aging, mild cognitive impairment and Alzheimer’s disease. Neurobiol. Aging 30, 1114–1124. doi: 10.1016/j.neurobiolaging.2007.10.008

Song, Z., Von Figura, G., Liu, Y., Kraus, J. M., Torrice, C., Dillon, P., et al. (2010). Lifestyle impacts on the aging-associated expression of biomarkers of DNA damage and telomere dysfunction in human blood. Aging Cell 9, 607–615. doi: 10.1111/j.1474-9726.2010.00583.x

Speliotes, E. K., Willer, C. J., Berndt, S. I., Monda, K. L., Thorleifsson, G., Jackson, A. U., et al. (2010). Association analyses of 249,796 individuals reveal 18 new loci associated with body mass index. Nat. Genet. 42, 937–948.

Spencer, S. J., Emmerzaal, T. L., Kozicz, T., and Andrews, Z. B. (2015). Ghrelin’s role in the hypothalamic-pituitary-adrenal axis stress response: implications for mood disorders. Biol. Psychiatry 78, 19–27. doi: 10.1016/j.biopsych.2014.10.021

Spencer, W. D., and Raz, N. (1995). Differential effects of aging on memory for content and context: a meta-analysis. Psychol. Aging 10:527. doi: 10.1037/0882-7974.10.4.527

Spires, T. L., Grote, H. E., Varshney, N. K., Cordery, P. M., van Dellen, A., Blakemore, C., et al. (2004). Environmental enrichment rescues protein deficits in a mouse model of Huntington’s Disease. Indic. Possib. Dis. Mech. 24, 2270–2276. doi: 10.1523/jneurosci.1658-03.2004

Spittau, B. (2017). Aging microglia—phenotypes, functions and implications for age-related neurodegenerative diseases. Front. Aging Neurosci. 9:194. doi: 10.3389/fgene.2012.00194

Stanford, K. I., Middelbeek, R. J. W., and Goodyear, L. J. (2015). Exercise effects on white adipose tissue: beiging and metabolic adaptations. Diabetes 64, 2361–2368. doi: 10.2337/db15-0227

Stern, Y. (2002). What is cognitive reserve? Theory and research application of the reserve concept. J. Intern. Neuropsychol. Soc. 8, 448–460. doi: 10.1017/s1355617702813248

Stern, Y., and Barulli, D. (2019). “Chapter 11 - cognitive reserve,” in Handbook of Clinical Neurology, eds S. T. Dekosky and S. Asthana (Amsterdam: Elsevier), 181–190.

Stern, Y., Gurland, B., Tatemichi, T. K., Tang, M. X., Wilder, D., and Mayeux, R. (1994). Influence of education and occupation on the incidence of Alzheimer’s Disease. JAMA 271, 1004–1010. doi: 10.1001/jama.271.13.1004

Stranahan, A. M., Lee, K., Martin, B., Maudsley, S., Golden, E., Cutler, R. G., et al. (2009). Voluntary exercise and caloric restriction enhance hippocampal dendritic spine density and BDNF levels in diabetic mice. Hippocampus 19, 951–961. doi: 10.1002/hipo.20577

Swaab, D. F., Bao, A.-M., and Lucassen, P. J. (2005). The stress system in the human brain in depression and neurodegeneration. Ageing Res. Rev. 4, 141–194. doi: 10.1016/j.arr.2005.03.003

Sztainberg, Y., and Chen, A. (2010). An environmental enrichment model for mice. Nat. Protoc. 5, 1535–1539. doi: 10.1038/nprot.2010.114

Sztainberg, Y., Kuperman, Y., Tsoory, M., Lebow, M., and Chen, A. (2010). The anxiolytic effect of environmental enrichment is mediated via amygdalar CRF receptor type 1. Mol. Psychiatry 15:905. doi: 10.1038/mp.2009.151

Timmermann, C., Uhrenfeldt, L., Hoybye, M., and Birkelund, R. (2014). A palliative environment: caring for seriously ill hospitalized patients. Palliat. Support. Care 13, 1–9.

Tizabi, Y., Aguilera, G., and Gilad, G. M. (1992). Age-related reduction in pituitary corticotropin-releasing hormone receptors in two rat strains. Neurobiol. Aging 13, 227–230. doi: 10.1016/0197-4580(92)90034-u

Turturro, A., Witt, W. W., Lewis, S., Hass, B. S., Lipman, R. D., and Hart, R. W. (1999). Growth curves and survival characteristics of the animals used in the biomarkers of aging program. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 54, B492–B501.

Ulrich, R. (1997). A theory of supportive design for healthcare facilities. J. Healthc. Design 9, 3–7.

Ulrich, R. (2008). Effects of healthcare acoustics on medical outcomes. J. Acoust. Soc. Am. 123:3094. doi: 10.1121/1.2932937

Ulrich, R. S. (1984). View through a window may influence recovery from surgery. Science 224, 420–421. doi: 10.1126/science.6143402

Ulrich, R. S. (1991). Effects of interior design on wellness: theory and recent scientific research. J. Health Care Inter. Design 3, 97–109.

Ulrich, R. S., Bogren, L., Gardiner, S. K., and Lundin, S. (2018). Psychiatric ward design can reduce aggressive behavior. J. Environ. Psychol. 57, 53–66. doi: 10.1016/j.jenvp.2018.05.002

Ulrich, R. S., Cordoza, M., Gardiner, S. K., Manulik, B. J., Fitzpatrick, P. S., Hazen, T. M., et al. (2019). ICU patient family stress recovery during breaks in a hospital garden and indoor environments. Health Environ. Res. Design J. 13:1937586719867157.

Ulrich, R. S., Zimring, C., Zhu, X., DuBose, J., Seo, H.-B., Choi, Y.-S., et al. (2008). A review of the research literature on evidence-based healthcare design. Health Environ. Res. Design J. 1, 61–125.

Vaiserman, A., De Falco, E., Koliada, A., Maslova, O., and Balistreri, C. R. (2019). Anti-ageing gene therapy: Not so far away? Ageing Res. Rev. 56:100977. doi: 10.1016/j.arr.2019.100977

Vale, W., Spiess, J., Rivier, C., and Rivier, J. (1981). Characterization of a 41-residue ovine hypothalamic peptide that stimulates secretion of corticotropin and β-endorphin. Science 8, 1394–1397. doi: 10.1126/science.6267699

van Dellen, A., Blakemore, C., Deacon, R., York, D., and Hannan, A. J. (2000). Delaying the onset of Huntington’s in mice. Nature 404, 721–722. doi: 10.1038/35008142

van Deursen, J. M. (2014). The role of senescent cells in ageing. Nature 509, 439–446. doi: 10.1038/nature13193

Verhaeghen, P., and Salthouse, T. A. (1997). Meta-analyses of age–cognition relations in adulthood: estimates of linear and nonlinear age effects and structural models. Psychol. Bull. 122:231. doi: 10.1037/0033-2909.122.3.231

Vieira, V. J., Valentine, R. J., Wilund, K. R., Antao, N., Baynard, T., and Woods, J. A. (2009). Effects of exercise and low-fat diet on adipose tissue inflammation and metabolic complications in obese mice. Am. J. Physiol. Endocrinol. 296, E1164–E1171.

Vitale, G., Salvioli, S., and Franceschi, C. (2013). Oxidative stress and the ageing endocrine system. Nat. Rev. Endocrinol. 9, 228–240. doi: 10.1038/nrendo.2013.29

Wadden, T. A., and Bray, G. A. (2018). Handbook of Obesity Treatment. New York, NY: Guilford Publications.

Wannamethee, S. G., and Shaper, A. G. (2001). Physical activity in the prevention of cardiovascular disease. Sports Med. 31, 101–114.

Wassouf, Z., and Schulze-Hentrich, J. M. (2019). Alpha-synuclein at the nexus of genes and environment: the impact of environmental enrichment and stress on brain health and disease. J. Neurochem. 150, 591–604. doi: 10.1111/jnc.14787

Weiskopf, D., Weinberger, B., and Grubeck-Loebenstein, B. (2009). The aging of the immune system. Transpl. Intern. 22, 1041–1050.

White, Z., Terrill, J., White, R. B., McMahon, C., Sheard, P., Grounds, M. D., et al. (2016). Voluntary resistance wheel exercise from mid-life prevents sarcopenia and increases markers of mitochondrial function and autophagy in muscles of old male and female C57BL/6J mice. Skelet. Muscle 6:45.

Wingard, D. L. (1984). The sex differential in morbidity, mortality, and lifestyle. Annu. Rev. Public Health 5, 433–458. doi: 10.1146/annurev.pu.05.050184.002245

Wolfer, D. P., Litvin, O., Morf, S., Nitsch, R. M., Lipp, H.-P., and Würbel, H. (2004). Laboratory animal welfare: cage enrichment and mouse behaviour. Nature 432:821. doi: 10.1016/0003-3472(95)90055-1

Xiao, R., Bergin, S. M., Huang, W., Slater, A. M., Liu, X., Judd, R. T., et al. (2016). Environmental and genetic activation of hypothalamic BDNF modulates t-cell immunity to exert an anticancer phenotype. Cancer Immunol. Res. 4, 488–497. doi: 10.1158/2326-6066.cir-15-0297

Yamanaka, M., Itakura, Y., Ono-Kishino, M., Tsuchida, A., Nakagawa, T., and Taiji, M. (2008a). Intermittent administration of brain-derived neurotrophic factor (BDNF) ameliorates glucose metabolism and prevents pancreatic exhaustion in diabetic mice. J. Biosci. Bioeng. 105, 395–402. doi: 10.1263/jbb.105.395

Yamanaka, M., Itakura, Y., Tsuchida, A., Nakagawa, T., and Taiji, M. (2008b). Brain-derived neurotrophic factor (BDNF) prevents the development of diabetes in prediabetic mice. Biomed. Res. 29, 147–153. doi: 10.2220/biomedres.29.147

Yamanaka, M., Itakura, Y., Tsuchida, A., Nakagawa, T., Noguchi, H., and Taiji, M. (2007a). Comparison of the antidiabetic effects of brain-derived neurotrophic factor and thiazolidinediones in obese diabetic mice. Diabetes Obes. Metab. 9, 879–888. doi: 10.1111/j.1463-1326.2006.00675.x

Yamanaka, M., Tsuchida, A., Nakagawa, T., Nonomura, T., Ono-Kishino, M., Sugaru, E., et al. (2007b). Brain-derived neurotrophic factor enhances glucose utilization in peripheral tissues of diabetic mice. Diabetes Obes. Metab. 9, 59–64. doi: 10.1111/j.1463-1326.2006.00572.x

Zacks, R. T., Hasher, L., and Li, K. Z. H. (2000). Human Memory. The Handbook Of Aging And Cognition. Mahwah, NJ: Lawrence Erlbaum Associates Publishers.

Zajac, M. S., Pang, T. Y. C., Wong, N., Weinrich, B., Leang, L. S. K., Craig, J. M., et al. (2010). Wheel running and environmental enrichment differentially modify exon-specific BDNF expression in the hippocampus of wild-type and pre-motor symptomatic male and female Huntington’s disease mice. Hippocampus 20, 621–636.

Zhu, S., Tian, Z., Torigoe, D., Zhao, J., Xie, P., Sugizaki, T., et al. (2019). Aging- and obesity-related peri-muscular adipose tissue accelerates muscle atrophy. PLoS One 14:e0221366. doi: 10.1371/journal.pone.00221366

Ziebell, J. M., Adelson, P. D., and Lifshitz, J. (2015). Microglia: dismantling and rebuilding circuits after acute neurological injury. Metab. Brain Dis. 30, 393–400. doi: 10.1007/s11011-014-9539-y


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.

Copyright © 2020 Queen, Hassan and Cao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Improvements to Healthspan Through Environmental Enrichment and Lifestyle Interventions: Where Are We Now?



		INTRODUCTION



		Environmental Enrichment



		Lifespan, Healthspan, and Aging







		BIOLOGICAL CONSEQUENCES OF AGING AND THE NEED FOR IMPROVEMENTS IN HEALTHSPAN



		Cognitive and Behavioral Aspects of Aging



		The Hypothalamic-Pituitary-Adrenal (HPA) Axis



		Metabolic Function



		Immune Function



		Aging and Epigenetic Change







		ENVIRONMENTAL ENRICHMENT AND AGING



		Promoting Healthy Aging Through EE



		Caveats of Using EE to Study Lifespan







		THE SEARCH FOR EE TRANSLATION



		Physical Activity



		Lost in Translation: Current Limitations of EE Crosstalk







		THERAPEUTIC VALUE OF ENRICHMENT AND LIFESTYLE INTERVENTIONS



		Loneliness and Social Prescribing



		Cognitive Decline and Reserve



		Optimization of Environment in Medicine







		DISCUSSION AND FUTURE CONSIDERATIONS



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fnins-14-00605-g001.jpg
Enlarged Housing Space &
Frequent Rearrangement

Hypothalamus

Brain
1 Microglial Function

| Mental Stimulation |

Brown Adipose Tissue

ﬁ 1 Thermogenesis

1 Mitochondrial Function

"Adrenal Glands

Corticosterone/Cortisol
Stress Response

| Toys & Shelter |

Muscle
| Sarcopenia

OO

White Adipose Tissue
1 Browning/Beiging
1 Immune Function

| Social Partners |

Global
| Leptin

1 Adiponectin
Liver

( 1 Insulin Sensitivity
1 Glucose Uptake

| Hepatosteatosis _Pamfreas
1 Glycemic Control

| Social Partners |

|[Physical Activity|

| |Physical Activity|






OPS/images/cover.jpg
, frontiers
In Neuroscience










OPS/images/logo.jpg
' frontiers

in Neuroscience





