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Abstract

Sensory neurons provide organisms with data about the world in which they live, for the purpose 

of successfully exploiting their environment. The consequences of sensory perception are not 

simply limited to decision-making behaviors; evidence suggests that sensory perception directly 

influences physiology and aging, a phenomenon that has been observed in animals across taxa. 

Therefore, understanding the neural mechanisms by which sensory input influences aging may 

uncover novel therapeutic targets for aging-related physiologies. In this review, we examine 

different perceptive experiences that have been most clearly linked to aging or age-related disease: 

food perception, social perception, time perception, and threat perception. For each, the sensory 

cues, receptors, and/or pathways that influence aging as well as the individual or groups of 

neurons involved, if known, are discussed. We conclude with general thoughts about the potential 

impact of this line of research on human health and aging.
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INTRODUCTION

Aging is a phenomenon that impacts nearly all organisms. The aging process is generally 

characterized by a continuous health decline that results in diminished vitality and increased 

morbidity that, in humans, is typically associated with negative feelings. According to the 

writings of the nineteenth-century Italian philosopher, Giacomo Leopardi, “Old age is the 

supreme evil, because it deprives us of all pleasures, leaving us only the appetite for them, 

and it brings with it all sufferings.” Stories about the search for ways to slow down or even 

halt the aging process are found in historical tales from around the world: in Russia through 

spletch@umich.edu. 

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the 

objectivity of this review.

HHS Public Access
Author manuscript
Annu Rev Physiol. Author manuscript; available in PMC 2020 February 12.

Published in final edited form as:

Annu Rev Physiol. 2020 February 10; 82: 227–249. doi:10.1146/annurev-physiol-021119-034440.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the legends of Alexander the Great, in ancient Greece through the writings of the fifth-

century historian Herodotus, in the stories of the indigenous people of the Caribbean, and in 

the sixteenth-century tales (now considered myth) of the exploits of the Spaniard Juan Ponce 

de León in his search for the Fountain of Youth. It is clear from the prevalence of such 

stories that the fear of growing old is a universal concern as we continue to look for ways to 

mitigate its effects.

Today, the scientific method rather than oral history is used to guide our investigations on 

aging. However, it was not always clear that modern science would be able to generate 

impactful insights into how organisms age given the complexity associated with the aging 

phenotype. Early work by Pearl’s and McCay’s groups (1, 2) showed that systematic 

experimental manipulation can alter life span in different species, and in some cases, extend 

it. A genetic screen for mutations that extended life span in the nematode worm, 

Caenorhabditis elegans, further demonstrated that aging is genetically influenced, although 

the specific genes responsible were not identified (3). Kenyon and colleagues (4) identified 

one such gene, the insulin-growth factor receptor daf-2, providing seminal evidence that life 

span can be significantly increased by mutating a single gene. Since then, many genes have 

been discovered that, when altered, directly affect how organisms age. These studies have 

revealed evolutionarily conserved molecular events and pathways that modulate life span in 

different species, some of which include insulin/insulin-like growth factor signaling (IIS), 

target of rapamycin signaling, the unfolded protein response, genomic instabilities, 

epigenetic drift, mitochondrial dysfunction, and cellular senescence (5). While extended 

discussions on the theories of aging in light of each of these pathways are beyond the scope 

of this review and are examined in detail elsewhere (5), the fact that these cellular pathways 

can be manipulated in a manner that slows aging and extends life span clearly demonstrates 

that the phenotypic complexities associated with aging may have simpler, common causes.

The goal of aging research is not to simply prolong life. Biologists who study aging believe 

that by understanding the details of how we age, important strides will be made toward 

delaying or eliminating the onset of many age-related diseases such as cancer, 

cardiovascular disease, and dementia. There are data that suggest this to be true. For 

example, mice that lived longer as a result of diet restriction (6) or the loss of growth 

hormone receptor/binding protein (7) experienced lower cancer incidence, and monkeys 

given a low-calorie diet exhibited decreased overall morbidity as well as decreased 

incidences of cancer, diabetes, and brain atrophy (8). Modulating the activity of genes and 

pathways that determine the rate of aging and that delay many age-associated pathologies, 

with the objective of identifying those that also minimize negative side effects, would 

therefore have significant therapeutic benefit. This is particularly important because the 

population structures of many countries are shifting toward an increasing percentage of older 

individuals. Hence, the primary goal of aging research today is to slow aging and to extend 

meaningful, healthy life span.

Arguably, however, a conceptual shift has occurred in recent years with respect to the nature 

of the specific molecular and environmental influences that impact life span. While long 

considered a process that animals experience passively, through the accumulation of 

molecular damage or use of a finite amount of energy, it is now clear that aging is modulated 
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by specific pathways. It is acutely malleable, susceptible to sensory influences, and strictly 

controlled, non-autonomously, by specific cells and tissues, including coordinated sets of 

neurons. In this view, organisms continuously perceive and evaluate key biological states, 

such as nutrient availability and demand, and they react, physiologically, in ways that 

promote individual survival or reproduction.

This perspective serves to focus the content of our review, in which we present evidence that 

sensory perception influences energy homeostasis, tissue physiology, and organism aging 

through neuronal circuits that emanate from sensory tissues and that interface with deeper 

regions of the central nervous system (CNS). The molecular study of these relationships is 

often traced back to the work of Apfeld & Kenyon (9) who used C. elegans to show that 

mutants with absent or defective sensory cilia lived longer. In the years since, sensory effects 

on health and aging have been observed across the phylogeny of invertebrate and vertebrate 

animals. Functional manipulation of discrete sensory neurons in C. elegans either shortened 

or extended life span depending on the specific neurons involved (10). Genetic 

manipulations that rendered Drosophila melanogaster broadly anosmic significantly affected 

life span, as did environmental cues such as sweet taste, water, danger, and pheromones (11). 

Manipulation of the sensory system also influenced life span in mammals, as loss of the pain 

receptor TRPV1 significantly extended mouse life span (12).

The understanding of how sensory perception affects aging and age-related disease is rudi-

mentary, and much of what is currently known is derived from experiments using 

invertebrate model systems, specifically the fruit fly, Drosophila, and the nematode worm, 

C. elegans. Genetic and neuronal manipulations are straightforward in these animals, and 

life span assays take a few weeks or a few months, which has allowed researchers to 

establish causal links between sensory circuits and aging. This review therefore focuses on 

progress in these systems, although relevant examples are provided in vertebrates when 

possible to illustrate evolutionary conservation of the phenotypes as well as to highlight 

areas that merit investigation in species more closely related to humans. The body of the 

review is divided into four main sections based on different types of perceptive experiences 

that have been most clearly linked to aging or age-related disease: food perception, social 

perception, time perception, and threat perception. Each section details findings that describe 

how specific sensory cues, receptors, and/or pathways influence aging as well as the 

individual or groups of neurons involved, if known. General thoughts about the future of this 

line of research are then provided at the end of this perspective.

FOOD PERCEPTION

Diet is one of the most potent, and arguably the most well-known, modulator of health, 

behavior, and life span. To our knowledge, the earliest published observation in which aging 

was shown to be modulated by diet was made by Kopec in 1928 (13), who discovered that 

intermittent starvation of adult Drosophila extended life span. Soon after, McKay and 

colleagues (1) reported that feeding rats a calorically restricted diet also significantly 

extended life span. Since this time, similar manipulations, most of which were designed to 

reduce caloric availability in the diet, have been shown to extend life span in a range of 

different species and to improve metabolic health measures in humans (14). However, recent 
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results, many of which have utilized the Geometric Framework for Nutrition, have 

established that the composition and availability of specific nutrients within the diet are 

more influential in modulating life span than caloric content alone (15). Even the way in 

which individual nutrients are presented may be important; simply separating the sugar and 

yeast components of the Drosophila diet, thereby allowing the animals to decide on the 

pattern and amount of nutrient uptake, modulates life span independent of the amount of 

each nutrient consumed (16). These studies provide compelling evidence that aging is 

influenced not only by caloric intake, but also by the type, quantity, consumption, and 

presentation of individual dietary components.

The mechanisms by which diet imposes changes in physiology and life span remain unclear. 

Cell-autonomous changes in metabolic and storage tissues as a direct result of nutrient 

availability are clearly influential, but the nervous system also orchestrates cell non-

autonomous changes throughout the organism in response to various forms of nutrient 

perception. In Drosophila, protein deprivation induced synaptic remodeling and altered 

firing properties of a specific dopaminergic circuit (17). Such changes were required for 

compensatory protein feeding after deprivation, and they were reversed by reintroducing the 

amino acids glutamine or tryptophan. In mice, fatty acid feeding modulated markers of 

sympathetic nervous system output to adipose tissue, implicating neuronal function 

regulation by fatty acids as an important determinant of metabolic health (18).

Perception of dietary components is sufficient to modulate aging and metabolic health 

independent of food intake in a variety of model systems, including C. elegans (10), 

Drosophila (19), and mice (20). In C. elegans, food-derived odors were sufficient to increase 

insulin-like peptide 6 and decrease life span, effects that required sensory neurons that are 

lost in tax-2/tax-4 mutants (21). In flies, food odors partially reversed the longevity-

extending benefits of dietary restriction, and olfactory-deficient flies lived up to 50% longer 

than control animals (22). Taste-blind flies lived longer than control flies, despite eating 

more (19). Ablation of mature olfactory sensory neurons in mice stimulated sympathetic 

nerve activity that resulted in β-adrenergic receptor activation in adipocytes to promote fat 

degradation, suggesting a possible neuronal mechanism by which mice were resistant to 

diet-induced obesity (20). The environmental cues that elicit effects on life span are often 

species specific and ecologically relevant. For example, olive flies (Bactrocera oleae) 

exposed to alpha-pinene, a common plant compound that is present in both olive fruit and 

leaves, exhibited increased life span and reproduction (23).

These examples highlight a growing realization of the link that exists between dietary cues 

and specific neural or endocrine circuits that modulate healthy aging, which are summarized 

in the next section and include the dietary cues themselves as well as the intracellular 

molecules that bridge diet perception with aging effects. For discussion purposes, different 

aspects of nutrient perception are considered (Figure 1), although in practice, they are almost 

surely not mutually exclusive in mechanism or effect. The first is closely related to canonical 

sensory perception in which peripheral sensory circuits, driven often by the sight, taste, or 

smell of specific nutrients, transduce external information to higher brain regions. Aging 

effects are therefore orchestrated by the CNS and mediated through cell non-autonomous 

mechanisms. The second involves internal nutrient-sensing mechanisms that are responsive 
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to unmetabolized nutrients (nutrient sensing) or their catabolized molecular byproducts 

(metabolic sensing), independent of external sensory input. These molecules are often 

sensed by cells both inside and outside of the nervous system, and they may provoke actions 

that are cell autonomous or non-autonomous.

Sugar Perception

Sugar overconsumption is generally detrimental to animals, and it is associated with 

increased energy storage and declining metabolic health, which leads to excessive body 

weight, metabolic disorders (e.g., diabetes and hyperphagia), and reduced life span (24–27). 

Indeed, flies on high sugar diets store more triglycerides and become obese (28), whereas 

mice on Western-style diets high in sugar and fat develop diabetes and obesity (29). One 

possible mechanism of action driving these effects involves increased cellular respiration 

that results from increased glucose consumption and leads to increased energy production in 

the form of ATP, which is classically associated with excess energy storage and declining 

metabolic health.

The consequences of increased energy storage on health and aging are broad and may be 

inter-twined with other, independent effects. For example, glucose metabolism increases 

intracellular levels of acetyl-CoA. Similar to protein phosphorylation, this metabolite is used 

for the posttranslational modification of many proteins that influence cell function, including 

mechanistic target of rapamycin (mTOR) regulatory proteins that are associated with aging. 

Acetyl-CoA has been well studied in the context of gene expression regulation (see 30 for a 

review). These data suggest that dietary sugar may influence healthy aging via a 

combination of changes in energy storage, protein posttranslational modifications that 

modulate life span, and altered gene regulation. Importantly for this review, however, is that 

the perception of sugar alone can influence behavior and aging. For instance, perceiving 

dietary sugar through taste receptors in Drosophila was both necessary and sufficient to 

suppress starvation-induced sleep loss when animals encountered nutrient-poor food sources 

(31). Loss of the Drosophila trehalose receptor, Gr5a, significantly decreased life span 

without altering feeding (32). Data such as these demonstrate an important role for the 

perceptual effects of dietary sugar, and they indicate that the physiological effects of sugar 

are modulated by a complex interaction between sugar metabolism and its perception.

Sugar sensation regulates intracellular signaling pathways that are implicated in aging. The 

most well studied is arguably the IIS pathway, which is glucose responsive and highly 

conserved across species. This pathway regulates biological processes such as growth, 

development, and behavior in addition to aging. Direct manipulation of IIS has been shown 

to significantly modulate life span in C. elegans, Drosophila, and mice (see 33, 34 and 

references therein). Some of the downstream molecular components of this pathway are 

known; Drosophila express a single member of the FoxO family of transcription factors, and 

it is a key effector of the IIS pathway on aging and aging-related pathologies (35). Ablation 

of neuroendocrine cells that express insulin-like peptides in the Drosophila brain are 

sufficient to extend life span (36), but the direct effect of Drosophila FoxO on aging has 

been observed primarily in the peripheral tissues, including the peripheral and head fat 

bodies (37, 38), suggesting that glucose stimulation of the IIS pathway exerts life span 
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effects through tissue non-autonomous processes. In C. elegans, a large body of literature 

supports the notion that FoxO/daf-16 is a critical mediator of the links between diet and 

aging, including evidence for its involvement in food perception. FoxO/daf-16 was found to 

be required for life span extension by dietary restriction (39) and has been reviewed in great 

detail elsewhere (40). Of note, ablation of some (but not all) C. elegans sensory neurons 

extends life span in a FoxO-dependent manner (10). Furthermore, optogenetic activation of a 

subset of chemosensory neurons decreases the mRNA abundance of FoxO/daf-16 target 

genes independent of food consumption and shortens life span (21). These data support a 

role for FoxO in food perception and as a critical component of nutrient-signaling pathways.

ChREBP/Mondo/Mlx are a second group of transcription factors with defined roles in 

metabolic glucose sensation and aging. In C. elegans, the ChREBP/Mondo/Mlx complex 

promotes life span, as loss of mml-1 or mxl-2 (the worm homologs of mammalian ChREBP 

and Mlx) reduced life span in wild-type worms as well as long-lived worms with reduced 

insulin signaling (41). Furthermore, mxl-2 was required for life span extension in a dietary 

restriction worm model (i.e., mutation of eat-2). Activation of the Mondo/Mlx transcription 

factors in Drosophila modulated the metabolism of lipids, carbohydrates, and amino acids 

through the transcription factor, sugarbabe, and other downstream effector genes (42). The 

fly homolog of ChREBP, mio, has been shown to function in neurons to regulate feeding and 

energy storage (43), but its effects on life span have yet to be determined. Glucose 

stimulation of ChREBP in rat hepatocytes increased fibroblast growth factor 21 (FGF21) 

mRNA (44), a hormone-like member of the FGF family that controls tissue cross talk to 

enhance organismal energy usage and that controls stress responses by modulating both the 

somatotropic and hypothalamic-pituitary-adrenal axes (45). Interestingly, FGF21 is thought 

to protect against age-related disorders in humans, such as atherosclerosis, cardiovascular 

disease, and metabolic syndrome (46). Furthermore, transgenic FGF21 expression in mice 

significantly increases mouse life span, regardless of sex (47). These data together suggest 

that glucose-sensing transcriptional networks modulate aging and aging-related disease in 

multiple model organisms through conserved components of the nutrient perception 

network.

Attractive directions for future research into the effects of sugar perception on aging include 

manipulation of known sugar taste receptors as well as specific neuronal populations that 

have been shown to be involved in carbohydrate and metabolic sensing pathways. Sugar 

taste receptors of interest in Drosophila include the Gr64 family of receptors (48), which 

influence fly choice behavior toward a variety of different sugars (e.g., trehalose, maltose, 

sucrose, and glucose). In mammals, the sweet taste T1R2/T1R3 receptor dimer (49) is 

particularly interesting because it has been shown to regulate mTORC1 activity and 

autophagy, both of which are known to affect aging (50). Neuronal sensors of internal 

nutrient availability are also intriguing candidates to be studied for their potential effects on 

aging. For example, Drosophila neurons that express the sodium/solute cotransporter-like 

SLC5A11 (or cupcake) are required for glucose-regulated feeding in flies (51); for directing 

fly choice toward nutritive, rather than non-nutritive, sugars; and for enhancing the 

excitability of these neurons in response to starvation (52, 53). Neurons that express diuretic 

hormone 44 (Dh44, the Drosophila homolog of mammalian corticotrophin-releasing 

hormone) require a functional hexokinase C for their activation by glucose, and a subset of 
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these neurons also expresses insulin-like peptides, which themselves influence aging, as 

mentioned above. This type of metabolic sensing is conserved in mammals; the activity of 

appetite-regulating neurons in the mammalian hypothalamus and brainstem are altered by 

rising glucose levels and require a functional glucokinase (54). Lastly, biogenic amines (e.g., 

serotonin and octopamine) and neuropeptides (e.g., NPF/NPY and leucokinin) have 

documented roles in regulating sugar feeding in response to internal states and are emerging 

as conserved modulators of aging in other contexts.

Protein Perception

Similar to sugar, manipulation of dietary protein alters life span (15). There is a large 

established literature on the metabolic effects of protein intake and an emerging literature on 

the neuronal effects of protein sensing (55). Many animals will seek and ingest a protein 

source when starved of it, suggesting they have dedicated protein sensors (16), although 

there is little known about the molecular details behind this perception. In mammals, the 

T1R1- and T1R3-type receptors are found on taste cells and form a complex that is 

responsible for amino acid sensing. In invertebrates, the ionotropic receptor Ir76b was 

recently identified to mediate responses to amino acids (56). It is not currently known what 

role, if any, these receptors have in aging.

Most of what is known about the impact of neuronal protein sensing on aging comes from 

research using Drosophila. Flies deprived of amino acids or starved of all nutrients switch 

from a diet comprised primarily of sugar to one primarily of protein (57). This behavioral 

switch in feeding preference requires both serotonin signaling through the 5-HT2A receptor 

and plasticity of a dopaminergic circuit (16, 17). While it is known that tryptophan or 

glutamine supplementation suppresses the dopaminergic plasticity that occurs during 

starvation (17), the precise molecular intermediate(s) that signal protein starvation as well as 

the mechanism through which serotonin and dopaminergic circuits drive starvation-induced 

behaviors are unknown. When the two primary macronutrients in the diet, sugar and protein, 

are presented separately to flies so that they behaviorally construct the composition of their 

own diet, they live shorter than when presented with a single, complete diet (16). This effect 

also requires serotonin signaling through the serotonin receptor 5-HT2A (16).

There is an extensive literature detailing how dietary protein influences aging via the highly 

conserved, internal protein-sensing molecules TOR and GCN2, the mammalian homologs of 

mTOR and EIF2AK4, respectively (58). Briefly, TOR and GCN2 are both serine-threonine 

kinases that function as amino acid sensors and regulate a wide range of downstream 

biological processes that modulate growth, metabolism, and life span (59, 60). Repressing 

TOR signaling through rapamycin treatment increased life span in worms (61), fruit flies 

(62), and mice (63). TOR signaling has also been implicated in the development of age-

related neurodegenerative disease (64). GCN2 is required for life span extension in worms 

due to TOR inhibition (65). In flies, GCN2 is at least partially required for the life span 

extension effect of dietary restriction, likely through transcriptional induction of translation 

initiation factor 4E-binding protein (4E-BP) (60).

Little is known about how the perception or consumption of specific amino acids modulate 

aging, and this area is ripe for further study. Both methionine and tryptophan restriction 
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reduced food intake and extended life span in different animal models, but the mechanism 

and neuronal populations involved in these behavioral changes are currently unknown (66). 

Branched-chain amino acids (BCAAs), which are isoleucine, leucine, and valine, have been 

reported to have health effects; however, the data are conflicted. Decreased consumption of 

BCAAs was associated with reduced TOR signaling, reduced insulin signaling, and 

improved glucose tolerance in mice (67), all of which have been linked to increased life 

span, suggesting that decreased consumption of BCAA may slow aging. This seems to be 

the case, although the effects of BCAA reduction were similar to those resulting from 

general amino acid restriction (68). Others have reported that increases in dietary BCAAs 

extend life span in mice and worms (69). Such inconsistency may be due to differences in 

the method of BCAA manipulation (e.g., either added to food or administered separately 

through drinking water), which can differentially affect body weight and behavior, 

highlighting the need for standardized diets.

Interestingly, the products of BCAA metabolism regulate feeding behavior and neuropeptide 

expression in the brain, indicating that BCAAs may be part of a metabolic-sensing network 

(69–71). For example, BCAAs are catabolized to the neurotransmitter glutamate or acetyl-

CoA, a sub-strate used for posttranslational modifications. Notably, metabolic flux 

experiments have revealed that oxidation of BCAAs in the mouse brain occurs within 

minutes, supporting the argument that it is the BCAA metabolites that may be key 

messenger molecules used by nutrient-processing networks to modulate neuronal function 

and potentially aging itself (72). Of the three BCAAs, leucine is the only one that has been 

shown to directly activate a neuronal population (73). Leucine is sensed by Drosophila 

insulin-producing cells via two proteins, Minidiscs (related to mammalian solute carrier 

proteins) and JhI-21 (a leucine transporter) (74). Leucine sensing via Minidiscs is dependent 

on glutamate dehydrogenase and leads to Drosophila insulin-like peptide release, suggesting 

that it is part of the metabolic sensing system (73). Intriguingly, JhI-21 mutants have 

extended life span, reinforcing the notion that internal protein-sensing pathways are 

important regulators of longevity (16).

Fatty Acid Perception

Sensing of lipids and free fatty acids influence neural circuits that control energy state-

dependent feeding in mammals, and studies of conserved processes in invertebrates suggest 

they may influence aging. Fatty acid oxidation occurs in astrocytes via the production of 

ketone bodies that are thought to be exported and subsequently taken up by neurons. This 

process represents the metabolic basis of brain fatty acid sensing, and it is an important 

regulator of state-dependent feeding (75, 76). It is generally believed that dysregulated fatty 

acid sensing in the mammalian brain contributes to aging-related metabolic disease (see 75 

for a review). In mammals, starvation-dependent increases in free fatty acids encouraged 

feeding by driving the upregulation of agouti-related peptide (Agrp) gene transcription, a 

key driver of food intake. Agrp is co-expressed in Npy-expressing neurons, which are 

involved in feeding behaviors, motivation, energy balance, and age-dependent metabolic 

phenotypes (77–80). Neurons that express the fly homolog of mammalian Npy neuropeptide 

F (NPF) are sensitive to fat-derived metabolites and are involved in the regulation of both 

feeding and life span (81–83). NPF-expressing neurons also respond indirectly to nutrients 
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through the ligand Upd1, the fly analog of the mammalian protein leptin, that binds to its 

receptor, Domeless, to decrease feeding. Although the upd1-expressing cells in the fly brain 

are able to detect a decline in circulating nutrients, the identity of those nutrients is not 

known (84).

Other Metabolic Sensors

AMP-activated kinase (AMPK) and the sirtuins deserve attention here as neuronal metabolic 

sensors that have been extensively studied in the context of aging (59, 85, 86). AMPK is 

activated by binding AMP or ADP and, in turn, regulates a host of metabolic pathways that 

increase energy supplies and reduce energy demand. The sirtuin proteins are NAD+-

dependent deacetylases that modulate a wide range of downstream targets to influence 

physiology and aging (85, 87). AMPK activation extended life span in C. elegans in a 

manner that required functional, neuronal CREB-regulated transcription coactivator 1 

(CRTC-1) (88). AMPK is also required for the effect of dietary restriction to increase worm 

life span (88). In Drosophila, brain-specific AMPK overexpression induced autophagy in 

both the brain and gut tissues and was sufficient to increase life span (86). Sirtuins were first 

identified as potential modulators of longevity in the brewer’s yeast, Saccharomyces 

cerevisiae (89) and subsequently in C. elegans, where increased dosage of sir-2.1 (the 

homolog of mammalian Sirtuin 1) increased life span (90). In Drosophila, Sir2 expression in 

neurons significantly increased both male and female life span (91). A similar finding was 

made using mice, where brain-specific overexpression of Sirtuin 1 extended the life span of 

both male and female mice (92). In addition to their role in aging itself, sirtuins have 

implicated roles in age-related diseases such as cancer (93), Alzheimer’s, and Huntington 

disease (94). One possible hypothesis by which sirtuins affect aging and age-related 

phenotypes is through neuroepigenetic changes caused by histone deacetylation, the details 

of which can be found elsewhere (95).

Perception of Internal Hunger States

In humans, sensory perception influences motivation, arousal, drive, and emotion. These 

states are encoded in our brains, and they subsequently control, in a causal sense, behavior, 

physiology, and conscious experience. Given that sensory perception of nutrients is 

sufficient to alter life span, it seems reasonable to speculate that the related neural states, 

such as those of hunger or satiety, also modulate aging. There are, to our knowledge, no 

direct tests of this hypothesis, but molecular mechanisms and neuronal populations that have 

recently been identified to respond to starvation and direct adaptive feeding behaviors are 

promising candidates for further study.

In Drosophila, a few different neuronal populations have been implicated in evaluating 

nutrient availability and influencing the hunger state. Inactivation of four GABAergic 

interneurons resulted in voracious eating regardless of prior feeding, indicating that they are 

involved in hunger or the motivation to feed (96). An additional set of cholinergic 

interneurons increased their activity in response to sucrose during the starvation state (97), 

suggesting that they are part of a complex, multi-input circuitry. In line with this, 12 pairs of 

SLC5A11-expressing neurons in the central fly brain responded to starvation by increasing 

their excitability via regulation of a potassium channel (53). Second-order sweet taste 
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neurons became more sensitive to sucrose following starvation, indicating that they may also 

be hunger sensors (98). Other neurons that regulate the activity of dopaminergic 

protocerebral posterior lateral region 1 (PPL1) “punishment neurons” have been proposed to 

mediate motivational states, including appetitive memory (99, 100). Taotie neurons encode 

an apparent hunger-like state that is independent of energy state, and their activation or 

inhibition influences feeding behavior regardless of whether a fly is fully fed or starved 

(101, 102). They also regulate insulin secretion (102). Lastly, serotonergic neurons have 

been directly implicated in encoding hunger (101). Future research investigating how these 

neural populations influence aging should address whether the hunger-like state is 

responsible for influencing life span while also controlling for potential confounding effects 

such as changes in behavior or food intake.

SOCIAL PERCEPTION

The influence that social surroundings have on overall health is well documented, as both 

clinical and epidemiological findings support associations connecting favorable social 

experiences, increased well-being, and healthy aging (103). Strong social support networks 

have been shown to reduce mortality and morbidity rates in the elderly through a variety of 

means, including increased resistance to cardiovascular disease (104), decreased incidence 

of risk factors contributing to coronary disease (105), improved rehabilitation from 

incidence of stroke (106), and enhanced protection from cognitive decline (107). 

Psychosocial stress and low socioeconomic status also confer increased vulnerability to 

morbidity and mortality (108, 109). Similar social effects on behavior and physiology have 

been observed in various animal models, where increasing social exposure can delay disease 

progression and strengthen immune function (110, 111), improve physiological function, 

and reduce cellular stress response (112). Social stress and low social status reduced life 

span and increased the risk of cardiovascular disease in mice (113). Together these data 

support the overarching hypothesis that enhancing social well-being slows the aging process 

across taxa.

Consistent with how humans approach social situations, many animals are capable of 

engaging others and forming interpersonal relationships within their social construct by 

relying on physical senses to identify those who they consider acceptable (e.g., for the 

purpose of courtship and mating) or those they perceive as aversive (e.g., territorial 

opponents). Studies using model systems have revealed that social perception mechanisms 

involved with the interpretation of conspecific sex are largely driven by smell- and taste-

dependent pheromonal cues, whose composition differs across sexes and species (114, 115). 

For example, a highly discrete, sexually dimorphic circuit in Drosophila involves a single 

peripheral olfactory receptor, Or67d, that responds specifically to the male pheromone cis-

vaccenyl acetate (116, 117). Also in Drosophila, nonvolatile cuticular hydrocarbons, which 

are detected by specific taste receptors such as the cation channel ppk23, are sex specific and 

influenced by diet, age, and molecular pathways that modulate life span (114, 118, 119). The 

behavioral switch between mating and aggressive tendencies in mice is defined by the 

interplay of pheromone inputs received by the main olfactory epithelium and vomeronasal 

organ as well as CNS modulation of sex-driven behavioral circuits by testosterone and 

estrogen (120). Consistent with these observations, primate species not only rely on 
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olfactory cues to determine outgroup individuals who pose a threat (121) but also to evaluate 

reproductive worthiness of favorable mates (122).

Recent work indicates that perception of the opposite sex has significant effects on aging 

and age-related traits in several species. In C. elegans, hermaphrodites exhibited accelerated 

aging and shortened life span when exposed to a specific blend of pheromonal cues, called 

ascarosides, that are secreted by males and promote sexual maturation (123, 124). Similarly, 

in Drosophila, general loss of olfactory receptor function increased life span (22), and 

genetic reprogramming of male or female flies to produce the pheromone profile of the 

opposite sex demonstrated that perception of the opposite sex alone was sufficient to 

significantly alter fat metabolism, stress resistance, and life span (81). These effects scaled 

with increased exposure to pheromones, led to general changes in the metabolic profile of 

the brain, and required specific neuropeptidergic pathways, such as NPF/NPY and CRZ/

GNRH (81, 125).

The notion that perception of the opposite sex modulates aging has challenged the long-

standing hypothesis that the act of reproduction incurs a survival cost. In fitness trade-off 

models, reproduction places demand on limited energetic resources, thereby causing somatic 

functions to receive less energy to sustain long-term function, thus compromising future 

health and survival. However, in male Drosophila, mating partially reversed the deleterious 

effects and increased the life span of flies that were exposed to opposite sex pheromones 

(81), suggesting that energetic costs do not underlie reduced life span and that successful 

copulation can be viewed as a beneficial reward in some situations. Moreover, neither the 

degree of courtship received nor the number of eggs produced correlated with declines in the 

survival of mated females (125, 126). Given these observations, the costs of reproduction 

associated with aging may arise not from physical damage, but instead from the animal’s 

motivation to court or mate, both of which are driven by exposure to sex-specific sensory 

cues.

Contrary to the social fulfillment and emotional reward achieved through successful social 

interactions, social isolation, whether through the lack of social cues or the perceived loss of 

social connectivity, elicits changes in behavior and physiology that can be largely construed 

as harmful to overall health, promoting higher mortality rates (103, 127). The negative 

effects of chronic isolation on behavior, health, and longevity have been observed when 

subjecting social animal model systems to solitary confinement. Socially isolated animals 

display erratic behavior indicative of an elevated anxiety state, including heightened 

aggressive tendencies (128, 129). Collectively, physical isolation is associated with a 

system-wide stress on physiological homeostasis and cellular function, ultimately affecting 

age-related dysfunction and disease. For example, prolonged social isolation promotes 

weight gain and increased lipid content (130). Socially isolated animals exhibited elevated 

tumor progression in cancer models (131), increased cardiovascular incidences (132), and 

age-associated disease progression (111, 133), suggestive of compromised immune function 

and diminished cellular control. Life span data from Drosophila indicate that social 

enrichment can protect animals from molecular stress and age-associated disease (134, 135), 

supporting a potential role for social enrichment as a mitigator of accelerated aging.
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Work with animals kept in different social situations have started to illuminate the neural 

networks and associated neuronal molecules that modulate the effects of social perception. 

Many of these pathways have been shown in different experimental contexts to influence 

aging. In mammals, social perception converges upon two central neuroendocrine stress 

response systems: the hypothalamic-pituitary-adrenal and the sympathetic adrenomedullary 

axes, whose functions with respect to social isolation effects on health have been extensively 

covered elsewhere (136). In flies, similar mechanisms are in place to respond to social stress 

and perceived reward pathways, such as neurotransmission from dopamine, neuropeptidergic 

signaling from NPF, and protein-dependent sensory pathways described earlier (137, 138). 

Increased serotonergic signaling caused heightened aggression behavior (139, 140), in part 

through specific synaptic connections made with inhibitory 5-HT1A expressing neurons in 

higher-ordered social processing centers of the Drosophila brain (139). Conversely, loss of 

octopamine signaling (the Drosophila homolog of mammalian norepinephrine) caused a 

general decrease in aggression metrics (141). Interestingly, both 5-HT1A and the 

octopamine receptor Oamb were found to be expressed in Drosophila insulin-producing 

cells in the fly brain, a metabolic homeostatic sensor known to regulate aging (142).

TIME PERCEPTION

An organism’s ability to predict daily events, such as sunrise and sunset, is important for the 

employment of optimal survival strategies. The body’s ability to sense and organize time 

relies on circadian clocks, the workings of which utilize a transcriptional-translational 

negative feedback loop that is similar across species (143, 144). It can be set and reset by the 

perception of specific environmental cues, or zeitgebers, such as light and temperature, 

through a process known as entrainment. Molecular rhythms are coordinated between 

circadian neurons and communicated to control downstream physiological rhythms. 

Circadian clocks exhibit a period of approximately 24 h that persists even in the absence of 

time cues, which is thought to ensure that behavioral, physiologic, and metabolic processes 

align with environmental conditions. Much like food odors that induce physiological 

changes in anticipation of nutrient intake, circadian rhythms allow organisms to perceive 

time and to anticipate meal times, periods of predator activity, and seasonal changes.

Disruptions of the circadian system are associated with an increased risk of age-related 

conditions such as cancer, diabetes, and neurodegeneration (145). Nighttime shift work is 

correlated with these poorer health outcomes, potentially because the body incorrectly 

anticipates the meal times or other time-dependent behaviors (146). On the other hand, well-

timed manipulation of sensory inputs or environmental cues can increase the strength of 

organismal rhythms and improve health-related outcomes. For example, temperature cycles 

reinforced rhythms in Drosophila and restored rhythmicity to arrhythmic flies (147). Time-

restricted feeding has been used to prevent obesity in mouse models of chronic shift work 

(148). In humans, bright light exposure at specific times of day has been used effectively to 

improve sleep and cognitive performance, particularly during the winter months and in 

patients with neurodegenerative diseases (149). These manipulations indicate that improving 

circadian function, and thus restoring proper time perception, may be capable of improving 

age-related disorders.
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It is well established that aging affects the function of the circadian clock. Sleep-wake cycles 

break down as animals age, which are detected as weakened, fragmented sleep cycles and 

changes in circadian-affected behavioral outputs. Such changes have been documented in 

Drosophila (150), rodents (151), and humans (152). In Drosophila, transcriptional 

oscillations of clock genes in peripheral tissues were reduced with age (153). The effect of 

age on clock gene oscillations in the brain is not as clear; one study reported an age-related 

decline in the strength of neuronal oscillations (154), whereas another reported strong 

rhythms that were largely unchanged in brains but declined in peripheral clocks with age 

(153). Aging has also been reported to reduce the strength of circadian clock gene cycling in 

the suprachiasmatic nucleus (SCN), the region of the mammalian brain where the master 

pacemaker resides (155). Neural activity rhythms in the SCN are also degraded with age 

(151). Combating circadian declines accompanying aging via an SCN transplant derived 

from fetal tissue was shown to restore rhythms in rats and increase longevity in the golden 

hamster (156, 157).

Altering the way in which organisms perceive time through genetic and environmental 

manipulation of clock molecules influences life span. In Drosophila, mutations in the period 

(per) gene, which abolished endogenous rhythms, reduced life span (158). Per mutant flies 

also exhibited increased neurodegeneration and decreased oxidative stress resistance (159). 

Conversely, per overexpression has been reported to increase fly life span, although this 

observation was dependent on both sex and diet (160). Timeless (tim), the binding partner of 

per that forms the repressive limb of the feedback loop, was reported to be required for 

extended life span through diet restriction (161), although this result has been contested 

(162). Peripheral tim overexpression specifically in the fly fat body increased life span 

(160). Cycle is a transcription factor target of the PER/TIM complex, and cyc deficiency in 

male flies significantly shortened life span (163). Increasing cyc expression in the fly fat 

body significantly increased life span when flies were aged on a protein-rich diet (160). 

Bmal1 is the mammalian ortholog of cyc, and Bmal1 deficiency in mice caused significant 

increases in physiologies associated with aging, such as sarcopenia, cataracts, decreased hair 

growth, and reduced life span (164). Brain-specific Bmal1 rescue of circadian clock function 

was sufficient to restore peripheral transcriptional rhythms in the liver and increase survival 

(165, 166). Finally, overexpressing the Drosophila cryptochrome-1 gene (cry), which is a 

blue light photoreceptor that modulates TIM degradation, was shown to increase rhythmicity 

with age, increase oxidative stress, and extend life span (167). These studies further suggest 

that manipulation of circadian system holds potential for improving health and longevity.

THREAT PERCEPTION

A key adaptive capability found in every organism is the ability to detect and respond 

appropriately to potential threats for survival, including predators, parasites, disease, and 

even death. Ants, zebrafish, scrub jays, elephants, and nonhuman primates all behaviorally 

respond to sick or dead conspecifics (168, 169). There is also evidence of behavioral effects 

associated with exposure to sick and dead conspecifics in humans, where stressful stimuli 

have been associated with depression, anxiety, and broader physiological issues that may 

potentially influence life span (170, 171). In C. elegans, exposure to media containing 

excretions from starved, predatory Pristionchus pacificus elicited immediate avoidance 
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behaviors that require ASI, ASJ, ASH, and ADL sensory neurons (172). C. elegans also 

avoid environmental threats such as media containing homogenized worm extract; this 

response requires cGMP signaling in ASI and ASK sensory neurons (173). Interestingly, 

many of these specific sensory neurons have also been implicated in the regulation of C. 

elegans life span. ASI neurons are required for the life span extension following dietary 

restriction (174), ASJ neurons modulate life span in response to food and temperature cues 

(21, 175), and G protein signaling in the nociceptive ASH/ADL neurons modulates life span 

(10). It is therefore attractive to speculate that these neurons may also modulate life span in 

response to perceived environmental threats.

Links between potential threats, behavior, and life span have also been established in 

Drosophila. Flies are capable of socially transmitting information about perceived threats. 

When housed with a parasitic wasp species, female Drosophila reduced their egg laying, and 

they communicated threat presence to naïve flies using wing movements, who also 

suppressed their egg laying (176). Behavioral and physiological responses to threats may 

also have long-term effects, including changes in life span. For example, when healthy flies 

were exposed to dead conspecifics, they became leaner, experienced reduced climbing 

ability, were aversive to naïve flies, and had reduced life span. The effects of exposure to 

dead conspecifics on aversiveness and life span required visual and olfactory function in the 

exposed flies, and the sight of dead flies produced changes in the head metabolome. Genetic 

and pharmacologic attenuation of serotonergic signaling eliminated these effects, providing 

evidence for an evolutionarily conserved neural mechanism that links threat perception with 

changes in behavior and aging (169).

Whether threat perception influences mammalian aging has yet to be tested. However, 

several avenues of research toward addressing this question may be of interest. Olfactory 

and vomeronasal threat cues detected by rodents signal the presence of a predator through 

connections from the main and accessory olfactory bulbs to the posteroventral medial 

amygdala (177, 178). Rats with lesions in this area exhibit a reduced fear response to cats 

and their odors (179). Rodent exposure to live predators also activated two other amygdala 

nuclei, the lateral amygdala and the posterior accessory basal amygdaloid nucleus (180), 

which receive inputs from visual and auditory association areas that are required for normal 

fear responses to feline predators (181). It would be of interest to determine whether 

predator exposure in rats or mice influences life span in a manner that is dependent on 

vomeronasal cues or on neural processing in key areas of the amygdala. In humans, 

elevations in stress hormones such as glucocorticoids are associated with increased age-

related cognitive declines in humans, such as Alzheimer’s and Parkinson’s disease (182), 

providing a potential mechanistic link between general stress perception and age-related 

pathology.

SUMMARY AND FUTURE DIRECTIONS

The continual growth in the number of elderly in our society will result in an increased 

prevalence of age-related diseases that will have dramatic economic and health-related 

consequences over the coming decades. Although the causes and consequences of many 

diseases, including cancer and dementia, are slowly being unraveled, the mechanisms that 
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underlie aging as the most significant risk factor associated with these disease states are 

relatively unknown. Interventions that impact the basic mechanisms of aging are expected to 

ameliorate or eliminate multiple pathologies and diseases.

This review focused on examining the role of specific perceptive experiences on age and 

age-related disease in four areas: food perception, social perception, time perception, and 

threat perception (Figure 2). The most progress has been made in linking food cues to aging, 

likely due to the early discovery of the relationship between diet and life span. Nevertheless, 

more recent work has expanded to include the effects of other perceptive cues. As noted 

throughout this review, the ability of sensory perception to affect aging in both C. elegans 

and Drosophila is both strong and highly nuanced; sensory perception of food, danger, and 

mates can double or halve an organism’s life span depending on the context and the specific 

neurons involved. All indications are that these effects are conserved in mice, which bodes 

well for future investigation into the effects of perceptive experiences on human health and 

aging.

One emerging trend is the extent to which highly conserved neuromodulators, including 

biogenic amines and neuropeptides, are important determinants of the sensory modulation of 

aging. These signaling molecules are known determinants of neural states in a range of 

animal models, but only recently have they been directly linked to aging. Serotonin 

modulates sensory integration in mammals (183) and, as discussed above, has been linked to 

the longevity effects of sensory perception in C. elegans as well as protein perception, food 

odors, and threat perception affect aging in Drosophila. Additionally, feeding serotonin 

receptor antagonists extended life span in worms by putatively mimicking dietary restriction 

(184). Similar roles are emerging for dopamine and octopamine (the analog of vertebrate 

norepinephrine) (185). Although these are some of the most well-studied and influential 

neurotransmitters in multiple organisms, including humans, an important challenge going 

forward will be to isolate the specific mechanisms through which they modulate aging per 

se.

Is sensory perception really a potential target for the treatment of human aging? We believe 

the answer is yes. All organisms share similar goals, such as the need for food and mates and 

the desire to avoid danger. While the cues associated with these needs may be different 

across species, the biological responses to what those cues represent are much the same. The 

same neural circuits that evaluate internal and external nutritional status to determine what 

and when to eat also interact with conserved major hormone axes, such as leptin signaling in 

mice as well as insulin-like and TGF-β signaling in flies and worms (52, 186, 187). The 

preprandial response to food cues can alter insulin release, appetite, and exercise 

performance (188). Putative reward systems have significant effects on human aging, and 

disrupting the physiological feedback to the brain that is normally associated with protein 

consumption can increase Drosophila life span up to 50% (16). Social interactions among 

humans influence the progression of aging and disease, much like what is observed in flies. 

The observations that obesity clusters in social networks and that social interaction can slow 

the decline in cognitive function in older populations suggest that sensory cues from the 

social world directly influence physiology and can therefore be a key target for intervention 

(189). Together, these studies support the notion that, in addition to providing an opportunity 

Gendron et al. Page 15

Annu Rev Physiol. Author manuscript; available in PMC 2020 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to discover basic mechanisms of aging, understanding how sensory perception modulates 

life span in model systems may also lead to creative intervention strategies that form the 

basis of a simple yet powerful program of disease prevention and healthy aging.

In humans, sensory perception influences motivation, arousal, drive, and emotions. These 

states are encoded in our brains, and they subsequently control, in a causal sense, behavior, 

physiology, and conscious experience. One conjecture presented in this review is that these 

states are also important modulators of aging. We are naturally inclined to associate neural 

states with subjective feelings, such as hunger, fear, or longing. As important as these 

feelings are to our lives, however, they are almost surely not the functions that were favored 

by natural selection. More likely targets were the behavioral and physiological outcomes that 

those states promote (190). Even today, sub-liminal sensory information (e.g., rapid flashing 

of smiling faces) can influence human behavior (e.g., promote positive reviews of neutral 

taste) in the absence of subjective experience. The use of model systems to test this 

conjecture will be important to provide direct, hypothesis-driven tests of how sensory 

perception defines neural states that influence aging and age-related behaviors.
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Figure 1. 
Illustration of the different aspects of nutrient perception. The sensing of external cues by 

canonical sensing modalities is called sensory perception. Internalized nutrients are sensed 

via nutrient sensing pathways, whereas their metabolized products are sensed via metabolic 

sensing pathways.
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Figure 2. 
Potential effector molecules that may mediate sensory perceptive experiences, thereby 

potentially impacting aging and age-related disease. Abbreviations: CRTC-1, CREB-

regulated transcription coactivator 1; FGF21, fibroblast growth factor 21; mTOR, 

mechanistic target of rapamycin; NPF, neuropeptide F; NPY, neuropeptide Y; SAM, S-

adenosyl methionine; UPR, unfolded protein response.
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