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Abstract

The aging brain is shaped by many structural and functional alterations. Recent cross-disciplinary 

efforts have uncovered powerful and integrated adaptive mechanisms that promote brain health 

and prevent functional decline during aging. Here, we review some of the most robust adaptive 

mechanisms and how they can be engaged to protect, and restore the aging brain.

Introduction

Aging of the brain is associated with the accumulation of molecular damage and cellular 

defects that gradually decrease mental capacity and predispose to disease. Many studies have 

shown that these age-related changes are neither linear nor homogenous and vary greatly 

from person to person, with some individuals being exceptionally resilient during aging 

[1,2]. Furthermore, a subset of cognitive abilities are typically preserved, whereas others, 

such as inductive reasoning, verbal fluency, and executive attention, may improve with age 

[3,4].

Converging evidence from neuroimaging, cognitive psychology, and neuropathology 

suggests that the aging brain is adaptable and resilient. The brain can build a neural 

reserve throughout life, facilitated by environmental factors such as education or physical 

activity, that may prevent or delay functional decline due to aging and pathology. When 

confronted with pathological insults, the aging brain can activate stress resistance pathways 

to actively suppress pathology or limit its deleterious consequences. The aging brain can 

also compensate for decreased performance by relying on alternative neural strategies and 

reorganizing networks to maintain functional homeostasis [5,6].

These observations in humans have led to the development of animal models from 

invertebrates to mammals that have explored the mechanisms of brain aging. Collectively, 

studies in humans and animal models have identified adaptive mechanisms that can protect 

against functional decline. Furthermore, these mechanisms can be engaged by a growing list 

of physiological and pharmacological interventions (Figure 1). Taken together, these cross-

disciplinary efforts show that the aging brain is not only characterized by molecular damage 

and functional decline, but also by adaptive changes that maintain neural homeostasis and 

prevent disease. Here, we review some of the most robust adaptive mechanisms and examine 
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how they can be recruited therapeutically to delay brain aging and the onset of functional 

decline.

Metabolic adaptations in the aging brain

The evolution of mental representations underlying abstract thought has been made possible 

by structural changes in the human cerebral cortex, as well as augmented cerebral energy 

metabolism [7]. The over-abundance of food in some parts of the world, coupled with 

a significant reduction in physical exercise, is likely having a significant impact on the 

metabolism of the aging brain [8]. Neural pathways that for most of human history have 

evolved to adapt to food scarcity may have become disengaged by increased caloric intake 

and decreased physical activity, accelerating structural and functional decline during brain 

aging and the onset of pathology [8].

Studies in animal models have identified conserved metabolic pathways that play major 

adaptive roles during aging, including those mediated by insulin/insulin-like growth factor 

signaling and the mammalian target of rapamycin (mTOR), AMPK, and sirtuin enzymes [9]. 

These adaptive pathways can be engaged by lifestyle changes, such as increased physical 

exercise, altered diet, or fasting regimens, and can also be targeted pharmacologically by 

drugs, such as nicotinamide derivatives, rapamycin, and metformin (Figure 2).

Metabolic changes induced by physical exercise and fasting, such as increased fat 

metabolism and ketone generation, can have a major impact on neural networks and the 

onset of disease [8]. For example, reliance on glucose as a fuel can destabilize neural 

networks, while a metabolic switch to increased utilization of ketone bodies stabilizes them 

[10]. A similar metabolic switch takes place during sleep [11], highlighting its beneficial 

effects for the aging brain.

Adaptive metabolic changes have profound effects on brain aging. They can be 

neuroprotective and neuro-restorative by stimulating the release of neurotrophic factors, 

increasing mitochondrial biogenesis, promoting autophagy and DNA repair, and activating 

stress resistance pathways [8]. Thus, physiologic and pharmacologic engagement of 

adaptive metabolic mechanisms may delay brain aging and prevent the onset of age-related 

neurodegenerative disorders.

Neural network adaptation in the aging brain

The brain has the ability to build a ‘reserve’ of neural resources over time that can prevent 

or delay the onset of dysfunction and pathology during aging. A number of contributors to 

cognitive reserve have been identified, including genetic and environmental factors, such as 

lifelong education, physical activity, and engagement in mentally stimulating activity [5]. 

The neurobiological substrates of cognitive reserve remain elusive. The available evidence 

suggests that education may promote cognitive reserve by increasing synaptic density in the 

hippocampus [12] and by promoting global functional connectivity between regions of the 

neocortex [13]. The cellular interactions and molecular mechanisms underlying cognitive 

reserve remain to be determined.
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Neural network changes may compensate for loss of function due to aging or pathology. 

Several compensatory mechanisms involving neural networks that may play adaptive roles 

in the aging brain have been identified [5]. For example, aged individuals may compensate 

for cortical atrophy by activating neural networks associated with focused attention to 

maintain reading ability [14] or by further activating cortical areas to augment working 

memory [15]. The aging brain can also recruit new networks to functionally compensate 

for deficits in others. For example, recruitment of the rhinal cortex can compensate for 

decreased hippocampal activity during the memory retrieval [16]. Furthermore, neural 

networks can be reorganized to maintain performance. For example, episodic memory is 

associated with unilateral mostly right-sided activation of the preforntal cortex in young 

adults, but bilateral activation in aged individuals who continue to perform well [17] (Figure 

3a). Thus, adaptation of neural networks may preserve a high level of cognitive function 

during aging.

In addition to physiological adaptations, interventions that target neural networks may lead 

to adaptive changes during aging. Cognitive training and social enhancement interventions 

improve cognition, mental and physical health, independent living, and overall well-being 

in older adults and are associated with significant changes in brain function, as assessed by 

neuroimaging [18].

Targeting neural networks might also impact neurodegenerative disorders. A recently 

developed noninvasive protocol called gamma entrainment using sensory stimuli (GENUS) 

uses visual, auditory or multisensory stimulation to induce gamma neural oscillations across 

brain regions. GENUS activates microglial, astrocytic, and vascular pathways and recruits 

neural circuits, resulting in improved cognitive function and decreased Aβ and tau pathology 

in Alzheimer disease (AD) mouse models [19–22]. The detailed molecular and cellular 

mechanisms engaged by GENUS and their consequences for cognitive function in normal 

and cognitively impaired individuals are subjects of ongoing study.

Combinatorial approaches involving diet, physical exercise, noninvasive brain stimulation, 

and pharmacological approaches may engage multiple adaptive mechanisms at once to 

protect and preserve function in the aging brain [23,24]. Further research is necessary to 

dissect the cellular and molecular mechanisms of these adaptations and determine how they 

can be used therapeutically.

Neural networks modulate stress resistance and lifespan

Recent studies suggest that changes in the excitation state of neural networks play important 

adaptive roles during aging through modulation of stress resistance and resilience pathways 

(Figure 3). Evidence that reduced neural activity is an adaptive mechanism during aging 

comes from analysis of the aging brain transcriptome. The first transcriptome signature 

of the aging human brain showed significant downregulation of synaptic genes in the 

cortex of healthy older individuals [25]. A subsequent study found that excitatory synaptic 

gene expression decreases further in cognitively intact individuals with longer lifespans. 

Another study showed that increased gene expression in excitatory hippocampal neurons 

predicts cortical thinning in the aging population, including individuals with mild cognitive 

impairment (MCI) and AD [26]. These observations suggest somewhat counterintuitively 
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that reduced synaptic gene expression predicts a longer lifespan among healthy aging 

individuals [27]. In the nematode C. elegans, pharmacologic or genetic inhibition of neural 

excitation was shown to extend lifespan, whereas increased neural excitation shortened 

lifespan [27], providing experimental evidence that reduced neural excitation may be a 

conserved adaptive mechanism that delays aging.

Neural excitation and network efficiency in healthy older adults

Many studies have documented that reduced neural activation associated with cognitive 

tasks correlates with better performance in defined neuropsychometric tests (reviewed in 

the study by Neubauer and Fink [28]). This has led to the proposal that decreased neural 

and synaptic activity indicate increased neural efficiency [28]. This idea is supported by the 

observation that decreased neural activation is associated with training-induced acquisition 

of expertise in a particular cognitive domain [5]. Importantly, increased neural efficiency 

may represent a form of acquired cognitive reserve [29]. Two studies showed that greater 

cognitive reserve — linked to education and occupational attainment — was associated with 

lower cortical neural activity during speech comprehension [30] and visual encoding [31] 

tasks in aged individuals. These observations suggest that reduced task-associated neural 

activation may be a manifestation of more efficient neural network function. Moreover, more 

efficient neural network function may be an important component of the cognitive reserve 

that maintains and protects the aging brain.

Can reduced neural excitation and increased neural efficiency delay the onset of cognitive 

aging in healthy individuals? Combined cognitive and physical training or exergaming — 

playing a computer game controlled by body movements that provide augmented feedback 

— was associated with reduced cortical activation in older individuals and improved 

performance in multiple cognitive domains [32,33]. Additional studies are required to obtain 

greater insight into the adaptive mechanisms that are engaged by these interventions and 

how they improve cognitive function.

Reduced neural excitation as an adaptive mechanism in cognitively impaired individuals

Decreased neural excitation may improve cognitive function in individuals with MCI by 

preventing the transsynaptic spread of misfolded proteins, such as Aβ and tau (Figure 

3b) [34–38]. Treatment with the anticonvulsant levetiracetam reduced hyperexcitation and 

improved memory in AD mouse models [39,40]. Furthermore, levetiracetam treatment 

prevented hippocampal hyperexcitation in patients with MCI and improved cognitive 

function [41]. In a recent single-blinded randomized controlled trial, a combination of 

cognitive and physical training significantly reduced cortical activation in individuals 

with MCI and improved cognitive function [42]. Thus, interventions that decrease neural 

excitation may be neuroprotective at early stages of cognitive decline.

How does reduced neural excitation protect the aging brain?

Genetic experiments in C.elegans showed that the effects of neural excitation on 

the regulation of aging and lifespan were mediated by orthologs of the mammalian 

transcriptional repressor REST. REST recruits other corepressors that modify histones and 

remodel chromatin to suppress the transcription of target genes, many of which are involved 
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in synaptic function and signaling [43]. REST is activated in the aging human brain and is 

associated with extended longevity [27,44]. Activation of the REST ortholog spr-4 reduces 

neural excitation and increases longevity in C. elegans [27]. Furthermore, REST can be 

activated by a variety of stressors, including oxidative stress, DNA damage, and Aβ [44], 

as well as neuro-inflammatory stimuli [45], to mediate stress resistance and restore neural 

network homeostasis (Figure 3c) [46]. These findings suggest that downregulation of neural 

excitation, mediated by REST, is a conserved stress response which is engaged adaptively in 

the aging brain.

Activation of REST in the aging brain may protect against degenerative changes associated 

with aging and prevent the onset of AD. REST represses many genes involved in AD 

pathology and neurodegeneration [44]. Moreover, REST is depleted in the AD brain [44], 

as well as in brain-derived exosomes [47,48] and plasma [49] from patients with AD 

relative to cognitively intact controls. Interestingly, in older adults at risk for developing 

AD, mindfulness meditation training significantly elevated plasma REST levels [49]. 

Furthermore, in aged mice, physical activity increased REST expression in the hippocampus 

[50]. Thus, REST may be activated by noninvasive interventions. Taken together, these 

observations suggest that REST activation in the aging brain is an adaptive mechanism that 

may protect against age-related pathology and neurodegeneration.

Adaptive neuron–glia interactions

Glial cells play important adaptive roles in the aging brain. Astrocytes promote synaptic and 

neuronal homeostasis [51], sculpt synapses [52], and release neurotrophic factors to protect 

synapses, including during the earliest stages of Aβ accumulation [53]. Microglia protect 

neurons by acting as phagocytes (Figure 4a), sculpting processes and synapses, and releasing 

neurotrophic factors and regulatory cytokines [54–56]. Glial cells engage in extensive cross 

talk with neurons and other glia, as well as endothelial and peripheral immune cells that 

likely impact the aging brain [57].

Converging evidence suggests that several approaches may be necessary to fully engage glial 

adaptive mechanisms in the aging brain. First, glial cells must be recruited and activated. 

Upregulation of the CD22 receptor by aging microglia impairs their phagocytic activity, and 

inhibition of CD22 restores microglial phagocytosis and cognitive function in aged 5xFAD 

mice [58]. Activation of phagocytosis is a two-step process in which initial downregulation 

of microglial checkpoints is followed by a signaling cascade triggered by TREM2 [59], 

a critical microglial receptor that is genetically linked to AD [60]. Strategies that inhibit 

immune checkpoints may unleash the full adaptive potential of microglia in the aging 

brain (Figure 4c) [51]. Interestingly, blockade of the PD-1/PD-L1 immune checkpoint in 

T lymphocytes can induce a T-cell effector response, leading to increased macrophage 

recruitment to the brain, suppression of Aβ and tau pathology, and memory recovery in 

mouse models of neurodegeneration [61,62].

Senescent glial cells exhibit a proinflammatory senescence-associated secretory phenotype 

that may exacerbate pathology in the aging brain (Figure 4b) [63]. Removal of senescent 

astrocytes by targeted expression of caspase 8 mitigated tau pathology and restored cognitive 
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function in a mouse model of tauopathy [64]. Senescent cells may also shorten lifespan. 

Removal of naturally occurring senescent cells in aging mice extended lifespan and reduced 

tumorigenesis [65]. Senolytic agents remove senescent cells by selective induction of 

apoptosis [66]. However, further development of this strategy is needed to optimally target 

these drugs without impairing physiological processes, such as wound healing [67].

Aging macrophages and microglia show impaired glucose metabolism, which contributes 

to systemic inflammation and cognitive decline. Targeted inhibition of prostaglandin E2 

signaling in microglia restores microglial energetics and improves synaptic plasticity and 

memory in mouse models [68]. These findings suggest that anti-inflammatory interventions 

can improve function in the aging brain. One such lifestyle intervention is sustained physical 

exercise; a systematic review of 13 clinical trials found that physical exercise reduced 

inflammatory markers in people of all ages and was particularly effective in reducing 

inflammation in older individuals [69].

An intriguing aspect of the neuron–glia interface is its effects on systemic aging and 

lifespan. The aging hypothalamus exhibits increased microglial proliferation and release 

of TNFα, which in turn suppresses neuronal release of gonadotropin-releasing hormone. 

Microglial deletion of the upstream NF-κβ regulator IKK-β prevented the accumulation 

of TNFα, increased gonadotropin-releasing hormone production, and reduced brain and 

systemic aging [70]. These findings suggest that microglia–neuron cross talk in the 

hypothalamus contributes to neuroendocrine control of the aging process [71].

Peripheral factors that rejuvenate the aging brain

An exciting area of research is the identification of circulating factors that affect the 

aging brain. Several factors that promote homeostasis and improve aspects of brain 

function in aged animal models have been identified (Figure 1). These factors include 

exercise-induced metabolites and myokines, microbial metabolites, and molecules secreted 

by immune cells. Circulating factors in young animals can be transferred to aged animals 

by an experimental approach known as parabiosis, in which the peripheral circulations of 

the two animals are surgically linked [72]. Circulating factors such as GDF-11, CSF-2, 

and cathepsin B have been shown to affect diverse neural stem cells [73], neurons, 

and glial cells [74]. Interestingly, umbilical cord plasma also provides a reservoir of 

proteins that can have beneficial effects in the aging brain. One example is umbilical 

cord-derived TIMP-2, a protease inhibitor that was found to improve hippocampal synaptic 

plasticity and memory in aged mice [75]. Irisin is an exercise-induced hormone that 

might preserve cognitive functions in aged mice. Furthermore, peripheral delivery of irisin 

reduced neuroinflammation and improved memory in AD mouse models [76]. Hence, 

circulating factors may contribute to adaptive mechanisms in the aging brain, although their 

physiological significance and therapeutic potential remain to be determined.

Conclusion

The discovery of adaptive mechanisms in the aging brain and their detailed characterization 

in animal models suggest that aspects of brain aging and pathology may be modifiable. 

This has potentially important implications for future strategies to prevent and treat age-
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related neurodegenerative disorders. An intriguing finding is that neural and glial adaptive 

mechanisms may also delay systemic aging and increase longevity, raising the possibility 

that the brain is a central regulator of the aging process. Therapeutic interventions that 

engage these adaptive mechanisms may therefore have global effects on aging, and protect 

against not only neurodegenerative disorders, but also systemic age-related diseases, such as 

cancer, diabetes, cardiovascular disease and metabolic syndrome.

Several challenges remain to be addressed in order to fully harness the power of brain 

adaptive mechanisms. First, the cellular and molecular intricacies of brain adaptation 

during aging must be understood in greater depth. Despite their central roles in the aging 

brain, the molecular underpinnings of cognitive reserve and compensatory mechanisms are 

poorly understood. Second, the effects of naturally occurring human genetic diversity on 

brain adaptation must be thoroughly investigated, as they may provide important clues for 

personalized therapeutic approaches. Third, the potential benefits and risks of many lifestyle, 

dietary, and therapeutic approaches must be rigorously examined. Finally, the relevance of 

adaptive mechanisms to the onset and progression of neurodegenerative disorders must be 

better understood to harness these pathways for a healthy aging brain.
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Figure 1. Adaptive mechanisms of brain aging.
Physiologic adaptive mechanisms (inside white circle) and those that can be recruited by 

lifestyle and therapeutic interventions (outer light red ring) promote stress resistance and 

functional integrity of the aging brain. Physiologic adaptive mechanisms include neural 

network changes, increased synaptic plasticity, and reduced neural excitation, as well as 

broader metabolic and systemic adaptations that involve vascular function and circulating 

factors. Genetic factors, such as the protective APOE2 allele, may also engage adaptive 

mechanisms. Adaptive mechanisms can also be recruited by physiologic and pharmacologic 

interventions (outer ring). Examples of induced physiologic adaptations are those engaged 

by lifestyle choices and changes, such as diet and physical activity, caloric restriction, 

education, mental training, meditation, social interactions, and sleep. Pharmacologic and 

therapeutic interventions target metabolic, neuroprotective, and inflammatory pathways. 

Other approaches target senescent cells, blood pressure, and vascular health or mentally 

stimulate the aging brain.
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Figure 2. Metabolic adaptations in the aging brain.
Several conserved metabolic regulators can be engaged physiologically or therapeutically. 

Fasting, exercise, downregulation of insulin/insulin-like growth factor 1 (IGF1–1) signaling, 

and decreased protein and amino acid levels inhibit the activity of mammalian target 

of rapamycin (mTOR). This results in inhibition of protein synthesis and stimulation of 

autophagy. Physical exercise and fasting also increase nicotinamide adenine dinucleotide 

(NAD+) production, which serves as a critical redox cofactor for metabolism and ATP 

generation. NAD+ also serves as cofactor for sirtuins. Nuclear localization of sirtuins 

(SIRTs) leads to deacetylation of target genes, such as Fork-head box O (FOXO) proteins, 

peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α), and nuclear factor 

erythroid 2-related factor 2 (NRF2). FOXO1-dependent transcription can also be activated 

by REST, a transcriptional repressor that is activated in the aging brain and correlates with 

longevity. FOXOs, PGC-1α, and NRF2 activate the transcription of genes that promote 

stress resistance, autophagy, proteostasis, DNA repair, mitochondrial biogenesis, and cell 

survival. Increased AMP and decreased ATP during fasting activate AMP kinase (AMPK). 

AMPK can also be activated pharmacologically by metformin. NAD precursors such as 

nicotinamide mononucleotide can pharmacologically increase cellular NAD+ levels.
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Figure 3. Neural adaptations in the aging brain.
(a) Neural network compensatory adaptations preserve neural network homeostasis during 

aging. Three broad age-related neural mechanisms of compensation in the aging brain have 

been described: (1) Some neural networks can increase activity during aging, such as the 

dorsolateral prefrontal cortex (DLPFC) that is involved in working memory. (2) Neural 

networks that are not typically involved in a task can be recruited, such as the recruitment of 

the rhinal cortex to augment the function of the hippocampus (HPC) in recognition memory. 

(3) Neural networks can be reorganized in the aging brain to improve performance. For 
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example, the frontal cortex can become activated bilaterally in aged individuals to perform 

executive function tasks, in contrast to the unilateral frontal activation pattern that occurs 

in young individuals. (b) Reducing neural excitation may protect against hyperexcitation 

and also reduce the transsynaptic spread of misfolded proteins, such as Aβ and tau, which 

contribute to the pathogenesis of AD. (c) The molecular mechanism of reduced neural 

excitation in a well-adapted aging brain may involve the transcriptional repressor REST, 

which is activated in aging neurons. AD, Alzheimer disease.
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Figure 4. Adaptation of the neuron–glia interface in the aging brain.
(a) Homeostatic microglia become phagocytic in the presence of protein aggregates and 

degenerating cells. Gamma entrainment can recruit and augment microglial phagocytic 

activity. Inhibition of the CD22 receptor and the other indicated interventions can 

restore beneficial microglial activity and reduce proinflammatory responses. (b) Senescent 

microglia and astrocytes exhibit the senescence-associated secretory phenotype (SASP) 

with the release of proinflammatory mediators. Senescent cells do not efficiently clear 

misfolded proteins, such as Aβ and tau, leading to their accumulation and spread. Strategies 

that eliminate senescent glial cells, such as the use of senolytics, can allow the bystander 

glial cells to more efficiently clear misfolded proteins, leading to decreased pathology and 

potentially improving cognitive function. (c) TREM2 is a microglial receptor that interacts 

with lipids, lipoproteins, and Aβ and activates pathways that restrict proinflammatory 

NF-κB signaling. NF-κB is activated by a variety of proinflammatory stimuli, including 

cytokines, infection, stress, and circadian disturbance. Inhibition of NF-κB signaling by 
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anti-inflammatory drugs, blockade of immune checkpoints, or physical exercise leads to 

reduced inflammation and increased microglial phagocytic activity.
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