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Abstract  
Aging is the leading risk factor for Alzheimer’s disease and other neurodegenerative diseases. We 
now understand that a breakdown in the neuronal cytoskeleton, mainly underpinned by protein 
modifications leading to the destabilization of microtubules, is central to the pathogenesis of 
Alzheimer’s disease. This is accompanied by morphological defects across the somatodendritic 
compartment, axon, and synapse. However, knowledge of what occurs to the microtubule 
cytoskeleton and morphology of the neuron during physiological aging is comparatively poor. Several 
recent studies have suggested that there is an age-related increase in the phosphorylation of the key 
microtubule stabilizing protein tau, a modification, which is known to destabilize the cytoskeleton in 
Alzheimer’s disease. This indicates that the cytoskeleton and potentially other neuronal structures 
reliant on the cytoskeleton become functionally compromised during normal physiological aging. 
The current literature shows age-related reductions in synaptic spine density and shifts in synaptic 
spine conformation which might explain age-related synaptic functional deficits. However, knowledge 
of what occurs to the microtubular and actin cytoskeleton, with increasing age is extremely limited. 
When considering the somatodendritic compartment, a regression in dendrites and loss of dendritic 
length and volume is reported whilst a reduction in soma volume/size is often seen. However, 
research into cytoskeletal change is limited to a handful of studies demonstrating reductions in 
and mislocalizations of microtubule-associated proteins with just one study directly exploring the 
integrity of the microtubules. In the axon, an increase in axonal diameter and age-related appearance 
of swellings is reported but like the dendrites, just one study investigates the microtubules directly 
with others reporting loss or mislocalization of microtubule-associated proteins. Though these are 
the general trends reported, there are clear disparities between model organisms and brain regions 
that are worthy of further investigation. Additionally, longitudinal studies of neuronal/cytoskeletal 
aging should also investigate whether these age-related changes contribute not just to vulnerability 
to disease but also to the decline in nervous system function and behavioral output that all organisms 
experience. This will highlight the utility, if any, of cytoskeletal fortification for the promotion of 
healthy neuronal aging and potential protection against age-related neurodegenerative disease. This 
review seeks to summarize what is currently known about the physiological aging of the neuron and 
microtubular cytoskeleton in the hope of uncovering mechanisms underpinning age-related risk to 
disease.
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Introduction 
Age is the primary risk factor for developing neurodegenerative diseases 
such as Alzheimer’s disease (AD). With an ever-increasing aging population, 
AD is now one of the leading causes of death globally and the 6th leading 
cause of death in the US, making it vital to understand the early mechanisms 
of disease (AAR, 2022). Understanding the cellular and molecular drivers 
of neuronal aging can provide vital insights into how this physiological 
phenomenon predisposes to the pathological changes that characterize age-
related neurodegenerative diseases like AD. Though many aspects of neuronal 
aging have been investigated, our knowledge of how neuronal morphology 
changes as we age are not well established. Furthermore, how the neuronal 
cytoskeleton ages and how changes to the cytoskeleton contribute to 
age-related changes in neuronal morphology is even less well-known. In 
the context of disease, we understand that a compromised cytoskeleton 
contributes to neuronal degeneration; however, within physiological aging we 
have a poor understanding of how cytoskeletal changes influence the neuron. 
This review will explore what is currently known about age-related changes 
to neuronal morphology (in three distinct neuronal compartments) and the 
neuronal cytoskeleton, how these two elements relate to one another, and 
how knowledge of the mechanisms that underpin neuronal aging can help to 
promote healthy brain aging.  

Search Strategy 
The papers reviewed here are centered around age-related changes to the 
morphology of the neuron in each of the distinct neuronal compartments 
and additionally what age-related changes might occur to the cytoskeleton 
to potentially influence such morphological changes. PubMed and WOS 
online databases were used to search for articles used in this review. Search 

terms used in PubMed database were: Aging, neuron, morphology, axon, 
synapse, cell body, dendrite, cytoskeleton, microtubules, actin, Tau, Tau-
phosphorylation. Searches were targeted towards papers published between 
2018 and 2023. However, literature searches highlighted a large body of 
important articles that were published before these dates that describe age-
related changes to neurons. Combined search terms were used in the Web 
of Science (WOS) database to compliment PubMed searches. Aging (AND) 
neuronal morphology, aging (AND) microtubules, aging (AND) cytoskeleton, 
aging (AND) axon morphology, aging (AND) dendrite morphology, aging 
(AND) cell body morphology, aging (AND) synaptic morphology, aging (AND) 
tau, aging (AND Tau phosphorylation search terms were used. Once again, 
literature searches were targeted to the years of 2018–2023. However, 
further analysis of older articles revealed important papers prior to the initial 
search dates.  All literature was searched for between May 2022 and July 
2023. 

Anatomy of the Neuronal Cytoskeleton 
The neuronal cytoskeleton is a multiplexed structure comprising of three 
major components: tubulin containing microtubules, neurofilaments 
(intermediate filaments), and actin containing microfilaments. Each 
component has a very distinct structure specialized to sustain important 
neurobiological functions ranging from coordination of proliferation, 
migration, and differentiation of developing neurons, provision of intracellular 
structural and mechanical support, supplying tracks for intracellular transport 
including organelle targeting and facilitating signal transduction in sub-
cellular compartments in mature neurons. Due to its importance in disease 
and physiology, the microtubule cytoskeleton will be the focus of this review. 
However, both neurofilaments and actin also form important components of 
the cytoskeleton and are described briefly in this section. 
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Microtubules
Microtubules (MTs) are the largest of the cytoskeletal components with 
polarized elongated hollow tubules formed from dimers of α and β-tubulin 
(25 nm across) that sit parallel within axons and dendrites (Bryan and Wilson, 
1971; Baas and Lin, 2011). The polarized nature of the MTs dictates their 
intra-neuronal orientation, with axonal microtubules arranged with their 
plus ends pointing outwards, away from the soma, in both vertebrates and 
invertebrates (Baas et al., 1988). However, in the proximal dendrites of 
vertebrate neurons, nearly 50% of the MTs were arranged with plus ends 
pointing away from the soma with the remaining MTs oriented with the 
plus ends point towards the soma (Baas et al., 1988). In contrast, most of 
the MTs are oriented with their minus ends pointing away from the soma 
in invertebrate neurons, though some mixed orientations have also been 
reported (Stone et al., 2008). This specific orientation and organization of 
MTs enable the microtubular cytoskeleton to subserve an important function, 
that of compartment-specific sorting and transportation of proteins and 
cargo either to dendrites or axons. A key contributor to intra-neuronal protein 
and organelle sorting, and therefore functional compartmentalization of the 
neuron is the axon initial segment (AIS). The MT cytoskeleton displays several 
unique features in this important structure (Eichel and Shen, 2022) that may 
play a role in enabling the AIS to act as a gatekeeper for axon-specific cargo 
(Kapitein and Hoogenraad, 2015).

Another characteristic feature of MTs is that they undergo “dynamic 
instability”, which is the growth and catastrophe of the microtubule labile 
domain, mostly at the MT plus end, caused by the hydrolysis of stable GTP 
bound β-tubulin to volatile GDP-bound units (Mitchison and Kirschner, 
1984). MT dynamics are regulated by several MT-related proteins including 
+end tracking proteins, end binding proteins, microtubule-associated 
proteins (MAPs) including Tau, MAP2, MAP1B, MAP1C amongst others 
(Sayas and Ávila, 2014; Penazzi et al., 2016). Synchronization of MT dynamics 
(destabilization and stability) by such microtubule-related proteins plays a key 
role in the morphological changes that underlie neuronal differentiation and 
axonal guidance during neuronal development (Kapitein and Hoogenraad, 
2015). Post-translational modifications of tubulin itself as well as the MAPs 
that bind to the tubulin also play a role in regulating MT dynamics and 
stabilization, ultimately shaping the MT cytoskeleton. 

Amongst the many MT interacting proteins, one key MAP which will be 
described to a greater extent in this review, because of its role in age-related 
neurodegenerative diseases, is Tau. Tau is a phospho-protein, expressed as six 
alternatively spliced isoforms (although there are now suggestions of more 
isoforms), all of which bind to microtubules between tubulin-heterodimers 
via 3 or 4 microtubule-binding domains in a phosphorylation dependent 
manner (Corsi et al., 2022). Tau binding to MT promotes suppression of 
microtubule shortening and reduces the concentration of tubulin required 
for polymerization (Weingarten et al., 1975; Panda et al., 1995; Kadavath 
et al., 2015). Tau condensates (envelopes) preferentially form on stabilized 
microtubule lattices with specific lattice architecture, shortening the distance 
between tubulin heterodimers, and creating permeable barriers to the binding 
of other MAPs as well as regulating motor protein motility (Tan et al., 2019; 
Siahaan et al., 2022). Recent studies suggest that Tau preferentially interacts 
with the microtubule labile domain instead of the entire structure (Qiang 
et al., 2018); however, it is likely that it binds along the entire microtubule 
but holds specificity in aiding polymerization at the labile domain (Barbier 
et al., 2019). As described in later sections of this review, Tau is particularly 
intriguing from an age-related perspective because there is evidence of age 
and disease-related changes in Tau localization and MT binding, which may 
contribute to some of the age-related changes in neuronal and microtubular 
structure and function. 

Though a lot is known about how MT cytoskeleton changes during 
development and how this underpins key developmental processes, relatively 
little is understood about how this important neuronal structure changes 
during physiological aging. This is surprising given that in age-related 
neurodegenerative diseases like AD, there is evidence for structural and 
functional changes in both the MT network itself and in MAPs like Tau. This 
review therefore seeks to highlight our gaps in knowledge in this area and 
potentially provide some causal links between MT cytoskeletal aging and 
vulnerability to age-related neurodegenerative disease. 

Neurofilaments and actin
Neurofilaments and actin similarly contribute to cytoskeletal function within 
neurons. Neurofilaments form 10 nm wide filaments from Neurofilament- 
heavy, medium, and light chains that aid in neuronal stability (particularly 
within axons), and in the promotion of axon growth (Yuan et al., 2012). Like 
microtubules, they can be subjected to post-translation modifications such as 
phosphorylation and are known to be involved in neurodegeneration (Didonna 
and Opal, 2019). However, little work has been done on age-related changes 
to neurofilaments although a large body of biomarker literature has shown 
increases in certain NF chains within blood serum and CSF with age and in 
disease, potentially reflecting age or disease-related neuronal death (Kuhle et 
al., 2011; Vågberg et al., 2015; Idland et al., 2017; Khalil et al., 2020; Nyberg 
et al., 2020). Like microtubules and neurofilaments, actin is also found within 
the axon. Actin is the smallest of the three cytoskeletal components (7 nm 
diameter) and exists in both a monomeric and filamentous state (F-actin) 
(Dominguez and Holmes, 2011). F-actin is found in abundance within the 
dendrites and synapses to help in the organization of the presynaptic site, 
axon initial segment organization, and dendritic plasticity (Konietzny et al., 
2017). The use of ultrastructural imaging, stochastic optical reconstruction 

microscopy has revealed that spectrin-associated actin forms “ring-like 
structures” periodically along the length of the axon (every 180 nm) in a 
structure termed the “periodic-actin-cytoskeleton” which is thought to 
contribute to axonal fortification (Xu et al., 2013). Although there are reports 
of disease-related changes to actin, little has been reported about the actin 
cytoskeleton in an aging neuron (Lai and Wong, 2020). 

This review will address what is known about changes to the morphology 
of the synapse, somatodendritic compartment, and axon with physiological 
aging. Alongside this, a description of what is known about age-related 
changes to the microtubular cytoskeleton will be discussed as a possible 
mechanism to explain the age-related morphological changes in the different 
neuronal compartments. The literature used in this review is summarized in 
Additional Table 1.   

Age-Related Synaptic Changes 
The structure and function of the synapse
 The human brain contains trillions of synapses which are formed in excess 
during development before being pruned as functional networks develop. 
Following development, the majority of synaptic connections are relatively 
stable but new connections can form, or be abolished, in response to 
experience (Ackerman, 1992). Moreover, individual synaptic strength is 
modulated (termed synaptic plasticity) allowing for the high storage and 
working capacity of our brains that underlies our everyday function (Bartol 
et al., 2015). Chemical synapses form the connections between neurons that 
are dedicated to fast, highly regulated directional information transfer that 
underpins the functioning of our brains. They are the basic units that enable 
neuronal network function and consist of a presynaptic site that contains 
the conserved neurotransmitter release machinery and a postsynaptic site 
containing arrays of neurotransmitter receptors. The two sites are connected 
by a series of cell adhesion molecules, which ensures trans-synaptic 
juxtaposition of release and detection machineries and the intracellular 
organization of the synapses. Actin contributes to pre- and postsynaptic 
function in both membrane trafficking and structural organization. A sustained 
increase in synaptic strength critically requires postsynaptic actin remodeling. 
In this regard, postsynaptic spine structure is indicative of stable versus 
transient connectivity and the importance of the cytoskeleton in synaptic 
structure and function is highlighted (Kasai et al., 2003). 

Age-related change to synaptic morphology and function 
Compared with other neuronal compartments more is known about 
the aging of synapses, perhaps due to their vital importance in cellular 
connectivity. As described here, there are two key changes noted with age: 
loss of spine density and selective loss of spine types (Figure 1). Within the 
human prefrontal cortex, Golgi impregnation revealed that the spine density 
of pyramidal neurons decreases around the end of the fourth decade of 
life, but appears to remain relatively stable thereafter (Jacobs et al., 1997). 
Additionally, an electron microscopy-based approach has suggested that the 
volume density of spines in the human frontal cortex remains constant across 
ages (Scheff et al., 2001). In line with this, a global view of the human brain 
using PET (positron emission tomography) tracer labeling of the synaptic 
vesicle (glycoprotein 2A-SV2A) shows no synaptic loss associated with aging 
across the human brain (Michiels et al., 2021). However, 3D morphological 
analysis of synapses of the prefrontal cortex in cognitively normal humans 
shows an age-related reduction in spine density (Boros et al., 2019). 
Specifically, thin and stubby spines are lost, leading to an overall lower spine 
count across apical and basal dendritic trees whilst the density of the more 
stable mushroom spines is retained (Figure 1; Boros et al., 2019). This is also 
seen in the rat prefrontal cortex, where spine morphology and density change 
with aging and are accompanied by a loss in experience-dependent plasticity 
(Bloss et al., 2011).

Other studies also report the loss of dendritic spines in aging rodents, 
within the hippocampus, but also show an increase in stubby spines 
(Aguilar-Hernández et al., 2020). A 16.5% loss of synaptic density is similarly 
documented in the mouse somatosensory cortex (Calì et al., 2018). Within 
the somatosensory cortex of aged rodents, a loss of thin spine types and a 
reduction in spine volume is also reported (Mostany et al., 2013). Interestingly 
in the Purkinje cells of aging rodents, although a 30% reduction in synapses is 
seen, a 13% increase in spine head volume is documented (Chen and Hillman, 
1999). The consequence of these reported changes in rodents is potentially 
demonstrated in the aging rodent cortex, where a loss of spine density 
correlates with reduced calcium activity and motor learning ability (Huang et 
al., 2020). The selective loss of thin spines and reduction in spine density is 
also observed within the prefrontal cortex and visual cortex of aged monkeys 
(Kabaso et al., 2009; Dumitriu et al., 2010; Young et al., 2014; Luebke et al., 
2015). This is suggestive of a loss of synaptic plasticity with aging, which may 
be accompanied by some reduction in synaptic number. 

In line with changes in synaptic plasticity, long-term potentiation induction 
and maintenance deficits are observed in the hippocampus of aged rats 
(Landfield et al., 1978; Barnes, 2003). Experiments in rodents have highlighted 
a shift in the regulation of calcium homeostasis with aging. Specifically, aged 
rats show an upregulation of L-type Ca2+ channels, which is correlated with 
poorer working memory (Figure 1; Thibault and Landfield, 1996). In the 
prefrontal cortex of monkeys, reduced firing in aged animals could be restored 
by inhibiting cAMP-PKA signaling or by blockers of select potassium channels 
(Wang et al., 2011). The efficiency of protein degradation pathways also 
declines with aging (Kuijpers, 2022). Indeed, the degradative capacity of late 
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endocytic and lysosomal organelles declines with aging, possibly due to lower 
vATPase levels, and the less effective organelles accumulating at synaptic sites 
(Burrinha et al., 2023). The impairment of proteostasis particularly affects the 
presynaptic sites, where rapid membrane fusion and recycling of the fusion 
machinery is key to sustained synaptic transmission. Accordingly, disruption 
of presynaptic homeostasis leads to use-dependent synaptic loss (Fernández-
Chacón et al., 2004). This cellular and molecular evidence for reduced 
function within synapses, alongside anecdotal/primary evidence of age-
related decline in memory, suggests that age-related morphological changes 
to synapses (documented here) are correlated with functional change. As the 
synapses rely upon a proficient cytoskeleton for both structure and function 
(particularly actin), could age-related cytoskeletal decline contribute towards 
the phenotypes documented here?

Age-related change to the synaptic cytoskeleton
As discussed above, actin rearrangements are central to post-synaptic 
structural plasticity. The Rho family GTPases play a critical role in actin 
remodeling. Interestingly, in the aging mouse brain, reduced membrane 
association of these GTPases is detected (Afshordel et al., 2014), potentially 
underlying the reduced structural plasticity observed in aged rodents. In aged 
mice, synaptic levels of actin and synaptophysin are reduced while  α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor subunits and 
postsynaptic density protein-95 remain largely unaltered (Ve et al., 2020), 
further suggesting a decline in release efficiency and structural remodeling 
within the aging brain prior to/instead of widespread loss. Further evidence in 
the aging mouse brain comes from reduced levels of actin regulatory proteins 
drebrin (Hatanpaa et al., 1999) and cofilin that declines age (Figure 1), whilst 
levels of inactive phospho-cofilin increase (Barone et al., 2014). Changes 
related to actin dynamics and structure have been covered in studies of non-
neuronal cell types (Mack et al., 2016; Higuchi-Sanabria et al., 2018) but as 
demonstrated here our understanding of actin, its modulators, and effectors 
in the aging brain/neuron is limited. Moreover, it is difficult to infer if age-
related synaptic morphological alterations documented here are due to a 
change in the integrity and carefully balanced active remodeling process of 
the cytoskeleton.

Age-Related Changes to the Somatodendritic 
Compartment 
The structure and function of the somatodendritic compartment 
Being the housekeeping hub of the neuron, the somatodendritic region 
represents a vital neuronal compartment. The soma (or cell body) contains 
the cell’s nucleus, housing genetic information and regulating cellular activity. 
Importantly, it connects to the axon via the AIS, modulating the trafficking 
of cargo (such as mitochondria) to distal regions of the neuron via the axon. 
Additionally, the cell body is directly connected to dendritic projections. 
Dendrites are specialized processes, charged with receiving and processing 
synaptic information through the activation of post-synaptic elements 
found on the dendrites (Häusser et al., 2000). As such, dendrites are crucial 
components of a neuron’s communication architecture. As already discussed, 
dendritic post-synaptic spines see age-related changes but here we discuss 
morphological changes that are reported to occur within the dendritic shafts 
and the soma. 

Age-related changes to dendrite shaft morphology 
It is generally accepted that, with age, there is a loss of and change in the 
morphology of dendrites (Pannese, 2011). Evidence for changes to dendritic 
morphology comes from early studies conducted on human brain tissue. 
Regressive changes are seen in the dendritic length of pyramidal cells in 
the cortex with age (Figure 2a). However, the extent of this regression 
in the cortex is layer-dependent. The dendritic field of basal dendrites in 
layer 3 pyramidal cells in the motor cortex has been found to regress by 

approximately 13%, whereas layer 5 basal dendrites by 37% (Nakamura et al., 
1984; Nakamura et al., 1985a). Others report a more profound reduction with 
an 76% reduction in dendritic length of dentate gyrus neurons in 12-month-
old rodent brains compared to 3 months (Wang et al., 2017). This may 
indicate that dendrites in certain locations are more susceptible to the effects 
of aging than others. However, this reduction in dendritic field is not uniform 
throughout the brain as shown by layer 3 pyramidal neuron dendrites in the 
prefrontal cortex where regression is not evident whilst dendrite length is 
seen to increase in the parahippocampal gyrus with age (Buell and Coleman, 
1979; de Brabander et al., 1998).

Changes to dendritic morphology are also described in Rhesus monkeys. 
3D-morphometric analysis of apical and basal dendritic trees in the 
prefrontal cortex (PFC) reveals that total dendritic length, surface area, and 
volume all reduce with age in long projecting neurons whilst remaining 
unchanged in locally projecting cells (Figure 2b; Kabaso et al., 2009). 
However, ultrastructural analysis of aged layer 3 pyramidal cells with electron 
microscopy and retrograde labeling of neurons in the superior temporal 
cortex pyramidal neurons show no significant age-related change in dendritic 
length or diameter, although these studies show a trend for reduction in 
these parameters (Duan et al., 2003; Luebke et al., 2015). In the rodent brain, 
there are reductions in synaptic coverage of dendrites (20% loss) and dendrite 
diameter at the most proximal regions within lumbar spinal cord motor 
neurons (Castro et al., 2023). Additionally, total dendrite length is significantly 
lower in the pre-frontal cortex but significantly higher in the amygdala of aged 
rodents (Sotoudeh et al., 2020). Like in humans, there are region-specific 
differences in the age-related somatodendritic changes. Nonetheless, there 
appears to be a reduction in dendritic arborisation in aged neurons across the 
species. 

Age-related changes to soma morphology
Several papers have investigated age-related changes to dendrites and their 
spines, but comparatively fewer studies have interrogated the cell soma. In 
the cerebellar Purkinje cells, it is generally accepted that there is a shrinkage 
of the cell soma with age (alongside degeneration and retraction of dendritic 
arborizations) (Zhang et al., 2010). Beyond these better-studied Purkinje cells, 
there is also evidence for age-related change.  In humans, comparisons of cell 
somas within the superior frontal gyrus showed a 33% reduction in volume 
(5721 µm3 to 3551 µm3) between 52 and 94 years  (Uemura and Hartmann, 
1978). More recently, fluorescent imaging of immuno-stained human cervical 
spinal cord motor neurons has shown no significant age-related change in 
soma size (although a trend for an increase in soma size is apparent) (Castro 
et al., 2023). Similarly, ultrastructural electron-microscopy analysis of the 
aged rhesus monkey visual cortex shows no significant change in soma length 
or width with age (Luebke et al., 2015). 

Studies on non-primate neurons provide slightly more evidence for age-
related changes to soma morphology. In lumbar spinal cord motor neurons 
and amygdala neurons of rodents, soma size appears unchanged with age 
(Sotoudeh et al., 2020; Castro et al., 2023). However, in the rodent cerebral 
cortex, one-third of the parvalbumin-positive neurons display an age-related 
reduction in soma area whilst soma diameter increases in the PFC (Ueno 
et al., 2018; Sotoudeh et al., 2020). This region-specific difference in soma 
morphology is also represented in cats; although both show decreases in 
soma cross-section, large discrepancies are seen in spinal motor neurons of 
aged animals (Liu et al., 1996). It must also be noted that soma volume is 
reported to decrease by 30% with age (between 1 and 8 days) in C. elegans 
anterior lateral microtubule (touch receptor) neurons with long-living mutants 
showing a smaller decrease (27.44%), perhaps indicating soma volume to be a 
marker of health (Hess et al., 2019). Collectively, this literature shows changes 
in soma volume, width, and height to be brain region-specific. However, more 
work is needed to truly understand age-related changes to somatodendritic 
morphology, especially in the human brain. Moreover, an understanding of 

Figure 1 ｜ Graphical summary of age-related 
changes that occur to the morphology of synaptic 
spines. 
Research shows a general decrease in density 
of synaptic spines with age which is often 
characterized by the selective loss of thin 
spine types. Though it has not been studied 
extensively, the aging cytoskeleton within the 
synapse sees decreases in actin itself alongside 
actin binding proteins Drebrin and Cofilin. This is 
accompanied by an increase in the non-functional 
phosphorylated cofilin. Functionally, there is an 
increase in L-type calcium channels with age. White 
circles show cofilin proteins whilst brown circles 
represent Drebrin. Yellow (P) symbols represent 
phosphorylation. Created with BioRender.com. 
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why changes in morphology occur and what their functional consequences 
are is unknown. One possibility is that morphological changes arise due to a 
destabilization of the neuronal cytoskeleton. 

As well as these structural changes to the soma, several studies have 
documented age-related increases in lipofuscin granules in neurons, in 
both vertebrates and invertebrates (Robles, 1978; Pannese, 2011; Merlo 
et al., 2015). The cytoplasmic volume of motor neurons in some human 
centenarians consists of up to 75% lipofuscin granules (Gray and Woulfe, 
2005). When visualizing neurons in an aged brain, lipofuscin granules can be 
found in most types of neurons but are most abundant in motor neurons in 
the anterior horn of the brainstem and spinal cord, inferior olivary nucleus, 
dentate nucleus of the cerebellum, the globus pallidus and the dentate 
nucleus of the cerebellum. Interestingly, lipofuscin accumulation is not seen 
in hypothalamic neurons (Brody, 1955, 1960). As lipofuscin accumulation 
occurs in lysosomes, its accumulation in an age-related manner is thought to 
arise due to age-related deficits in clearance mechanisms (Terman and Brunk, 
1998; Kritsilis et al., 2018). Such deficits in clearance are also thought to 
predispose to age-related proteinopathies (Hardy, 2019).

Age-related cytoskeletal changes within the somatodendritic compartment 
Microtubules play a prominent role in maintaining the structural integrity of 
the somatodendritic compartment. Structural analysis of the cytoskeleton in 
human cortical pyramidal cell dendrites using electron-microscopy reports up 
to a 55% reduction in microtubule density between the ages of 62 years and 
80 years in non-cognitively impaired individuals (Cash et al., 2003). Rodent 
studies show an age-related change in the abundance of tubulin and MAPs 
within the somatodendritic compartment (Figure 2c). Fluorescent imaging 
of rodent hippocampal and cortical tissue in young (4 months old) vs. old (28 
months old) animals shows that several proteins become reduced in neuronal 
processes with some mislocalizing to the soma with age (Figure 2c). These 
include CacBP/SIP (which co-localizes within tubulin) and phosphorylated tau 
(anti P-Tau404) whilst beta-tubulin staining is reduced in dendrites and the 
soma (Filipek et al., 2008). Another study also showed an age-dependent 
loss of MAP2 immunoreactivity from the dendritic regions of the dentate 
gyrus and CA1 region of the rodent brain (Figure 2c; Di Stefano et al., 2001, 
2006). Similarly, in the CA3 area of rodent brains, non-phosphorylated tau 
species (detected by the Tau1 antibody) appear to mislocalize from cellular 
processes (neuropil) to the cell body between the ages of 4 and 28 months. 
Phosphorylated tau species (detected by the AT180 antibody) in hippocampal 
and cortical neurons show a similar pattern across the same time frame 
(Niewiadomska and Baksalerska-Pazera, 2003; Niewiadomska et al., 2005). 
However, it should be noted that studies on accelerated aging models (such 
as Fischer 344 rodents) do not replicate findings from wild-type rodents 
(Kneynsberg and Kanaan, 2017). Collectively, this limited research begins to 
show that elements constituting the microtubule cytoskeleton may become 
lost from dendritic processes with age and exhibit a tendency to accumulate 
in the cell body. However, it is unknown if the loss of dendritic microtubule 
proteins is due to a loss of dendritic projections or if a loss of these proteins 
results in a reduction in dendritic fortification which leads to dendrite loss and 
morphological changes. Due to the lack of concurrent research on dendrite 
morphology and cytoskeletal health, it is difficult to infer the relationship 
between the dendrites and the mislocalization of microtubule proteins 
reported here. 

Age-Related Changes to the Axon 
The structure and function of the axon 
The axon is vital to the functioning of a healthy neuron. These long projections 
aid in the propagation of electrical signals to target cells, forming neuronal 
networks. Mammalian axon diameter can vary vastly from approximately 0.08 
µm to 20 µm whilst length can vary between 1 mm and 1 m depending on 
anatomical location, function, and myelination status although measurements 
can vary beyond those listed here (Debanne et al., 2011; Muzio and Cascella, 
2023). The axon is perhaps the least understood when it comes to age-related 
morphological changes, despite the fact that axonal dysfunction is implicated 
in a plethora of neurodegenerative diseases, some of which are age-related 
(Kanaan et al., 2013; Correale et al., 2019). Outside of neurodegenerative 
research, two age-related axonal phenotypes that have been documented 
are changes to axonal diameter and the accumulation of swellings within the 
axon. 

Age-related changes to axon morphology 
Depending on anatomical location, differences are seen when comparing 
axonal diameter in young and old animals Research on peripheral sensory 
axons found within human skin shows a 1.5-to-1.6-fold increase in axon 
diameter at proximal and distal locations when comparing biopsies from 
healthy men aged between 23 years and 79 years old with confocal 
microscopy (Figure 2d; Metzner et al., 2022). In the central nervous system, 
a novel MRI-based technique created for measuring axonal diameter and 
density in human brains in vivo has shown that the axonal diameter index 
increases within the corpus callosum with age (Fan et al., 2019). However, 
electron microscopy of axons in the analogous corpus callosum as well as the 
cingulate gyrus and primary visual cortex of Rhesus monkeys aged 4 years 
to 35 years old shows no significant difference in average axon diameter, 
although an increase in axons displaying a degenerative phenotype (darkened 
axoplasm, vacuoles and dense debris) and increase in myelin sheath diameter 
is reported (Peters et al., 2001; Bowley et al., 2010). In a more isolated 
compartment of the central nervous system, post-mortem analysis of the 
rodent optic nerve using three-dimensional electron microscopy shows a 

50% increase in axon volume between the ages of 1 and 12 months with 
significantly larger axon diameters (0.4–1.6 µm in young vs. 0.5–4.1 µm 
in aged; Stahon et al., 2016). When comparing studies, it is difficult to 
draw conclusions due to the sparsity of data and the conflicting nature of 
the results. It is likely that different regions of the brain have contrasting 
vulnerabilities to changes in axonal diameter, but more work is needed to fully 
understand this. The age-related appearance of axonal swellings is another 
aspect of neuronal morphology that has been reported.  

Axonal swellings are known to be a common hallmark of neurodegeneration 
and are often seen in studies of disease, as demonstrated by transgenic 
rodents expressing mutant Huntington protein where axonal swellings 
are found to be early age-related morphological markers preceding other 
pathologies (Marangoni et al., 2014). There is also evidence that swellings 
appear throughout aging, as reported in Purkinje cells (Figure 2d). Evidence 
for this comes from an early study, where the appearance of torpedoes 
(rounded axonal swellings) in the proximal section of Purkinje axons of aged 
humans is described (Kato and Hirano, 1985). In rodent Purkinje axons, a 
similar phenomenon is observed with a 13.7% increase in “torpedo” bearing 
axons between the ages of 6 to 32 months (Bäurle and Grüsser-Cornehls, 
1994). However, a 2009 study by Louis and colleagues disputes that Purkinje 
cell axon torpedoes do not form as a factor of age but instead a marker of 
cerebellar injury in humans (Louis et al., 2009). Whether their appearance 
in age-related injury is due to the axons becoming more vulnerable with 
increasing age is a matter of debate. Increases in thickened fibers and 
ballooned terminal have also been reported in cholinergic axons (anterior 
cingulate cortex, entorhinal cortex, parietal lobe, and temporal gyrus) of non-
demented human brains when compared to younger neurons (Geula et al., 
2008). However, like changes in axonal diameter, this is an area with a distinct 
lack of information. More work is needed to understand if axonal swellings 
universally occur in all neurons, why they occur and what the possible 
implications of such changes are. Whilst it is likely that there is a cumulative 
effect of age-related injury manifesting in these age-related changes, there is 
also a likely contribution of age-related vulnerability to injury. 

Are changes in axonal morphology associated with cytoskeletal 
abnormalities?
The discussed literature indicates possible age-related axonal morphological 
abnormalities, but it is difficult to deduce a cause for such changes. One 
possibility is that a change in the integrity of the neuronal cytoskeleton is 
resulting in a deficit in vital processes like axonal transport inside the axon 
which manifests as morphological alterations. Several papers do indeed 
show morphological abnormalities and cytoskeletal aberrations in tandem, 
and in experimental models where cytoskeletal integrity is compromised 
(Cowan et al., 2010), there are axonal transport deficits that give rise to 
disruptions in axonal morphology reminiscent of those reported in aging 
brains (Mudher et al., 2004). In a previously discussed paper, it was found 
that changes to the diameter of human sensory neurons are associated 
with increases in neurofilament-heavy chain immunoreactivity, microtubule 
mass, and filamentous actin at the protein level and differential expression of 
cytoskeletal genes when analyzed with transcriptomics (Metzner et al., 2022). 
In-vitro human neural stem cell models of traumatic brain injury demonstrate 
axonal swellings that are associated with a dysregulation of the periodic 
actin cytoskeleton and a change in the spatial organization of tubulin (Pozo 
Devoto et al., 2022). Similarly, spastin mutations (SPG4 deletion) in cortical 
cultures have been found to cause axonal swellings that are accompanied 
by severely interrupted axonal transport, and un-bundled, misoriented/curly 
microtubules with these phenotypes rescued by supplementation of sub-
stoichiometric concentrations of microtubule stabilizing compounds (such as 
nocodazole; Kasher et al., 2009; Fassier et al., 2013). These studies provide a 
link between reductions in cytoskeletal integrity and the appearance of axonal 
swellings, but it is unknown if age-related morphological and cytoskeletal 
changes correlate. Swellings seen in these studies, their pathology, and 
cause may differ significantly from swellings seen with age. Research aimed 
specifically at age-related changes to the microtubule cytoskeleton of the 
axon might help us to draw comparisons between the cytoskeletal changes 
and neuronal morphology. 

Age-related cytoskeletal changes within the axon 
Like the somatodendritic compartment, studies investigating the localization 
of microtubule proteins in the rodent brain report age-related changes in 
the abundance of microtubule proteins within neuronal processes to the cell 
soma (Figure 2c; protein mislocalization) (Niewiadomska and Baksalerska-
Pazera, 2003; Niewiadomska et al., 2005; Filipek et al., 2008; Additional 
Table 1). These findings seem to suggest that tubulin and microtubule-related 
proteins are reduced within axons with age (Figure 2e). This is opposed by 
work on human peripheral sensory neurons (discussed above) showing an 
age-related increase in cytoskeletal proteins (NFH, tubulin, actin) within 
the axon (Metzner et al., 2022). Although providing information on the 
localization of cytoskeletal proteins, these studies provide little knowledge of 
the integrity/morphology of the microtubules. 

One way to determine changes in microtubule integrity within the axon is to 
directly visualize them at high resolution. However, only a handful of studies 
to date have conducted such research. One paper has observed changes in 
axonal microtubules within the aging human retina (photoreceptors). Here it 
was found that up to 30% of rods had an altered morphology of microtubules 
within the retina by the 8th decade of life whilst 10% exhibited this change by 
the 6th decade (Figure 2f; Nag et al., 2020). Electron microscopy highlighted 
that the once linear and parallel arrangement of microtubules became 
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“bendy” or “wavy” in morphology (like electron-microscopy of spastin-
disrupted microtubules previously discussed; Fassier et al., 2013), adopting 
non-uniformed and scattered orientations with age. However, a caveat to 
these results is that photoreceptors are specialized, meaning comparisons 
with other neurons should be made carefully. This limited research begins 
to show that aging might be associated with a change in the morphology of 
microtubules/microtubule bundles within the axon. However, it is unknown if 
changes in microtubule integrity during physiological aging result in changes 
to the morphology of the axon. It is also difficult to draw conclusions on the 
cytoskeleton within the somatodendritic compartment and axon due to the 
sparsity of data available. Studies observing functional changes within the 
axon, linked to cytoskeletal integrity, might provide more clarity as to the 
state of the cytoskeleton with age. Furthermore, it is not known if there are 
age-related changes to key axonal structures like the AIS, and whether this 
is responsible for the loss of neuronal polarity that the mislocalization of 
proteins implies.

Age-related changes in axonal function (axonal transport)
Evidence for age-related impairments in axonal function, linked to cytoskeletal 
integrity, comes from studies of axonal transport. Axonal transport is 
facilitated by interactions between microtubules and motor proteins, age-
dependent disruptions to this process have been reported in both rodents 
and Drosophila (Figure 2g). Rodent studies show that between the ages of 1.5 
and 25 months, there are interruptions in both anterograde and retrograde 
transport when conducting live imaging of tagged vesicles (Nicotinamide 
nucleotide adenylyltransferase 2-venus and tagged Mitochondria) in neurons 
from the central nervous system and peripheral nervous system (Milde 
et al., 2015; Takihara et al., 2015). These experiments report phenotypes 
such as reductions in average particle velocity, decreases in mitochondria 
travel length and increases in the total amount of free space not occupied 
by transported cargo. Additionally, fluorescent imaging of fixed rodent 
hippocampal and cortex tissue, stained with fluorogold, shows an age-related 
reduction in axonal transport (Niewiadomska and Baksalerska-Pazera, 2003). 
Similarly, live imaging of the Drosophila wing sensory neurons has revealed 
an age-dependent disruption in mitochondrial transport (deficits in transport 
motility and accumulated cargo), reminiscent of observations made in 
rodents (Vagnoni et al., 2016).

The studies reported here demonstrate an age-dependent disruption in 
axonal transport which might arise due to a reduction in microtubule stability. 
The reliance of axonal transport on a stable microtubule network is shown in 
Drosophila larvae, where a reduction of microtubule stability via the abolition 
of Stathmin (a regulatory protein, which disrupts microtubule stability) 
results in an increase in the aggregation of cargo and reduction in lifespan in 
comparison to controls (Duncan et al., 2013). However, it is not understood if 
age-related changes to microtubule integrity influence axonal transport and 
whether these transport deficits lead to changes in neuronal morphology. 
Further evidence for age-related cytoskeletal change comes from research on 
un-specified compartments of the neuron. 

Further Evidence for Age-Related Cytoskeletal 
Changes 
Changes to tubulin/MAP concentration 
Although not specifying if changes are within the axon, soma, dendrite, or 
synapse, western blot and low-resolution immunofluorescent studies suggest 
that microtubules become compromised with age. As shown in (Additional 
Table 1), the consensus is that tubulin is reduced with age within the brains 
of humans and rodents (Yan et al., 1985; Shimada et al., 2006; Labisso et al., 
2018). Additionally, reductions in acetylated tubulin (which marks long-lived 
stable microtubules) are shown in both human and rodent brains (Larrayoz, 
2017), but here to there are some opposing findings as acetylated tubulin has 
been shown to increase in the cerebellum of aged Wistar rodents (Marton et 
al., 2010).  When observing age-related changes to MAPs, it is reported that 
MAP2, 1 and 5 are reduced in the hippocampus of rodents (Additional Table 1; 
Chauhan and Siegel, 1997; Di Stefano et al., 2001; Himeda et al., 2005) whilst 
the rodent cerebellar cortex curiously appears impervious to change (Chauhan 
and Siegel, 1997; Di Stefano et al., 2001). Similarly, MAP2 immunoreactivity is 
reduced in the photoreceptors of aged humans (Nag et al., 2020). From these 
studies, we see that there are likely region-specific reductions in microtubules 
and MAPs, although more work is needed to truly understand this. It is 
unclear whether reductions in these proteins influence the integrity of the 
cytoskeleton or morphology of the neuron or even what part of the neuron 
these changes occur within. Additionally, associating tubulin reductions to 
impairments in cytoskeletal integrity should be made sparingly as several of 
the studies investigate soluble tubulin which might not reflect polymerized 
tubulin integrated into microtubule arrays. Evidence for changes to the 
integrity of the microtubule cytoskeleton comes from research on tubulin 
turnover. 

Age-related changes in microtubule turnover 
Age-related decreases in microtubule integrity can be further investigated 
by observing changes in the balance of the dynamic instability process that 
governs microtubule stability. GTPase activity, alongside the binding of 
microtubule-associated proteins, directs the balance of this. Hippocampal 
and temporal tissue from young (average of 32 years) and old (average of 79 
years) healthy aged humans have revealed an age-related change in tubulin 
polymerization and a trend for increased critical tubulin concentration 
(concentration of tubulin required for microtubule assembly) (Figure 2h; 

Rajaei et al., 2020). This is concurrent with a trend for increased GTPase 
activity, change in micro-environment, reduced hydrophobicity of tubulin 
and alpha-helix content and an apparent reduction in tau-microtubule 
interactions. These results agree with an earlier rodent study that also 
described GTPase-dependent age-related changes in tubulin kinetics/
assembly (Qian et al., 1993). However, it is unknown whether changes 
in microtubule turnover affect the integrity of microtubules or cellular 
morphology. As noted by Rajaei, there is a reduction in tau-microtubule 
interactions alongside GTPase changes. Tau-related changes might be 
influencing the stability of microtubules with age which is especially relevant 
given taus relationship with neurodegenerative diseases for which age is the 
greatest risk factor.   

Age-related changes in Tau  
Tau biology is especially important when investigating the cytoskeleton due to 
its relationship with disease and its important role in influencing microtubule 
stability. Soluble tau has been shown to reduce by 14% per decade in non-
cognitively impaired humans whilst insoluble tau contained within PHF (paired 
helical filaments) fractions remains unchanged despite low levels of tangle 
pathology being reported in most elderly brains (Mukaetova-Ladinska et 
al., 1996). This loss of tau appeared selective to distinct regions and mainly 
affected the hippocampus with up to 90% less soluble tau in aged vs. younger 
groups (18 to 88 years). Changes in the phosphorylation status of tau might 
be as important as the total amount of the protein. If total tau levels remain 
constant but the ratio of phosphorylated/normal tau differs, then this would 
indicate a mechanism by which microtubules could be disrupted. This is 
because hyperphosphorylated tau proteins are known to have reduced 
binding to microtubules and lead to cytoskeletal disruption in vivo (Cowan et 
al., 2010).  

Age-related changes to patterns of Tau phosphorylation
The hyperphosphorylation of tau has been shown to reduce tau-microtubule 
binding and negatively influence microtubule stability and is seen at high 
levels in AD (Biernat et al., 1993; Bramblett et al., 1993; Alonso et al., 1994). 
There is also evidence from humans and rodents that tau phosphorylation 
increases with age, unrelated to disease (Figure 2e). Research, conducted 
on the human retina revealed that younger individuals had restriction of AT8 
staining to small amounts of cone cells within localized retinal regions, but 
with age, this AT8 immunostaining became apparent within more distant 
regions and increased in intensity implying greater phosphorylation of tau at 
this epitope (Nag et al., 2020). Proteomic and phosphoproteomic analysis of 
the frontal cortex of normally aged humans has also shown significant levels 
of altered neuronal proteins with a large proportion of change coming from 
cytoskeletal/tubulin binding proteins when compared with young brains 
(Andrés-Benito et al., 2023). Changes in the phosphorylation of tau are also 
found in the brains of rhesus macaque monkeys. Pyramidal cells of aged 
Rhesus (30 years) show AT8 staining and reduction in tau solubility (indicates 
tau phosphorylation) whilst the frontal cortex shows age-related increases 
in tau phosphorylation (specifically at serine 396 and 235) using a single-
shot phosphoproteomic analysis of tau (Datta et al., 2021; Leslie et al., 2021). 
Similarly, studies of the rodent nervous system describe age-related changes 
in AT180 and P-TauS404 staining in the hippocampus, cortex, and basal 
forebrain cholinergic neurons of rodents (4 vs. 28 months) with an increase in 
intensity within the cell bodies and a significant reduction in dendritic/axonal 
processes (Niewiadomska et al., 2005). Western blots of rodent tissue (3 vs. 
18 months) show age-related increases in tau phosphorylation (PHF1 and 
AT8) within the hippocampus and frontal cortex (Larrayoz et al., 2017).  

Collectively, this work provides evidence that normal aging is associated 
with an increase in the phosphorylation of tau and a reduction in 
non-phosphorylated tau. This is thought to be less drastic than the 
phosphorylation increases seen in disease, since radioimmunoassays and 
fluorescent imaging of the human cortex/entorhinal cortex and comparisons 
of CSF have shown AD brains to have significantly more tau phosphorylation 
than aged-matched controls (Khatoon et al., 1994; Sjögren et al., 2001; 
Neddens et al., 2018). The more subtle increase in tau phosphorylation 
seen with physiological aging, alongside reductions in total tau, tubulin, 
and MAPs and changes in tubulin turnover, could all have the potential to 
disrupt the microtubule cytoskeleton in the aging neuron. As these studies 
do not indicate distinct compartments that the changes occur within, it is 
hard to infer where these changes might influence morphology and function. 
However, it is more likely to lead to changes in axons and dendrites due to 
the high density of microtubules there. These phenotypes might represent a 
change in cytoskeletal stability that manifests as morphological and functional 
abnormalities previously reported in aging neurons.

Does the Aging Microtubule Cytoskeleton 
Contribute to Risk of Alzheimer’s Disease?
There are many tenuous links between the age-related cytoskeletal changes 
described here and pathogenic processes evident in AD. As described 
above, age-related increases in phosphorylated tau may represent an 
early pathogenic step, especially since phosphorylation is associated with 
misfolding of tau, which in turn underpins more pathogenic properties like 
seeding and aggregation potential (Dujardin et al., 2018). Furthermore, the 
increased age-related tau phosphorylation, whilst not significant enough 
to cause dramatic MT destabilization and axonal transport deficits, may 
prime further tau phosphorylation (Bertrand et al., 2010). This could lead 
to more extensive and abnormal hyper-phosphorylation culminating in MT 
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destabilization and greater axonal transport disruptions evident in diseased 
neurons (Cash et al., 2003; Wang et al., 2015). Finally, the mislocalization of 
phosphorylated tau, from the axonal to the dendritic compartments, which is 
evident in aged neurons, may facilitate another pathogenic event: retrograde 
propagation of pathology. Retrograde movement of pathogenic, often highly 
phosphorylated tau species, is now emerging as a novel mechanism of tau-
toxicity (Hu et al., 2022), which may be rooted in this peculiar phenomenon 
seen in aging neurons. 

Whether physiological age-related increases in tau phosphorylation, 
potentially initiating cytoskeletal breakdown seen in AD, can be restored with 
MT stabilizing drugs is still unknown. The utility of MT stabilization has been 
demonstrated in animal models of tauopathy (Brunden et al., 2010; Quraishe 
et al., 2013, 2016) whilst improvements in memory scores were described 
in humans with mild cognitive impairment following treatment with MT 
stabilizing agents (Morimoto et al., 2013).  

Is There a Relationship between Age-Related 
Changes in Cytoskeletal Integrity and Neuronal 
Regeneration Capabilities? 
Aside from the greater risk of protopathic neurodegenerative diseases, aged 
neurons are also characterized by reduced regenerative capabilities. Axonal 
regeneration following injury is dependent upon several processes, including 
axon intrinsic signaling pathways such as axotomy-induced axon-to-nucleus 
signaling, anterograde transport of mRNAs and proteins, retrograde importin 
signaling, growth cone formation, and axon growth (Smith et al., 2020). All 
of these processes are heavily reliant on efficient microtubule structure, 
function, and plasticity, which invariably declines with age. It is therefore 
conceivable that this is why older neurons have reduced regenerative 
potential. Indeed tubulin deacetylation, suggestive of more dynamic MTs 
occurs more prominently in peripheral neurons following injury, than in 
central neurons, which are less amenable to regeneration following axotomy 
(Cho and Cavalli, 2012). This is further supported by the observation that 
artificial MT stabilization of central neurons, using the MT stabilizing drug 
epothilone B, enhances their regeneration following injury (Ruschel et al., 
2015).

Summary 
From the discussed literature, there is clear evidence to suggest there are 
structural and functional deficits in the microtubular cytoskeleton with 
increasing age. Though this does not happen to the same extent in all regions 
of the brain, and does not occur uniformly in all species, we describe several 
reports of consistent changes in quantities and/or localizations of microtubule 
components and MAPs in an age-related manner. Limited structural 
studies indicate that the density and morphology of microtubules become 
disrupted, whilst axonal transport assays provide evidence for a reduction in 
cytoskeletal function. Collectively, these findings suggest that the microtubule 
cytoskeleton becomes compromised with age. However, more work is needed 
to determine the molecular causes and contributors to these structural and 
functional changes during healthy physiological aging. Additionally, it is still 
unknown if changes to the microtubular cytoskeleton (and indeed the actin 
and neurofilament cytoskeletons not discussed here) contribute towards age-
related morphological changes reported in the somatodendritic and axonal 

compartments of neurons. Neither is it known whether age-related reductions 
in behavioral and cognitive functions underpinned by neuronal circuitry are in 
any way precipitated by the age-dependent deficits in microtubular structure 
and function discussed here, before overt age-related neurodegeneration 
inevitably develops. Studies comparing longitudinal changes to all aspects of 
cytoskeletal structure and function, and its relationship to overall neuronal 
morphology, and functional output during physiological aging are needed to 
draw these conclusions. Further studies are also required to simulate age-
related neuronal changes in young neurons to study how this may lead to 
pathogenic processes that are clearly linked to neuronal aging, whilst not 
being a continuum of aging. If such studies reveal important causal links 
between cytoskeletal integrity, neuronal morphology, and functional output. 
This could unveil age-related vulnerabilities within neurons that could be 
reversed through fortification of cytoskeletal integrity thus protecting against 
neuronal aging and age-related risk of neurodegenerative disease. 
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