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these cells or their effects may be targeted therapeutically.

Introduction

The risk of developing many pathological conditions, including
neurodegenerative diseases, increases dramatically with age.
Increased life expectancies due to advancements in medicine have
greatly expanded the number of elderly individuals who will suffer
from geriatric neurodegenerative diseases, including Parkinson’s
disease (PD) and Alzheimer’s disease (AD). The financial cost of
providing long-term care for current and future sufferers of these
conditions is overwhelming. For example, in 2010, approximate-
ly 4.7 million Americans were living with AD, the most common
neurodegenerative disease; by 2050 it is projected to be around
16 million (1). Medical expenses to treat these patients, most over
the age of 65 (2), exceed those to treat individuals with cancer and
cardiovascular disease combined, placing an immense burden on
Medicare and Medicaid (3). Unfortunately, of the numerous clini-
cal trials to treat AD, none have been able to demonstrate benefi-
cial impact for patients.

As age is inherently linked with an increased predisposition to
many diseases and death, people have been searching for ways to
delay the rate of aging for centuries. One of the best-known attempts
to reverse the process of aging has been the search for the legendary
Fountain of Youth, perhaps most notoriously attributed to the explo-
rations of Ponce de Leon in the 16th century. It was said that bathing
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Along with a general decline in overall health, most chronic degenerative human diseases are inherently associated with
increasing age. Age-associated cognitive impairments and neurodegenerative diseases, such as Parkinson’s and Alzheimer’s
diseases, are potentially debilitating conditions that lack viable options for treatment, resulting in a tremendous economic
and societal cost. Most high-profile clinical trials for neurodegenerative diseases have led to inefficacious results, suggesting
that novel approaches to treating these pathologies are needed. Numerous recent studies have demonstrated that senescent
cells, which are characterized by sustained cell cycle arrest and production of a distinct senescence-associated secretory
phenotype, accumulate with age and at sites of age-related diseases throughout the body, where they actively promote tissue
deterioration. Cells with features of senescence have been detected in the context of brain aging and neurodegenerative
disease, suggesting that they may also promote dysfunction. Here, we discuss the evidence implicating senescent cells in
neurodegenerative diseases, the mechanistic contribution of these cells that may actively drive neurodegeneration, and how

in its waters would restore the vitality of youthfulness. Unfortunate-
ly, this legend remains just that, and reversal of the aging process
resides in the territory of fairy tales. The search for means to delay
aging has not ceased, though, and is now being performed by biolo-
gists, not geographers and adventurers. These researchers have been
working to understand the mechanisms that underlie the aging pro-
cess such that we may be able to delay aging or potentially reverse
it. Recent work has demonstrated that senescent cells, characterized
by an arrested cell cycle that is triggered by a variety of stresses, accu-
mulate in various tissues of age and disease (4-8), suggesting that
they may actively contribute to disease pathology. Unlike a normally
programmed terminal differentiation process, senescence is a dis-
tinct proinflammatory fate in which cells acquire a distinctive secre-
tome of cytokines, chemokines, proteases, and growth factors col-
lectively known as the senescence-associated secretory phenotype
(SASP) (9). While senescent cells in peripheral tissues have been the
focus of numerous recent studies, their involvement in or contribu-
tion to cognitive decline with aging or diseases of the central nervous
system remains relatively unknown. In this Review, we will discuss
what constitutes senescence, the evidence implicating senescence in
dysfunction of the CNS, and how senescent cells may be targeted for
the development of novel therapeutics to treat pathologies associat-
ed with brain aging.

Properties of senescent cells

The first experimental evidence for cellular aging in vitro came from
studies conducted more than 50 years ago. In a landmark study,
Leonard Hayflick and Paul Moorhead demonstrated that normal
diploid human fibroblasts exhibit a limited potential for replication
before entering into a state termed replicative senescence (10).
Using these observations, Hayflick hypothesized that these nondi-
viding cells contributed to aging because they had lost the ability to
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Figure 1. Hallmarks of senescence in CNS cells. (A) A number of stressors, both intrinsic and extrinsic, can stimulate the conversion of otherwise normal
cells into senescent cells. Once they have entered into this state, a number of distinguishing qualities can be observed. depending on the cell type and
senescence-inducing stimuli. (B) Senescent cell evidence and identity are observed in neurological aging and pathology. Commonly observed features rem-
iniscent of senescence are indicated for the various cell types. See text for extended discussion and references. SAHF, senescence-associated heterochro-

matin foci; NSC, neural stem cell.

participate in repair and regeneration processes within tissues (11).
This hypothesis remained untested for decades, as the molecular
determinants of senescence and the ability to identify and manipu-
late senescent cells in vivo were then unknown. However, in the last
20 years, we have greatly advanced our understanding of the mech-
anisms that drive cells into senescence and the subsequent changes
in tissue health that result from this process.

Attrition of telomeres, the repeating nucleotide sequences of
TTAGGG located at the ends of chromosomes, was later identified
as the molecular determinant underlying replicative senescence
(12). During the process of DNA replication, DNA polymerases are
unable to completely replicate telomeres, resulting in progressive
loss with each cell division (13). Critically shortened telomeres can
lead to chromosomal instability and tumor formation (14). On the
other hand, cells that have become senescent permanently arrest
their cell cycle and represent a robust anticancer mechanism (15).
Various other stresses, including DNA damage, reactive oxygen
species (ROS), strong mitogenic/oncogenic signaling, loss of cer-
tain tumor suppressors, mitotic stress, stalled DNA replication,
and chromatin disruption (16-22), are also capable of inducing
senescence (Figure 1).

Regardless of the initiating events, the senescent growth arrest
requires a coordinated action of the p53/p21 and p16™¥*4 /retinoblas-
toma (RB) tumor-suppressive pathways (7). Uncapped telomeres
and DNA double-strand breaks activate a DNA damage response
that leads to stabilization of p53 through posttranslational phos-
phorylation by ATM and ATR serine/threonine protein kinases or by
blocking of p53 degradation through p14*®-mediated inhibition (in

mice, p194*-mediated inhibition) of the ubiquitin ligase MDM2 (23,
24). Transcription of the cyclin-dependent kinase inhibitor (CDKi)
p21 occurs upon p53 stabilization, leading to an initial arrest of the
cell cycle (25). After this initial transient arrest, permanent arrest
is controlled by p16™¥#A transcriptional upregulation through p38
(26) and/or ERK signaling (27). Once present, pl6™*** inhibits the
activity of both CDK4 and CDKS6, thereby leading to RB hypophos-
phorylation and permanent blockage of S phase entry. Importantly,
pl6™k44 is a biomarker of natural aging, as its expression increases
in a variety of tissues with time (28). Furthermore, studies using a
rapidly aging mouse model with deficiencies in the mitotic check-
point protein BUBR1 (hereafter BUBR1 mice) have demonstrated
that prematurely aged adipose tissue and eye and skeletal muscle
accumulate p16™#A-expressing senescent cells (20). From a mech-
anistic perspective, BUBR1 mice, which express about 10% to 15%
of normal BUBRI, develop progressive aneuploidy, a state of non-
diploid numbers of whole chromosomes. These mice are unique,
as no other mitotic checkpoint-defective animal exhibits a similar
premature aging phenotype, indicating that aneuploidy alone is not
sufficient to drive senescence. The underlying molecular alterations
driven by BUBRI insufficiency that promote pl6™*** expression
continue to be the focus of active investigation. Interestingly, genet-
ic inactivation of p16™*4* in BUBR1 mice improved these age-asso-
ciated features, demonstrating a causal relationship between senes-
cent cell accumulation and tissue deterioration. To further test this
theory, approaches to remove senescent cells after they arise have
been developed. One such model, termed INK-ATTAC, selectively
expresses a drug-inducible FKBP-caspase-8 fusion molecule under
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Figure 2. Senescence in normal aging and CNS disease. The molecular correlates of normal aging and CNS disease are not fully defined. Further research
on the markers of senescence that distinguish healthy aging from neurodegenerative conditions such as Alzheimer’s and Parkinson'’s disease may provide
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insights into the role of senescent cells in disease pathogenesis.

the control of a senescent cell-specific portion of the p16™4 pro-
moter (encompassing 2.6 kb) that initiates apoptosis by dimeriz-
ing and activating the caspase-8 fusion proteins when AP20187 is
administered to mice (29). Selective elimination of senescent cells
in progeroid BUBR1 mice recapitulated the results from the p16™*+*
knockout studies, in which cataracts, sarcopenia, and lipodystrophy
were blunted (29). Subsequent studies using the INK-ATTAC mod-
el determined that senescent cells drive various natural age-related
pathologies, shorten life, and promote the age-associated diseases
atherosclerosis and osteoarthritis (20, 29-31).

The observation that senescent cells displayed p-galactosi-
dase activity at pH 6.0 was an important discovery that helped to
establish that senescent cells accumulate with age and at sites of
age-related pathology in vivo (32). This activity, now referred to as
senescence-associated p-galactosidase (SA B-gal), is routinely used
in a simple colorimetric assay to detect senescent cells (Figure 1).
Another distinguishing feature of senescence is the expression of
the SASP, which consists of a variety proteases, growth factors, and
inflammatory cytokines (9, 33). The upregulation of these proin-
flammatory molecules has led to a plausible link between senes-
cent cells and “inflammaging” (34, 35), an idea that chronic inflam-
mation contributes to age-related disease and tissue dysfunction.

In response to a variety of stimuli, including oncogene activa-
tion or loss of certain tumor suppressors, cells can undergo either
senescence or apoptosis as a means to prevent neoplastic transfor-
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mation. Akey molecular determinant of this decisionis the degree to
which p53is activated. Excessive signaling through the p53 pathway
triggers cell death through an upregulation of proapoptotic modu-
lators including NOXA and PUMA. Milder “senescence-inducing”
stresses promote p53-mediated transcription of the CDKi p21 and
the antiapoptotic BCL-2 family members, including BCL-2, BCL-W,
and BCL-XL (36). These proteins sequester BH3 domain-contain-
ing, proapoptotic proteins to inhibit mitochondrial outer membrane
permeabilization and apoptosis (37). Transient low-grade p53 acti-
vation facilitates repair; however, prolonged activation can drive
cells into senescence. These conditions induce antiapoptotic pro-
teins to promote survival, which may explain why senescent cells
accumulate in vitro with passaging and with advancing age in vivo.

Additional features observed in senescent cells include pro-
longed DNA damage signaling (38), nuclear loss of lamin B1 (39) or
HMGBI (40), and heterochromatic foci formation, although these
may not occur in all forms of senescence (Figure 1). It is import-
ant to note that while these changes are indicative of senescence,
there is currently no single marker that can be used independent-
ly to define a senescent cell. These cellular changes, including SA
B-gal, can occur outside of the context of senescence, which neces-
sitates the use of multiple hallmarks of senescence.

An area of intense debate within the senescence field is
whether cells that have undergone a terminal differentiation
into a nonproliferating cell (e.g., neurons) are capable of acquir-
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ing additional features of senescence besides being permanent-
ly growth-arrested. Studies have demonstrated that neurons of
aged mice accumulate high amounts of DNA damage (16) and
display elevated expression of proinflammatory molecules and SA
B-gal activity (41), characteristics typical of senescence. Howev-
er, whether these neurons are performing their intended cellular
function appropriately (i.e., these features are simply indicators of
cellular aging) or are dysfunctional and are negatively influenc-
ing other cells in the neighboring environment through the SASP
has not been shown experimentally. With the advent of senescent
cell-targeting mouse models and therapies (known as senolytics,
which are discussed later), studies directed at answering these
questions are possible.

Evidence for senescence in the CNS

The brain requires multiple cell types, including neurons, astro-
cytes, microglia, oligodendrocytes, and endothelial cells, work-
ing in concert to perform activities of day-to-day life. Just like in
peripheral tissues, aging leads to a chronic low-grade inflamma-
tion in the brain (42), which occurs in the absence of any obvious
pathogen. This contributes to decreased pre- and postsynaptic
densities, as well as decreased synapses and dendritic spines over-
all (43), resulting in cognitive impairments and memory loss in
aged individuals. Additionally, excessive inflammation, above and
beyond chronic low-grade levels accompanying aging, is a com-
mon hallmark observed in many neurodegenerative diseases, sug-
gesting that both normal aging and pathological alterations con-
verge on common proinflammatory pathways. The question then
arises, what cells might be producing these signals in the brain,
and is there any evidence to suggest they have become senescent?

Neurons. As alluded to above, terminally differentiated neu-
rons may exhibit certain features of senescence with advancing
age in vivo. Telomere attrition is inherently linked to proliferation;
therefore this process is unlikely to occur in postmitotic cells, such
as neurons and oligodendrocytes, under normal circumstances.
Interestingly, in the context of neurodegenerative diseases, leu-
kocytes of AD patients exhibit shorter telomeres (44), whereas
those of PD patients do not (45). It will be interesting to determine
whether this feature is reflected in brain tissue from these same
patient groups. Furthermore, as no single marker is capable of
delineating a senescent cell, it will be imperative to separate out
the features that specifically indicate senescence in neurons as
opposed to reflecting cellular aging. Perhaps aged neurons are less
functional than their youthful counterparts, but, importantly, they
have not transitioned into a novel senescent phenotype. Studies
aimed at identifying cell types that have lost replicative capacity
through differentiation processes are clearly warranted and are
lacking in the literature.

Microglia. Microglia, which originate in the bone marrow
during development (46), are the primary immune cells of the
brain and are functionally analogous to macrophages. In response
to invading pathogens or injury, normally quiescent microglia
become activated and secrete various growth factors and cyto-
kines and stimulate phagocytosis (47). Microglia from aged mice
exhibit increased production of the proinflammatory cytokines
IL-6, IL-1B, and TNF-a (48, 49), all of which are factors upregu-
lated in senescent cells (9). Furthermore, naturally aged micro-

REVIEW SERIES: CELLULAR SENESCENCE IN HUMAN DISEASE

glia exhibit shorter telomeres (50). In vitro, chronically activated
microglia exhibit various features of senescence, including SA
B-gal activity, heterochromatic foci formation, and growth arrest
(51). Future studies to delineate the molecular alterations that
define normally activated and senescent microglia will advance
the understanding of how these differences may impact age and
disease of the CNS.

Astrocytes. Astrocytes, one of the most abundant cell types
in the brain, were originally proposed to be nonfunctional fillers
of the neuronal network. However, with time and advances, the
importance of these cells for many diverse biological processes
has been elucidated. Astrocytes are important for maintaining
homeostasis through osmotic balance (52), providing metabol-
ic support to neurons (53), and establishing and maintaining the
blood-brain barrier (BBB) (54). Through their proximity to neu-
rons, they participate in the tripartite synapse, which couples
neurotransmission between pre- and postsynaptic elements (55).
There, astrocytes facilitate transmission between neurons and
participate in neurotransmitter recycling. Furthermore, astrocytes
contribute to defense against trauma, infection, and neurodegen-
eration to maintain neuronal health and function.

Numerous studies have investigated whether aged astro-
cytes display features reminiscent of senescence (56). With
age, human brain tissue displays an increase in the number of
astrocytes positive for p16™44 and matrix metalloproteinase 3
(MMP3) (57), a common SASP-associated protease. Astrocytes
undergo senescence in vitro in response to ROS exposure, char-
acterized by the presence of SA B-gal activity, growth arrest, and
increased expression of both p16™¥*4 and p21 (58). Exposure to
ionizing radiation induces excessive DNA damage that is also
capable of inducing senescence and SASP production in human
astrocytes (59). Perhaps not surprisingly, additional studies on
the transcriptional alterations accompanying ROS-induced
senescence in human astrocytes indicate that genes associat-
ed with neuronal development and differentiation are down-
regulated and proinflammatory genes are upregulated (60).
Interestingly, senescent astrocytes also downregulate genes
associated with astrocyte activation. Astrocytes become acti-
vated (reactive) as a result of many pathologies, including neu-
rodegenerative diseases (61). If senescence has affected these
astrocytes, perhaps they would be unable to mount an effective
and normal response to these pathological conditions. Just like
microglia, activated astrocytes produce proinflammatory cyto-
kines that overlap with known SASP factors. No study has direct-
ly compared activated with senescent astrocytes (or microglia)
to determine what specific alterations accompany senescence;
however, based on the study by Crowe et al. (60), one would
anticipate that these differences do in fact exist.

Other cell types. Whether senescence occurs in other cell
types of the aging brain, including endothelial cells, oligoden-
drocytes, and neural stem cells, is currently unknown (Figure 2).
Conceptually, senescence in these fractions could cause disrup-
tion of the BBB, impaired myelination, and reduced neurogene-
sis, respectively. In accordance with senescence impairing adult
neurogenesis, genetic inactivation of p16™¥44 in mice results in
an increased capacity for self-renewal of neuronal stem cells in
the subventricular zone of the olfactory bulb of aged mice (62).
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In addition to better mechanistic characterization of the senes-
cent alterations in astrocytes and microglia, it will be important
to determine how all of these cells contribute to aging and dis-
ease of the CNS.

Interestingly, the prematurely aged BUBR1 mutant mouse
displays alterations in the CNS that are typically associated with
advanced age. For example, these mice exhibit rampant cerebral
gliosis, consisting of activated astrocytes and microglia, very early
in life (63). Another feature of normal aging is disruption of the
BBB, which leads to loss of homeostasis and aberrant entry of cir-
culating cells and molecules (64, 65). BUBR1 hypomorphic mice
display leakage across the BBB that correlates with a propensity
for neural endothelial cells and pericytes to prematurely senesce,
become SA B-gal positive, and express pl6™<4 (66). Furthermore,
BUBRI1 insufficiency impairs adult neurogenesis (67) and oligo-
dendrocyte progenitor cell proliferation in vivo (68), two hallmarks
known to decline with natural aging. It is interesting to speculate
that premature senescence may underlie all of these pathological
alterations in BUBR1 hypomorphic mice. Studies in which senes-
cent cells are eliminated from BUBRI progeroid mice using the
INK-ATTAC transgene are under way to determine whether these
cells are to blame for these various pathologies.

Evidence for senescence in CNS aging and disease
Normal aging is associated with declines in cognition, including
deficits in memory and processing speed. As indicators of senes-
cence are expressed in a variety of cell types of the CNS with age,
itis tempting to speculate that senescent cells negatively influence
cognition. However, no direct links have yet been established for
arelationship during normative aging. A number of human proge-
ria syndromes, including Werner syndrome, Cockayne syndrome,
ataxia telangiectasia, and Down syndrome (69), exhibit prema-
ture senescence. Interestingly, patients with certain progerias,
including Down syndrome (70), ataxia telangiectasia (71), and
Cockayne syndrome (72), demonstrate cognitive deficits, where-
as Werner syndrome and Hutchinson-Gilford (73) patients do not.
It would be informative to determine whether senescent cells are
found in the CNS of patients with these various progerias and to
identify the cells’ lineages, as they may point to molecular entry
points for investigation in the normal aging process.

Unlike human studies, many of the experiments used to test
memory and cognition in mouse models rely on behavioral alter-
ations in response to stimuli, including visual cues and adverse
stimuli like water. Testing BUBR1 mice with these approaches is
complicated by the fact that they develop severe skeletal mus-
cle atrophy and cataracts early in life, so their cognitive ability is
largely unknown. The senescence-accelerated mouse (SAMPS) is
a prematurely aged mouse model that developed spontaneously
from phenotypic selection of mice (74). In addition to a shortened
lifespan, SAMP8 mice develop a number of premature age-related
phenotypes, including impaired learning and memory (reviewed
in ref. 75). These deficits are linked to overproduction of amyloid
precursor protein and amyloid-B (AB) (76), which are known to
contribute to neurodegenerative disease in people.

Alzheimer’s disease. AD, the most prevalent neurodegenera-
tive disease in humans, is characterized by the neuropatholog-
ical accumulation of AP peptide-containing amyloid plaques
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and neurofibrillary tangle aggregates of hyperphosphorylated or
misfolded tau protein (77). These alterations negatively impact
neurons, thereby leading to cognitive impairment and neuro-
degeneration. The cell types prone to develop features of senes-
cence during normal aging also seem to demonstrate alterations
in AD. For example, microglia from AD patients possess shorter
telomeres compared with age-matched controls (50). Chronic
microglial activation, which is commonly observed in AD, mounts
an acute immune response against misfolded proteins like Af that
may actively drive neuronal death through excessive neurotoxic
factor production (78). Astrocytes cultured from patients with AD
express not only more of the CDKi p16™*** than age-matched con-
trols, but also more MMP1 and IL-6 (57). Elevated markers of DNA
damage, which are also a distinguishing characteristic of senes-
cent cells (38), occur in the astrocytes of dementia patients (79).
Interestingly, neurons with neurofibrillary tangles have increased
expression of p16™* (80-82); however, it is very unclear wheth-
er this induction occurs in the context of true senescence. A true
causal relationship between senescent cell accumulation and AD
has not been established, indicating that further work is needed
in this area. While continuous progress is being made on under-
standing the biology behind AD, including where and when amy-
loid plaques are deposited during disease progression and how
to remove them, clinical trials of amyloid-centered therapeutics
have had disappointing outcomes (83). Novel approaches are
clearly needed and could include trials to target tau or senescent
cells, if they are found to drive AD.

Parkinson’s disease. Patients with PD, the second most com-
mon neurodegenerative disease, display characteristic loss of
motor control due to loss of dopamine-producing neurons in the
substantia nigra. Although it is associated with increasing age, its
pathogenesis is not well understood. Environmental exposure and
genetic risk factors that predispose people to PD development rep-
resent only a minor fraction of the cases, suggesting that the etiol-
ogy is inherently more complex. Interestingly, a common feature
of PD patients and mouse models is the accumulation of activated
microglia and astrocytes, which would promote increased local
concentrations of inflammatory mediators and ROS (84). This pro-
longed chronic inflammatory state may therefore shift microglial
function toward neurodegeneration (85). Whether these microglia
or astrocytes display features distinctive of senescence remains to
be established.

Other neurodegenerative conditions. Researchers have begun
to explore whether senescent cells are found in additional neuro-
degenerative pathologies. For example, HIV patients are prone to
develop a number of complications indicative of premature aging,
including effects on neurological function collectively referred to
as HIV-associated neurocognitive disorders (HAND) (86). HAND
can range in severity from asymptomatic to demented. It has been
postulated that the antiretroviral drugs given to HIV patients to
manage disease in fact promote HAND severity. Indeed, treating
primary astrocytes in vitro with these drugs promotes senescence
(87, 88). Whether microglia develop characteristics associated
with senescence after similar exposures has yet to be determined
(89). These recent works demonstrate that our understanding of
the contribution of senescent cells to neurodegenerative process-
es is likely in its infancy.
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Senescent cells — a therapeutic opportunity

for neurodegenerative disease?

The above studies suggest that senescent cells may accumulate
with age and at sites of pathology in the brain. However, the sig-
nificance of senescent cells in both the induction and exacerba-
tion of neurodegenerative disorders is unknown. To date, it has
been extremely difficult to discern the overall significance and
mechanistic contribution of senescent cells to neuropathology
because of a lack of tools to identify, isolate, and/or eliminate
these cells. Current methods rely on a combination of markers,
including those described in Figure 1. As these markers are not
truly unique to senescent cells, it is imperative to establish that
these changes occur in the context of senescence and not just as
a result of inflammation, for example. A true demonstration that
senescent cells causally drive neuropathology can be achieved
either by prevention of senescence entry through genetic inacti-
vation of p16™¥44 or by direct elimination of senescent cells using
genetically engineered mice. To date, these approaches have not
been employed for relevant studies of neurodegenerative dis-
ease. One limitation of genetic inactivation experiments is that
mice lacking p16™*#* are highly tumor prone and therefore die
before the cognitive decline is observed in normal mice (90). To
circumvent this problem, two similar yet unique mouse models
have been developed to detect and eliminate senescent cells.
The INK-ATTAC transgenic mouse (described above) employs a
2.6-kb promoter element of p16™¥A to drive expression of drug-
responsive caspase-8 (29). A second transgenic model, termed
pl6-3MR, expresses a trimodal reporter construct under the
control of a bacterial artificial chromosome containing the entire
pl6™€4A promoter (91). This reporter contains monomeric red flu-
orescent protein (mRFP), synthetic Renilla luciferase, and a trun-
cated herpes simplex virus thymidine kinase (HSV-TK). When
ganciclovir is administered, HSV-TK converts this compound into
atoxic DNA chain terminator in p16™**A-expressing cells, trigger-
ing apoptosis in senescent cells through mitochondria-dependent
cell death (92). Use of these models has dramatically accelerated
our understanding of the contribution of senescent cells to vari-
ous age-associated alterations and pathologies, including osteo-
arthritis and atherosclerosis (30, 31).

The finding that senescent cell elimination is not only pos-
sible but also effective at modulating inflammatory diseas-
es has triggered profound interest in developing therapeutic
strategies to eliminate senescent cells in the absence of genetic
modifications. These “senolytic” approaches eliminate not
only the senescent cell but also the accompanying SASP, which
likely exerts beneficial effects in the local environment where
senescent cells reside. Several senolytic molecules have already
been identified. Many of these agents target the antiapoptotic
machinery that is upregulated in senescent cells. The senolytic
molecules ABT-737 (37) and navitoclax (ABT-263) (93) occupy
the inhibitory binding regions of members of the BCL-2 family of
proteins, thereby canceling their antiapoptotic activity. Navito-
clax treatment has been shown to eliminate senescent cells that
arise in early atherosclerotic plaques (30) and upon sublethal
irradiation in both skeletal muscle and the bone marrow (93). In
atherosclerosis, senescent cells contribute atheroma initiation
and maturation, and navitoclax administration reduces plaque
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burden (30). Other potentially senolytic molecules and strate-
gies, including piperlongumine (94), dasatinib (95), quercetin
(95), the proprietary compound UBX0101 (31), a FOXO4 pep-
tide that promotes p53-dependent apoptosis (96), and HSP90
inhibitors (97), have also been identified, demonstrating that
there are many possible treatment options for senescent cell
removal in aging and diseases. Interestingly, these various stud-
ies demonstrate that whatever means is employed, targeting of
senescent cells has largely beneficial impacts for pathologies
of aging and age-related disease. Therefore, if these approach-
es are to be implemented in neurological conditions, there are
likely a number of candidates that demonstrate bioavailability
in the brain, in the context of both aging and disease. The BBB
may preclude systemic administration for some of these com-
pounds to get to the target site.

At first, it will be extremely difficult to justify the use of seno-
lytic molecules outside the context of a clear disease as a preven-
tion strategy to delay various diseases associated with senescent
cell accumulation. Treatments to extend function in otherwise
normal individuals will follow after demonstration that interven-
tions targeting senescent cells have beneficial impacts in patho-
logical conditions. Extensive preclinical testing will need to be
performed in order to identify the best senolytic candidate for
neurodegenerative diseases. The best candidate disease model
for initial trials will have demonstrated a link between senescent
cell accumulation and disease. Once identified, it is imperative
to demonstrate that senescent cells are causally implicated in
the disease. The senolytic therapy will then need to demonstrate
senescent cell ablation in the context of disease. The expectation
would then be that senolytic therapy reduces the SASP and mark-
ers of disease. Subsequent clinical trials will be needed to deter-
mine how these treatments improve diseases that accumulate
senescent cells locally. These disease-modulating impacts are far
more critical, as impacts on overall health and lifespan of people
are outside the scope of most clinical trials because of the length
of time required to observe such effects.

In order to bring a potential senolytic therapy into the clinic,
a number of important challenges need to be considered. Several
important insights into the effectiveness of senescent cell elimi-
nation strategies have used tissue culture conditions or mouse
models. It is currently unclear how these various senolytics can be
translated into clinical strategies, if at all. Furthermore, the dura-
tion of treatments has been brief with relatively short follow-up
assessments, so long-term negative consequences have not been
observed in studies to date. In the study using naturally aged mice,
senescent cell elimination with the INK-ATTAC transgenic con-
struct had no discernible negative side effects (98). It is import-
ant to keep in mind that the animals used in this study were in a
controlled environment without any exogenous stresses applied.
In response to certain conditions, such as wounding, the inabil-
ity to acutely induce senescent cells results in a retarded rate of
wound closure (91, 98). The aforementioned studies demonstrate
a beneficial role for senescence in tissue repair and remodeling
in the short term, whereas the long-term consequences appear
to be largely detrimental. Proof that senescent cells contribute
to pathologies and aging of the CNS is imperative to provide the
foundation on which future strategies will build.
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Outlook

Organismal aging and age-related diseases promote an accumu-
lation of senescent cells in a variety of tissues in both humans
and mice (8). Using mouse models, elimination of these cells,
through either genetic means or senolytic therapies, has largely
shown beneficial impacts, irrespective of the disease or condi-
tion investigated (29-31, 99, 100). With these tools, we are now
positioned to critically test the concept that senescent cells pro-
mote age-related diseases and pathology in the CNS. Limited and
indirect evidence suggests a potential accumulation of these cells
with age and dysfunction. With the advent of novel mouse mod-
els and approaches for senescent cell elimination with senolytics,
we can establish when senescent cells arise during the disease
process and how they contribute to these alterations. Alterna-
tively, to assess the disease-initiating contribution of senescent
cells, techniques to induce senescence, such as irradiation or che-
motherapeutics, can be used to increase the burden to study how
this impacts the rate of pathology. If senescent cells are indeed
active drivers of neurodegeneration and not simply bystanders in
the process, this could lead to the development of long-awaited
therapeutics to ameliorate these devastating diseases or at least
increase the years of healthy life free from dysfunction. This is
especially important, as many clinical trials to combat neurode-
generation using previously established molecular targets have
consistently failed, leading to a sense of desperation. A major crit-
icism of these trials is that treatment was started too late in the

The Journal of Clinical Investigation

disease process to have beneficial impacts. Perhaps once neuro-
degenerative processes are initiated, there is a point of no return.

Diversifying and exploring new treatment ideas is essential, as
these diseases are inherently complex and not terribly well under-
stood. In order to be maximally effective, clinical trials will need to
recruit the right patients, predict those at highest risk for disease
development, and begin treatment at the right age. The determi-
nation of populations of high risk is yet another area in the field
that requires significantly more research, as there is currently no
reliable way to identify the early signs of these devastating dis-
eases. Once these highest-risk populations are determined, inter-
ventions can be started prior to neuronal loss, which likely would
result in the highest chance for success.
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