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Exercise as a regulator of glymphatic function
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The glymphatic system is a brain-wide perivascular network hypothesized to
facilitate the clearance of waste products that accumulate during normal brain
activity, including neurotoxic proteins implicated in neurodegenerative diseases.
Emerging evidence suggests that exercise may modulate glymphatic function,
offering a potential mechanism to help explain the neuroprotective effects of
exercise. In this review, we synthesize evidence from animal models and humans
on the organization and regulation of the glymphatic system, examine its vulner-
ability to aging and neurodegenerative pathology, and discuss the potential roles
of exercise in enhancing its function. We propose that the convergence between
known regulators of glymphatic function and the physiological adaptations to
exercise provides a mechanistic framework linking physical activity to
glymphatic integrity and brain resilience.

Glymphatic function in aging and neurodegeneration: A system modifiable by
exercise

Reduced clearance of cellular waste within the brain is one of the putative mechanisms
underlying neurodegenerative pathology (e.g., the accumulation of amyloid-f3 and tau in
Alzheimer’s disease) [1]. Recent research to prevent and treat neurodegenerative
diseases has, therefore, increasingly focused on the glymphatic system, a still controversial
‘brain-cleansing’ pathway that is hypothesized to facilitate the clearance of waste products
that accumulate as a result of normal brain activity [2]. The glymphatic system predominantly
operates during sleep [3]; hence, age-related declines in sleep quality and quantity may be
both a symptom and a potential contributor to neurodegenerative diseases [4]. Both
structural and functional aspects of the glymphatic system have been observed to decline
with age [5,6]. As such, glymphatic system dysfunction has been implicated as a contribut-
ing factor to the progression of neurodegenerative diseases and represents a promising area
for future research and therapies.

Neurodegenerative diseases are the leading cause of dementia, a group of symptoms
(cognitive, functional, and behavioral) associated with a gradual decline in brain function.
Despite massive research efforts, there is no cure for the more than ten million people
worldwide who are diagnosed with dementia annually [7]. As effective treatments to halt or
slow the progression of dementia remain limited, the Lancet Commission on Dementia has
emphasized that risk reduction must remain a major research priority [8]. Regular exercise
plays an important role in reducing all-cause dementia risk [8], but a core challenge is that it
is still not fully understood how exercise protects the brain. Exercise improves sleep quality
[9] and may also improve glymphatic function [10-12]. However, most of the research to
date on the links between exercise and glymphatic function has been performed in rodents.
This is an important limitation in view of the differences between humans and rodents in
terms of glymphatic function [13], brain cells [14,15], sleep architecture [16], and neurodegen-
erative pathology [17].

Trends in Neurosciences, Month 2026, Vol. xx, No. xx

* Nicholas J. Saner', Melinda L. Jackson?®, Warda Syeda®, David J. Bishop ', and

Highlights

Exercise may modulate glymphatic func-
tion, providing a plausible mechanistic
link between physical activity and
neuroprotection.

Key regulators of glymphatic function
overlap with physiological adaptations
to exercise, suggesting a mechanistic
basis through which physical activity
may preserve glymphatic integrity and
support brain resilience.

Sleep disruption may impair glymphatic
function and contribute to cognitive
decline, while exercise may help restore
sleep health and facilitate brain waste
clearance.

Future development of clinically validated
imaging methods to quantify glymphatic
function in humans will be crucial for
defining its role in neurodegeneration
and evaluating interventions such as
exercise.

"Exercise Prescription Laboratory,
Institute for Health and Sport (HES),
Victoria University, Footscray, Victoria,
Australia

2Turner Institute for Brain and Mental
Health, School of Psychological
Sciences, Monash University,
Melbourne, Victoria, Australia
3Institute for Breathing and Sleep, Austin
Health, Heidelberg, Victoria, Australia
“Melbourne Brain Centre Imaging Unit,
The University of Melbourne, Parkville,
Victoria, Australia

SCognitive Health Initiative, Central
Clinical School, Monash University,
Melbourne, Victoria, Australia
®Department of Neurology, The Royal
Melbourne Hospital, Parkville, Victoria,
Australia

"Eastern Cognitive Disorders Clinic, Box
Hill Hospital, Monash University, Box
Hill, Victoria, Australia

#These authors contributed equally

*Correspondence:
james.broatch@vu.edu.au
(J.R. Broatch).

https://doi.org/10.1016/}.tins.2026.06.002 1

© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-0082-3168
https://doi.org/10.1016/j.tins.2026.06.002
http://creativecommons.org/licenses/by/4.0/

¢? CellPress Trends in Neurosciences

In this review, we first provide an overview of key physiological processes that regulate glymphatic
function, with a focus on sleep, and how this system is altered during aging and neurodegener-
ation. We next explore the emerging evidence that exercise modulates these same physiological
regulators, providing a putative mechanistic link between exercise and glymphatic activity. We
highlight converging preclinical and human evidence indicating that exercise may enhance
glymphatic clearance capacity, while also identifying methodological limitations and knowledge
gaps that constrain translation to humans. Finally, we propose future research directions required
to establish exercise as a targeted strategy to optimize glymphatic function and mitigate age- and
disease-related brain dysfunction.

The glymphatic system and key regulatory factors

The brain is one of the most metabolically active organs in the adult human body 18], a conse-
quence of which is the extensive secretion of metabolic waste products (e.g., aberrant amyloid-3
and tau proteins) from brain cells into the surrounding interstitial fluid [19]. Considering that the
accumulation of these byproducts may contribute to the onset and/or progression of neurological
diseases [20,21], their clearance from the interstitial fluid is critical for maintaining brain homeostasis
and mitigating neurodegenerative pathology [2]. Waste clearance from within the brain paren-
chyma occurs primarily via two pathways that are unique to the central nervous system:
(i) vascular clearance pathways, including solute transport across the blood-brain barrier, and (i)
cerebrospinal fluid (CSF)-mediated clearance pathways, including the glymphatic system [19].
We refer readers to several high-quality reviews that provide a detailed overview of the current
knowledge pertaining to glymphatic structure and function [22-25], as well as downstream drain-
age into meningeal lymphatic vessels and cervical lymph nodes (i.e., brain waste clearance external
to the brain parenchyma) [19,26,27], a summary of which is displayed in Figure 1.

The regulation of fluid exchange within the glymphatic system is thought to involve several
physiological mechanisms. Glymphatic flow of CSF along the periarterial spaces and into the
brain parenchyma, as well as the exit of interstitial fluid along the perivenous spaces, is thought
to be driven largely by pressure differentials, breathing, and arterial pulsations [30]. While CSF
is continuously produced by the choroid plexus and its production contributes to overall CSF
circulation, glymphatic transport is thought to depend primarily on locally generated perivascular
pressure gradients rather than on bulk CSF production alone [31]. Breathing plays a critical role in
CSF flow, as the reduction in chest pressure during inhalation is reported to be instrumental in the
flow of CSF through the aqueduct [32]. In addition, the flow of CSF in the perivascular space is
pulsatile and occurs at the same frequency as the cardiac cycle and in the same direction as
blood flow [2,33]. Oscillatory pulsations generated by smooth muscle cells along the whole length
of penetrating arteries drive the flow of CSF from the periarterial space to the perivenous space
[34,35], also known as the ‘perivascular pumping’ effect [33,36].

More recently, it has been reported that neurons play an important role in coordinating glymphatic
function, as the firing of neurons in a synchronized fashion promotes CSF-to-interstitial fluid
perfusion and brain clearance [37]. Glymphatic influx and clearance have been reported to be
regulated by both neurovascular coupling [38] and audio-visual stimulation to induce gamma
oscillations [39], suggesting that neuronal activation can accelerate glymphatic waste clearance
from the brain [40]. Gamma stimulation was also associated with a dilation of meningeal lymphatic
vessels [39], supporting the notion that brain rhythms modulate fluid clearance from the brain to
the lymphatic system. In addition, glymphatic flow is regulated by norepinephrine-mediated slow
vasomotion [41]. During non-rapid eye movement (NREM) sleep, infra-slow (~0.02-0.05 Hz;
~20-50 s period) spontaneous oscillations in the concentration of norepinephrine (a regulator
of vascular tone [42]) were demonstrated to be closely synchronized with cerebral blood volume
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Figure 1. The glymphatic system. The glymphatic system is a brain-wide clearance pathway that facilitates the exchange
of cerebrospinal fluid (CSF) and interstitial fluid to remove metabolic waste and other solutes that accumulate as a result of
brain activity. As such, the glymphatic system is thought to play a key role in maintaining brain protein homeostasis and
preventing neurotoxic accumulation [2,28,29]. CSF enters perivascular spaces and is driven into the brain parenchyma
along periarterial routes, where it exchanges with interstitial fluid through aquaporin-4 (AQP4) water channels located on
astrocytic endfeet (specialized, terminal extensions of astrocytes that tightly ensheathe the cerebrovasculature, acting as
the interface between neural tissue and the CSF-vascular systems). Waste-laden interstitial fluid is then cleared along
perivenous pathways and drains into meningeal lymphatic vessels and cervical lymph nodes. Figure created using
BioRender. Bishop, D. (2026) (https://BioRender.com/dryueuo).

and CSF volume, ultimately acting to regulate the perivascular pump and promote glymphatic
clearance [41].

Limitations of glymphatic function assessment and rodent-to-human translation
Limitations in assessing glymphatic function and controversies regarding the glymphatic system
have been discussed previously [1,22,43-46]. Briefly, a large portion of the research performed to
date on the glymphatic system has been conducted in mice, using invasive experimental techniques
that are not directly transferable to routine human studies, including in vivo optical imaging (e.g., two-
photon microscopy) and tracer-based paradigms to directly quantify CSF-interstitial fluid exchange
and solute clearance kinetics [2,6,34,47]. Accordingly, substantial effort has been directed toward
developing methods to assess glymphatic function in humans, with recent studies supporting and
extending findings from rodent models by demonstrating organized brain fluid transport pathways
in vivo [45,48]. However, current imaging and physiological approaches differ substantially in the
specific aspects of glymphatic transport they measure, and further validation is needed to determine
how well these methods capture the multiple mechanisms driving glymphatic flow.

Intrathecal gadolinium-enhanced magnetic resonance imaging (MRI) provides the most direct
human evidence of CSF tracer entry and delayed clearance across brain regions [49,50], but
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this method is invasive and not suitable for routine use [13,22,51]. Intravenous contrast-
enhanced MRI and dynamic T1 mapping have also been used to assess putative glymphatic
influx and meningeal lymphatic vessel flow, including in exercise intervention studies [12]. Struc-
turally, MRI-visible perivascular spaces are widely used as a macrostructural marker, with
enlargement observed during healthy aging and across multiple clinical phenotypes [52-55].
Diffusion-based metrics such as diffusion tensor imaging analysis along the perivascular space
—initially described as an indirect index of perivascular water diffusivity but more recently
described as a proxy of white matter integrity [56]—have shown associations with sleep and
cognition in community-based samples [57,58]. Additional approaches increasingly discussed
in the field include T2-FLAIR/black-blood imaging of meningeal lymphatic vessels [12], phase-
contrast CSF-flow measures [59], and BOLD-CSF coupling [60], all of which provide
complementary information about structural or physiological components of brain fluid dynamics.
A recent breakthrough in the assessment of human glymphatic function is the development of a
non-invasive, wearable wireless device that continuously measures ‘brain parenchymal resis-
tance’ using electrical impedance spectroscopy combined with electroencephalography and
cardiovascular monitoring during sleep [61]. The device tracks dynamic changes in extracellular
fluid volume that are linked to glymphatic transport and was shown to closely predict glymphatic
solute exchange measured using contrast-enhanced MRI [61]. Using this approach, glymphatic
activity is reported to be enhanced during slow-wave sleep and is associated with overnight
clearance of amyloid-f3 and tau from the brain [62].

The translational gap between rodent and human studies is further complicated by differences
in brain state. Many foundational animal experiments were performed under general anesthesia
[2,6,34,63]; yet, anesthesia is not equivalent to natural sleep with respect to neuromodulatory
tone and the coupled cardiorespiratory and vascular dynamics that plausibly drive perivascular
transport [64,65]. Evidence also indicates that glymphatic transport varies substantially across
anesthetic regimens, with contrast-enhanced MRI and electroencephalogram work showing
enhanced solute transport under dexmedetomidine plus low-dose isoflurane relative to isoflurane
alone [66], consistent with a role for noradrenergic tone and state-linked physiological oscillations
[33,64]. More recent work has challenged aspects of the original sleep/anesthesia enhancement
narrative [67] and there is continued debate regarding the direction and magnitude of brain clear-
ance across different brain states, underscoring the need for careful state characterization and
methodological standardization when interpreting both animal and human findings [64,68]. As
a result, future human study designs may need to prioritize naturalistic sleep measurement
(including objective sleep staging) and/or tightly controlled state manipulations to avoid conflating
sleep-related physiology with anesthesia-driven effects. These considerations are particularly
relevant in the context of exercise-glymphatic paradigms, where cardiorespiratory dynamics
are central to the hypothesized mechanisms [64,65].

Inter-species differences in brain physiology require careful consideration as well. Human
astrocytes, for instance, exhibit more complex branching [14] and less aquaporin-4 (AQP4)
polarization (the localization of AQP4 water channels on astrocyte endfeet, which is essential
for CSF inflow) [15] than those seen in rodents, and glymphatic function may thus be differentially
regulated between species.

Taken together, the current lack of clinically validated imaging techniques for measuring
glymphatic function in the human brain presents a barrier to determining both its involvement in
neurodegenerative disease and the evaluation of therapeutic interventions (e.g., exercise)
targeting this system [13]. In vivo measurements of glymphatic structure and function are crucial,
as evidence from animal studies indicates that post-mortem tissue processing alters perivascular
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space morphology [33]. Future research that validates non-invasive methods of assessing
glymphatic function will advance our understanding of the glymphatic system in health and
disease.

Glymphatic system dysfunction in aging and neurodegenerative disease

Structural and functional aspects of the glymphatic system have been observed to decline with
age (Figure 2). For example, in humans, perivascular spaces are enlarged during aging [5],
which is associated with cognitive decline and numerous brain diseases in clinical populations
[74]. Functionally, in old mice, both the influx and efflux of glymphatic flow are reduced by up to
90% [6]. A primary reason for this appears to be the loss of AQP4 polarization, whereby AQP4
water channels relocate from endfeet to the cell body of reactive astrocytes in older mice brains
[6], contributing to impaired glymphatic flow [75]. In addition, age-dependent decreases in CSF
production and pressure have been reported in both human and animal models [34,69,70],
contributing to decreased glymphatic influx and, therefore, glymphatic function. Arterial walls
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Figure 2. Characteristics of aged and/or diseased brains that are thought to contribute to impaired glymphatic
function. A number of changes associated with aging or neurodegeneration can directly or indirectly influence glymphatic
clearance. These include reduced sleep health (qualitatively and quantitatively), enlarged perivascular spaces, the depolarization
of aquaporin-4 (AQP4) water channels from astrocytic endfeet [6], a reduction in cerebrospinal fluid (CSF) production [69,70],
increased arterial stiffness and reduced vascular compliance [33,71], elevated blood pressure/hypertension [33], blood-brain
barrier (BBB) leakage and neuroinflammation [72], and the accumulation of protein aggregates within the brain parenchyma
[73]. Figure created using BioRender. Bishop, D. (2026) (https://BioRender.com/f7dafnz).
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also stiffen with age [71], which contributes to a decreased CSF influx driven by pulsatility and
perivascular pumping [33]. Aging is also associated with structural and molecular alterations to
the meningeal lymphatic vessels and deep cervical lymph nodes, which contribute to reduced
downstream CSF drainage [76]. Taken together, a major consequence of age-related changes
in glymphatic structure and function is a reduced clearance of cellular waste from the brain,
which, in turn, is a hallmark of neurodegenerative pathology.

Poor vascular health and cerebrovascular disease may impact the effectiveness of the glymphatic
system. Similar to the effect of aging, hypertension (and impaired arterial compliance) disrupts the
perivascular pump and thus slows CSF movement in the perivascular space [33]. Enlarged
perivascular spaces correlate with small vessel disease burden, and this widening suggests the
presence of cellular debris and other waste products [77]. In turn, this accumulation of cellular
waste products may contribute to a cycle of impaired cerebrovascular reactivity, perivascular
inflammation, and blood-brain barrier leakage, ultimately contributing to impaired glymphatic
flow and waste clearance, as well as increased neuroinflammation [72]. Enlarged perivascular
spaces also correlate with increased stroke risk [78], white matter hyperintensities [79], and
hypertension [80], all factors associated with glymphatic dysfunction. Dementias are also
characterized by enlarged perivascular spaces [81], which may reflect disruptions in perivascular
clearance pathways and are often associated with cerebral small vessel disease.

Most prevalent neurodegenerative diseases are characterized by protein aggregation [73]. For
example, Alzheimer’s disease is associated with amyloid-3 and tau protein aggregates, creating
plagues and neurofibrillary tangles that lead to the degradation of brain tissue [82]. Glymphatic
flow contributes to the clearance of aggregate-prone proteins out of the brain [83]. In mice,
AQP4 knockout has been reported to reduce amyloid-f3 clearance in both wild-type mice [2]
and in an APP/PS1 mouse model of Alzheimer’s disease [84]. A negative feedback loop of protein
aggregation and glymphatic flow may further exacerbate neurodegenerative pathology, whereby
protein accumulation is increased due to impaired glymphatic flow, and high levels of protein
accumulation impair glymphatic fluid movement [25]. This may be related to the observed
enlargement of perivascular spaces in Alzheimer’s disease [24]. Meningeal lymphatic vessel
dysfunction is also evident in neurodegenerative disease [85], compromising brain waste
clearance and potentially exacerbating pathology, as demonstrated by increased amyloid-3
accumulation along meningeal lymphatic vessels in 5xFAD mice (an Alzheimer’s disease model)
[86]. Taken together, several structural and functional characteristics of the aged and/or diseased
brain are reported to impair glymphatic function, a vulnerability that, as discussed in the following
section, is further amplified by sleep disturbances.

The glymphatic system is upregulated during sleep

Evidence from both mouse models [3] and humans [87] indicates that the glymphatic system
predominantly operates during sleep [24]. For example, in vivo two-photon imaging in mice
showed an increase in glymphatic flow during sleep that was associated with a twofold increase
in amyloid-f3 clearance and, conversely, an approximately twofold reduction in clearance during
wakefulness [3]. As such, it appears that one of the major functions of sleep is the clearance of
neuronal waste products accumulated in the brain during wakefulness [24]. In support of this
notion, inadequate sleep duration (<7 h per night, as defined by the National Sleep Foundation’s
recommendations for young adults and adults [88]) is linked to the buildup of neurodegenerative
markers in cognitively healthy humans [89], an increased dementia risk in a large UK Biobank
cohort [90], and is inversely correlated with diffusion tensor imaging analysis along the
perivascular space [91]. Furthermore, sleep deprivation (>24 h of sustained wakefulness) and/
or sleep restriction (a partial reduction of habitual sleep time) have been reported to induce
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reactive astrocytes and alter AQP4 expression in rodents [92,93], as well as increase brain
amyloid-f3 load in humans [94,95], phenomena which have been associated with impaired
glymphatic clearance [96].

Norepinephrine, a neurotransmitter/normone primarily responsible for the ‘fight-or-flight’
response (associated with changes in arousal, attention, stress responses, and autonomic regu-
lation), has also been hypothesized to regulate the difference in glymphatic flow observed
between sleep and wakefulness. Glymphatic flow appears to be greatest during NREM sleep,
particularly during periods characterized by high slow-wave neural activity (0.5-4 Hz, most prom-
inent during NREMS3, the deepest stage of sleep) [97], whereby decreased norepinephrine levels
expand the brain extracellular space, resulting in reduced tissue resistance and a subsequent
increase in perivascular CSF flow [98]. Norepinephrine oscillations during NREM are also
correlated with memory performance, and suppression of these oscillations impaired cognitive
function in mice [99]. Conversely, norepinephrine levels are elevated during wakefulness, which
may explain, in part, the reduced glymphatic clearance in this state. In awake mice, decreased
interstitial volume fraction has been observed following norepinephrine injection, and increased
CSF influx (comparable to that observed with sleep or anesthesia) has been observed following
injection of a norepinephrine receptor agonist [3].

As glymphatic function is closely associated with sleep, it is perhaps not surprising that sleep
disturbances are thought to be both a symptom of and a potential contributor to neurodegener-
ative diseases. For example, obstructive sleep apnea may impair glymphatic function through
sleep fragmentation and/or altered CSF flow in the brain, ultimately reducing the efficiency of
metabolic waste clearance from the brain [100-102]. The brain regions that govern sleep and
wakefulness are impaired by neurodegeneration, and sleep disturbances further exacerbate
the accumulation of protein aggregates and disease progression [96,103]. Indeed, sleep distur-
bances are common in neurodegenerative pathologies and affect up to 50% of patients with
Alzheimer’s disease [104]. Norepinephrine may play a crucial role in how sleep disturbances
exacerbate neurodegenerative disease, as degeneration of brain tissue in the locus coeruleus
(the primary site of norepinephrine production in the brain) occurs early in Alzheimer’s disease
and is believed to contribute to disease progression [105,106]. Furthermore, the power of
infra-slow norepinephrine oscillations that are characteristic of healthy NREM sleep (and crucial
for glymphatic flow) was increased in wild-type mice but remained unchanged in Alzheimer’s
mice following a period of sleep deprivation [105]. This also coincided with increased amyloid-[3
burden, suggesting that NREM sleep (and thus glymphatic function) is less effective in
Alzheimer’s disease mice [105]. Taken together, the vulnerability of glymphatic function to sleep
disruption highlights a potential pathway linking poor sleep to cognitive decline and dementia.
|dentifying strategies to bolster glymphatic activity and improve sleep health is therefore of clinical
importance, and recent evidence suggests that regular exercise may provide a viable means of
enhancing brain waste clearance, improving sleep quality, and supporting brain health.

How cardiorespiratory exercise impacts the glymphatic system

It is increasingly apparent that repeated bouts of exercise (i.€., exercise training) have a beneficial
effect on brain and mental health. Regular exercise has been reported to reduce symptoms of
depression [107], improve cognitive function [108-110], and reduce dementia risk [111,112].
These beneficial effects are likely mediated by a combination of hemodynamic, molecular, and/
or structural adaptations in the brain [113], as evidenced by exercise-induced improvements in
markers of brain health that include cerebral vascularization [113], increased expression of
neurotrophic factors [114,115], hippocampal neurogenesis [116], and synaptic plasticity [117].
In addition, there is emerging evidence in both rodents [10,11,84] and humans [12] to suggest
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that exercise may regulate glymphatic clearance, thereby providing another potential explanation
for the neuroprotective effects of exercise. Consistent with previous calls for the harmonization of
exercise intensity terminology [118,119], this review uses three intensity descriptors (low,
moderate, and high) to classify cardiorespiratory exercise (a type of exercise that engages the
cardiovascular and respiratory systems to support sustained skeletal muscle metabolism and
contraction).

Structural and functional aspects of the glymphatic system have been reported to improve follow-
ing cardiorespiratory exercise training in mice (Table 1). In one of the studies, the authors injected
fluorescent tracers into the cisterna magna (a CSF-filled space located at the back of the brain) of
9-week-old female mice and imaged coronal brain sections as a marker of glymphatic influx [10].
Following 5 weeks of low-intensity voluntary wheel running versus baseline/resting, glymphatic
influx increased more than twofold compared with sedentary control conditions, predominantly
in the hypothalamus (a deep-brain structure responsible for maintaining body homeostasis)
[10]. Importantly, these increases were reported in mice that were awake, and the influx was
comparable to the influx demonstrated in anesthetized/asleep mice. These findings align with
those in a study using fluorescent tracers injected into the cisterna magna of 14- to 16-month-
old male mice and imaged in vivo using two-photon microscopy [11]. In this study, glymphatic
influx and clearance were improved in the interstitium of the brain parenchyma and the
perivascular space of the penetrating arteries following 6 weeks of voluntary wheel running.
This improvement also coincided with increased astrocytic AQP4 expression and polarization,
attenuated amyloid-[3 accumulation, and improved spatial cognition, thus providing a potential
link between glymphatic clearance and exercise-induced neuroprotection in the aging brain.

In a subsequent study, 2 months of low-intensity voluntary wheel running improved glymphatic
transport along the perivascular space in 5-month-old and 9-month-old wild-type mice [84].
However, when conducting the experiment in a mouse model of Alzheimer’s disease, voluntary
wheel running improved glymphatic function in the 5-month-old mice but not in the 9-month-
old mice [84]. The authors suggested that as the Alzheimer’s disease pathology progressed in
the older mice, AQP4 polarity—and thus the structural basis for exercise-induced improvements
in glymphatic clearance—was damaged. In addition to a depolarization of AQP4 channels, there
may have already been prominent amyloid-3 deposition and astrocyte activation in the brains of
older mice, which in turn may have promoted turbulent interstitial fluid from voluntary wheel
running and hindered perivenous amyloid-[3 removal [84]. In support of this, 5 weeks of treadmill
running was reported to reduce hippocampal amyloid-f3 levels in approximately 8-month-old, but
not 24-month-old, Alzheimer’s mice [124]. However, 5 weeks of exercise training may have been
too short a stimulus to remove amyloid-[3 plaques in aged mice, as evidenced by the significant
reduction of hippocampal amyloid-[3 plaques following 4 months of low-intensity treadmill exer-
cise training (20 min at 5-10 m/min, 5 days/week) in 12-month-old Alzheimer’s mice [125].
Taken together, these data highlight the importance of early intervention and prevention with
regard to exercise as a modulator of glymphatic function, given that the glymphatic system
may be less responsive to exercise training following the onset of Alzheimer’s disease pathology.

Although the mechanistic understanding of the aforementioned effects is at an early stage,
improvements in glymphatic clearance reported in these mouse studies were hypothesized to
be related to exercise-induced improvements in the number and polarity of AQP4 channels
[10,11]. In support of this, the genetic deletion of AQP4 in mice impaired interstitial solute clear-
ance by approximately 70% [2], resulting in higher deposition of amyloid-f3 plaques [2,84] and
cognitive impairment [84]. In addition, AQP4 knockout in a mouse model of Alzheimer’s disease
exacerbated the impairment in glymphatic flow, amyloid-{3 deposition, and cognitive impairment
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Table 1. Summary of rodent and human studies that have assessed glymphatic structure and/or function in response to exercise or training

Population (age, sex)

Rodents

C57BL/6J mice (14 to 16 months,
male)

C57BL/6J mice (9 weeks, female)

APP/PS1 mice, with and without
genetic deletion of AQP4 (3 and
7 months, male)

Sprague-Dawley rats, with and
without administration of
streptozotocin (7 weeks, male)

C57BL/6J mice (18 months,
female)

APP/PS1 mice, with and without
AQP4 inhibition (4 months, male)

Humans

Healthy adults (18 to 70 years,
male and female; N = 18) and
Alzheimer’s disease patients (65 to
75 years, male; N = 3)

Healthy adults (19 to 70 years,
male and female; N = 16 for
exercise training, 21 for acute
exercise)

AB: amyloid-beta; APP/PS1: amyloid precursor protein/presenilin 1 mouse model of Alzheimer’s disease; AQP4’/ -

Exercise protocol
(defined intensity)

Training: Free running
wheel, 6 weeks

Training: Free running
wheel, 5 weeks
Exercise: Running wheel

Training: Free running
wheel, 2 months

Training: 10 x 30-s bouts
(80 to 60 m/min),
5 days/week, 8 weeks

Training: Free running
wheel, 4 weeks

Training: 60 min
swimming, 5 days/week,
4 weeks

Exercise: Treadmill
walking until 75%
HRmax + 1 min

Training: 30 min cycling
(45 t0 60% VOsmea)

3 days/week, 12 weeks
Exercise: 30 min cycling
(50% vo2ma><)

Glymphatic assessment

In vivo two-photon imaging of glymphatic
pathway clearance

CSF tracer and immunohistochemical
staining of brain sections (training)
Acute: Multi-channel microscopy imaging

CSF tracer and immunohistochemical
staining of brain sections

CSF tracer and immunofluorescence
staining of brain sections

CSF tracer and in vivo two-photon
microscopy, ex vivo fluorescence
microscopy of brain sections

Cisterna magna injection with a
fluorescent tracer and
immunohistochemical staining of brain
sections

MRI: 3D turbo gradient spin echo pulsed
arterial spin labeling

MRI: Intravenous contrast-enhanced
dynamic T1 mapping (glymphatic influx)
and black-blood + IR-ALADDIN
(meningeal lymphatic imaging)

Effects of exercise on glymphatic
outcomes

1 Efficiency of glymphatic clearance

1 CSF influx with training
| CSF tracer intake ‘during’ exercise

3 months: 1 Glymphatic transport;
| AB burden; | AQP4
mislocalization

7 months: | AQP4 polarity;

| glymphatic clearance of AB, not
alleviated by exercise

AQP4~~: More notable impairments
in glymphatic function and
heightened AR plague deposition,
not alleviated by exercise

1 Drainage of abnormal tau and AR
1 Polarization of AQP4 channels to
the endfeet of astrocytes

1 AQP4 polarization and glymphatic
clearance of AR

1 Glymphatic clearance; 1 AQP4
expression; 1 AQP4 polarization
| Glymphatic effectiveness with

AQP4 inhibition

« Perfusion clearance rate pre-
versus post-exercise (healthy)

| Perivascular clearance in
Alzheimer’s disease (pre-exercise
only)

1 Glymphatic influx; 1 meningeal

lymphatic vessel size and flow
< With exercise

rate; IR-ALADDIN: inversion-recovery alternate ascending/descending directional navigation; min: minutes; VOomax: maximal oxygen uptake.

compared with age-matched Alzheimer’s mice, and the effects were not ameliorated following
2 months of low-intensity voluntary wheel exercise [84]. Reactive astrogliosis (morphological
and functional changes that occur in astrocytes in response to central nervous system injury
and other neurological diseases) [126] occurs as the brain ages [127] and is associated with a
loss of perivascular AQP4 polarization. This mislocalization is associated with increased
amyloid-{3 deposition [128,129], which provides an explanation for why astrogliosis is a hallmark
of Alzheimer’s disease [130,131]. In mice, exercise attenuates reactive astrogliosis and AQP4
depolarization, subsequently promoting the removal of amyloid-3 plaques [84]. In addition,
high-intensity interval training (30-60 m/min, equating to ~=75% VOomay) Was observed to
promote an astrocyte phenotype consistent with a reparative reactive state in rats, which is asso-
ciated with the polarization of AQP4 water channels to the endfeet [120]. Regulation of AQP4
content in the central nervous system is complex and associated with a number of confounding

Refs

(1]

(10]

(84]

[120]

[121]

[122]

[123]

(2]

: aquaporin-4 genetic deletion; HRnax: maximal heart
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interactions [132], and the means by which exercise training may alter its content are largely
unknown.

Despite the growing body of literature documenting glymphatic function in humans, data investi-
gating the effects of exercise on human glymphatic function are limited. Initial investigations
appear to support some of the preclinical findings in rodents [12,123]. In a pilot study using
novel MRI and arterial spin labeling, glymphatic clearance was lower in individuals with mild
Alzheimer’s disease compared with healthy adults [123]. More recently, 12 weeks of structured
exercise training (low-intensity cycling) was reported to increase glymphatic influx, as well as
meningeal lymphatic vessel size and flow, in healthy adults (19-70 years), as assessed by
intravenous contrast-enhanced MRI [12]. Future research in humans, including the validation of
clinically relevant assessments, should aim to examine how exercise regulates glymphatic function.

Based on studies in both rodent models [10] and human populations [12], exercise-induced
improvements in markers of glymphatic flow appear to be an adaptive response to a period of
exercise training. In addition to training-induced increases in AQP4 content and polarization
[10,11,120], regular exercise training improves cardiovascular health, in part via reductions in
blood pressure [133] and arterial stiffness [134]. These changes can improve cerebral blood
flow and the associated arterial pulsations that drive glymphatic flow [33,34]. Consistent with
this notion, hypertension reduces both vascular compliance and glymphatic function [33,135],
further supporting the integral role of arterial wall pulsations in perivascular fluid movement and
subsequent CSF-interstitial fluid exchange [33,96]. Regular exercise can also improve the integ-
rity of the blood-brain barrier through mechanisms such as the suppression of neuroinflammation
and oxidative stress [136], which may, in turn, improve glymphatic function by reducing reactive
astrogliosis and AQP4 depolarization [137]. During exercise itself, glymphatic flow is reportedly
downregulated [10], which may be related to changes in blood-plasma norepinephrine [96].
Circulating norepinephrine levels are increased during exercise [138] and reduced during sleep
[139], which may help explain the reduction and upregulation of glymphatic function during exer-
cise and sleep, respectively. Regular exercise decreases norepinephrine concentrations [140],
reduces neuroinflammation [141], improves respiratory function [142], and promotes neuronal
activity [143]. All these processes have been reported to regulate glymphatic flow [30,37,40,
41,144] and therefore provide additional explanations as to how exercise training may further
regulate glymphatic function. However, these mechanistic pathways are largely hypothetical,
particularly in the context of human physiology, and further research that directly assesses
exercise-induced changes in markers of glymphatic function is needed.

In addition to the aforementioned potential mechanisms, there is some evidence in humans that
exercise may help improve cognitive function and reduce the risk of developing dementia via its
impact on sleep [145]. Several studies have reported that exercise can improve sleep quality,
specifically by reducing sleep onset latency (the time taken to fall asleep) and by increasing both
the duration of NREM3 slow-wave sleep and the intensity of the associated electroencephalogram
signals that characterize each stage of sleep [146,147]. These NREMS3 electroencephalogram
signals are characterized by low-frequency, high-amplitude delta waves and are implicated in the
transfer of memories from short-term representation in the hippocampus to long-term encoding
in the cortex, among other physiological functions [148]. Notably, delta-wave activity during
NREMBS sleep has been directly linked to hemodynamic oscillations and increased glymphatic influx
of CSF in mice [149] and humans [65]. Auditory manipulation to enhance these oscillatory signals
has also been reported to improve memory consolidation [150]. Therefore, recent findings that a
single session of exercise (60% VO,may) Can increase delta-wave electroencephalogram intensity
during NREMS sleep, despite a reduction in the duration of total NREMS sleep, are of significant
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interest [151]. Exercise timing may be important in this context, as in humans, evening exercise
(within 4 h of sleep onset) was associated with delayed sleep onset, shorter sleep duration, and
lower sleep quality [152], which may impede glymphatic function.

The most appropriate exercise prescription to promote beneficial changes in the glymphatic
system is currently unknown. Exercise is commonly prescribed using the FITT (VP) principle
(Frequency, Intensity, Time, Type, Volume, and Progression) [119], a structured framework that
allows for the design of personalized prescriptions with the goal of improving health outcomes.
Of note, it is well established that increased exercise intensity has additional health benefits,
including reduced blood pressure and improved vascular compliance [113]. Given the hypothe-
sized mechanisms by which exercise regulates glymphatic flow, it is plausible that increasing
exercise intensity may augment the beneficial effects of exercise on glymphatic function. In line
with this notion, a period of high-intensity exercise training was reported to be more effective at
reducing norepinephrine responses to exercise compared with moderate-intensity training
[1583], and low norepinephrine levels are associated with improved glymphatic function [154].
With regard to the clearance of neurotoxic proteins, in the APP/PS1 mouse model of Alzheimer’s
disease, moderate-intensity exercise (60-70% of VO,may) Was more effective than low-intensity
exercise (45-55% of VOumay) at reducing soluble amyloid- levels in the hippocampus [155],
highlighting the potential role of exercise intensity in regulating the glymphatic system for the miti-
gation of neurodegenerative pathologies.

Another important consideration with regard to exercise prescription and glymphatic function is
exercise type. A large portion of the literature reporting positive effects of exercise on brain health,
including studies investigating the effects of exercise on glymphatic function [10,11], comes from
cardiorespiratory exercise interventions, with very little data available on the effects of resistance
exercise (a type of exercise that requires skeletal muscle to produce force against a load with
enough effort so that the number of repetitions or contraction duration is constrained by
neuromuscular fatigue) [119]. This is perhaps surprising, given that muscle strength is closely
associated with reduced dementia incidence [156], and that resistance exercise may have
profound effects on glymphatic flow, considering that resistance exercise training has been
reported to lower blood pressure and improve vascular function [157], enhance sleep quality
[158] and respiratory function [159], and confer beneficial effects on neuroinflammation and
synaptic plasticity [160], all of which are proposed to regulate glymphatic function. Research
investigating the effects of other exercise types, including exercise methods that emphasize the
mind-body connection, such as yoga, on glymphatic function is also warranted, particularly
given their capacity to improve cognition in both healthy [161] and cognitively impaired individuals
[162].

An integrative framework linking exercise to glymphatic function and
neuroprotection

Collectively, evidence from preclinical and human studies supports a multifactorial model
whereby exercise enhances glymphatic function through the modulation of several key regula-
tory factors (Figure 3). Regular exercise improves cardiovascular and cerebrovascular health,
enhances vascular compliance, and increases arterial pulsatility, all of which may facilitate
perivascular flow. Exercise also improves sleep quality and increases slow-wave sleep—a
sleep state strongly associated with enhanced glymphatic transport and metabolic waste
clearance. In parallel, exercise reduces neuroinflammation, preserves blood-brain barrier
integrity, and may help maintain astrocytic homeostasis during aging. Together, these
adaptations may create a physiological environment that is more permissive for efficient
glymphatic function.
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Figure 3. Putative mechanisms by which exercise may regulate glymphatic function. There is a clear overlap
between established regulators of glymphatic function and the physiological adaptations to exercise. In rodent and/or
human studies, exercise has been reported to increase the content and polarization of aquaporin-4 (AQP4) water
channels in astrocytes [84,120-122], enhance neuronal activity and plasticity [143], improve respiratory function [142],
improve cerebrovascular health [134], reduce neuroinflammation [14 1], decrease norepinephrine concentrations [140],
and improve sleep architecture [146,147]. All these processes have been observed to regulate glymphatic flow, providing
a mechanistic framework linking physical activity to glymphatic function and brain resilience. Figure created using
BioRender. Bishop, D. (2026) (https://BioRender.com/jfix2qgw).

Through these integrated vascular, metabolic, inflammatory, and sleep-related adaptations, exer-
cise is proposed to enhance the clearance of neurotoxic proteins and metabolites, including
amyloid-{3 and tau, thereby contributing to the maintenance of brain homeostasis and resilience
against neurodegeneration. Importantly, many of these exercise-induced adaptations target
mechanisms independently implicated in dementia risk, providing a plausible systems-level
framework linking physical activity, glymphatic function, and cognitive health. Although direct
evidence in humans is in its infancy and several mechanistic pathways require further clarification,
this integrative model may help explain how long-term exercise contributes to reduced dementia
risk and healthier brain aging across the lifespan.

Concluding remarks and future perspectives

Most mechanistic insights into the glymphatic system have been enabled by invasive or tracer-
based research in animal models. Translation to humans remains constrained by the lack of
clinically validated, non-invasive imaging techniques that directly quantify glymphatic function.
A pragmatic way forward for exercise-glymphatic research in humans is to pre-specify a small
set of feasible, mechanistically anchored imaging endpoints and to treat them explicitly as
convergent proxies rather than a single ‘gold standard’ measure. For instance, structural
perivascular space burden measures are widely available and are consistently linked to
vascular risk factors, making them useful markers for vascular risk burden and brain health
trajectories in exercise cohorts [163—-165]. Diffusion-based indices, such as diffusion tensor
imaging analysis along the perivascular space, have been observed to associate with sleep
quality and cognition [58,91,166]; however, their relationship to glymphatic function is
debated. For example, recent work reported that diffusion tensor imaging along the
perivascular space did not associate with ‘gold-standard’ intrathecal contrast-enhanced MRI
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Outstanding questions

Which non-invasive neuroimaging
techniques could most accurately
reflect glymphatic function in the
human brain?

Apart from neuroimaging, what other
assessments (e.g., fluid biomarkers
and electrophysiological measures)
could provide the most reliable and
translatable measures of human
glymphatic  function? Addressing
these challenges is critical for deter-
mining the involvement of glymphatic
dysfunction in neurodegenerative
diseases and for evaluating therapeutic
interventions, including exercise, that
target this system.

What is the optimal exercise prescription
dosage, including variables such as type,
duration, and intensity, to maximize
glymphatic function?

Given that disrupted sleep is both a
cause and a consequence of
neurodegenerative pathology, could
exercise function as an auxiliary
treatment to assist in the clearance of
neurotoxins via the glymphatic
system? Can exercise negate, at least
in part, the negative effects of sleep
loss on glymphatic flow?

Although age-related declines in
glymphatic  function have been
reported in some studies, the fact that
exercise interventions can improve
glymphatic function poses an intriguing
question: is an age-related decline in
glymphatic function inevitable, or can
it be negated by habitual physical
activity?

Are exercise training-induced improve-
ments in glymphatic function sustained
long-term, or do they require ongoing
physical activity to maintain?

What are the relative contributions of
glymphatic transport versus meningeal
lymphatic drainage to the brain health
benefits of exercise, and how do these
pathways interact across the lifespan?

Can exercise restore impaired
glymphatic function once
neurodegenerative  pathology is

established, or is exercise most
effective as a preventive strategy?


https://BioRender.com/jfx2qgw
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assessments of glymphatic functions in humans and may be more representative of white matter
integrity as opposed to glymphatic flow [56]. Considering that pressure gradients, arterial pulsatility,
and respiration are implicated as drivers of perivascular and CSF dynamics, incorporating vascular
compliance/pulsatility metrics alongside cardiorespiratory physiology (e.g., breathing patterns and
blood pressure) and relating these to CSF flow readouts where feasible (e.g., cine or real-time
phase-contrast MRI) could provide a mechanistic bridge between exercise-induced cardiovascular
adaptation and glymphatic hypotheses [33,57,167]. Finally, given that slow-wave sleep is associ-
ated with coupled electrophysiological and hemodynamic oscillations and measurable CSF flow
dynamics in humans, incorporating objective sleep phenotyping (ideally with sleep staging and
slow-wave metrics and/or validated functional-MRI-based coupling measures) is likely to be critical
for interpreting exercise effects that may be mediated through sleep architecture rather than (or in
addition to) direct vascular pathways [65,168,169].

Within this context, several key research directions will be critical for elucidating the roles of
exercise in regulating glymphatic function (see Outstanding questions). For example, research
investigating the role of exercise prescription (based on the FITT-VP principles) will help clarify
the underlying drivers of exercise-induced improvements in glymphatic function. Longitudinal
assessments of whether interventions designed to enhance glymphatic function (e.g., drugs
targeting AQP4 and long-term behavioral interventions such as exercise training) are effective
at removing amyloid-f3 and tau from the human brain, and thus slow Alzheimer’s disease-
related pathology and cognitive decline [13], are also warranted. Regular exercise has been
shown to improve meningeal lymphatic vessel structure and function in both animal models
[170] and humans [12]. As this downstream clearance pathway operates outside the brain
parenchyma and functionally complements glymphatic transport, further research is needed to
determine the mechanistic contribution of exercise-induced meningeal lymphatic vessel adapta-
tions to brain health and neurodegenerative disease progression. Emerging evidence suggests
that sleep and exercise are important modulators of glymphatic function and brain waste
disposal, potentially through both overlapping and distinct physiological mechanisms. Given
that disrupted sleep is both a cause and a consequence of neurodegenerative pathology, exer-
cise may be an auxiliary treatment choice to assist in the clearance of neurotoxins via the
glymphatic system [171]. Whether exercise can mitigate the negative effects of sleep loss on
glymphatic flow remains to be examined. Future research investigating glymphatic function via
the manipulation of sleep interventions (e.g., acoustic stimulation to alter slow-wave sleep) may
aid in addressing this question. In addition, determining whether habitual physical activity can
preserve glymphatic function across the lifespan may provide important insights into strategies
that promote healthy brain aging and reduce vulnerability to neurodegenerative disease.
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