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Abstract

The glymphatic system (GS) is a pathway for waste clearance in the brain and a promising therapeutic target for neurodegenerative dis-
eases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). GS function is governed by multiple interacting factors, such as
aquaporin-4 (AQP4) polarization, cerebral arterial pulsatility, and the integrity of meningeal lymphatic vessels (MLVs). Despite growing
recognition of the importance of the GS, effective strategies to actively and non-invasively enhance glymphatic function have long been
lacking. In recent years, non-invasive neuromodulatory approaches—most notably focused ultrasound (FUS), repetitive transcranial
magnetic stimulation (rTMS), and transcranial photobiomodulation (tPBM)—have emerged as novel strategies to modulate GS activ-
ity. Growing evidence suggests that these interventions can enhance glymphatic transport by influencing key regulatory mechanisms,
including cerebrovascular dynamics, AQP4 expression and localization, and meningeal lymphatic drainage. In this review, we sum-
marize current experimental advances in non-invasive, external alterations of the GS, discuss underlying mechanisms and translational
challenges, and highlight the therapeutic potential of GS modulation in neurological diseases characterized by impaired waste clearance.
However, further research about the function and dysfunction of the GS in humans is needed to evaluate the findings from animal studies

and thereby fill the translational gap in the human pathophysiology of the GS.
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1. Introduction

The glymphatic system (GS) is a critical pathway for
the clearance of metabolic waste from the brain and the
maintenance of central nervous system homeostasis [1,2].
Accumulating evidence demonstrates that GS dysfunc-
tion leads to the impaired removal of neurotoxic proteins,
including amyloid-B (Ap), tau, and a-synuclein (o-syn),
thereby contributing to the pathogenesis of neurodegenera-
tive disorders such as Alzheimer’s disease (AD) and Parkin-
son’s disease (PD) [3]. Consequently, modulation of GS
function has emerged as a promising strategy for the pre-
vention and treatment of neurological diseases associated
with impaired waste clearance. Despite increasing recog-
nition of the importance of the GS, effective approaches
to actively regulate glymphatic function remain limited.
In recent years, external interventions—particularly non-
invasive brain stimulation (NIBS) techniques—have at-
tracted growing interest as potential tools to enhance GS ac-
tivity predominantly in animal models [4,5,6,7,8,9,10,11].
Moreover, some human data with regard to the GS and
its clearing mechanisms including potential augmentations
have been discussed by Bosche B et al. [12]. Here, we
critically review the structural and functional organization
of the GS and its associated pathways, with a particular fo-

cus on meningeal lymphatic vessels (MLVs), key regulatory
factors governing glymphatic transport, and emerging evi-
dence supporting the modulation of GS function by NIBS.
By integrating current findings across experimental models,
this review aims to clarify underlying mechanisms, high-
light methodological considerations, and identify future di-
rections for translational research in this rapidly evolving
field.

2. Introduction of the Glymphatic System
and Meningeal Lymphatic Vessels

2.1 Anatomy and Physiology of Meningeal Lymphatic
Vessels

In 1787, Paolo Mascagni first mentioned the existence
of MLVs [13], but at that time, his research was largely
overlooked by the scientific community. Nearly two cen-
turies later, Foldi et al. [14] described the existence of
lymphatic connections between the central nervous system
(CNS) and the periphery, and found that tracers in the CNS
could drain to peripheral tissues via these lymphatic con-
nections, indicating that this connection participates in the
molecular drainage of the CNS. In 1996, Li J et al. [15]
used scanning electron microscopy to discover and name
the meningeal lymphatic pores, considering them part of
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Fig. 1. Schematic diagram of the MLVs in the brain. MLVs located within the dura mater absorb ISF from the adjacent subarachnoid

space, and then drain it through the scLVs and dcLVs to the scLNs and dcLNs, thereby establishing a connection between the brain and

the peripheral lymphatic system. MLVs, meningeal lymphatic vessels; CSF, cerebrospinal fluid; ISF, interstitial fluid; scLVs, cervical

superficial lymphatic vessels; dcLVs, cervical deep lymphatic vessels; scLNs, superficial cervical lymphatic nodes; dcLNs, deep cervical

lymphatic nodes; SSS, superior sagittal sinus; TS, transverse sinus; SS, sigmoid sinus; PSS, petrosquamosal sinus; AB, amyloid-; PVS,

perivascular space.

the anterior lymphatic capillary system of the brain; how-
ever, due to technical limitations, they could not determine
whether these were actual lymphatic vessels. It was not un-
til 2015 that Louveau A et al. [16] and Aspelund A et al.
[17] applied more advanced confocal microscopy imaging
techniques to confirm the existence of MLVs in mice, also
demonstrating that MLVs serve as the major drainage path-
way for cerebrospinal fluid (CSF). Additionally, in 2017,
Absinta M et al. [18] used high-resolution magnetic reso-
nance imaging (MRI) to demonstrate the presence of MLVs
in both humans and non-human primates.

Structurally, MLVs accompany the dural venous si-
nuses and converge around the venous sinuses and the cra-
nial base, with the MLVs of the transverse sinus being larger
and more complex than that of the superior sagittal sinus
[16,19,20]. Although MLVs exhibit anatomical and molec-
ular features characteristic of initial lymphatic vessels, sim-
ilar to peripheral lymphatics, it also displays certain unique
characteristics, such as originating from the optic nerves,
traveling near the nasal sinuses to reach above the olfactory
bulbs, having small diameters, often being discontinuous,
and covering less tissue [17,21]. The specificity of MLVs
may be attributed to the high CSF pressure in the CNS,
which could influence the branching and dilation of MLVs.
Furthermore, the development and maintenance of MLVs
depend on the vascular endothelial growth factor C (VEGF-
C)/vascular endothelial growth factor receptor 3 (VEGFR3)
signaling pathway [22]. Functionally, MLVs serve as a con-
duit connecting the brain to the peripheral lymphatic sys-
tem [23], absorbing Interstitial fluid (ISF) from the adjacent
subarachnoid space and draining it to the superficial cervi-
cal lymph nodes (scLNs) and deep cervical lymph nodes

(dcLNs) through the cranial base openings after exchang-
ing with CSF in the GS [17,24] (Fig. 1). The drainage
function of MLVs can facilitate the clearance of toxic pro-
teins such as AP and a-syn from the brain parenchyma,
preventing neurodegenerative diseases such as Alzheimer’s
and Parkinson’s diseases [25,26].

2.2 Structure and Basic Function of the Glymphatic System

The proposal of MLVs addressed the issue of how
metabolic waste is expelled from the brain, but the ques-
tion of how metabolic waste is collected and transported
within the brain’s parenchyma remained unexplained until
the discovery of GS. In 2012, [liff JJ et al. [2] injected small
fluorescent tracers into the cisterna magna of mice and uti-
lized two-photon microscopy to observe the flow pathways
of these tracers. This groundbreaking study led to the first
identification and naming of GS, which is now considered
a crucial fluid clearance mechanism in the brain [27,28].

GS is a CSF-ISF exchange system involving
aquaporin-4 (AQP4) in astrocytes, relying on arterial and
venous perivascular space (PVS) [29]. The circulation
pathway of this system is a highly organized fluid transport
system, primarily involving the inflow of CSF and the out-
flow of ISF (Fig. 2). The inflow of CSF refers to its entry
into the brain parenchyma from the subarachnoid space
via the arterial PVS, where it flows along the PVS into the
brain tissue through AQP4 on the end-feet of astrocytes,
regulated by CSF pressure and arterial pulsation as the
vascular tree branches. The outflow of ISF refers to the
exchange of substances between the CSF that has entered
the brain parenchyma and ISF, resulting in a cohesive flow
that diffuses throughout various brain regions. This flow
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Fig. 2. Schematic Diagram of GS. The circulation of GS mainly includes the inflow of CSF and the outflow of ISF. The inflow of CSF
refers to its entry into the brain parenchyma from the subarachnoid space via the arterial PVS, where it flows along the PVS into the

brain tissue through AQP4 on the end-feet of astrocytes, regulated by CSF pressure and arterial pulsation as the vascular tree branches.

The outflow of ISF refers to the exchange of substances between the CSF that has entered the brain parenchyma and ISF, resulting in

a cohesive flow that diffuses throughout various brain regions. This flow carries metabolic waste from the brain and enters the PVS

surrounding venous blood vessels through AQP4 on the end-feet of astrocytes, ultimately draining into the MLVs. AQP4, aquaporin-4;

PVS, perivascular space; MLVs, meningeal lymphatic vessels; GS, glymphatic system.

carries metabolic waste from the brain and enters the PVS
surrounding venous blood vessels through AQP4 on the
end-feet of astrocytes, ultimately draining into the MLVs.
The primary function of the GS is to clear metabolic waste
from the brain and maintain the homeostasis of the brain’s
internal environment [24,30].

3. Key Determinants of Glymphatic System
Function

3.1 Aquaporin-4 (AQP4)

AQP4 is a water channel protein that is highly po-
larized in the end-feet of perivascular astrocytes [31,32],
and its polarity is dependent on the anchoring mediated
by the B-sarcoglycan in the dystrophin-associated complex
(DAC) and the regulation of endosomal signaling. This
mechanism may partly achieve the dynamic transport of
AQP4 between vesicles and the plasma membrane, allow-
ing for rapid modulation of channel abundance at the mem-
brane surface without altering total protein expression lev-
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els [33,34]. The expression and polarity of AQP4 are reg-
ulated by various pathophysiological factors. For example,
aging, CNS injuries, traumatic brain injury, and sleep depri-
vation can downregulate expression and disrupt polarity si-
multaneously, while hypoxia-ischemia, osmotic imbalance,
and hypothermia mainly impair the distribution of polarity
[34,35,36,37]. Hypoxic-ischemic injury has been shown to
drive the translocation of astrocytic AQP4 to the plasma
membrane via calmodulin signaling, thereby altering brain
water homeostasis and causing cellular swelling [36]. In
the acute phase of CNS injury, astrocytic AQP4 displaces
from the end-foot membrane to the cell membrane, lead-
ing to cytotoxic edema and impairing glymphatic function;
in the chronic phase, AQP4 re-anchors from the cell mem-
brane back to the end-foot membrane, thereby restoring
glymphatic clearance [37]. Functionally, the glymphatic
mediated influx of cerebrospinal fluid and solute clearance
are closely associated with perivascular AQP4 [34]. AQP4
gene knockout can reduce cerebrospinal fluid influx by 70%
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and solute clearance by 55% [2]. However, it is impor-
tant to note that AQP4 depolarization can coexist with in-
flammation, blood-brain barrier dysfunction, or extracel-
lular matrix remodeling [38,39,40], and current evidence
suggests that it is a key associated factor in glymphatic
dysfunction [39,41]; thus, its independent causal role still
needs to be validated. Furthermore, AQP4 does not di-
rectly transport solutes; the mechanism by which its knock-
out leads to decreased solute clearance is indirect. The ab-
sence of AQP4 hinders the efflux of water produced by as-
trocytic metabolism, causing end-foot edema that narrows
the intercellular spaces and impedes solute diffusion [42].
This mechanism suggests that evaluating glymphatic func-
tion requires distinguishing between the convection of CSF
within the perivascular space (PVS) and transcellular water
exchange through AQP4. Classic fluorescent tracers reflect
perivascular convection, while H,'’O MRI can simultane-
ously visualize transcellular water exchange and perivascu-
lar convection [29,43].

The absence of AQP4 can lead to impaired glymphatic
drainage function, resulting in the accumulation of AP, tau
protein, and a-syn in the brain, thereby causing neurologi-
cal diseases [44,45,46,47]. Harrison IF et al. [46] and col-
leagues observed AQP4 impairment along with the accu-
mulation of Af and tau proteins in an AD mouse model.
Their findings suggest that AQP4 inhibition impairs the
clearance of AP and tau proteins, thereby accelerating the
pathological progression of AD [46]. Furthermore, stud-
ies have confirmed that the AQP4-mediated GS participates
in the removal of a-syn, but this function is suppressed in
PD. Zhang Y et al. [44] found that the absence of AQP4
promotes the accumulation of a-syn in mice overexpress-
ing A53T-a-syn, exacerbating PD symptoms. Similar stud-
ies have also found that increased expression of AQP4 can
enhance hematoma clearance following intracerebral hem-
orrhage (ICH), aiding in the recovery of brain tissue and
improving ICH prognosis [48]. Liu X et al. [47] and Xia
M et al. [49] observed decreased expression of AQP4 in
the brains of mice subjected to chronic unpredictable mild
stress (CUMS), which was accompanied by reduced clear-
ance of AB. The administration of polyunsaturated fatty
acids (PUFAs) and the antidepressant fluoxetine was found
to alleviate the damage to the GS caused by CUMS [47,49].
Interestingly, early animal studies suggest that depression
may contribute to the onset of AD and PD [49,50], po-
tentially through the damage of AQP4 in the GS. Further-
more, one reason for the impaired GS drainage function as-
sociated with aging is the decreased expression of AQP4
[51,52]. The polarization of AQP4 can enhance the flow
of GS. Recent studies have shown that the enhancement of
glymphatic activity during exercise and sleep is partially de-
pendent on the increased polarized expression of AQP4 in
astrocytes [53,54]. However, the overexpression of AQP4
in the plasma membrane of astrocytes can also lead to cell
swelling, resulting in cerebral edema, which in turn disrupts

the polarized localization of AQP4 at the end-feet of as-
trocytes and impairs glymphatic function [36,39]. The use
of TGN-020 and trifluoperazine to inhibit this process has
been shown to alleviate associated symptoms in models of
spinal cord injury in rats and stroke in mice [36,39,55]. In
summary, AQP4 is an important protein regulating glym-
phatic function, and its expression may have potential ben-
efits for the treatment of related neurological diseases.

3.2 Arterial Pulsation

There is an interconnection between the CSF in the
subarachnoid space and the PVS in the brain [56]. The
process of CSF being transported from the subarachnoid
space to the brain interstitium via the arterial PVS is pul-
satile, primarily driven by the cardiac cycle, with the pulsa-
tion speed of cerebral arteries matching the flow rate of the
CSF [57]. Specifically, the dilation of cerebral arteries en-
hanced the influx volume of CSF around the vascular spaces
by promoting lateral flow of CSF, while the constriction
of cerebral arteries directly increased the flow velocity of
CSF [58]. Consequently, researchers consider cerebral ar-
terial pulsation is a pivotal factor in modulating glymphatic
drainage.

Mestre H et al. [57] investigated the impact of im-
paired cerebral arterial pulsatility on glymphatic clearance
in a hypertension model characterized by reduced cere-
brovascular compliance, finding that the impairment of
cerebral arterial pulsatility reduced CSF flow within the
PVS and throughout the entire GS, while also decreas-
ing the clearance of AB. Li M et al. [59] also demon-
strated that impaired cerebral artery pulsatility inhibits
glymphatic clearance by assessing the pulsation of corti-
cal vessels in male wild-type (WT) and microvascular amy-
loid model (Tg-SwDI) mice with bilateral common carotid
artery stenosis (BCAS). Similarly, the impaired glymphatic
function in the elderly is also related to the diminished ar-
terial pulsation [52]. On the contrary, the enhancement of
cerebral arterial pulsation will enhance the drainage func-
tion of the GS. Holstein-Rensbo S et al. [58] induced
functional hyperemia during anesthesia by stimulating the
whiskers, and observed a 1.6-fold increase in the inflow
rate of CSF surrounding the arteries in the stimulated hemi-
sphere, enhancing glymphatic function. Their subsequent
experiments indicated that the direct increase in CSF inflow
was driven by the dilation and contraction of arterial di-
ameter induced by functional hyperemia activating neurons
[58]. Exercise serves as a potential intervention through
this mechanism, as it not only regulates cerebral pulsatility
by improving arterial compliance, thereby directly driving
glymphatic drainage [60]; simultaneously, deep breathing
during exercise can alter intrathoracic and intra-abdominal
pressure, modulating the flow of CSF within the venous
PVS and indirectly enhancing glymphatic function [61,62].
Additionally, although the role of sleep in brain clearance
remains controversial [53,63], some studies suggest that en-
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hanced glymphatic function during non-rapid eye move-
ment (NREM) sleep is partly due to the increased peri-
odic motion of cerebral blood vessels. Specifically, nore-
pinephrine (NE) released during NREM sleep enhances the
periodic flow of CSF by driving the periodic motion of cere-
bral blood vessels, which facilitates the expansion of PVS
and the exchange of CSF with ISF, aiding in glymphatic
clearance [64]. The aforementioned research results clearly
demonstrate the close relationship between arterial pulsa-
tion and glymphatic function.

3.3 Others

Whether in a conscious state or under anesthesia, in-
tracranial pressure (ICP) may be a factor affecting GS func-
tion. Plog BA et al. [65] have indicated that a reduction in
intracranial pressure may facilitate the entry of tracers into
the perivascular space PVS. Research by Semyachkina-
Glushkovskaya O et al. [66] suggests that regional cere-
bral oxygen saturation (rScO2) is also a factor influencing
the clearance function of the GS, with increases leading to
enhanced production of mitochondrial adenosine triphos-
phate (ATP), thereby promoting glymphatic drainage and
clearance function through stimulating glymphatic contrac-
tions. Dysfunction of MLVs and cervical superficial and
deep lymphatic vessels can also impair GS function. Re-
search by Da Mesquita S et al. [19] indicates that dam-
age to MLVs can inhibit the inflow of CSF without increas-
ing intracranial pressure, thereby leading to GS dysfunc-
tion. The cervical superficial and deep lymphatic vessels
are pathways that drains CSF from the GS to the cervi-
cal lymph nodes, and their dysfunction can impair the GS
by reducing the drainage of CSF from the GS to the pe-
riphery [67]. Notably, with aging, the integrity of mLVs
and cervical superficial and deep lymphatic vessels and
the CSF drainage function undergo degeneration [20,67],
suggesting that age-related decline in GS function is also
associated with the damage of MLVs and cervical super-
ficial and deep lymphatic vessels. The blood-brain bar-
rier (BBB) exerts a dual effect on GS; excessive openness
of the BBB can allow peripheral substances to enter the
brain parenchyma, triggering excitotoxicity and inflamma-
tory responses, thereby impairing the polarization of astro-
cytic AQP4 and causing GS dysfunction [68,69,70,71,72].
Conversely, its proper permeability can facilitate the glym-
phatic transport of metabolic waste such as Ap from GS
to dcLNs [73]. Furthermore, in a lipopolysaccharide-
induced systemic inflammation mouse model, it was found
that inflammation can inhibit the flow of CSF and the
exchange between CSF and ISF [74]. Abnormally acti-
vated astrocytes and microglia have been shown to exacer-
bate neuroinflammation by producing large amounts of pro-
inflammatory factors such as IL-1, IL-6, and IFN-y [75,76];
based on this, we hypothesize that the abnormal activa-
tion of astrocytes and microglia may impair GS functions
through neuroinflammatory responses.
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4. Modulating Glymphatic System Function
via Non-invasive Brain Stimulation
Techniques

NIBS technology, due to its broader applicability and
potential for early intervention, represents a cutting-edge
approach to treating neurological disorders related to GS
dysfunction, focusing on the modulation of GS through var-
ious mechanisms (Fig. 3).

4.1 Focused Ultrasound (FUS)

FUS can focus ultrasound energy with millimeter pre-
cision on specified focal areas in the brain [77,78], and can
produce significant biological effects by adjusting relevant
parameters, thereby affecting the CNS [79]. Choi S et al.
[80] utilized in vivo real-time two-photon and wide-field
imaging techniques to demonstrate that low-intensity fo-
cused ultrasound (LIFU) applied to the skull base can pro-
mote the flow of CSF in PVS. Another study combining
real-time MRI and ex vivo histological methods has also
confirmed that applying FUS to the entire brain signifi-
cantly increases CSF influx into the brain’s PVS [81]. Fur-
thermore, the safety of FUS regulation of glymphatic func-
tions has also been validated in the Sprague-Dawley (SD)
rat model and the mouse model of amyotrophic lateral scle-
rosis [82,83].

The regulatory effect of FUS on GS shows therapeu-
tic potential in models of neurological diseases and aging.
Azadian MM et al. [84] found that in the ICH mouse
model, the application of LIFU can clear red blood cells
from the CNS through GS; in aged mice, LIFU can also re-
duce neurofilament light chain levels by enhancing glym-
phatic drainage function. Lee Y et al. [4] and colleagues
demonstrated that FUS- microbubbles (MB) primarily en-
hance the clearance of AP by increasing the excretion of A
from the CSF to the dCLNs via MLVs, thereby delaying the
progression of early dementia.

The enhancement of GS function by FUS is related to
various factors. Given the ability of AQP4 to form com-
plexes with TRPV4 channels, Wu CH et al. [85] explored
the effects of low-intensity FUS on the regulation of TRPV4
channels in astrocytes and its impact on AQP4. They found
that low-intensity FUS can activate TRPV4 channels, in-
creasing intracellular Ca>" levels, which in turn activates
calmodulin (CaM) and promotes AQP4 polarization [85].
Ye D et al. [86] found that FUS-induced MB expansion
and contraction increased the pulsation of arterioles. More-
over, after receiving FUS+MB treatment, the transport effi-
ciency of fluorescently labeled albumin tracers in the PVS
surrounding arterioles was significantly enhanced, indicat-
ing that the combined application of FUS and MB pro-
motes glymphatic drainage by increasing the pulsation of
arterioles [86]. Azadian MM et al. [87] demonstrated in
a mouse model of hemorrhagic stroke that FUS can pro-
mote the clearance of intracerebral hematoma-like glym-
phatic fluid, while also observing the inhibition of abnormal
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Fig. 3. NIBS technology regulates brain lymphatic function. NIBS, including FUS, rTMS, tPBM, tDCS, TVS, y-stimulation, non-
invasive mechanical stimulation and EA, has been shown to have significant effects in treating diseases associated with brain lymphatic

dysfunction by modulating brain lymphatic function. The mechanisms depicted in the figure represent potential pathways through which

NIBS modulates the function of the glymphatic system, a point confirmed by current research. Among these, TVS has been conducted on

humans, while other experiments primarily involve rodent models. FUS, focused ultrasound; rTMS, repetitive transcranial magnetic stim-

ulation; tPBM, transcranial photobiomodulation; tDCS, transcranial direct current stimulation; TVS, transcranial vibration stimulation;

EA, electroacupuncture; BBB, blood-brain barrier; rScO2, regional cerebral oxygen saturation; NIBS, non-invasive brain stimulation.

activation of microglia and astrocytes, suggesting the cor-
relation between FUS regulation of GS function and its in-
hibition of abnormal activation of microglia and astrocytes.
In conclusion, FUS exerts effects on treating neurological
diseases associated with GS dysfunction by regulating GS
function, and this effect is related to the increased polariza-
tion of AQP4, the increase in cerebral arteriolar pulsatility,
and inhibition of Abnormal Activation of Microglia and As-
trocytes.

4.2 Repetitive Transcranial Magnetic Stimulation (rTMS)

rTMS has become a NIBS technique that induces
excitability changes in the cortex by generating a mag-

netic field that penetrates the scalp, thereby modulating the
brain’s electrical activity [88,89]. As an important non-
invasive option with sustained efficacy [90,91,92], an in-
creasing body of research has demonstrated the potential
role of rTMS in regulating the GS and alleviating GS-
related neurological disorders. Animal studies have shown
that rTMS significantly enhances the removal of CSF trac-
ers from brain tissue after ICH [93] and significantly im-
proves the drainage efficiency of both parenchymal and
meningeal lymphatic pathways in a 5XFAD mouse model,
reducing AP deposition [5].

The mechanism by which rTMS regulates GS func-
tion has also garnered attention. For instance, continuous
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theta burst stimulation (¢TBS), as a patterned rather than
variable form of rTMS [94], recent research reports have
indicated that cTBS can significantly improve glymphatic
drainage pathways by promoting AQP4 polarization and
inhibiting the excessive activation of microglia and astro-
cytes, thereby significantly ameliorating the pathological
damage and clinical cognitive dysfunction associated with
diseases related to glymphatic dysfunction, such as AD and
mild cerebral infarction, and this effect is associated with
the activation of GABAAR [95,96,97]. Furthermore, Li
MN et al. [98] found that cTBS can expand MLVs by upreg-
ulating meningeal Vascular Endothelial Growth Factor C
(VEGF-C), thereby improving the brain’s glymphatic clear-
ance function. Anyway, the aforementioned study suggests
that rTMS may regulate the brain’s glymphatic drainage
system by promoting AQP4 polarization, expanding MLVs,
and inhibiting the excessive activation of microglia and as-
trocytes, thereby contributing to the treatment of related
neurological disorders.

4.3 Transcranial Photobiomodulation (tPBM)

tPBM is a non-invasive neuromodulation technique
that improves brain energy metabolism by affecting the
concentrations of oxygenated hemoglobin (A[HbO]) and
oxidized cytochrome c oxidase (A[oxi-CCO]), thereby in-
fluencing brain function [99,100]. Recent studies have pro-
posed a new perspective that tPBM may be a promising
method for treating brain diseases associated with abnormal
CSF outflow [101]. Zinchenko E et al. [6] used 32 J/cm?
tPBM treatment on AD model mice, which does not cause
an increase in skull temperature or changes in brain mor-
phology. They found that although the density of large AP
plaques remained unchanged, the density of small plaques
and overall AB deposition decreased, and the neurological
behavior of the mice improved. Further studies revealed
that this process is associated with enhanced glymphatic
clearance function, which facilitates the efflux of Ap to the
dcLNs [6]. Furthermore, Li DY et al. [102] used a mouse
model of intraventricular hemorrhage (IVH) to demonstrate
that tPBM can promote the clearance of red blood cells from
the ventricles by enhancing glymphatic activity, thereby
improving associated symptoms.

Given that MLVs are a factor influencing GS function,
and their disruption can promote the deposition of AP in
the meninges and accelerate the progression of AD [103],
the study explored the potential benefits of PBM on lym-
phatic pumping and contractility, and the findings suggest
that this is a primary physiological mechanism for fluid
transport and tissue waste clearance [104]. Semyachkina-
Glushkovskaya O et al. [104] conducted analyses using op-
tical coherence tomography (OCT) and confocal imaging
and found that low-dose tPBM expands MLVs by vasodi-
lation, thereby increasing lymphatic endothelial permeabil-
ity to promote glymphatic drainage function. Additionally,
tPBM has also been shown to enhance, rather than dimin-
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ish, the cellular connectivity of meningeal lymphatic en-
dothelial cells (mLECs) while improving the clearance ca-
pacity of MLVs and enhancing glymphatic drainage func-
tion [105]. These findings suggest that tPBM may expand
MLVs by vasodilation without compromising the cellular
connectivity of mLECs, thereby promoting the drainage
and clearance functions of MLVs, which may aid in the
treatment of neurological diseases associated with GS dys-
function.

tPBM-mediated BBB opening may be a potential
mechanism for activating AP clearance in the brains of AD
mice. Zinchenko E et al. [73] investigated this effect and
found that tPBM promoted AP glymphatic clearance via the
dcLNs. Further analyses indicated that the increased BBB
permeability and improved A clearance mediated by PBM
likely result from a reduction in endothelial integrity and de-
creased expression of TJ proteins [73]. In studies involving
AD mice, Semyachkina-Glushkovskaya O et al. [66] ex-
plored whether tPBM promotes AP glymphatic clearance
by increasing brain energy metabolism. The results in-
dicated that the improvement in brain rScO2 induced by
tPBM may be related to AP clearance in the brain; the in-
crease inrScO2 led to enhanced mitochondrial ATP produc-
tion, thereby promoting the drainage and clearance func-
tions of the GS [66]. Overall, these findings provide poten-
tial evidence that tPBM improves glymphatic clearance by
regulating MLVs, BBB, and rScO2, thereby treating brain
diseases associated with abnormal CSF outflow.

4.4 Transcranial Direct Current Stimulation

Transcranial direct current stimulation (tDCS) is a
non-invasive neuromodulation technique that can regulate
the excitability of cortical neurons by applying weak elec-
trical currents [106,107]. Wang Y and Monai H [7] first
demonstrated the promoting effect of tDCS on CSF-ISF ex-
change using CSF tracing techniques, and subsequent stud-
ies combined electroencephalography (EEG) and inositol
trisphosphate receptor type 2 knockout (IP3R2-KO) mod-
els to reveal that the mechanism may be related to the en-
hancement of slow-wave sleep & waves induced by tDCS,
and this process is mediated by IP3R2. Recent studies have
also shown that non-rapid eye movement (NREM) sleep
with strong & wave activity can enhance the rhythmic mo-
tion of cerebral blood vessels by promoting the release of
NE, thereby driving glymph flow [64,108]. Based on this,
we speculate that tDCS may promote cerebral arterial pul-
satility through the enhancement of slow-wave sleep medi-
ated by IP3R2, thereby improving glymphatic function. It
is important to note that this study has not ruled out the in-
fluence of anesthesia or sleep state when investigating the
effects of tDCS on GS. Whether tDCS still has similar ef-
fects in a waking state and its specific mechanisms remain
to be further investigated.
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4.5 Transcranial Vibration Stimulation (TVS)

Transcranial vibration stimulation (TVS) is a novel
non-invasive neuromodulation technique that regulates
brain function through electromagnetic vibrations, first ap-
plied to human brain research by Kong L et al. [8] and
colleagues. The team utilized functional magnetic reso-
nance imaging (fMRI) and discovered that 40 Hz TVS sig-
nificantly enhances the amplitude of low-frequency fluctu-
ations (ALFF) in various brain regions during wakefulness,
as well as the fractional ALFF (fALFF) in the frontal and
parietal lobes, indicating its efficacy in stimulating sponta-
neous brain activity. Meanwhile, cross-correlation analy-
sis of global blood-oxygen-level-dependent (gBOLD) sig-
nals and CSF signals revealed that 40 Hz TVS significantly
enhances the synchrony between overall brain activity and
CSF flow, suggesting that it may promote glymphatic clear-
ance by enhancing neural activity [8]. It is noteworthy
that neural activity can dilate cerebral arteries through neu-
rovascular coupling mechanisms [58]. Although studies in
mice indicate that neurovascular coupling during wakeful-
ness may not necessarily enhance glymphatic function due
to restricted glymphatic drainage, the more complex struc-
ture of the human brain and its lower glymphatic clearance
efficiency suggest that the drainage limitations affecting GS
maintenance of metabolic balance may be weaker than in
mice [58,109], suggesting that neurovascular coupling dur-
ing wakefulness still contributes to enhancing GS function.
Therefore, the regulation of GS function by 40 Hz TVS may
primarily be achieved by enhancing neural activity, which
in turn drives cerebral artery dilation through neurovascular
coupling pathways.

4.6 Multisensory Gamma Stimulation

Multisensory gamma stimulation, as a non-invasive
neuromodulation technique that enhances cortical neural
oscillations through synchronized visual and auditory stim-
uli, was first demonstrated by Murdock MH et al. [9] in an
AD mouse model that 40 Hz stimulation can modulate GS
function, reduce amyloid burden, and improve brain func-
tion, and this effect was shown to be associated with en-
hanced brain arterial pulsatility, dilation of MLVs, and in-
creased polarization of AQP4 through techniques such as
two-photon imaging, high-resolution volumetric 3D recon-
struction, and single-cell RNA sequencing. Immunohisto-
chemical analysis revealed that the effect on brain arterial
pulsatility partly depends on vasoactive intestinal peptide
(VIP) interneurons. Subsequent preliminary clinical tri-
als also suggested that this intervention strategy can pro-
mote the clearance of AP in humans [9]. In conclusion, 40
Hz multisensory gamma stimulation regulates glymphatic
function through mechanisms involving VIP interneuron-
dependent arterial pulsatility enhancement, MLV dilation,
and AQP4 polarization, providing a potential intervention
strategy to delay the progression of diseases associated with
GS dysfunction.

4.7 Non-Invasive Mechanical Stimulation

Non-invasive mechanical stimulation, as a relatively
new non-invasive neuromodulation technique, can influ-
ence the flow of CSF by applying force via a mechanical
stimulator on intact skin [11]. Jin H et al. [11] explored the
potential of this technique to regulate CSF drainage. First,
they validated the drainage of CSF to the scLNs using fluo-
rescent tracers in both Prox1-GFP mice and the fiber bundle
monkey model, noting that this process was diminished in
aged mice due to impaired nitric oxide (NO) signaling. Sub-
sequently, they demonstrated that non-invasive mechanical
stimulation of the face and neck could increase the drainage
of CSF to scLNs in aged mice by expanding the superficial
cervical lymphatic vessels (scLVs), improving the poten-
tial feasibility of addressing age-related CSF drainage im-
pairments; notably, this effect is partially dependent on NO
signaling [11].

4.8 Electroacupuncture

Furthermore, electroacupuncture (EA) therapy is a
form of transcutaneous electrical nerve stimulation (TENS)
that combines acupuncture and electrical stimulation [110].
Liang PZ et al. [10] found in mouse models of early to
mid-stage AD that EA can reduce AP deposition and allevi-
ate cognitive impairment by improving GS function. Wang
LM et al. [111] demonstrated that the mechanism by which
EA improves their glymphatic function is related to its inhi-
bition of the activation of astrocytes and microglia, reduc-
tion of inflammation, and increase in AQP4 polarization in
hippocampal tissue.

5. Comparison of NIBS Methods for
Glymphatic System Modulation

Although the effects of various non-invasive tech-
niques on glymphatic function have been described
above, direct comparisons between these technolo-
gies remain limited, and evidence regarding their
relative efficacy, safety, and applicability is scarce.
To provide a structured overview of reported effects
across NIBS modalities, we summarized changes in
GS-related outcomes and expressed them as relative
clearance rate estimates where sufficient before—after
or treatment—control data were available (Table 1, Ref.
[4,6,7,8,9,10,11,66,73,77,78,83,84,93,96,98,103,104,105,
106,110,112,113,114,115,116,117,118,119,120,121,122,
123,124,125,126,127,128,129,130,131,132,133,134,135]).
These estimates were derived by calculating the percentage
change in tracer clearance, ISF/CSF transport, or GS-
associated surrogate markers reported in individual studies.
Importantly, because the underlying evaluation metrics
varied substantially among techniques, species, and dis-
ease models, these values do not represent standardized or
directly comparable measures of glymphatic efficacy and
are presented for descriptive and conceptual comparison
only.
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Table 1. Comparison of various NIBS techniques.

Subject Technology Diseases Site of application ~ Application parameters Evaluation metrics Advantage Limitation Reported glymphatic
and statuses clearance  measure
(study-specific)
Mice FUS AD, ICH, Brain and Cranial 250 kHz, 0.45 MPa, 50 ms pulse ELISA, immunohisto- Non-invasive, high The complex structure of the skull, 36% [4]
aging base, etc. width, 20% duty cycle, lasting for chemistry of AP and precision, reversible, characterized by  multilayering,
10 minutes [84]; 715 kHz center glial cells, Thioflavin S accurately acting on fluid-filled spaces, and porous non-
frequency, 0.15 W sound power, amyloid plaque staining, deep  brain  regions, uniformity, leads to significant phase
60 seconds each time, treated etc. with good compatibility distortion and energy attenuation as
once a week, for a duration of 4 [77,78,83,112,113]. FUS passes through the skull, result-
or 6 weeks [4], etc. ing in shape distortion and positional
displacement in the ultrasound focus
area. Permanent sensory deficits and
gait abnormalities may occur after
tFUS ablation treatment [114,115].
Mice rTMS ICH, AD, Brain Internal frequency of 50 Hz, inter- Clearance rate of Non-invasive, re- The stimulation depth is relatively 14% [98]
minor CI cluster frequency of 5 Hz, total RITC-dextran and producibility, high shallow, making it difficult to affect
pulses 600, each lasting 40 s, once FITC-dextran, im- precision, wide coverage deep brain regions. It should be used
every other day, for a duration munofluorescence, and [116,117,118,119,120,121,cautiously in children and pregnant
of 14 days, or just once [96,98]; MLVs diameter mea- 122,123]. women, and is not suitable for in-
25% maximum output intensity, surement, etc. dividuals with metal implants in the
approximately 0.91 T; stimula- cranial cavity. Adverse events may
tion frequency, 10 Hz; stimula- include headaches, fainting, hearing
tion duration, 1.5 s; time interval, damage, localized skin or scalp dis-
10 s; total number of stimulations, comfort, fatigue, and even seizures
1560 times, lasting from 3 days to [116,117,118,119,120,121,122,123].
90 days [93], etc.
Mice tPBM AD, IVH Frontal cortex, sagit- Cortical flux: 4-10 J/cm?, wave- OCT, confocal imaging, Non-invasive, with no Delivering sufficient doses of light 10% [6]
tal sinus, transverse length: approximately 1268 nm, immunohistochemistry, obvious adverse reac- to the deeper structures of the human
sinus, ventricular re- administered once every day rCBF and rScO2, etc. tions, applicable to many brain remains a challenge, with
gion and triangular (each session: 17 minutes of diseases [124,125]. individual  heterogeneity  present
sinus regions, etc. irradiation, 5 minutes of pause [103,126].
during 61 minutes), lasting for 9
days, or just once [66,73,104];
Cranial flux: 50 J/cm?, wave-
length: 689 nm, duration: 83
seconds [105], etc.
Mice tDCS / Cortex, hippocam- 0.1 mA current for 10 minutes [7]. EEG, AQP4/CD31 im- Non-invasive, applicable Possible adverse reactions include 16.8%—-25.6% [7]
pus, and dorsal munostaining, and in to multiple diseases itching, headache, dizziness, tingling

striatum, etc.

vivo dcLNs imaging, etc.

[106,127].

sensations, burning sensations, de-
creased coordination, and emotional
instability; those with pacemakers,
cranial cavities, or fissures are prohib-
ited from use [127,128,129].
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Table 1. Continued.

Subject Technology Diseases Site of application ~ Application parameters Evaluation metrics Advantage Limitation Reported glymphatic
and statuses clearance  measure
(study-specific)
Human TVS / Brain 5 minutes of 40 Hz mechanical vi- ALFF,  fALFF  and Non-invasive [8]. Lack of further research. 5.05%-11.75% [8]
bration [8]. gBOLD-CSF coupling
Mice Multisensory AD Frontal cortex 1 hour of 40 Hz stimulation [9].  ISF efflux, immunohis- Non-invasive, easy toop- Lack of further research. 30% [9]
and gamma tochemistry, two-photon erate, and highly accessi-
human stimulation imaging,  snRNA-seq, ble [9].
and qPCR, etc.
Mice Non- Aging (1) from the peri- low magnitude (0.01-0.02 kgf); Imaging of fluorescent Non-invasive [11]. Lack of further research. 23%[11]
invasive orbital area to the the treatment includes 1/10/20 tracers flowing from CSF
mechanical mandible; (2) from sessions of mechanical stimula- to scLV and Immunohis-
stimulation the nasal sidewall tion, with each session consisting tochemistry et al.
to the mandible; of20 repetitions lasting 1 minute,
(3) along the rostral including 10 downward sweep-
to caudal path of ingcycles, each lasting 2 seconds,
scLV-1 and scLV-2 followed by a second cycle of
to the submandibular 10 repetitions, and finally a 20-
lymph node. second rest period [11].
Mice EA AD GV20, GV26, 10 minutes of 2 Hz, | mA, EA ELISA, Western blot, Non-invasive, applicable Corrosion of the needle may cause 11% [10]
GV29, BL23 treatment, once a day for the first contrast-enhanced MRI, to multiple diseases slight cytotoxicity and cell necrosis

five days of each week, lasting for
8 weeks [10];

30 minutes of 2 Hz/15 Hz, 1-2
mA EA treatment, once a day, 6
days a week, lasting for 4 weeks
[110].

and immunohistochem- [130,131,132,133].
istry, etc.

during the electrification process, and
the small current used may lead to mi-

nor tissue damage [134,135].

Abbreviation: ALFF, Amplitude of low-frequency fluctuations; fALFF, Fractional amplitude of low-frequency fluctuations; gBOLD, global blood oxygen level-dependent; ELISA, Enzyme-Linked Immunosor-

bent Assay; OCT, Optical Coherence Tomography; rCBF, Relative Cerebral Blood Flow; EEG, electroencephalogram; MRI, magnetic resonance imaging; mLEC, meningeal lymphatic endothelial cells; scLVs,
superficial cervical lymphatics; GV20, Baihui Point; GV26, Shuigou Point; GV29, Yintang Point; BL23, Shenshu Point; AD, Alzheimer’s disease; ICH, intracerebral hemorrhage; RITC, rhodamine B isothio-
cyanate; FITC, fluorescein isothiocyanate; IVH, intraventricular hemorrhage; qPCR, quantitative polymerase chain reaction.

Explanatory Note: The estimated enhancement rates of glymphatic system-related function were derived from relative changes in study-specific GS-associated outcome measures reported before and after

neuromodulation. These measures included tracer clearance, interstitial or cerebrospinal fluid transport, meningeal lymphatic vessel dynamics, Ap burden, or validated imaging and biochemical surrogate

markers. Owing to heterogeneity in experimental models and evaluation metrics across studies, these estimates should be interpreted as approximate and modality-specific indicators rather than standardized or

directly comparable clearance rates.
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5.1 Efficacy Trends Across Techniques

NIBS techniques demonstrate considerable hetero-
geneity in their efficacy for enhancing glymphatic clear-
ance, penetration depth, safety, and translational potential.
FUS shows the highest estimated enhancement (~36%) [4],
likely owing to its capacity to directly and precisely tar-
get deep brain regions; however, skull-induced acoustic
distortion and potential neural injury constrain its routine
and long-term application [114,115]. In comparison, 40 Hz
multisensory gamma stimulation (~30%) and non-invasive
mechanical stimulation (~23%) suggest that rhythmic neu-
ral entrainment and peripheral lymphatic pumping may fa-
cilitate glymphatic transport [9,11]. Traditional modalities,
including tDCS, rTMS, and tPBM, yield moderate effects
(~10-25%) presumably through indirect modulation of cor-
tical excitability, cerebrovascular dynamics, or meningeal
lymphatics rather than direct activation of deep pathways
5,6[98,104]. TVS and EA appear to induce smaller changes
(~5-12%) and remain relatively underexplored [8,10]. Im-
portantly, due to substantial methodological heterogeneity
across studies—including differences in tracer types, imag-
ing modalities, and timing of assessment—these numeri-
cal estimates should be interpreted cautiously as indicative
trends rather than precise measures of efficacy.

It should be noted that, although some NIBS tech-
niques show measurable enhancement of glymphatic clear-
ance, overall efficacy remains moderate rather than high.
This underscores the need for caution in interpreting re-
sults and highlights the potential value of exploring long-
term or repeated applications, particularly in preventive
contexts. Furthermore, multi-modal strategies combining
complementary NIBS approaches—such as deep-targeted
methods (FUS) with surface- or rhythm-based interventions
(tPBM, gamma stimulation)—may synergistically improve
glymphatic modulation. Future studies should investigate
whether such combined or sequential protocols can further
increase clearance efficiency, optimize treatment parame-
ters, and maintain safety, particularly in preventive or early
intervention contexts.

5.2 Practical Considerations: Feasibility, Safety, and Cost

In addition to their biological effects, operational fea-
sibility, safety, and economic considerations are crucial
for the translational potential of NIBS interventions tar-
geting GS. High-precision modalities such as FUS and
rTMS require specialized equipment, controlled labora-
tory or clinical environments, and trained personnel, which
limits their applicability for long-term, preventive, or
home-based interventions. In contrast, low-intensity or
non-contact techniques—including tPBM, tDCS, multi-
sensory y-stimulation, TVS, and non-invasive mechani-
cal stimulation—are relatively easy to administer, exhibit
minimal contraindications, and are suitable for repeated or
community- and home-based use.
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Safety profiles differ according to energy type and
mode of delivery. Low-energy, sensory-oriented, or non-
contact interventions generally demonstrate good long-
term tolerability, whereas high-intensity electromagnetic or
acoustic modalities necessitate careful screening and mon-
itoring to mitigate adverse effects. Economic feasibility
is also a key consideration: portable or wearable NIBS
devices facilitate outpatient and community deployment,
offering promising strategies for early prevention of GS—
related disorders in home or community settings, where
subclinical glymphatic dysfunction may precede neurolog-
ical disease. High-cost, facility-bound systems remain
largely restricted to hospital or research contexts.

6. Conclusions and Future Directions

GS clears metabolic waste in the brain through ISF-
CSF exchange, and its function is regulated by factors such
as AQP4 and cerebral arterial pulsation. These NIBS tech-
niques may improve GS function by influencing these regu-
latory factors, providing potential therapeutic strategies for
related brain diseases. Although there are cranial differ-
ences between humans and rodents, some studies show that
the GS mechanism in both species has certain cross-species
consistency (both are regulated by 40 Hz multisensory
gamma stimulation and the cholinergic system) [9,136], and
most NIBS have demonstrated clinical potential in numer-
ous neurological diseases [137,138,139,140,141,142], sug-
gesting the possibility of regulating human GS.

Current research still has the following limitations:
unclear mechanisms of action and key signaling path-
ways; non-standardized stimulation parameters and lack
of a parameter-effect relationship framework; insufficient
consideration of individual differences (such as age, gen-
der, disease subtype); experimental models are mostly fo-
cused on the acute phase of diseases or healthy states, lack-
ing validation in later stages and chronic conditions; insuf-
ficient dynamic monitoring of key indicators such as CSF
flow; the long-term safety and durability of effects have not
been systematically assessed; clinical evidence is limited
and requires validation with large samples. Furthermore,
although TGN-020 has been classified as an AQP4 inhibitor
based on African clawed frog oocyte assays [143], the false
positive rate in oocyte assays is high [144]. Based on this,
there is controversy regarding whether TGN-020 directly
inhibits AQP4, and further research is needed to determine
if the alleviation of brain edema in mice by TGN-020 is
through direct inhibition of AQP4 expression.

Current assessment methods for glymphatic function
also have limitations. Although classic tracer analysis pro-
vides spatial resolution, the reliance on ex vivo techniques
using fixed tissue samples carries the risk of introducing
artifacts [145]. In contrast, in vivo imaging techniques
can more accurately capture dynamic processes, but each
has its limitations: the field of view in two-photon imag-
ing is restricted [145]; conventional MRI tracers only re-
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flect perivascular convection; the ALPS index cannot be
directly equated with glymphatic dysfunction [146]; and
BOLD-CSF coupling only captures unidirectional flow of
CSF and is sensitive to the BO magnetic field [147]. The
novel imaging probe H,'”O detects water proton signals via
MRYI, providing the possibility for simultaneous assessment
of transcellular water exchange and perivascular convec-
tion [43]. Furthermore, the establishment of in vitro models
such as blood-brain barrier organ chips offers new meth-
ods to further investigate the effects of blood flow shear
stress and pericyte coverage on glymphatic function [148].
Future research should integrate multimodal neuroimag-
ing techniques and physiological monitoring to further elu-
cidate the specific mechanisms by which NIBS enhances
GS functionality and to dynamically observe treatment ef-
fects, while maintaining a critical perspective on the differ-
ences in results among various methods. Future research
should utilize animal models that are closer to humans (such
as macaques) for validation and conduct systematic clin-
ical trials. Focus on evaluating the safety, efficacy, and
long-term effects of NIBS across different ages and dis-
ease stages to promote the standardization of stimulation
protocols. It is noteworthy that various other neurologi-
cal disorders with glymphatic dysfunction, such as depres-
sion [47,49], migraines [ 149], and schizophrenia [150], also
benefit from NIBS treatment, and it is necessary to clar-
ify whether improvements in GS function can translate into
clinical benefits for these diseases in the future.

Overall, the regulation of GS function by NIBS is a
rapidly developing field that still has knowledge gaps. Con-
tinuous research to optimize existing strategies and develop
new methods is expected to enhance the prevention and
treatment effects for GS-related diseases.

Abbreviations

GS, glymphatic system; A, amyloid-f; a-syn, alpha-
synuclein; AD, Alzheimer’s disease; PD, Parkinson’s
disease; NIBS, non-invasive brain stimulation; MLVs,
meningeal lymphatic vessels; CNS, central nervous sys-
tem; CSF, cerebrospinal fluid; MRI, magnetic resonance
imaging; VEGF-C, vascular endothelial growth factor C;
VEGFR3, vascular endothelial growth factor receptor 3;
ISF, interstitial fluid; scLNs, superficial cervical lymph
nodes; dcLNs, deep cervical lymph nodes; AQP4, aqua-
porin 4; PVS, perivascular space; ICH, intracerebral hem-
orrhage; CUMS, chronic unpredictable mild stress; PU-
FAs, polyunsaturated fatty acids; WT, wild-type; Tg-SwDI,
microvascular amyloid model; BCAS, bilateral common
carotid artery stenosis; NREM, non-rapid eye movement;
NE, norepinephrine; ICP, intracranial pressure; rScO2, re-
gional cerebral oxygen saturation; ATP, adenosine triphos-
phate; BBB, blood-brain barrier; FUS, focused ultrasound;
LIFU, low-intensity focused ultrasound; SD, Sprague-
Dawley; MB, microbubbles; CaM, calmodulin; rTMS,
repetitive transcranial magnetic stimulation; ¢TBS, con-
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tinuous theta burst stimulation; tPBM, transcranial photo-
biomodulation; A[HbO], concentrations of oxyhemoglobin;
Afoxi-CCO], cytochrome ¢ oxidase; IVH, intraventricular
hemorrhage; OCT, optical coherence tomography; mLECs,
meningeal lymphatic endothelial cells; tDCS, transcranial
direct current stimulation; EEG, electroencephalogram;
IP3R2-KO, inositol trisphosphate receptor type 2 knock-
out; TVS, transcranial vibration stimulation; fMRI, func-
tional magnetic resonance imaging; ALFF, amplitude of
low-frequency fluctuations; fALFF, fractional amplitude of
low-frequency fluctuations; gBOLD, global blood oxygen
level-dependent; VIP, vasoactive intestinal peptide; NO,
nitric oxide; scLVs, superficial cervical lymphatics; EA,
electroacupuncture; TENS, transcutaneous electrical nerve
stimulation, DTI-ALPS, diffusion tensor image analysis
along the perivascular space.

Author Contributions

ZJ wrote and revised the manuscript. ZJ, WY, and
YZ retrieved and organized the literature. SY, HW, and TL
participated in the classification of the literature and con-
tributed to the interpretation of the synthesized findings. SY
and TL provided funding support. TL guided the writing of
the manuscript. All authors contributed to editorial changes
in the manuscript. All authors read and approved the fi-
nal manuscript. All authors have participated sufficiently
in the work and agreed to be accountable for all aspects of
the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment

We gratefully acknowledge the assistance and instruc-
tion from Professor Xiao Yu of the Institute of Brain Science
and Intelligent Technology, Chinese Academy of Sciences,
and Professor Tian Yu of Zunyi Medical University.

Funding

This research was funded by National Natural Sci-
ence Foundation of China, grant numbers 82460707 and
82430042; the Famous Clinical Doctor Program of the
Zunyi Medical University, grant number 20211022; the Ba-
sic Research Program of Guizhou Province, general project,
Qian Science and Technology Foundation, grant numbers
MS(2026)977; and the Key Project of Zunyi City Sci-
ence and Technology Plan (Technology Cooperation), Zun
City Science and Technology Foundation, grant number
HZ(2025)379.

Conflicts of Interest

The authors declare no conflicts of interest.

&% IMR Press


https://www.imrpress.com

Declaration of AI and Al-Assisted
Technologies in the Writing Process

During the preparation of this work the authors used

ChatGpt-3.5 in order to check spelling and grammar. After
using this tool, the authors reviewed and edited the content
as needed and take full responsibility for the content of the
publication.

References

(1

(2]

[3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

Rasmussen MK, Mestre H, Nedergaard M. The glymphatic path-
way in neurological disorders. The Lancet. Neurology. 2018; 17:
1016-1024. https://doi.org/10.1016/S1474-4422(18)30318-1
1iff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA,
et al. A paravascular pathway facilitates CSF flow through the
brain parenchyma and the clearance of interstitial solutes, in-
cluding amyloid B. Science Translational Medicine. 2012; 4:
147ralll. https://doi.org/10.1126/scitranslmed.3003748
Jiang-Xie LF, Drieu A, Kipnis J. Waste clearance shapes aging
brain health. Neuron. 2025; 113: 71-81. https://doi.org/10.1016/
j.neuron.2024.09.017

Lee Y, Choi Y, Park EJ, Kwon S, Kim H, Lee JY, et
al. Improvement of glymphatic-lymphatic drainage of beta-
amyloid by focused ultrasound in Alzheimer’s disease model.
Scientific Reports. 2020; 10: 16144. https://doi.org/10.1038/
s41598-020-73151-8

Lin Y, Jin J, Lv R, Luo Y, Dai W, Li W, et al. Repetitive tran-
scranial magnetic stimulation increases the brain’s drainage ef-
ficiency in a mouse model of Alzheimer’s disease. Acta Neu-
ropathologica Communications. 2021; 9: 102. https://doi.org/
10.1186/s40478-021-01198-3

Zinchenko E, Navolokin N, Shirokov A, Khlebtsov B,
Dubrovsky A, Saranceva E, et al. Pilot study of transcranial pho-
tobiomodulation of lymphatic clearance of beta-amyloid from
the mouse brain: breakthrough strategies for non-pharmacologic
therapy of Alzheimer’s disease. Biomedical Optics Express.
2019; 10: 4003—4017. https://doi.org/10.1364/BOE.10.004003
Wang Y, Monai H. Transcranial direct current stimulation alters
cerebrospinal fluid-interstitial fluid exchange in mouse brain.
Brain Stimulation. 2024; 17: 620-632. https://doi.org/10.1016/
j.brs.2024.04.009

Kong L, Jin W, Jiang Y, Yan F, Liu J, Leuthardt EC, et al. Tran-
scranial vibration stimulation at 40 Hz induced neural activity
and promoted the coupling of global brain activity and cere-
brospinal fluid flow. Neurolmage. 2025; 308: 121074. https:
//doi.org/10.1016/j.neuroimage.2025.121074

Murdock MH, Yang CY, Sun N, Pao PC, Blanco-Duque C, Kahn
MC, et al. Multisensory gamma stimulation promotes glym-
phatic clearance of amyloid. Nature. 2024; 627: 149—156. https:
//doi.org/10.1038/s41586-024-07132-6

Liang PZ, Li L, Zhang YN, Shen Y, Zhang LL, Zhou J,
et al. Electroacupuncture Improves Clearance of Amyloid-f
through the Glymphatic System in the SAMP8 Mouse Model of
Alzheimer’s Disease. Neural Plasticity. 2021; 2021: 9960304.
https://doi.org/10.1155/2021/9960304

Jin H, Yoon JH, Hong SP, Hwang YS, Yang MJ, Choi J, et al.
Increased CSF drainage by non-invasive manipulation of cervi-
cal lymphatics. Nature. 2025; 643: 755-767. https://doi.org/10.
1038/s41586-025-09052-5

Bosche B, Mergenthaler P, Doeppner TR, Hescheler J, Mol-
canyi M. Complex Clearance Mechanisms After Intraventricu-
lar Hemorrhage and rt-PA Treatment-a Review on Clinical Tri-
als. Translational Stroke Research. 2020; 11: 337-344. https:
//doi.org/10.1007/s12975-019-00735-6

Mascagni P. De lymphaticis profundis capitis et colli. Vasorum

&% IMR Press

[14

[l

[15]

[16

[l

[17

—

[18

[l

[19]

[20

=

(21]

[22

—

(23]

[24

[l

[25]

[26

—

[27

—

[28

[l

lymphaticorum corporis humani historia et ichnographia. Pars
Prima Section VII, Art. V1. Pazzini Carli: Siena. 1787.

Foldi M, Gellért A, Kozma M, Poberai M, Zoltan OT, Csanda
E. New contributions to the anatomical connections of the brain
and the lymphatic system. Acta Anatomica. 1966; 64: 498-505.
https://doi.org/10.1159/000142849

Li J, Zhou J, Shi Y. Scanning electron microscopy of human
cerebral meningeal stomata. Annals of Anatomy = Anatomis-
cher Anzeiger: Official Organ of the Anatomische Gesellschatft.
1996; 178: 259-261. https://doi.org/10.1016/S0940-9602(96)
80059-8

Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske
JD, et al. Structural and functional features of central nervous
system lymphatic vessels. Nature. 2015; 523: 337-341. https:
//doi.org/10.1038/nature14432

Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S, Det-
mar M, et al. A dural lymphatic vascular system that drains brain
interstitial fluid and macromolecules. The Journal of Experi-
mental Medicine. 2015; 212: 991-999. https://doi.org/10.1084/
jem.20142290

Absinta M, Ha SK, Nair G, Sati P, Luciano NJ, Palisoc M, et
al. Human and nonhuman primate meninges harbor lymphatic
vessels that can be visualized noninvasively by MRI. elife. 2017;
6: €29738. https://doi.org/10.7554/eLife.29738

Da Mesquita S, Louveau A, Vaccari A, Smirnov I, Cornelison
RC, Kingsmore KM, et al. Functional aspects of meningeal lym-
phatics in ageing and Alzheimer’s disease. Nature. 2018; 560:
185-191. https://doi.org/10.1038/s41586-018-0368-8

Ahn JH, Cho H, Kim JH, Kim SH, Ham JS, Park I, et al.
Meningeal lymphatic vessels at the skull base drain cere-
brospinal fluid. Nature. 2019; 572: 62-66. https://doi.org/10.
1038/s41586-019-1419-5

Ma Q, Ineichen BV, Detmar M, Proulx ST. Outflow of cere-
brospinal fluid is predominantly through lymphatic vessels and
is reduced in aged mice. Nature Communications. 2017; 8:
1434. https://doi.org/10.1038/s41467-017-01484-6

Li Z, Antila S, Nurmi H, Chilov D, Korhonen EA, Fang S, et
al. Blockade of VEGFR3 signaling leads to functional impair-
ment of dural lymphatic vessels without affecting autoimmune
neuroinflammation. Science Immunology. 2023; 8: eabq0375.
https://doi.org/10.1126/sciimmunol.abq0375

Li X, Qi L, Yang D, Hao S, Zhang F, Zhu X, et al. Meningeal
lymphatic vessels mediate neurotropic viral drainage from the
central nervous system. Nature Neuroscience. 2022; 25: 577—
587. https://doi.org/10.1038/s41593-022-01063-z

Zhang Q, Niu Y, Li Y, Xia C, Chen Z, Chen Y, et al. Meningeal
lymphatic drainage: novel insights into central nervous system
disease. Signal Transduction and Targeted Therapy. 2025; 10:
142. https://doi.org/10.1038/s41392-025-02177-z

Wang J, Gu BJ, Masters CL, Wang YJ. A systemic view of
Alzheimer disease - insights from amyloid- metabolism be-
yond the brain. Nature Reviews. Neurology. 2017; 13: 612—623.
https://doi.org/10.1038/nrneurol.2017.111

Tan EK, Chao YX, West A, Chan LL, Poewe W, Jankovic J.
Parkinson disease and the immune system - associations, mech-
anisms and therapeutics. Nature Reviews. Neurology. 2020; 16:
303-318. https://doi.org/10.1038/s41582-020-0344-4
Benveniste H, Liu X, Koundal S, Sanggaard S, Lee H, Ward-
law J. The Glymphatic System and Waste Clearance with Brain
Aging: A Review. Gerontology. 2019; 65: 106-119. https:
//doi.org/10.1159/000490349

Bakker ENTP, Bacskai BJ, Arbel-Ornath M, Aldea R, Bedussi
B, Morris AWJ, et al. Lymphatic Clearance of the Brain:
Perivascular, Paravascular and Significance for Neurodegener-
ative Diseases. Cellular and Molecular Neurobiology. 2016; 36:
181-194. https://doi.org/10.1007/s10571-015-0273-8

13


https://doi.org/10.1016/S1474-4422(18)30318-1
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1016/j.neuron.2024.09.017
https://doi.org/10.1016/j.neuron.2024.09.017
https://doi.org/10.1038/s41598-020-73151-8
https://doi.org/10.1038/s41598-020-73151-8
https://doi.org/10.1186/s40478-021-01198-3
https://doi.org/10.1186/s40478-021-01198-3
https://doi.org/10.1364/BOE.10.004003
https://doi.org/10.1016/j.brs.2024.04.009
https://doi.org/10.1016/j.brs.2024.04.009
https://doi.org/10.1016/j.neuroimage.2025.121074
https://doi.org/10.1016/j.neuroimage.2025.121074
https://doi.org/10.1038/s41586-024-07132-6
https://doi.org/10.1038/s41586-024-07132-6
https://doi.org/10.1155/2021/9960304
https://doi.org/10.1038/s41586-025-09052-5
https://doi.org/10.1038/s41586-025-09052-5
https://doi.org/10.1007/s12975-019-00735-6
https://doi.org/10.1007/s12975-019-00735-6
https://doi.org/10.1159/000142849
https://doi.org/10.1016/S0940-9602(96)80059-8
https://doi.org/10.1016/S0940-9602(96)80059-8
https://doi.org/10.1038/nature14432
https://doi.org/10.1038/nature14432
https://doi.org/10.1084/jem.20142290
https://doi.org/10.1084/jem.20142290
https://doi.org/10.7554/eLife.29738
https://doi.org/10.1038/s41586-018-0368-8
https://doi.org/10.1038/s41586-019-1419-5
https://doi.org/10.1038/s41586-019-1419-5
https://doi.org/10.1038/s41467-017-01484-6
https://doi.org/10.1126/sciimmunol.abq0375
https://doi.org/10.1038/s41593-022-01063-z
https://doi.org/10.1038/s41392-025-02177-z
https://doi.org/10.1038/nrneurol.2017.111
https://doi.org/10.1038/s41582-020-0344-4
https://doi.org/10.1159/000490349
https://doi.org/10.1159/000490349
https://doi.org/10.1007/s10571-015-0273-8
https://www.imrpress.com

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

14

Mestre H, Mori Y, Nedergaard M. The Brain’s Glymphatic Sys-
tem: Current Controversies. Trends in Neurosciences. 2020; 43:
458-466. https://doi.org/10.1016/j.tins.2020.04.003

Sundaram S, Hughes RL, Peterson E, Miiller-Ochring EM,
Bronté-Stewart HM, Poston KL, et al. Establishing a framework
for neuropathological correlates and glymphatic system func-
tioning in Parkinson’s disease. Neuroscience and Biobehavioral
Reviews. 2019; 103: 305-315. https://doi.org/10.1016/j.neubio
rev.2019.05.016

Tkeshima-Kataoka H. Neuroimmunological Implications of
AQP4 in Astrocytes. International Journal of Molecular Sci-
ences. 2016; 17: 1306. https://doi.org/10.3390/ijms 17081306
Amiry-Moghaddam M, Williamson A, Palomba M, Eid T,
de Lanerolle NC, Nagelhus EA, et al. Delayed K+ clearance
associated with aquaporin-4 mislocalization: phenotypic de-
fects in brains of alpha-syntrophin-null mice. Proceedings of
the National Academy of Sciences of the United States of
America. 2003; 100: 13615-13620. https://doi.org/10.1073/pn
as.2336064100

Ciappelloni S, Bouchet D, Dubourdieu N, Boué-Grabot E,
Kellermayer B, Manso C, et al. Aquaporin-4 Surface Traffick-
ing Regulates Astrocytic Process Motility and Synaptic Activ-
ity in Health and Autoimmune Disease. Cell Reports. 2019; 27:
3860-3872.e4. https://doi.org/10.1016/j.celrep.2019.05.097
Salman MM, Kitchen P, Halsey A, Wang MX, Toérnroth-
Horsefield S, Conner AC, et al. Emerging roles for dynamic
aquaporin-4 subcellular relocalization in CNS water homeosta-
sis. Brain: a Journal of Neurology. 2022; 145: 64-75. https:
//doi.org/10.1093/brain/awab3 11

Salman MM, Kitchen P, Woodroofe MN, Brown JE, Bill RM,
Conner AC, et al. Hypothermia increases aquaporin 4 (AQP4)
plasma membrane abundance in human primary cortical as-
trocytes via a calcium/transient receptor potential vanilloid 4
(TRPV4)- and calmodulin-mediated mechanism. The European
Journal of Neuroscience. 2017; 46: 2542-2547. https://doi.org/
10.1111/ejn.13723

Kitchen P, Salman MM, Halsey AM, Clarke-Bland C, MacDon-
ald JA, Ishida H, et al. Targeting Aquaporin-4 Subcellular Lo-
calization to Treat Central Nervous System Edema. Cell. 2020;
181: 784-799.¢e19. https://doi.org/10.1016/j.cell.2020.03.037
Alhadidi QM, Bahader GA, Arvola O, Kitchen P, Shah ZA,
Salman MM. Astrocytes in functional recovery following cen-
tral nervous system injuries. The Journal of Physiology. 2024;
602: 3069-3096. https://doi.org/10.1113/JP284197

Si X, Dai S, Fang Y, Tang J, Wang Z, Li Y, et al
Matrix metalloproteinase-9 inhibition prevents aquaporin-4
depolarization-mediated glymphatic dysfunction in Parkinson’s
disease. Journal of Advanced Research. 2024; 56: 125-136.
https://doi.org/10.1016/j.jare.2023.03.004

Zhang H, Wang J, Zhang S, Yan D, Dong Y, Zhang P, et al.
Aquaporin 4 and its isoforms regulation ameliorate AQP4 Mis-
localization-induced glymphatic dysfunction in ischemic stroke.
Journal of Advanced Research. 2026; 80: 835-849. https://doi.
org/10.1016/j.jare.2025.05.022

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen
ClJ, Schirmer L, et al. Neurotoxic reactive astrocytes are induced
by activated microglia. Nature. 2017; 541: 481-487. https://do
i.org/10.1038/nature21029

Lv Y, Ding XS, Gao L, Han Z, Feng CX, Li YN, et al. Glym-
phatic dysfunction in Parkinson’s disease: Aging-associated im-
pairments, imaging biomarkers, and therapeutic strategies. Age-
ing Research Reviews. 2026; 114: 102995. https://doi.org/10.
1016/j.arr.2025.102995

Hladky SB, Barrand MA. The glymphatic hypothesis: the theory
and the evidence. Fluids and Barriers of the CNS. 2022; 19: 9.
https://doi.org/10.1186/s12987-021-00282-z

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Alshuhri MS, Gallagher L, Work LM, Holmes WM. Direct
imaging of glymphatic transport using H2170 MRI. JCI Insight.
2021; 6: e141159. https://doi.org/10.1172/jci.insight. 141159
Zhang Y, Zhang C, He XZ, Li ZH, Meng JC, Mao RT, et al.
Interaction Between the Glymphatic System and a-Synuclein in
Parkinson’s Disease. Molecular Neurobiology. 2023; 60: 2209—
2222. https://doi.org/10.1007/s12035-023-03212-2

Ishida K, Yamada K, Nishiyama R, Hashimoto T, Nishida I,
Abe Y, et al. Glymphatic system clears extracellular tau and
protects from tau aggregation and neurodegeneration. The Jour-
nal of Experimental Medicine. 2022; 219: e20211275. https:
//doi.org/10.1084/jem.20211275

Harrison IF, Ismail O, Machhada A, Colgan N, Ohene Y, Naha-
vandi P, et al. Impaired glymphatic function and clearance of tau
in an Alzheimer’s disease model. Brain: a Journal of Neurology.
2020; 143: 2576-2593. https://doi.org/10.1093/brain/awaal 79
Liu X, Hao J, Yao E, Cao J, Zheng X, Yao D, et al. Polyunsat-
urated fatty acid supplement alleviates depression-incident cog-
nitive dysfunction by protecting the cerebrovascular and glym-
phatic systems. Brain, Behavior, and Immunity. 2020; 89: 357—
370. https://doi.org/10.1016/j.bbi.2020.07.022

Chen W, Liang C, Peng S, Bao S, Xue F, Lian X, et al.
Aquaporin-4 activation facilitates glymphatic system function
and hematoma clearance post-intracerebral hemorrhage. Glia.
2025; 73: 368-380. https://doi.org/10.1002/glia.24639

Xia M, Yang L, Sun G, Qi S, Li B. Mechanism of de-
pression as a risk factor in the development of Alzheimer’s
disease: the function of AQP4 and the glymphatic system.
Psychopharmacology. 2017; 234: 365-379. https://doi.org/10.
1007/s00213-016-4473-9

Ren C, Li LX, Dong AQ, Zhang YT, Hu H, Mao CJ, et al.
Depression Induced by Chronic Unpredictable Mild Stress In-
creases Susceptibility to Parkinson’s Disease in Mice via Neu-
roinflammation Mediated by P2X7 Receptor. ACS Chemical
Neuroscience. 2021; 12: 1262-1272. https://doi.org/10.1021/ac
schemneuro.1c00095

Zeppenfeld DM, Simon M, Haswell JD, D’ Abreo D, Murchison
C, Quinn JF, et al. Association of Perivascular Localization of
Aquaporin-4 With Cognition and Alzheimer Disease in Aging
Brains. JAMA Neurology. 2017; 74: 91-99. https://doi.org/10.
1001/jamaneurol.2016.4370

Kress BT, Iliff JJ, Xia M, Wang M, Wei HS, Zeppenfeld D, et
al. Impairment of paravascular clearance pathways in the aging
brain. Annals of Neurology. 2014; 76: 845-861. https://doi.org/
10.1002/ana.24271

Hablitz LM, Pla V, Giannetto M, Vinitsky HS, Staeger FF, Met-
calfe T, et al. Circadian control of brain glymphatic and lym-
phatic fluid flow. Nature Communications. 2020; 11: 4411.
https://doi.org/10.1038/s41467-020-18115-2

He XF, Liu DX, Zhang Q, Liang FY, Dai GY, Zeng JS, et al.
Voluntary Exercise Promotes Glymphatic Clearance of Amyloid
Beta and Reduces the Activation of Astrocytes and Microglia
in Aged Mice. Frontiers in Molecular Neuroscience. 2017; 10:
144. https://doi.org/10.3389/famol.2017.00144

Sylvain NJ, Salman MM, Pushie MJ, Hou H, Meher V, Herlo R,
et al. The effects of trifluoperazine on brain edema, aquaporin-
4 expression and metabolic markers during the acute phase of
stroke using photothrombotic mouse model. Biochimica et Bio-
physica Acta. Biomembranes. 2021; 1863: 183573. https://doi.
org/10.1016/j.bbamem.2021.183573

Ringstad G, Valnes LM, Dale AM, Pripp AH, Vatnehol SAS,
Emblem KE, et al. Brain-wide glymphatic enhancement and
clearance in humans assessed with MRI. JCI Insight. 2018; 3:
e121537. https://doi.org/10.1172/jci.insight. 121537

Mestre H, Tithof J, Du T, Song W, Peng W, Sweeney AM, et al.
Flow of cerebrospinal fluid is driven by arterial pulsations and

&% IMR Press


https://doi.org/10.1016/j.tins.2020.04.003
https://doi.org/10.1016/j.neubiorev.2019.05.016
https://doi.org/10.1016/j.neubiorev.2019.05.016
https://doi.org/10.3390/ijms17081306
https://doi.org/10.1073/pnas.2336064100
https://doi.org/10.1073/pnas.2336064100
https://doi.org/10.1016/j.celrep.2019.05.097
https://doi.org/10.1093/brain/awab311
https://doi.org/10.1093/brain/awab311
https://doi.org/10.1111/ejn.13723
https://doi.org/10.1111/ejn.13723
https://doi.org/10.1016/j.cell.2020.03.037
https://doi.org/10.1113/JP284197
https://doi.org/10.1016/j.jare.2023.03.004
https://doi.org/10.1016/j.jare.2025.05.022
https://doi.org/10.1016/j.jare.2025.05.022
https://doi.org/10.1038/nature21029
https://doi.org/10.1038/nature21029
https://doi.org/10.1016/j.arr.2025.102995
https://doi.org/10.1016/j.arr.2025.102995
https://doi.org/10.1186/s12987-021-00282-z
https://doi.org/10.1172/jci.insight.141159
https://doi.org/10.1007/s12035-023-03212-2
https://doi.org/10.1084/jem.20211275
https://doi.org/10.1084/jem.20211275
https://doi.org/10.1093/brain/awaa179
https://doi.org/10.1016/j.bbi.2020.07.022
https://doi.org/10.1002/glia.24639
https://doi.org/10.1007/s00213-016-4473-9
https://doi.org/10.1007/s00213-016-4473-9
https://doi.org/10.1021/acschemneuro.1c00095
https://doi.org/10.1021/acschemneuro.1c00095
https://doi.org/10.1001/jamaneurol.2016.4370
https://doi.org/10.1001/jamaneurol.2016.4370
https://doi.org/10.1002/ana.24271
https://doi.org/10.1002/ana.24271
https://doi.org/10.1038/s41467-020-18115-2
https://doi.org/10.3389/fnmol.2017.00144
https://doi.org/10.1016/j.bbamem.2021.183573
https://doi.org/10.1016/j.bbamem.2021.183573
https://doi.org/10.1172/jci.insight.121537
https://www.imrpress.com

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

is reduced in hypertension. Nature Communications. 2018; 9:
4878. https://doi.org/10.1038/s41467-018-07318-3
Holstein-Rensbo S, Gan Y, Giannetto MJ, Rasmussen MK,
Sigurdsson B, Beinlich FRM, et al. Glymphatic influx and
clearance are accelerated by neurovascular coupling. Nature
Neuroscience. 2023; 26: 1042-1053. https://doi.org/10.1038/
s41593-023-01327-2

LiM, Kitamura A, Beverley J, Koudelka J, Duncombe J, Lennen
R, et al. Impaired Glymphatic Function and Pulsation Alter-
ations in a Mouse Model of Vascular Cognitive Impairment.
Frontiers in Aging Neuroscience. 2022; 13: 788519. https://doi.
org/10.3389/fnagi.2021.788519

Barnes JN, Pearson AG, Corkery AT, Eisenmann NA, Miller
KB. Exercise, Arterial Stiffness, and Cerebral Vascular Func-
tion: Potential Impact on Brain Health. Journal of the Interna-
tional Neuropsychological Society: JINS. 2021; 27: 761-775.
https://doi.org/10.1017/S1355617721000394

Kollmeier JM, Giirbiiz-Reiss L, Sahoo P, Badura S, Ellebracht
B, Keck M, et al. Deep breathing couples CSF and venous flow
dynamics. Scientific Reports. 2022; 12: 2568. https://doi.org/
10.1038/s41598-022-06361-x

Kiviniemi V, Wang X, Korhonen V, Keindnen T, Tuovinen T,
Autio J, et al. Ultra-fast magnetic resonance encephalography
of physiological brain activity - Glymphatic pulsation mecha-
nisms? Journal of Cerebral Blood Flow and Metabolism: Offi-
cial Journal of the International Society of Cerebral Blood Flow
and Metabolism. 2016; 36: 1033—-1045. https://doi.org/10.1177/
0271678X15622047

Miao A, Luo T, Hsieh B, Edge CJ, Gridley M, Wong RTC, et al.
Brain clearance is reduced during sleep and anesthesia. Nature
Neuroscience. 2024; 27: 1046-1050. https://doi.org/10.1038/
s41593-024-01638-y

Hauglund NL, Andersen M, Tokarska K, Radovanovic T,
Kjaerby C, Serensen FL, et al. Norepinephrine-mediated slow
vasomotion drives glymphatic clearance during sleep. Cell.
2025; 188: 606-622.e17. https://doi.org/10.1016/j.cell.2024.11.
027

Plog BA, Mestre H, Olveda GE, Sweeney AM, Kenney HM,
Cove A, et al. Transcranial optical imaging reveals a pathway
for optimizing the delivery of immunotherapeutics to the brain.
JCI Insight. 2018; 3: €120922. https://doi.org/10.1172/jci.insigh
t.120922

Semyachkina-Glushkovskaya O, Klimova M, Iskra T, Bragin
D, Abdurashitov A, Dubrovsky A, et al. Transcranial Photo-
biomodulation of Clearance of Beta-Amyloid from the Mouse
Brain: Effects on the Meningeal Lymphatic Drainage and Blood
Oxygen Saturation of the Brain. Advances in Experimental
Medicine and Biology. 2021; 1269: 57-61. https://doi.org/10.
1007/978-3-030-48238-1 9

Du T, Raghunandan A, Mestre H, Pla V, Liu G, Ladron-
de-Guevara A, et al. Restoration of cervical lymphatic ves-
sel function in aging rescues cerebrospinal fluid drainage.
Nature Aging. 2024; 4: 1418-1431. https://doi.org/10.1038/
s43587-024-00691-3

He J, Hsuchou H, He Y, Kastin AJ, Wang Y, Pan W. Sleep
restriction impairs blood-brain barrier function. The Journal of
Neuroscience: the Official Journal of the Society for Neuro-
science. 2014; 34: 14697—-14706. https://doi.org/10.1523/INEU
ROSCI.2111-14.2014

Hummel FC, Wessel MJ. Non-invasive deep brain stimulation:
interventional targeting of deep brain areas in neurological dis-
orders. Nature Reviews. Neurology. 2024; 20: 451-452. https:
//doi.org/10.1038/s41582-024-00990-8

1iff JJ, Chen MJ, Plog BA, Zeppenfeld DM, Soltero M, Yang
L, et al. Impairment of glymphatic pathway function promotes
tau pathology after traumatic brain injury. The Journal of Neu-

&% IMR Press

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[79]

[80]

[81]

[82]

[83]

roscience: the Official Journal of the Society for Neuroscience.
2014; 34: 16180-16193. https://doi.org/10.1523/INEUROSCI.
3020-14.2014

Chen L, Wang W. Microglia-derived sEV: Friend or foe in
the pathogenesis of cognitive impairment. Progress in Neuro-
psychopharmacology & Biological Psychiatry. 2025; 137:
111287. https://doi.org/10.1016/j.pnpbp.2025.111287

Xu B, Lei X, Yang Y, Yu J, Chen J, Xu Z, et al. Pe-
ripheral proteinopathy in neurodegenerative diseases. Transla-
tional Neurodegeneration. 2025; 14: 2. https://doi.org/10.1186/
s40035-024-00461-6

Zinchenko E, Klimova M, Mamedova A, Agranovich I,
Blokhina I, Antonova T, et al. Photostimulation of Extravasa-
tion of Beta-Amyloid through the Model of Blood-Brain Bar-
rier. Electronics. 2020; 9: 1056. http://doi.org/10.3390/electron
ics9061056

Erickson MA, Hartvigson PE, Morofuji Y, Owen JB, Butterfield
DA, Banks WA. Lipopolysaccharide impairs amyloid § efflux
from brain: altered vascular sequestration, cerebrospinal fluid
reabsorption, peripheral clearance and transporter function at
the blood-brain barrier. Journal of Neuroinflammation. 2012; 9:
150. https://doi.org/10.1186/1742-2094-9-150

Malm TM, Jay TR, Landreth GE. The evolving biology of mi-
croglia in Alzheimer’s disease. Neurotherapeutics: the Journal
of the American Society for Experimental NeuroTherapeutics.
2015; 12: 81-93. https://doi.org/10.1007/s13311-014-0316-8
Teng Y, Xu J, He S, Yi J, Li M, Tang Q, et al. Astrocytic
Mettl14 depletion enhances cognitive function by attenuating
astrogliosis via the DUSP1/MAPK pathway in APP/PS1 mice:
targeting neuroinflammation in Alzheimer’s disease. Molec-
ular Psychiatry. 2026; 31: 318-331. https://doi.org/10.1038/
s41380-025-03211-w

Hu Z, Chen S, Yang Y, Gong Y, Chen H. An Affordable and
Easy-to-Use Focused Ultrasound Device for Noninvasive and
High Precision Drug Delivery to the Mouse Brain. IEEE Trans-
actions on Bio-medical Engineering. 2022; 69: 2723-2732.
https://doi.org/10.1109/TBME.2022.3150781

Hu Z, Yang Y, Ye D, Chen S, Gong Y, Chukwu C, et al. Tar-
geted delivery of therapeutic agents to the mouse brain using a
stereotactic-guided focused ultrasound device. STAR Protocols.
2023; 4: 102132. https://doi.org/10.1016/j.xpr0.2023.102132
Kim HJ, Phan TT, Lee K, Kim JS, Lee SY, Lee JM, et al. Long-
lasting forms of plasticity through patterned ultrasound-induced
brainwave entrainment. Science Advances. 2024; 10: eadk3198.
https://doi.org/10.1126/sciadv.adk3198

Choi S, Kum J, Hyun SY, Park TY, Kim H, Kim SK, et al. Tran-
scranial focused ultrasound stimulation enhances cerebrospinal
fluid movement: Real-time in vivo two-photon and widefield
imaging evidence. Brain Stimulation. 2024; 17: 1119-1130.
https://doi.org/10.1016/j.brs.2024.09.006

Aryal M, Azadian MM, Hart AR, Macedo N, Zhou Q, Rosen-
thal EL, et al. Noninvasive ultrasonic induction of cerebrospinal
fluid flow enhances intrathecal drug delivery. Journal of Con-
trolled Release: Official Journal of the Controlled Release Soci-
ety. 2022; 349: 434-442. https://doi.org/10.1016/j.jconrel.2022.
06.067

Ediriweera GR, Sivaram AJ, Cowin G, Brown ML, McAlary L,
Lum JS, et al. Lipid nanoparticles and transcranial focused ultra-
sound enhance the delivery of SOD1 antisense oligonucleotides
to the murine brain for ALS therapy. Journal of Controlled Re-
lease: Official Journal of the Controlled Release Society. 2025;
378: 221-235. https://doi.org/10.1016/j.jconrel.2024.11.074
Yoo SS, Kim HC, Kim J, Kim E, Kowsari K, Van Reet J,
et al. Enhancement of cerebrospinal fluid tracer movement
by the application of pulsed transcranial focused ultrasound.
Scientific Reports. 2022; 12: 12940. https://doi.org/10.1038/

15


https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1038/s41593-023-01327-2
https://doi.org/10.1038/s41593-023-01327-2
https://doi.org/10.3389/fnagi.2021.788519
https://doi.org/10.3389/fnagi.2021.788519
https://doi.org/10.1017/S1355617721000394
https://doi.org/10.1038/s41598-022-06361-x
https://doi.org/10.1038/s41598-022-06361-x
https://doi.org/10.1177/0271678X15622047
https://doi.org/10.1177/0271678X15622047
https://doi.org/10.1038/s41593-024-01638-y
https://doi.org/10.1038/s41593-024-01638-y
https://doi.org/10.1016/j.cell.2024.11.027
https://doi.org/10.1016/j.cell.2024.11.027
https://doi.org/10.1172/jci.insight.120922
https://doi.org/10.1172/jci.insight.120922
https://doi.org/10.1007/978-3-030-48238-1_9
https://doi.org/10.1007/978-3-030-48238-1_9
https://doi.org/10.1038/s43587-024-00691-3
https://doi.org/10.1038/s43587-024-00691-3
https://doi.org/10.1523/JNEUROSCI.2111-14.2014
https://doi.org/10.1523/JNEUROSCI.2111-14.2014
https://doi.org/10.1038/s41582-024-00990-8
https://doi.org/10.1038/s41582-024-00990-8
https://doi.org/10.1523/JNEUROSCI.3020-14.2014
https://doi.org/10.1523/JNEUROSCI.3020-14.2014
https://doi.org/10.1016/j.pnpbp.2025.111287
https://doi.org/10.1186/s40035-024-00461-6
https://doi.org/10.1186/s40035-024-00461-6
http://doi.org/10.3390/electronics9061056
http://doi.org/10.3390/electronics9061056
https://doi.org/10.1186/1742-2094-9-150
https://doi.org/10.1007/s13311-014-0316-8
https://doi.org/10.1038/s41380-025-03211-w
https://doi.org/10.1038/s41380-025-03211-w
https://doi.org/10.1109/TBME.2022.3150781
https://doi.org/10.1016/j.xpro.2023.102132
https://doi.org/10.1126/sciadv.adk3198
https://doi.org/10.1016/j.brs.2024.09.006
https://doi.org/10.1016/j.jconrel.2022.06.067
https://doi.org/10.1016/j.jconrel.2022.06.067
https://doi.org/10.1016/j.jconrel.2024.11.074
https://doi.org/10.1038/s41598-022-17314-9
https://doi.org/10.1038/s41598-022-17314-9

[84]

[85]

[86]

(87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

16

s41598-022-17314-9

Azadian MM, Macedo N, Yu BJ, Fame RM, Airan RD. Ultra-
sonic cerebrospinal fluid clearance improves outcomes in hem-
orrhagic brain injury models. bioRxiv. 2024. https://doi.org/10.
1101/2024.06.02.597001 (preprint)

Wu CH, Liao WH, Chu YC, Hsiao MY, Kung Y, Wang JL, et
al. Very Low-Intensity Ultrasound Facilitates Glymphatic Influx
and Clearance via Modulation of the TRPV4-AQP4 Pathway.
Advanced Science (Weinheim, Baden-Wurttemberg, Germany).
2024; 11: €2401039. https://doi.org/10.1002/advs.202401039
Ye D, Chen S, Liu Y, Weixel C, Hu Z, Yuan J, et al. Mechanically
manipulating glymphatic transport by ultrasound combined with
microbubbles. Proceedings of the National Academy of Sci-
ences of the United States of America. 2023; 120: €2212933120.
https://doi.org/10.1073/pnas.2212933120

Azadian MM, Kiani Shabestari S, Rajan A, Martinez PJ, Macedo
N, Markarian E, et al. Clearance of intracranial debris by ultra-
sound reduces inflammation and improves outcomes in hemor-
rhagic stroke models. Nature Biotechnology. 2025. https://doi.
org/10.1038/s41587-025-02866-8 (online ahead of print)
Klomjai W, Katz R, Lackmy-Vallée A. Basic principles of
transcranial magnetic stimulation (TMS) and repetitive TMS
(rTMS). Annals of Physical and Rehabilitation Medicine. 2015;
58: 208-213. https://doi.org/10.1016/j.rehab.2015.05.005

Tatti E, Rossi S, Innocenti I, Rossi A, Santarnecchi E. Non-
invasive brain stimulation of the aging brain: State of the art
and future perspectives. Ageing Research Reviews. 2016; 29:
66—89. https://doi.org/10.1016/j.arr.2016.05.006

Gangitano M, Valero-Cabré A, Tormos JM, Mottaghy FM,
Romero JR, Pascual-Leone A. Modulation of input-output
curves by low and high frequency repetitive transcranial mag-
netic stimulation of the motor cortex. Clinical Neurophysiology:
Official Journal of the International Federation of Clinical Neu-
rophysiology. 2002; 113: 1249-1257. https://doi.org/10.1016/
$1388-2457(02)00109-8

Hallett M. Transcranial magnetic stimulation and the human
brain. Nature. 2000; 406: 147-150. https://doi.org/10.1038/
35018000

Touge T, Gerschlager W, Brown P, Rothwell JC. Are the after-
effects of low-frequency rTMS on motor cortex excitability due
to changes in the efficacy of cortical synapses? Clinical Neuro-
physiology: Official Journal of the International Federation of
Clinical Neurophysiology. 2001; 112: 2138-2145. https://doi.
org/10.1016/s1388-2457(01)00651-4

Liu Y, Liu X, Sun P, Li J, Nie M, Gong J, et al. ITMS treat-
ment for abrogating intracerebral hemorrhage-induced brain
parenchymal metabolite clearance dysfunction in male mice by
regulating intracranial lymphatic drainage. Brain and Behavior.
2023; 13: €3062. https://doi.org/10.1002/brb3.3062

Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC.
Theta burst stimulation of the human motor cortex. Neuron.
2005; 45: 201-206. https://doi.org/10.1016/j.neuron.2004.12.
033

Wu C, Lin T, Ding Q, Zhang N, Ou ZT, Cai GY, et al. Con-
tinuous Theta-Burst Stimulation Promotes Paravascular CSF-
Interstitial Fluid Exchange through Regulation of Aquaporin-
4 Polarization in APP/PS1 Mice. Mediators of Inflammation.
2022; 2022: 2140524. https://doi.org/10.1155/2022/2140524
Lin GQ, He XF, Liu B, Wei CY, Tao R, Yang P, et al. Con-
tinuous theta burst stimulation ameliorates cognitive deficits in
microinfarcts mice via inhibiting glial activation and promoting
paravascular CSF-ISF exchange. Neuroscience. 2024; 561: 20—
29. https://doi.org/10.1016/j.neuroscience.2024.09.046

Wu C, Zhang Q, Feng YW, Zhang N, Liu Q, Ou ZT, et al. GABA
promotes interstitial fluid clearance in an AQP4-dependent man-
ner by activating the GABA, R. Journal of Neurochemistry.

2023; 166: 560-571. https://doi.org/10.1111/jnc.15869

Li MN, Jing YH, Wu C, Li X, Liang FY, Li G, et al. Contin-

uous theta burst stimulation dilates meningeal lymphatic ves-

sels by up-regulating VEGF-C in meninges. Neuroscience Let-
ters. 2020; 735: 135197. https://doi.org/10.1016/j.neulet.2020.

135197

Pruitt T, Wang X, Wu A, Kallioniemi E, Husain MM, Liu H.

Transcranial Photobiomodulation (tPBM) With 1,064-nm Laser

to Improve Cerebral Metabolism of the Human Brain In Vivo.

Lasers in Surgery and Medicine. 2020; 52: 807—-813. https://do

1.org/10.1002/1sm.23232

[100] Pruitt T, Carter C, Wang X, Wu A, Liu H. Photobiomodu-
lation at Different Wavelengths Boosts Mitochondrial Redox
Metabolism and Hemoglobin Oxygenation: Lasers vs. Light-
Emitting Diodes In Vivo. Metabolites. 2022; 12: 103. https:
//doi.org/10.3390/metabo 12020103

[101] Semyachkina-Glushkovskaya O, Postnov D, Lavrova A, Fe-
dosov I, Borisova E, Nikolenko V, et al. Biophotonic Strate-
gies of Measurement and Stimulation of the Cranial and the Ex-
tracranial Lymphatic Drainage Function. IEEE Journal of Se-
lected Topics in Quantum Electronics. 2021; 27: 1-13. http:
//doi.org/10.1109/jstqe.2020.3045834

[102] Li DY, Liu SJ, Yu TT, Liu Z, Sun SL, Bragin D, et al. Photo-
stimulation of lymphatic clearance of red blood cells from the
mouse brain after intraventricular hemorrhage. bioRxiv. 2020.
http://doi.org/10.1101/2020.11.16.384149 (preprint)

[103] Salehpour F, Khademi M, Bragin DE, DiDuro JO. Photo-
biomodulation Therapy and the Glymphatic System: Promis-
ing Applications for Augmenting the Brain Lymphatic Drainage
System. International Journal of Molecular Sciences. 2022; 23:
2975. https://doi.org/10.3390/ijms23062975

[104] Semyachkina-Glushkovskaya O, Abdurashitov A, Dubrovsky
A, Klimova M, Agranovich I, Terskov A, et al. Photobiomodu-
lation of lymphatic drainage and clearance: perspective strategy
for augmentation of meningeal lymphatic functions. Biomedical
Optics Express. 2020; 11: 725-734. https://doi.org/10.1364/BO
E.383390

[105] Wang M, Yan C, Li X, Yang T, Wu S, Liu Q, et al. Non-
invasive modulation of meningeal lymphatics ameliorates age-
ing and Alzheimer’s disease-associated pathology and cogni-
tion in mice. Nature Communications. 2024; 15: 1453. https:
//doi.org/10.1038/s41467-024-45656-7

[106] Woods AJ, Antal A, Bikson M, Boggio PS, Brunoni AR,
Celnik P, et al. A technical guide to tDCS, and related non-
invasive brain stimulation tools. Clinical Neurophysiology: Of-
ficial Journal of the International Federation of Clinical Neuro-
physiology. 2016; 127: 1031-1048. https://doi.org/10.1016/j.cl
inph.2015.11.012

[107] Lavezzi GD, Sanz Galan S, Andersen H, Tomer D, Caccia-
mani L. The effects of tDCS on object perception: A systematic
review and meta-analysis. Behavioural Brain Research. 2022;
430: 113927. https://doi.org/10.1016/j.bbr.2022.113927

[108] Giri B, Kinsky N, Kaya U, Maboudi K, Abel T, Diba
K. Sleep loss diminishes hippocampal reactivation and re-
play. Nature. 2024; 630: 935-942. https://doi.org/10.1038/
s41586-024-07538-2

[109] Keil SA, Jansson D, Braun M, 1liff JJ. Glymphatic dysfunction
in Alzheimer’s disease: A critical appraisal. Science (New York,
N.Y.). 2025; 389: eadv8269. https://doi.org/10.1126/science.ad
v8269

[110] XinYY, Wang JX, Xu AJ. Electroacupuncture ameliorates neu-
roinflammation in animal models. Acupuncture in Medicine:
Journal of the British Medical Acupuncture Society. 2022; 40:
474-483. https://doi.org/10.1177/09645284221076515

[111] Wang LM, Zhao TT, Zhou HP, Zhou ZY, Huang S, Ling YL,
et al. Effect of electroacupuncture on recognition memory and

(98]

[99]

&% IMR Press


https://doi.org/10.1101/2024.06.02.597001
https://doi.org/10.1101/2024.06.02.597001
https://doi.org/10.1002/advs.202401039
https://doi.org/10.1073/pnas.2212933120
https://doi.org/10.1038/s41587-025-02866-8
https://doi.org/10.1038/s41587-025-02866-8
https://doi.org/10.1016/j.rehab.2015.05.005
https://doi.org/10.1016/j.arr.2016.05.006
https://doi.org/10.1016/s1388-2457(02)00109-8
https://doi.org/10.1016/s1388-2457(02)00109-8
https://doi.org/10.1038/35018000
https://doi.org/10.1038/35018000
https://doi.org/10.1016/s1388-2457(01)00651-4
https://doi.org/10.1016/s1388-2457(01)00651-4
https://doi.org/10.1002/brb3.3062
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1155/2022/2140524
https://doi.org/10.1016/j.neuroscience.2024.09.046
https://doi.org/10.1111/jnc.15869
https://doi.org/10.1016/j.neulet.2020.135197
https://doi.org/10.1016/j.neulet.2020.135197
https://doi.org/10.1002/lsm.23232
https://doi.org/10.1002/lsm.23232
https://doi.org/10.3390/metabo12020103
https://doi.org/10.3390/metabo12020103
http://doi.org/10.1109/jstqe.2020.3045834
http://doi.org/10.1109/jstqe.2020.3045834
http://doi.org/10.1101/2020.11.16.384149
https://doi.org/10.3390/ijms23062975
https://doi.org/10.1364/BOE.383390
https://doi.org/10.1364/BOE.383390
https://doi.org/10.1038/s41467-024-45656-7
https://doi.org/10.1038/s41467-024-45656-7
https://doi.org/10.1016/j.clinph.2015.11.012
https://doi.org/10.1016/j.clinph.2015.11.012
https://doi.org/10.1016/j.bbr.2022.113927
https://doi.org/10.1038/s41586-024-07538-2
https://doi.org/10.1038/s41586-024-07538-2
https://doi.org/10.1126/science.adv8269
https://doi.org/10.1126/science.adv8269
https://doi.org/10.1177/09645284221076515
https://www.imrpress.com

levels of AP, inflammatory factor proteins and aquaporin 4 in
hippocampus of APP/PS1 double transgenic mice. Zhen Ci Yan
Jiu. 2020; 45: 431-437. http://doi.org/10.13702/j.1000-0607.
190923 (In Chinese)

[112] Meng Y, Abrahao A, Heyn CC, Bethune AJ, Huang Y, Pople
CB, et al. Glymphatics Visualization after Focused Ultrasound-
Induced Blood-Brain Barrier Opening in Humans. Annals of
Neurology. 2019; 86: 975-980. https://doi.org/10.1002/ana.
25604

[113] Barksdale BR, Enten L, DeMarco A, Kline R, Doss MK, Ne-
meroff CB, et al. Low-intensity transcranial focused ultrasound
amygdala neuromodulation: a double-blind sham-controlled tar-
get engagement study and unblinded single-arm clinical trial.
Molecular Psychiatry. 2025; 30: 4497-4511. https://doi.org/10.
1038/s41380-025-03033-w

[114] Pinton G, Aubry JF, Bossy E, Muller M, Pernot M, Tanter M.
Attenuation, scattering, and absorption of ultrasound in the skull
bone. Medical Physics. 2012; 39: 299-307. https://doi.org/10.
1118/1.3668316

[115] Elias WJ, Lipsman N, Ondo WG, Ghanouni P, Kim YG, Lee W,
et al. A Randomized Trial of Focused Ultrasound Thalamotomy
for Essential Tremor. The New England Journal of Medicine.
2016; 375: 730-739. https://doi.org/10.1056/NEJMoal 600159

[116] Pagali SR, Kumar R, LeMahieu AM, Basso MR, Boeve BF,
Croarkin PE, et al. Efficacy and safety of transcranial mag-
netic stimulation on cognition in mild cognitive impairment,
Alzheimer’s disease, Alzheimer’s disease-related dementias,
and other cognitive disorders: a systematic review and meta-
analysis. International Psychogeriatrics. 2024; 36: 880-928.
https://doi.org/10.1017/S1041610224000085

[117] Chou YH, Ton That V, Chen AYC, Sundman M, Huang YZ.
TMS-induced seizure cases stratified by population, stimulation
protocol, and stimulation site: A systematic literature search.
Clinical Neurophysiology: Official Journal of the International
Federation of Clinical Neurophysiology. 2020; 131: 1019-1020.
https://doi.org/10.1016/j.clinph.2020.02.008

[118] Lefaucheur JP. Transcranial magnetic stimulation. Handbook
of Clinical Neurology. 2019; 160: 559-580. https://doi.org/10.
1016/B978-0-444-64032-1.00037-0

[119] Lefaucheur JP, Aleman A, Backen C, Benninger DH, Brunelin
J, Di Lazzaro V, et al. Evidence-based guidelines on the
therapeutic use of repetitive transcranial magnetic stimulation
(rTMS): Anupdate (2014-2018). Clinical Neurophysiology: Of-
ficial Journal of the International Federation of Clinical Neuro-
physiology. 2020; 131: 474-528. https://doi.org/10.1016/j.clin
ph.2019.11.002

[120] Lefaucheur JP, André-Obadia N, Antal A, Ayache SS, Baeken
C, Benninger DH, et al. Evidence-based guidelines on the
therapeutic use of repetitive transcranial magnetic stimulation
(rTMS). Clinical Neurophysiology: Official Journal of the In-
ternational Federation of Clinical Neurophysiology. 2014; 125:
2150-2206. https://doi.org/10.1016/j.clinph.2014.05.021

[121] Lerner AJ, Wassermann EM, Tamir DI. Seizures from transcra-
nial magnetic stimulation 2012-2016: Results of a survey of ac-
tive laboratories and clinics. Clinical Neurophysiology: Official
Journal of the International Federation of Clinical Neurophys-
iology. 2019; 130: 1409—-1416. https://doi.org/10.1016/j.clinph
.2019.03.016

[122] Rossi S, Antal A, Bestmann S, Bikson M, Brewer C, Brock-
moller J, et al. Safety and recommendations for TMS use in
healthy subjects and patient populations, with updates on train-
ing, ethical and regulatory issues: Expert Guidelines. Clinical
Neurophysiology: Official Journal of the International Federa-
tion of Clinical Neurophysiology. 2021; 132: 269-306. https:
//doi.org/10.1016/j.clinph.2020.10.003

[123] Sarica C, Nankoo JF, Fomenko A, Grippe TC, Yamamoto K,

&% IMR Press

Samuel N, et al. Human Studies of Transcranial Ultrasound neu-

romodulation: A systematic review of effectiveness and safety.

Brain Stimulation. 2022; 15: 737-746. https://doi.org/10.1016/

j.brs.2022.05.002

[124] Saltmarche AE, Naeser MA, Ho KF, Hamblin MR, Lim L. Sig-
nificant Improvement in Cognition in Mild to Moderately Severe
Dementia Cases Treated with Transcranial Plus Intranasal Pho-
tobiomodulation: Case Series Report. Photomedicine and Laser
Surgery. 2017; 35: 432—-441. https://doi.org/10.1089/pho.2016.
4227

[125] Lin H, Li D, Zhu J, Liu S, Li J, Yu T, et al. Transcranial pho-
tobiomodulation for brain diseases: review of animal and hu-
man studies including mechanisms and emerging trends. Neu-
rophotonics. 2024; 11: 010601. https://doi.org/10.1117/1.NPh.
11.1.010601

[126] Gonzéalez-Mufioz A, Cuevas-Cervera M, Pérez-Montilla JJ,
Aguilar-Nufiez D, Hamed-Hamed D, Aguilar-Garcia M, et al.
Efficacy of Photobiomodulation Therapy in the Treatment of
Pain and Inflammation: A Literature Review. Healthcare (Basel,
Switzerland). 2023; 11: 938. https://doi.org/10.3390/healthcare
11070938

[127] Zhao H, LiY, Zhang Y, Zhang C. Changes in myelinated nerve
fibers induced by pulsed electrical stimulation: A microstruc-
tural perspective on the causes of electrical stimulation side ef-
fects. Biochemical and Biophysical Research Communications.
2024; 691: 149331. https://doi.org/10.1016/j.bbrc.2023.149331

[128] Brunoni AR, Amadera J, Berbel B, Volz MS, Rizzerio
BG, Fregni F. A systematic review on reporting and assess-
ment of adverse effects associated with transcranial direct
current stimulation. The International Journal of Neuropsy-
chopharmacology. 2011; 14: 1133-1145. https://doi.org/10.
1017/S1461145710001690

[129] Agnew WF, McCreery DB. Considerations for safety in the
use of extracranial stimulation for motor evoked potentials.
Neurosurgery. 1987; 20: 143-147. https://doi.org/10.1097/
00006123-198701000-00030

[130] Zhang M, Zhang H, Li P, Li J. Effect of transcutaneous elec-
trical acupoint stimulation on the quality of postoperative re-
covery: a meta-analysis. BMC Anesthesiology. 2024; 24: 104.
https://doi.org/10.1186/s12871-024-02483-z

[131] Xiong ZY, Yan SY, Liu SX, Liu ZS. Early improvement to
electroacupuncture at week 3 predicts ultimate response in pa-
tients with chronic severe functional constipation. Journal of In-
tegrative Medicine. 2025; 23: 274-281. https://doi.org/10.1016/
j.joim.2025.04.004

[132] Lin SS, Zhou B, Chen BJ, Jiang RT, Li B, Illes P, et al. Elec-
troacupuncture prevents astrocyte atrophy to alleviate depres-
sion. Cell Death & Disease. 2023; 14: 343. https://doi.org/10.
1038/s41419-023-05839-4

[133] Ulloa L. Electroacupuncture activates neurons to switch off
inflammation. Nature. 2021; 598: 573-574. https://doi.org/10.
1038/d41586-021-02714-0

[134] Choi KH, Yeon SH, Cho SJ, Kwon OS, Lee S, Seo SY, et al.
Biological safety of Electroacupuncture with STS316 needles.
BMC Complementary and Alternative Medicine. 2019; 19: 285.
https://doi.org/10.1186/s12906-019-2674-6

[135] Cummings M. Report of adverse event with electroacupunc-
ture. Acupuncture in Medicine: Journal of the British Medi-
cal Acupuncture Society. 2011; 29: 147—151. https://doi.org/10.
1136/acupmed-2011-010020

[136] Chuang KH, Zhou XA, Xia Y, Li Z, Qian L, Eeles E, et al.
Cholinergic basal forebrain neurons regulate vascular dynamics
and cerebrospinal fluid flux. Nature Communications. 2025; 16:
5343. https://doi.org/10.1038/s41467-025-60812-3

[137] Huang Z, Charalambous CC, Chen M, Kim T, Sokhadze E,
Song A, et al. Low intensity focused ultrasound stimulation in

17


http://doi.org/10.13702/j.1000-0607.190923
http://doi.org/10.13702/j.1000-0607.190923
https://doi.org/10.1002/ana.25604
https://doi.org/10.1002/ana.25604
https://doi.org/10.1038/s41380-025-03033-w
https://doi.org/10.1038/s41380-025-03033-w
https://doi.org/10.1118/1.3668316
https://doi.org/10.1118/1.3668316
https://doi.org/10.1056/NEJMoa1600159
https://doi.org/10.1017/S1041610224000085
https://doi.org/10.1016/j.clinph.2020.02.008
https://doi.org/10.1016/B978-0-444-64032-1.00037-0
https://doi.org/10.1016/B978-0-444-64032-1.00037-0
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2014.05.021
https://doi.org/10.1016/j.clinph.2019.03.016
https://doi.org/10.1016/j.clinph.2019.03.016
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.1016/j.brs.2022.05.002
https://doi.org/10.1016/j.brs.2022.05.002
https://doi.org/10.1089/pho.2016.4227
https://doi.org/10.1089/pho.2016.4227
https://doi.org/10.1117/1.NPh.11.1.010601
https://doi.org/10.1117/1.NPh.11.1.010601
https://doi.org/10.3390/healthcare11070938
https://doi.org/10.3390/healthcare11070938
https://doi.org/10.1016/j.bbrc.2023.149331
https://doi.org/10.1017/S1461145710001690
https://doi.org/10.1017/S1461145710001690
https://doi.org/10.1097/00006123-198701000-00030
https://doi.org/10.1097/00006123-198701000-00030
https://doi.org/10.1186/s12871-024-02483-z
https://doi.org/10.1016/j.joim.2025.04.004
https://doi.org/10.1016/j.joim.2025.04.004
https://doi.org/10.1038/s41419-023-05839-4
https://doi.org/10.1038/s41419-023-05839-4
https://doi.org/10.1038/d41586-021-02714-0
https://doi.org/10.1038/d41586-021-02714-0
https://doi.org/10.1186/s12906-019-2674-6
https://doi.org/10.1136/acupmed-2011-010020
https://doi.org/10.1136/acupmed-2011-010020
https://doi.org/10.1038/s41467-025-60812-3
https://www.imrpress.com

stroke: A phase I safety & feasibility trial. Brain Stimulation.
2025; 18: 179-187. https://doi.org/10.1016/j.brs.2025.01.015

[138] Jiang X, Fan L, Zhu W, Xiu Y, Liu Y. Differential effects of
high-frequency repetitive transcranial magnetic stimulation over
the left and right dorsolateral prefrontal cortex for post-stroke
cognitive impairment. Neurological Sciences: Official Journal
of the Italian Neurological Society and of the Italian Society of
Clinical Neurophysiology. 2025; 46: 3157-3164. https://doi.or
2/10.1007/s10072-025-08123-9

[139] Fradkin Y, Anguera JA, Simon AJ, De Taboada L, Steingold
E. Transcranial photobiomodulation for reducing symptoms of
autism spectrum disorder and modulating brain electrophysiol-
ogy in children aged 2-7: an open label study. Frontiers in Child
and Adolescent Psychiatry. 2025; 4: 1477839. https://doi.org/
10.3389/frcha.2025.1477839

[140] Krauel K, Brauer H, Breitling-Ziegler C, Freitag CM, Luck-
hardt C, Miihlherr A, et al. Prefrontal Transcranial Direct Cur-
rent Stimulation in Pediatric Attention-Deficit/Hyperactivity
Disorder: A Randomized Clinical Trial. JAMA Network Open.
2025; 8: €2460477. https://doi.org/10.1001/jamanetworkopen.
2024.60477

[141] Blanco-Duque C, Chan D, Kahn MC, Murdock MH, Tsai LH.
Audiovisual gamma stimulation for the treatment of neurode-
generation. Journal of Internal Medicine. 2024; 295: 146-170.
https://doi.org/10.1111/joim.13755

[142] Hollifield M, Hsiao AF, Smith T, Calloway T, Jovanovic T,
Smith B, et al. Acupuncture for Combat-Related Posttraumatic
Stress Disorder: A Randomized Clinical Trial. JAMA Psychia-
try. 2024; 81: 545-554. https://doi.org/10.1001/jamapsychiatry
.2023.5651

[143] Toft-Bertelsen TL, Larsen BR, Christensen SK, Khandelia H,
Waagepetersen HS, MacAulay N. Clearance of activity-evoked
K* transients and associated glia cell swelling occur indepen-
dently of AQP4: A study with an isoform-selective AQP4

18

inhibitor. Glia. 2021; 69: 28-41. https://doi.org/10.1002/glia
23851

[144] Varricchio A, Ramesh SA, Yool AJ. Novel Ion Channel Targets
and Drug Delivery Tools for Controlling Glioblastoma Cell In-
vasiveness. International Journal of Molecular Sciences. 2021;
22: 11909. https://doi.org/10.3390/ijms222111909

[145] Ayyappan K, Unger L, Kitchen P, Bill RM, Salman MM.
Measuring glymphatic function: Assessing the toolkit. Neural
Regeneration Research. 2026; 21: 534-541. https://doi.org/10.
4103/NRR.NRR-D-24-01013

[146] Taoka T, Ito R, Nakamichi R, Nakane T, Kawai H, Naganawa
S. Diftusion Tensor Image Analysis ALong the Perivascular
Space (DTI-ALPS): Revisiting the Meaning and Significance of
the Method. Magnetic Resonance in Medical Sciences: MRMS:
an Official Journal of Japan Society of Magnetic Resonance in
Medicine. 2024; 23: 268-290. https://doi.org/10.2463/mrms.rev
.2023-0175

[147] Roefs ECA, Eiling I, de Bresser J, van Osch MJP, Hirschler
L. BOLD-CSF dynamics assessed using real-time phase con-
trast CSF flow interleaved with cortical BOLD MRI. Fluids and
Barriers of the CNS. 2024; 21: 107. https://doi.org/10.1186/
$12987-024-00607-8

[148] Kim J, Yoon T, Kim P, Bekhbat M, Kang SM, Rho HS, et al.
Manufactured tissue-to-tissue barrier chip for modeling the hu-
man blood-brain barrier and regulation of cellular trafficking.
Lab on a Chip. 2023; 23: 2990-3001. https://doi.org/10.1039/
d31c00124¢

[149] Huang W, Zhang Y, Zhou Y, Zong J, Qiu T, Hu L, et al. Glym-
phatic Dysfunction in Migraine Mice Model. Neuroscience.
2023; 528: 64-74. https://doi.org/10.1016/j.neuroscience.2023.
07.027

[150] Tu, Fang Y, Li G, Xiong F, Gao F. Glymphatic System Dys-
function Underlying Schizophrenia Is Associated With Cogni-
tive Impairment. Schizophrenia Bulletin. 2024; 50: 1223-1231.
https://doi.org/10.1093/schbul/sbac039

&% IMR Press


https://doi.org/10.1016/j.brs.2025.01.015
https://doi.org/10.1007/s10072-025-08123-9
https://doi.org/10.1007/s10072-025-08123-9
https://doi.org/10.3389/frcha.2025.1477839
https://doi.org/10.3389/frcha.2025.1477839
https://doi.org/10.1001/jamanetworkopen.2024.60477
https://doi.org/10.1001/jamanetworkopen.2024.60477
https://doi.org/10.1111/joim.13755
https://doi.org/10.1001/jamapsychiatry.2023.5651
https://doi.org/10.1001/jamapsychiatry.2023.5651
https://doi.org/10.1002/glia.23851
https://doi.org/10.1002/glia.23851
https://doi.org/10.3390/ijms222111909
https://doi.org/10.4103/NRR.NRR-D-24-01013
https://doi.org/10.4103/NRR.NRR-D-24-01013
https://doi.org/10.2463/mrms.rev.2023-0175
https://doi.org/10.2463/mrms.rev.2023-0175
https://doi.org/10.1186/s12987-024-00607-8
https://doi.org/10.1186/s12987-024-00607-8
https://doi.org/10.1039/d3lc00124e
https://doi.org/10.1039/d3lc00124e
https://doi.org/10.1016/j.neuroscience.2023.07.027
https://doi.org/10.1016/j.neuroscience.2023.07.027
https://doi.org/10.1093/schbul/sbae039
https://www.imrpress.com

	1. Introduction
	2. Introduction of the Glymphatic System and Meningeal Lymphatic Vessels
	2.1 Anatomy and Physiology of Meningeal Lymphatic Vessels
	2.2 Structure and Basic Function of the Glymphatic System

	3. Key Determinants of Glymphatic System Function
	3.1 Aquaporin-4 (AQP4)
	3.2 Arterial Pulsation
	3.3 Others

	4. Modulating Glymphatic System Function via Non-invasive Brain Stimulation Techniques
	4.1 Focused Ultrasound (FUS)
	4.2 Repetitive Transcranial Magnetic Stimulation (rTMS)
	4.3 Transcranial Photobiomodulation (tPBM)
	4.4 Transcranial Direct Current Stimulation
	4.5 Transcranial Vibration Stimulation (TVS)
	4.6 Multisensory Gamma Stimulation
	4.7 Non-Invasive Mechanical Stimulation
	4.8 Electroacupuncture

	5. Comparison of NIBS Methods for Glymphatic System Modulation
	5.1 Efficacy Trends Across Techniques
	5.2 Practical Considerations: Feasibility, Safety, and Cost

	6. Conclusions and Future Directions
	Abbreviations
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Declaration of AI and AI-Assisted Technologies in the Writing Process
	References

