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ABSTRACT: This Perspective paper is motivated by a novel understanding of the human glymphatic
system (GS) functional anatomy, its critical role in Alzheimer’s disease (AD), Parkinson’s disease (PD),
and other neurodegenerative and autoimmune disorders, as well as by novel therapeutic possibilities
critically relevant in enhancing the GS function and its healing. Non-invasive transcranial magnetic
stimulation (TMS) technology and administration of cell-free extracellular vesicles (EVs) in clinical
conditions may well constitute potentially synergistic, versatile, and effective next generation
neurotherapeutic approaches to treat human GS dysfunctions. Brain stimulation approaches, such as TMS,
act upon brain circuits, which have been strongly considered candidate endophenotypes and factual targets
in neuromodulation interventions using multimodal neuroimaging. The dorsolateral prefrontal cortex
(DLPFC) has been proposed as a potential target for neuromodulating the GS, a fluid-compartment
mechanism involved in waste disposal that is not entirely elucidated in humans, yet considered of critical
importance for the normal functioning of the brain and a key factor for its dysfunction in such
neurodegenerative conditions as Alzheimer’s disease (AD) and Parkinson’s disease (PD). Likewise, EVs
have been proposed as potential GS therapeutic agents, given their capability to traverse the blood-brain
barrier (BBB), reduce neuroinflammation, increase cellular communication and central nervous system
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(CNS) homeostasis, and promote healing. The combined effect of TMS-EEG (TMS-
Electroencephalography), and EV approach is putatively complementary, and thus we envision their
combined use as a promising, versatile, and potentially effective next generation neurotherapeutic strategy to
treat human GS dysfunctions and to become a powerful asset in the treatment of neurodegenerative and
autoimmune disorders. Furthermore, anatomically accurate neuroimaging-based navigation of TMS and the
assessment of GS functionality via diffusion tensor imaging analysis along the perivascular space (DTI-ALPS)
enable precision-medicine personalized interventions in these disorders. On these grounds, we formulate a
hypothesis-driven conceptual framework connecting neurocircuitry-based neuromodulation, EV-mediated
neuroimmune effects, and DTI-ALPS assessable glymphatic function to identify directions for future
experimental and translational clinical research.

Keywords: Glymphatic system; EVs; TMS-EEG; AD; PD; COVID-19; Brain circuits; Neuroimaging
biomarkers

1. Introduction

The present Perspective follows a logical progression from fundamental biology to therapeutic
innovation. Given the hypothesis-driven rationale and the multifactorial nature of the processes involved,
we examine the emerging convergence of glymphatic physiology, extracellular vesicle (EV) biology, and
TMS, and we identify key knowledge gaps and critically review the mechanistic and experimental evidence
supporting the interaction of EVs and TMS. We present a logical framework that begins with the functional
anatomy of the glymphatic system (GS), followed by its dysfunction in neurodegenerative and autoimmune
disorders and the current neuroimaging approaches used to assess its function, with particular emphasis on
diffusion tensor image analysis along the perivascular space (DTI-ALPS). We then examine the therapeutic
potential of transcranial magnetic stimulation (TMS) and extracellular vesicles (EVs) for restoring GS
function, focusing on the mechanistic basis of their actions in the central nervous system and, in particular,
their effects and interactions with glymphatic physiology. Furthermore, we highlight the potential of a
neurocircuitry-guided, TMS-EEG biomarker approach to enable personalized interventions targeting
glymphatic dysfunction, and, finally we discuss existing evidence gaps, alternative hypotheses and testable
predictions in the context of the present framework for restoring glymphatic function with TMS and EVs.
The overall plan of this Perspective is illustrated in Table 1.

Table 1. Overall plan of this Perspective in an integral logical flow of concepts and central themes.

Step Concept Central Theme
1 GS Biology Functional anatomy and physiology of the glymphatic system
2 GS Dysfunction Impaired glymphatic function in neurodegenerative and autoimmune disorders
3 Assessment Neuroimaging biomarkers of GS function (DTI-ALPS)
4 TMS Neuromodulation to restore glymphatic function
5 EVs Extracellular vesicles as regenerative and immunomodulatory therapeutics
6 TMS & EVs Putative synergistic effects on glymphatic restoration

TMS EEG biomarkers for patient stratification, treatment optimization, and monitoring
for precision medicine and subject-specific circuit-based neuroimaging-guided TMS EEG
for personalized medicine

Precision and
Personalized Medicine

The flow of fluids in the central nervous system (CNS) is essential for maintaining physiological and
mental processes in the brain and maintaining its homeostatic balance. This continuous brain fluid flow,
which is mainly driven by arterial pulsations, is characterized by the influx of cerebrospinal fluid (CSF)
from the subarachnoid space into the Virchow—Robin spaces and then to the brain parenchyma, facilitated
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by the astrocytic aquaporin-4 (AQP4) water channels en route to the perivenous spaces and finally to the
meningeal lymphatic vessels and cervical lymph nodes [1,2]. Because of its functional similarity to the
peripheral lymphatic system, namely performing perivascular exchange with waste clearing, it has been
named “glymphatic system” (GS) [1,2]. The activity of the GS is noticeably enhanced during restorative
sleep [3]. In addition to sleep, metabolite clearance from the adult brain is facilitated by exercise. Over time,
impaired glymphatic function due to insufficient or non-restorative sleep has been associated with
accelerated cognitive decline, increased burden of neuroinflammation, and heightened incidence of
neurological disorders. In the context of neuromodulation research, these findings underscore the
importance of considering sleep quality and glymphatic-immune interactions as key modulators of
therapeutic efficacy, thereby reinforcing the potential of network-targeted TMS interventions to restore
physiological mechanisms of brain clearance and neuroimmune regulation. Thus, the GS and its flow
dynamics, which were originally discovered and described in the murine brain [1,2,4,5], are currently an
active field of study in humans, especially using non-invasive techniques such as neuroimaging. EVs have
also been proposed as potential glymphatic system therapeutic agents, given their capability to traverse the
blood-brain barrier (BBB), reduce neuroinflammation, increase cellular communication and central
nervous system (CNS) homeostasis, and promote healing. Given its role in clearance and removal of
amyloid beta, tau protein and several other noxious or waste substances and metabolic by-products from
the brain parenchyma as well as in immune surveillance [6], the study of the GS is currently considered
critically important for developing treatments of neurodegenerative diseases such as Alzheimer’s disease
(AD) or Parkinson’s disease (PD) as well as brain tumors such as glioblastoma. Collectively, we envision
that the synergistic combination of TMS and EV-based therapies represents a promising next-generation,
versatile neurotherapeutic strategy for targeting the human glymphatic system, with broad potential
applications in the treatment of neurodegenerative and autoimmune disorders.

2. Relevant Sections
2.1. The Glymphatic System (GS) in Health and Disease

2.1.1. The Structural and Functional Anatomy of the Human Glymphatic System (GS) and Its Relevance
in Brain Clearance and Neuroimmune Interactions

The brain’s fluid system comprises several compartments and barriers (e.g., [7]), including the
intracellular fluid (ICF; 60-68%), interstitial fluid (ISF) or extracellular fluid (12-20%), blood (10%), and
cerebrospinal fluid (CSF; 10%) compartments [7-9]. The blood—brain barrier (BBB) separates blood from
the ISF, whereas the blood—CSF barrier separates blood from CSF, tightly regulating the passage of
macromolecules into the brain parenchyma. The glymphatic system (GS) is a brain-wide perivascular
clearance pathway functionally analogous to the peripheral lymphatic system [1,2]. Driven primarily by
arterial pulsations, CSF flows from the subarachnoid space into the Virchow—Robin spaces, enters the brain
parenchyma through astrocytic aquaporin-4 (AQP4) water channels, and exits via the perivenous spaces to
the meningeal lymphatic vessels and cervical lymph nodes [1,2,4]. This process is critically dependent on
perivascular astroglial AQP4 channels. Recent advances have substantially refined the structural and
functional anatomy of the GS, identifying distinct anatomical zones that regulate fluid circulation and are
selectively vulnerable to pathological disruption, resulting in impaired waste clearance, edema formation,
and immune dysregulation (see e.g., [5,6,10]). The GS consists of four functional segments as illustrated in
Figure 1. S1, periarterial influx, corresponding to the Virchow—Robin space between the arterial vascular
adventitia (AVA) and pia mater (PM); S2, CSF-ISF exchange, where the pia mater gradually disappears,
permitting direct interaction between CSF and ISF; S3, perivenous efflux, where CSF-ISF exits along
perivenous spaces bordered by the external limiting membrane (ELM) and venous vascular adventitia
(VVA); and S4, meningeal perivenous drainage, in which fluid continues through subarachnoid perivenous
spaces before draining into the meningeal lymphatic vessels (MLVs). Each segment has distinct structural
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and functional roles in CSF—ISF exchange [10]. Because the GS clears amyloid-f, tau, and other neurotoxic
metabolites while contributing to immune surveillance [6], it has become a major therapeutic target in
neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and brain tumors,
including glioblastoma. Glymphatic activity is markedly enhanced during restorative sleep [3] and
facilitated by exercise. Conversely, sleep fragmentation, chronic insomnia, and sleep-disordered breathing,
including obstructive sleep apnea, impair glymphatic influx and clearance by disrupting slow-wave sleep,
adrenergic downregulation, and intracranial pressure dynamics. Consequently, impaired clearance of
amyloid-B, phosphorylated tau, and inflammatory mediators promotes chronic neuroinflammation,
accelerates cognitive decline, and increases susceptibility to neurodegenerative disease.

Figure 1. The anatomy of the glymphatic system (GS) with its four compartments (i.e., S1, S2, S3, and S4). Abbreviations—A:
arachnoid; AVA: arterial vascular adventitia; DM: dura mater; ELM: external limiting membrane; MLV: meningeal lymphatic
vessel; PM: pia mater; SAS: subarachnoid space; VVA: venous vascular adventitia. See text for further details. Adapted with
permission from [10].

2.1.2. GS Role in Neurological, Psychiatric, and Neuroimmune Disorders

The GS’s role in brain waste clearance, its interplay with neuroimmune mechanisms, including
immune surveillance and neuroinflammation, and their crosstalk contribute to neurodegenerative disease
pathophysiology. Brain stimulation approaches, such as transcranial magnetic stimulation (TMS), have
been successfully used recently in GM therapeutics, applied to cortically located targets in different regions
throughout the cerebral cortex of the human brain, particularly the dorsolateral prefrontal cortex (DLPFC)
and parietal cortex. An alternative mechanism in modulating the GS function could be via TMS of
autonomic brainstem centers responsible for its innervation, in particular, the centers of the parasympathetic
system which are responsible for vasodilation and the facilitation of glymphatic fluid flow dynamics. There
are currently several clinical disorders in which the GS is involved due to its abnormal clearance.
Neurodegenerative diseases are prominent among these disorders. More specifically, in Alzheimer’s
disease (AD), AB- and tau- protein accumulation, sleep abnormalities, and AQP4 depolarization alter
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glymphatic clearance (e.g., [11-13]). A recent study [14] investigated changes in the DTI analysis along
the perivascular space (DTI-ALPS) index following theta-burst stimulation (TBS) in older adults with mild
cognitive impairment (MCI) [14]. Likewise, in Parkinson’s disease (PD) [15,16], Huntington’s disease
(HD), and amyotrophic lateral sclerosis (ALS), there have been demonstrated glymphatic fluid dynamic
abnormalities as shown in detail in Table 2. Furthermore, glymphatic dysfunction has also been implicated
in various acute central nervous system (CNS) injuries, such as stroke, traumatic brain injury (TBI) and
idiopathic normal pressure hydrocephalus (iNPH), as well as pathologies related to inflammation levels,
summarized in Table 2 (from [11,12,17], modified). Last but not least, anatomical and functional
disturbances in the GS are increasingly recognized as contributors to the pathophysiology of glioblastoma
(GBM). In particular, tumor-induced compression, glial proliferation, and vascular disorganization disrupt
directional perivascular flow and glymphatic clearance, changes that are most pronounced in the CSF-ISF
exchange (S2) and perivenous efflux (S3) regions, with reduced meningeal outflow in the newly defined
S4 zone as reported in glioma [10,17-20]. Advanced MRI techniques have revealed significantly reduced
glymphatic activity in GBM patients, correlating with interstitial fluid retention and peritumoral edema [21].
These disruptions are closely associated with changes in AQP4 expression and distribution. In healthy brain
tissue, AQP4 is highly polarized at astrocytic end-feet lining the perivascular spaces, facilitating the
exchange of CSF and ISF and the clearance of metabolic waste [22,23]. In GBM, however, AQP4 becomes
disorganized—often redistributed throughout the astrocytic membrane or even overexpressed in tumor
cells—thereby compromising tumor-associated perivascular fluid transport [10,23,24]. Finally, it should be
noted that current neuroimaging appears to be a potential avenue for assessing GS fluid dynamics, both in
normality and in clinical conditions (e.g., [14]).

Table 2. Neurological conditions with demonstrated glymphatic fluid dynamic abnormalities. Modified from [11,12,17].

Neurodegenerative Diseases
Alzheimer’s Disease: AB and tau accumulation; sleep disturbances and AQP4 depolarization impair glymphatic clearance.

Parkinson’s Disease: a-syn accumulation; dopaminergic neuron loss; glymphatic dysfunction linked to REM sleep and

circadian disruption.
ALS: TDP-43 deposition; AQP4 mis localization; reactive gliosis impairs waste clearance.
Huntington’s Disease: Not detailed, but protein aggregation likely involves glymphatic dysfunction.

Acute CNS Injuries

Traumatic Brain Injury (TBI): Impaired glymphatic clearance of Af, tau, GFAP; AQP4 depolarization; sleep disruption

worsens accumulation.

Stroke: CSF circulation blockage; AQP4 expression changes; local ischemia exacerbates protein deposition and
neuroinflammation.
INPH: CSF accumulation, AQP4 depolarization, sleep apnea; impaired glymphatic clearance contributes to dementia
symptoms.

Sleep alterations, including post-COVID-19 sleep disorder

Glymphatic dysfunction linked to sleep disturbances, depression, bipolar disorder, and migraines.
Astrocyte dysfunction and altered AQP4 expression contribute to protein accumulation and abnormal neuronal signaling.

2.2. The Role of Neuroimaging in GS Assessment and Clinical Research

Recent reports indicate that GS flow can be assessed by current neuroimaging. The understanding of
this field surged from experimental animal studies using neuroimaging to study glymphatic system flow
dynamics. Specifically, Iliff and colleagues in three subsequent studies in rodents using in-vivo two-photon
microscopy [1,2] and dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) [4]
demonstrated the flow of perivascular CSF influx in the brain tissue and ISF clearance and the association
of this flow to the astroglial water channel AQP4 as well as the physiological dependence of this flow to
cerebral arterial pulsation. Furthermore, in a fourth study, they showed clinical relevance of their discovery,
indicating that “perivascular CSF influx and interstitial solute efflux, including the clearance of amyloid
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beta, are more rapid in the sleeping compared to the waking brain” [3]. These findings in the murine
experimental animal model epitomize in a succinct fashion the relevance of the glymphatic system flow
dynamics in normality and clinical conditions. In translating to humans from the experimental animal model
using neuroimaging, the most direct representation has been the utilization of intrathecal gadolinium-based
contrast agents [2,6,25]. Furthermore, the activity of the glymphatic system is noticeably enhanced during
sleep [3] and facilitated by exercise. Translation of these original observations in rodents has been achieved
in humans, where MRI studies have demonstrated waves of CSF flow during deep sleep paired with neural
and vascular oscillations [6,26,27]. Given these realizations, the glymphatic system and its flow dynamics
are currently active areas of study in humans, particularly using neuroimaging. These methods could be
used for early diagnosis, prevention, and monitoring of treatments of different clinical conditions [28].
Neuroimaging for clinical glymphatic examinations in humans is feasible, but we must keep in mind that
we need to develop acquisition protocols that are convenient for patients. Although contrast agents, such
as gadolinium, can be used in humans, several practical limitations make their use challenging [28]. Instead,
diffusion-weighted imaging (DWI) techniques seem more promising in the study of glymphatic system
flow dynamics. These include a diffusion tensor imaging (DTI) technique that measures water diffusion
along the perivascular space, thus named diffusion tensor imaging analysis along the perivascular space
(DTI-ALPS), a high index of which indicates an effective waste clearance through the glymphatic system.
It has also been demonstrated using DTI that water diffusivity increases during night sleep in healthy
subjects [29]. Nevertheless, it should be noted that although MRI research in glymphatic flow dynamics is
still in its initial phases, several imaging modalities such as intravenous GBCA-enhanced MRI, PET/single-
photon emission computed tomography (SPECT), and contrast-free MRI techniques [6] seem potentially
worthwhile techniques in studying CSF and glymphatic flow dynamics. Overall, there is active research in
imaging cranial fluid dynamics and experimental mechanistic models of the glymphatic flow, trying to
translate our understanding from animal research to human clinical implementation, in particular using
contrast-free MRI techniques [30]. Importantly, phase contrast MRI (PC-MRI) can measure cerebral blood
or CSF flow dynamics and could potentially be used for the detection of glymphatic system flow
abnormalities in clinical conditions [28,31-33]. Apparently, diffusion-weighted imaging (DWI) techniques
are the most popular approach for studying glymphatic system flow dynamics in humans, given the possibility
of retrospective analysis of accessible DTI datasets [6]. Prospectively, DWI appears to have additional
potential to address a critically important mechanistic aspect of the GS flow, namely the flow at the level of
astroglial AQP4 water channels, once technological improvements allow the implementation of DWI
acquisition protocols with appropriate spatial resolution, effectively solving this challenging problem.

2.3. Putative Therapeutic Approaches of the Human Glymphatic System—The Effects of TMS and EVs in
the CNS and a Hypothesis for a Next Generation Combinatorial Therapeutic Approach in Human GS
Dysfunctions

2.3.1. The Effects of TMS in the CNS and the Human GS and Neurocircuitry TMS EEG-Based
Biomarkers for GS Treatments

Recent advances in an array of fields, such as bioengineering and molecular biology, have brought us
to the realization that we can make unprecedented breakthroughs in medicine. With respect to the topic of
this perspective paper, there have been significant recent discoveries in non-invasive neuromodulation
technology (TMS) and magnetic resonance imaging (MRI) of the central nervous system (CNS) that
address novel therapeutic approaches for GS in humans. The TMS electroencephalography (TMS EEQG)
biomarkers approach has recently become a means to obtain a new understanding of the causal chains of
neuronal signaling. Importantly, TMS EEG biomarkers can be implemented for the diagnosis of diseases
and the assessment of treatment in neurotherapeutics, specifically using neuromodulation. Brain stimulation
approaches, such as TMS, act on brain circuits that have been strongly considered candidate
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endophenotypes and actual targets in neuromodulation interventions, as revealed by multimodal
neuroimaging. Novel technological advancements in TMS, such as multi-locus TMS (mTMS) [34],
demonstrate the capability to engage with established neuroanatomical circuits. Furthermore, improved
access to specific brain circuits by mTMS, coupled with recently achieved precise mapping of specific
cortical-subcortical circuits using multimodal neuroimaging [35], enables new experimental possibilities in
the neuromodulation of specific brain networks, including those involved in modulating the GS. At a
mechanistic level, the glymphatic system is regulated predominantly by neurochemical mechanisms rather
than by direct neural innervation. Its activity is dynamically modulated by autonomic signaling, the sleep—
wake cycle, aging, genetic factors, and body posture. Glymphatic function is enhanced during sleep, when
reduced noradrenergic tone promotes astrocytic relaxation, expansion of perivascular spaces, and increased
cerebrospinal fluid—interstitial fluid exchange, thereby facilitating metabolic waste clearance [36-39]. In
contrast, heightened sympathetic activity during wakefulness suppresses glymphatic transport, whereas
parasympathetic signaling promotes glymphatic flow by modulating cerebral vascular pulsatility and
cerebrospinal fluid dynamics [36]. In normality, the autonomic nervous system (ANS) pathways play an
important role in reducing glymphatic function during wakefulness via sympathetic activation and
increasing glymphatic flow via parasympathetic (vagal) activation, which is more pronounced during sleep.
Importantly, these ANS circuits have been demonstrated recently in humans using multimodal
neuroimaging, specifically TIW/T2W MRI and diffusion MRI (dMRI) tractography [40,41]. Although still
challenging, by modulating these circuits using TMS and, necessarily, with the aid of multimodal
neuroimaging for their precise localization and targeting, we could potentially enhance glymphatic function.
Furthermore, the targeted interventions may improve sleep dynamics, with consequent boost to glymphatic
activity. It should be noted that stimulation of subcortical nuclei can be done directly or indirectly by
targeting cortical areas with known connections to specific subcortical structures. Integrating TMS EEG
biomarkers with neuroimaging has the potential to enable circuit-specific neuromodulation with
unprecedented precision, facilitating personalized treatment strategies tailored to an individual's clinical
characteristics, biological profile, preferences, lifestyle, and social context while strengthening the
physician—patient relationship. By further incorporating genetic, molecular, phenotypic, and environmental
data, this framework could stratify patients into biologically defined subgroups, thereby optimizing
prevention and therapeutic interventions. Rather than designing unique treatments for every individual, this
precision and personalized medicine approach aims to deliver the most effective intervention to patients
who share common biological characteristics. Accordingly, neuroimaging-guided TMS-EEG biomarkers
that identify circuit-specific therapeutic targets may represent a key foundation for advancing precision and
personalized neuromodulatory interventions (Table 1). By applying theta-burst stimulation (TBS), a type
of TMS pulse sequence, over the left parietal cortex, a therapeutic effect has been demonstrated recently,
characterized by memory improvement, in a population of subjects with mild cognitive impairment (MCI)
[14]. Importantly, Sundman and colleagues (2025) reported that memory improvements correlated with
high indices in DTI-ALPS, indicating a significant improvement in waste removal and, thus, in increased
clearance efficiency of the GS in these subjects [14]. Neurocircuitry TMS EEG-based biomarkers
characterized by neuroimaging. One of the principal goals of modern neuroscience is to elucidate the
neurobiological basis of behavior [42]. In this conceptual framework, the brain circuits are considered the
elementary hardwired units in the brain that underlie every behavior carried out by an organism.
Fundamentally, systems biology is thought through as the endophenotypes or biomarkers acting as an
interface between behavior and the genome [43-47] (Figure 2). In terms of functional neuroanatomy
assessment of behavior responses, the combination of structural circuit anatomy and the
electrophysiological response of this circuit are two necessary parameters. This can be achieved with
combined neuroimaging characterization of brain circuits and subsequent TMS EEG examination, an
approach that allows the determination of a brain circuit both, structurally and functionally. This approach
allows us to stimulate a specific brain circuit based on its identity and not just in terms of the topographic
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location or proximity of the cortical target zone of stimulation [35,48]. This is a conceptual matter of
significant relevance and consequences, given that the true biomarker associated with a specific behavior
is not the cortical area of stimulation but, instead the stimulated specific brain circuit. The TMS
electroencephalography (TMS EEG) biomarkers approach has become recently a means to obtain new
understanding of the causal chains of neuronal signaling in the brain [35]. The determination of the target
and brain circuit associated with that target can be done by multimodal neuroimaging, specifically
TIW/T2W MRI and diffusion MRI tractography [35]. Thus, the efficient application of this approach
requires neuroimaging acquisitions and analysis prior to the TMS intervention. We have elaborated in detail
on this topic in a recent publication of our group [35].

Environment

g (factors that control rapid
(DNA coding : and reversible gene expression
and regulatory regions) in response to the environment)

Genome * * Epigenome

i
/

Tat

Distributed Groups 2

Groups of Cells i
LS

Systems
Biology

Figure 2. Systems-biology model illustrating the reciprocal interactions among the genome, epigenome, environment, cellular
organization, distributed neural networks, and behavior. Environmental factors may induce rapid and potentially reversible
epigenetic changes, whereas neural activity and behavior can, in turn, influence gene-expression processes. Adapted with
permission from [47].

2.3.2. The Effects of EVs in the CNS and the Human GS

On a different front, advances in molecular biology, stem cell research (MSCs and EVs), and tissue
engineering have fostered the development of novel therapeutic strategies for CNS regeneration and repair
in experimental non-human primates and rodents, with remarkable results and significant translational
potential (e.g., [49-51]). Extracellular vesicles (EVs) [52] are nano-sized (30—100 nm), bilipid membrane
vesicles released by mesenchymal stem cells (MSCs) that mediate paracrine signaling by delivering
bioactive molecules to nearby cells. Unlike MSCs, which are multipotent adult stem cells found in tissues
such as bone marrow, umbilical cord, and adipose tissue, EVs are cell-free agents, making them more
versatile for injectable therapies. Although first identified in the 1980s, EVs were recognized in the early
2000s as carriers of functional RNA capable of modifying recipient cells [53]. EVs are now regarded as
key mediators of intercellular communication with anti-inflammatory, homeostatic, and neuroregenerative
properties. They transport messenger RNA (mRNA), microRNA (miRNA), small interfering RNA
(siRNA), long non-coding RNA (IncRNA), extrachromosomal DNA, proteins, lipids, and other signaling
molecules [54], thereby promoting cell proliferation, inhibiting apoptosis, and enhancing tissue repair [55—
62]. Their ability to cross the blood-brain barrier (BBB), reduce neuroinflammation, improve cellular
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communication, and restore CNS homeostasis has led to their proposal as promising glymphatic system
therapeutic agents. Numerous preclinical studies support the therapeutic potential of EVs (e.g., [49,50]).
For example, Moore and colleagues (2019) demonstrated that intravenous administration of MSC-derived
EVs following experimentally induced cortical injury in non-human primates led to complete recovery of
fine hand motor function within 3—5 weeks, likely through attenuation of inflammation [51]. Early human
clinical trials, primarily using intravenous or intranasal EV administration, have also reported encouraging
outcomes in neurodegenerative disorders, including AD, PD, Lewy body dementia, amyotrophic lateral
sclerosis (ALS), as well as stroke and COVID-19 [63—67]. Despite these promising findings, important
challenges remain before EVs can achieve routine clinical use. Safety, standardization, manufacturing, and
regulatory concerns must be resolved before approval by the FDA (U.S. Food and Drug Administration) or
EMA (European Medicines Agency) (e.g., [68]). Moreover, although EVs exert beneficial
immunomodulatory effects, their role in immune regulation remains incompletely understood. Both
immune- and non-immune cell-derived EVs may exacerbate disease by modulating immune responses,
inflammatory signaling, and tissue injury; their effects depend on cellular origin, molecular cargo, and
microenvironment. (e.g., [68]). In a recent review, Wang and colleagues (2025) indicated that EVs are
promising therapeutic mediators that modulate disease processes by suppressing cancer progression,
reducing tissue damage, and promoting tissue repair in neurodegenerative, infectious, metabolic,
cardiovascular, and renal diseases [68]. As indicated in Table 3, EVs have been shown to be effective
therapeutic agents at a preclinical phase, which, however, has not been sufficiently corroborated yet at a
clinical phase. Nevertheless, being aware of this important limitation for clinical use individually or in
combination with TMS, their broad regenerative potential positions EVs among the most promising next-
generation therapies for CNS repair.

Table 3. Levels of Evidence for TMS, Extracellular Vesicle (EV)-Based Interventions, and Their Proposed Combination.

Domain TMS EVs TMS & EVs Evidence Gap
Mechanism Established  Established Emerging Plasticity; immune modulation Synergy unknown
Preclinical Strong Strong Moderate Improved recovery Need comparative studies
Glymphatic Indirect Indirect Hypothesis Autonomic/vascular effects No direct human proof

. . . Relati tributi
Neuroimmune Strong Strong Moderate Reduced inflammation crative contribution
unclear
.. . . TMS effective in select L .
Clinical Established  Early trials None Se e.c ive in selected No combination trials
disorders
Biomarkers TMS EV cargo None Promising markers Need multimodal validation
EEG/MRI g & Y v
Safety Established  Favorable Unknown Independent safety Combined safety unknown
. . Proof-of- . timi timi
Translation High Moderate rooto Strong rationale Op Hmize dose, timing,
concept biomarkers

Abbreviations: EVs, extracellular vesicles; TMS, transcranial magnetic stimulation.

2.4. A Hypothesis for a Synergistic TMS—EV Therapeutic Strategy Targeting the Human Glymphatic
System

In this Perspective, we propose that the combination of transcranial magnetic stimulation (TMS) and
extracellular vesicles (EVs) represents a next-generation, versatile therapeutic strategy for restoring
glymphatic system (GS) function. Our central hypothesis is that TMS and EVs interact synergistically,
producing therapeutic effects that exceed those achievable with either intervention alone. Recent advances
in molecular and cell-free EV biology, systems neuroscience, neuroimaging, brain circuit-based
endophenotyping, and non-invasive neuromodulation support this hypothesis. Although EV-based
therapies have not yet entered routine clinical practice, extensive preclinical studies have demonstrated
their remarkable regenerative potential and translational promise. We propose that the efficacy of TMS—
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EV combination therapy is determined by the degree of biological synergism between these interventions
and further optimized by treatment-related factors, including TMS stimulation parameters, EV source and
cargo, dosage, route of administration, and treatment timing.

Growing experimental evidence supports this concept. TMS combined with mesenchymal stem cells
(MSCs), the principal source of therapeutic EVs, enhances neuronal survival, suppresses
neuroinflammation, regulates ferroptosis-associated pathways, and improves functional recovery following
spinal cord injury and cerebral ischemia [69-71]. Cheng et al. (2024) further demonstrated that repetitive
TMS (rTMS) and MSCs synergistically inhibit neuroinflammation and neuronal PANoptosis during the
subacute phase of cerebral infarction, potentially through rTMS-mediated downregulation of the Repressor
Element-1 Silencing Transcription factor (REST), although the precise molecular pathways remain to be
established [71]. Mechanistically, the proposed synergism arises from complementary actions operating at
multiple biological scales. TMS primarily modulates neuronal circuits, autonomic activity, and
neurovascular function, whereas EVs act at the molecular level by delivering bioactive cargo—including
mRNAs, microRNAs, proteins, and lipids—that regulate gene expression, suppress apoptosis, attenuate
neuroinflammation, and promote tissue repair [53—62]. Importantly, TMS may also enhance glymphatic
transport through autonomic regulation. Reduced sympathetic noradrenergic tone together with increased
parasympathetic activity promotes astrocytic relaxation, enlargement of perivascular spaces, and increased
cerebrospinal fluid—interstitial fluid exchange, thereby facilitating metabolic waste clearance [36—39].
Because EVs readily cross the blood—brain barrier and restore cellular homeostasis, improved glymphatic
transport may enhance their distribution throughout the brain while simultaneously promoting the clearance
of inflammatory mediators and neurotoxic proteins. Conversely, the anti-inflammatory and
neurorestorative effects of EVs may potentiate the neurophysiological changes induced by TMS, creating
a reciprocal positive feedback loop that amplifies neuroprotection, neuroplasticity, and tissue repair.

The glymphatic system itself is regulated predominantly through neurochemical rather than direct
neural innervation. Its activity is dynamically influenced by autonomic signaling, the sleep—wake cycle,
aging, genetic factors, and body posture. Glymphatic function is maximal during sleep, when reduced
noradrenergic activity facilitates astrocytic relaxation and perivascular fluid exchange, whereas
sympathetic activation during wakefulness suppresses glymphatic transport. In contrast, parasympathetic
activation enhances cerebral vascular pulsatility and cerebrospinal fluid dynamics, thereby promoting
glymphatic flow [36-39]. These physiological mechanisms provide a plausible biological substrate through
which TMS could enhance glymphatic function. Collectively, these observations support a unified
therapeutic framework in which TMS optimizes the neural, autonomic, vascular, and glymphatic
environment, while EVs provide regenerative molecular signals that reinforce tissue repair. Their
integration has the potential to reduce neuroinflammation, protein aggregation, ferroptosis, and other forms
of regulated cell death while enhancing waste clearance, neuroplasticity, and functional recovery. Such a
multimodal strategy may accelerate the development of safe, mechanism-based therapies for neurological
disorders characterized by glymphatic dysfunction, including stroke, Alzheimer's disease, Parkinson's
disease, amyotrophic lateral sclerosis, Lewy body dementia, and potentially other neuroinflammatory
conditions [18,63—67,72—75]. Although EV therapy remains largely preclinical, ongoing clinical trials
support its translational potential. We therefore propose that combining precision TMS—particularly
targeting autonomic and parasympathetic circuits—with EV therapy represents a promising next-
generation approach for restoring glymphatic and neuroimmune homeostasis and improving clinical
outcomes across a broad spectrum of central nervous system diseases. The proposed framework is
illustrated in Figure 3, and its levels of evidence supporting TMS, EV-based therapies, and their proposed
combination are depicted in Table 3.



Immune Discov. 2026, 2(3), 10006. doi:10.70322/immune.2026.10006 110of 17

A Potential Therapeutic Framework For Next Generation Therapeutics Of The Human Glymphatic System

CENTRAL HYPOTHESIS EXPERIMENTAL EVIDENCE (Preclinical) DISTINCTION
TMS and EVs interact synergistically to restore /' THS 4 MSCS/EVspromots newroal s, EVIDENCE
23P2o  glymphatic and neuroimmune homeostasis ﬁ reduces neuroinfl fl the regulati What has been observed
¥t %2 and improve neurological outcomes. of ferroptoisrelated pathwaysrelevant to AD and PD, in models
o=, 40 improves functional recovery after spinal cord injury —
o ey Synergy arises from complementary actions across and cerebral ischemia in animal models and, A 4
u’;\ * .é O multiple biological scales and is optimized by key suppresses neuroinflammation and neuronal PROPOSED MECHANISM
90 90 treatment parameters (TMS settings, EV source/cargo, PANoptosis in the subacute phase of stroke,
9
dose, route, and timing). potentially via TMS-mediated downregulation of How the synergy may occur
BIRC6(Ma et al, 2022; Song et al, 2023; Cheng et al, 2024) 7(°uf hypothesis)

PROPOSED MECHANISM: MULTISCALE SYNERGISM |

—_— St
@ NEURAL CIRCUIT LEVEL © AUTONOMIC LEVEL © GLYMPHATIC LEVEL O MOLECULAR / CELLULAR LEVEL | © CLINICAL OUTCOME LEVEL 1
TMS modulates brain circuits TMS influences autonomic balance Enhanced glymphatic efficiency EVs deliver restorative cargo Enhanced recovery and resilience
3 AL. ¢ uls g g thet ?%%" Vi A v I Neuroinflammation ;
| (noradrenergic tone) (cholinergic tone) — CSFinflux s" S miRNA / IncRNA
3‘ \ 3 V' 1 Protein aggregation
i ‘ ( @ Proteins & 44
o | L] neurotoxicity
[ - ISF-CF exchange | & S g & o .
> ’ and waste clearance ’ o\ \ é"% ;= V' | Ferroptosis /
[ , e S AL [ PANoptosis [
Asts 0
‘ po md,':re ‘ “: 0 Other cargos V' 1 Neuroplasticity |
z i .~ V' 1 Cognitive & motor
O Perivascular \ 09"
| Q iy % - .m. % function
) : \ V' Improved quality
TMS modulates cortical and TMS reduces sympathetic °"_°’d""9 Improved autonomic balance promotes EVs cross the BBB and deliver bioactive of life
subcortical networks involved in | 3@ .enhan(ef P3’35Y’“P3"‘¢‘f‘ . perivascular space dynamics and CSF-ISF molecules that regulate gene expvessloﬂ The integrated effects result in sustained
cognition, affect, and autonomic activity, creating a neurophysiological exchange, enhancing clearance of suppress apoptosis and infl anproved logical
0 state favorable for glymphatic function metabolic waste and inflammat F <
regulation. : o ory and promote tissue repair and functlon and slowed disease progression ‘
and inflammation control. mediators. cellular homeosta T prog
L il 3 LS _A__across a range of neurological disorders. )
EE, wa— RECIPROCAL POSITIVE FEEDBACK:  Enhanced glymphatic clearance amplifies EV distribution and eficacy; EVs reinforce TMS-induced neurophysiological and anti-inflammatory effects. —4
TRANSLATIONAL VISION TARGET CONDITIONS NEXT STEPS VISION FOR THE FUTURE

A potentially safe, non-invasive,
cell-free, and precision
therapeutic strategy to
restore glymphatic and
neuroimmune homeostasis
in major neurological
disorders.

9 |

Ui

+ Optimize TMS parameters and EV characteristics Precision TMS guided
S 29 EV therapy will form a
3 000 . + Define timing, dose, and route for maximal synergy new generation of
. + Identify bomarkers o response e
that restore brain
Alzheimer's  Parkinson's Lewy body Cancer COVID-19 * Conduct rigorous preclinical studies clearance, reduce
disease disease ALS  dementia (braintumors) (neurological

complications)

neuroinflammation, and
* Advance to well-designed dlinical trials promote long-term

neurological health.

TMS sets the physiological stage. EVs deliver the molecular tools. Together, they restore the flow, balance, and resilience of the human glymphatic system.

A next generation therapeutic paradigm with broad impact.

Figure 3. A potential framework based on a hypothesis of a synergistic TMS-EV therapeutic intervention targeting the human
glymphatic system. In this model, TMS would exert vasodilatation and anti-inflammatory effects by downregulating the
orthosympathetic system and upregulating the parasympathetic system. EVs would exert a direct anti-inflammatory effect on the
GS. Abbreviations: TMS = transcranial magnetic stimulation. “ChatGPT (OpenAl, GPT-5.5) was used to assist in drafting and
refining conceptual figures and text. All scientific content interpretation, critical evaluation, and final editing were performed
and verified by the authors” [69-71].

2.5. Evidence Gaps, Alternative Hypotheses, and Testable Predictions in the Context of the Present
Framework for Restoring Glymphatic Function with TMS and EVs

Evidence gaps although accumulating evidence implicates glymphatic dysfunction in neurological
disease, direct evidence that transcranial magnetic stimulation (TMS) enhances glymphatic function in
humans remains incomplete. The mechanisms underlying TMS—glymphatic and extracellular vesicle (EV)—
glymphatic interactions are not fully defined, the optimal parameters for combined TMS and EV therapy
remain unknown, and DTI-ALPS and TMS-EEG require further validation as biomarkers of glymphatic
function and treatment response. Alternative hypotheses The therapeutic effects of TMS may primarily
reflect modulation of neural circuits, neurovascular coupling, or sleep-dependent processes independent of
glymphatic function, whereas EVs may act predominantly through immunomodulatory and
neuroregenerative, and neurorepair mechanisms. Moreover, the combined effects of TMS and EVs may be
additive rather than synergistic, and glymphatic dysfunction may represent a consequence rather than a
primary driver of disease. Testable predictions If the proposed framework is correct, combined TMS and
EV therapy should enhance glymphatic function beyond either intervention alone, with concomitant
improvements in DTI-ALPS and TMS-EEG biomarkers, reductions in pathological protein accumulation
and neuroinflammation, and superior clinical outcomes. Furthermore, patients with the greatest baseline
glymphatic impairment should derive the greatest therapeutic benefit. Finally, it should be noted that the
successful clinical translation of a combined TMS-EV therapeutic strategy will require systematic
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optimization of its organizational and methodological framework, including treatment protocols, temporal
coordination between neuromodulation and EV administration, dose selection, treatment frequency, and
compatibility among administration routes. Defining these parameters will be essential for ensuring
reproducibility, safety, and therapeutic efficacy across clinical settings. The evidence gaps, alternative
hypotheses, and testable predictions of the proposed framework in this Perspective are illustrated in Figure 4.

A Framework for Restoring Glymphatic Function with TMS & EVs

o (2] © (4] (5] (6] (7]
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Figure 4. Evidence gaps, alternative hypotheses and testable predictions in the context of the present framework for restoring
glymphatic function with TMS and EVs. Abbreviations: GS = glymphatic system; TMS = transcranial magnetic stimulation;
EVs = extracellular vesicles. “ChatGPT (OpenAl, GPT-5.5) was used to assist in drafting and refining conceptual figures and
text. All scientific content interpretation, critical evaluation, and final editing were performed and verified by the authors”.

3. Conclusions

The discovery of the glymphatic system (GS) has fundamentally advanced our understanding of brain
homeostasis by revealing a dynamic clearance network that is tightly coupled to neuroimmune regulation.
Increasing evidence indicates that glymphatic dysfunction and neuroinflammation reinforce one another in a
self-perpetuating cycle that contributes to the pathogenesis and progression of numerous neurological disorders,
including Alzheimer's disease, Parkinson's disease, multiple sclerosis, stroke, and other neurodegenerative
conditions [16,76]. Consequently, therapeutic strategies that simultaneously restore glymphatic function and
neuroimmune homeostasis represent an important opportunity for disease modification.

In this Perspective, we propose a potential next-generation therapeutic framework based on the putative
synergistic integration of transcranial magnetic stimulation (TMS) and extracellular vesicles (EVs). As
illustrated in Figure 3, we hypothesize that TMS and EVs act through complementary mechanisms across
multiple biological scales. TMS primarily modulates neural circuits, autonomic function, and glymphatic
dynamics, thereby creating a physiological environment that favors waste clearance and tissue repair. In
parallel, EVs deliver regenerative molecular cargo that suppresses neuroinflammation, promotes
neuroprotection and neuroplasticity, and enhances cellular homeostasis. Their interaction may establish a



Immune Discov. 2026, 2(3), 10006. doi:10.70322/immune.2026.10006 13 0of' 17

reciprocal positive feedback loop in which improved glymphatic transport facilitates EV distribution and
therapeutic efficacy, while EV-mediated repair amplifies the neurophysiological effects induced by TMS.
We propose that this multiscale synergism may ultimately translate into superior clinical outcomes
compared with either intervention alone. Although EV-based therapies remain largely preclinical and
require further evaluation to establish their safety, efficacy, and regulatory approval for human use,
accumulating experimental evidence supports their considerable translational potential. Future studies
should define the biological mechanisms underlying TMS—EV synergism, optimize stimulation protocols and
EV characteristics, identify predictive biomarkers—including electrophysiological and neuroimaging
measures—and validate this integrated strategy in well-designed clinical trials. Collectively, we propose that
combining precision TMS with cell-free EV therapy constitutes a potential and versatile, mechanism-based
therapeutic platform for restoring glymphatic and neuroimmune homeostasis. Beyond treating glymphatic
dysfunction, this framework may offer a broadly applicable strategy to enhance neuroprotection, promote
brain repair, and slow disease progression across a wide spectrum of central nervous system disorders.
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