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The lack of a conventional lymphatic system that permeates throughout the entire human brain has encouraged
the identification and study of alternative clearance routes within the cerebrum. In 2012, the concept of the
glymphatic system, a perivascular network that fluidically connects the cerebrospinal fluid to the lymphatic vessels
within the meninges via the interstitium, emerged. Although its exact mode of action has not yet been fully
characterized, the key underlying processes that govern solute transport and waste clearance have been
identified.

AQP4 glymphatic system neurodegeneration

| 1. The Glymphatic System

In the peripheral tissues, the continuous exchange of interstitial fluid, an essential prerequisite to tissue
homeostasis, is carried out by a coordinated interplay of the vascular and the lymphatic system. High arterial
pressures generate a flux of fluid across the arterioles and capillaries of the vascular system into the surrounding
tissues, generating a flow of interstitial fluid that either re-enters the circulation into the venules or flows to nearby
lymphatic vessels, which ultimately return the fluid into the venous circulation. Thereby, nutrients are transported
into the extracellular space while waste products are simultaneously cleared . Interestingly, within the central
nervous system, where imbalances in cerebral tissue homeostasis can have detrimental effects ranging from
disturbances in synaptic cell signaling to the onset of neurodegenerative diseases, this conventional lymphatic

network is restricted to the meninges, an arrangement of three membranes that envelopes the human cerebrum 2
[3]

In vivo, the human brain is pervaded by a dense network of blood vessels comprising arteries, arterioles,
capillaries, venules, and veins that, in addition to transporting nutrients and removing waste products, protect the
nervous tissue from neurotoxic factors. To that end, the capillary network is equipped with a strictly regulated
barrier, the blood—brain barrier (BBB), that, in contrast with the peripheral blood circulation, is composed of three
distinct cell types: brain endothelial cells, pericytes, and astrocytes 4. The high integrity of the BBB is conferred by
a combination of tight endothelial cell-cell connections, ensheathing the pericytes, and the terminal end-feet of
astrocytes positioned within the abluminal space of the blood vessels. To enable selective molecular transport
across this tight barrier, endothelial cells are equipped with a range of transporter proteins, facilitating the transport

of molecules into the brain parenchyma (influx) and vice versa (efflux) 4.
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While the cerebrospinal fluid (CSF), a clear ultrafiltrate of plasma that surrounds the human brain, has long been
thought to aid in the clearance of cerebral interstitial fluid, it was the identification of the meningeal lymphatics by
MRI that made the presence of additional clearance routes increasingly evident Bl. The concept of an alternate
clearance system was first proposed in 2012 by researchers from the Medical Center at the University of
Rochester (Nedergaard Lab), who demonstrated the convective pathways of the CSF through the brain using two-
photon imaging . In detail, by intracisternal injection of fluorescently labeled CSF in mice, lliff et al. monitored the
subarachnoid influx of the CSF into the Virchow—Robin spaces along arterioles (1), followed by a directional influx
of CSF into the parenchyma, where it mixed with the interstitial fluid (ISF) (2), before a subsequent efflux of the
CSF/ISF mixture through the central veins thereafter (3) (see Figure 1[€ (Biorender)). Furthermore, lliff et al.
showed that aquaporin-4 (AQP4) knockout mice displayed a 65% reduction in the CSF flux through the
parenchyma, suggesting that the influx of water into the brain interstitium is controlled via the bidirectional water
channel, predominantly expressed and located in the astrocytic endfeet (polarized expression) 2. Based on these
observations, the Nedergaard group proposed the term “glymphatic system“ in recognition of the glial-mediated
water influx into the parenchyma that contributes to the compensatory lymphatic system within the brain 5. While
the proposed concept of an astrocyte-mediated clearance system initially produced some controversies, now,
numerous studies have corroborated the presence of a perivascular waste-removal network [] Intriguingly, recent
studies have revealed that glymphatic activity is significantly enhanced during sleep, rendering sleep crucial in
clearing neurotoxic waste and supporting the correlation between proteinopathies and sleep deprivation &, The
increase in glymphatic flux can be linked to a decrease in the neurotransmitter norepinephrine, which has been
shown to expand the extracellular space and thus result in a lowered hydraulic resistance 2. In addition, a drastic
age-dependent reduction in the glymphatic activity of 80-90% was observed in mice, providing a possible
explanation for the increased vulnerability to developing neurodegenerative diseases with advancing age 9. This
decrease might be explained by the loss of polarization or depolarization of AQP4 (see Figure 2 (Biorender)),
which has been reported in astrocytes of aging mice and was linked to reduced cognitive performance in elder
individuals (over 85 years old) 112 Furthermore, both age-associated alterations in circadian rhythms and a

decrease in CSF turnover rate might contribute to an abated clearance efficiency in the aging cerebrum [2QI13],
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The Glymphatic System

Figure 1. Graphical illustration of the structure of the water channel aquaporin-4 (left panel) and the three steps of
the glymphatic pathway: (1) CSF influx into the Virchow—Robin spaces along arterioles, (2) influx of CSF into the

parenchyma, and (3) perivenous efflux of the CSF/ISF mixture (right panel).

| The Role of the Glymphatic System in Neuropathologies |

< Alzheimer's disease
E ~ Aqgp4 K/O mice:
‘ * Impaired AB dearance

« Aggravated disease phenotype:
« ABaggregation
* loss of synaptic proteins
« aggravation of cognitive deficits

* Aqp4 depolarization

 Aqp4 linked to Tau clearance Tau pathology
via DAG1 and SNTA1

""" Parkinson’s disease

« Aqp4 depolarization

+ Aqp4 upregulation

+ Aqp4 K/O mice display impaired a -

F
i
!
)
' synuclein clearance
% Huntington’s disease

*  Reduced glymphatic function in BACHD
mice

o

Amyotroph lateral sclerosis
* Impaired glymphatic influx

Microinfarction

* Impaired clearance
« Aqp4 depolarization

Haemorrhagic Stroke

* Occlusion of perivascular space by fibrin
and fibrinogen products

Ischemic Stroke
« Aqp4 overexpressed at side of infarction
Hydrocephalus

« Aqp4 upregulation
* Aqgp4 linked to a reduction in excessive
fluid and hydrocephalus development

Neuromyelitis optica
« Autoimmune disorder
« Aqp4 -> target antigen

Figure 2. Graphical illustration of the two key pathological alterations in the glymphatic system observed in

neuropathologies: (1) AQP4 depolarization and (2) altered AQP4 expression. Overview of pathological changes in
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the glymphatic system observed in various neuropathologies.

Considering the critical role of the glymphatic system in maintaining cerebral homeostasis, fluctuations in this glial-
mediated balance can consequently have detrimental effects. For this reason, over recent years, several studies
have started to look into the potential role of the glymphatic system in neuropathologies, specifically within
neurodegenerative proteinopathies, which comprise disorders characterized by abnormal aggregation of proteins

as well as insufficient waste clearance.

| 2. The Glymphatic System and Neuropathologies

A pathological inter-relationship between neurodegenerative proteinopathies and the glymphatic system was first
reported by lliff et al., who connected a marked decrease (70% for [3H]mannitol) in interstitial solute clearance with
increased levels of amyloid B, the main constituent of plaques in Alzheimer’s disease, in an AQP4”- mouse model.
Specifically, the authors reported a ~55% decrease in the rate of 125l-amyloid B ;4 clearance in AQP47 mice
compared with that in wild-type controls, indicating that a significant fraction of soluble amyloid (3 is cleared via
perivascular routes as opposed to BBB-mediated local removal 2. This hypothesis was recently supported by a
study by Nauen and Troncoso, who demonstrated the presence of amyloid 3 for the first time in human lymph
nodes. Compared with lymph nodes of the inguine, a greater abundance of amyloid 3 was reported in cervical
lymph nodes, pointing toward the cervical lymph nodes as the primary entry point of amyloid [ into the systemic
lymphatics 24!, Furthermore, Peng et al. showed that chimeric human amyloid precursor protein (APP)/presenilin-1
(PS1) double-transgenic mice displayed reduced glymphatic clearance that preceded marked amyloid 3
deposition, rendering glymphatic influx a potential target for therapeutic intervention. Interestingly, the treatment of
wild-type mice with amyloid B4q resulted in a significant reduction of CSF influx, pointing toward a negative AQP4-
dependent reinforcement loop within Alzheimer’s disease 3. The reported impaired glymphatic influx might be
linked to depolarization of AQP4, which is observed in the post-mortem tissues of Alzheimer’'s patients.
Interestingly, a comparative analysis of AQP4 in the CSF of Alzheimer’s disease patients and healthy controls
revealed a 1.7x increase in AQP4, which positively correlated with tau levels 8. Both SNTA1 and DAG1, which
mediate the anchoring of AQP4 to the astrocytic endfeet, as well as MLC1, which encodes an astroglial membrane
transporter linked to AQP4, positively correlated with tau levels, further relating the water channel AQP4 to tau
pathology 7. A study by Ishida et al. employing transgenic mice expressing P301S mutant tau showed that a
deletion of AQP4 also markedly elevated tau levels within the CSF and significantly exacerbated p-tau deposition,
aggravating the ensuing neuronal degeneration 28 As hypothesized by Mogensen et al., these observations
suggest an uncoupling of AQP4 expression and glymphatic influx, which might be explained by a concomitant
depolarization of the water channel under pathological conditions 22 Furthermore, as amyloid B oligomers and
fibrils stimulate the release of proinflammatory cytokines in the microglia, inflammation constitutes an essential
element in Alzheimer’s disease pathology 22l20l21] Consequently, morphological changes in astrocytes mediated
by astrogliosis might further enhance alterations within the glymphatic system 22 Lastly, recent genetic studies

have linked single-nucleotide polymorphisms (SNPs) within the AQP4 gene with protein depolarization, AB
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accumulation, disease stage progression, and cognitive decline, making SNPs potential predictors for the disease
burden in Alzheimer’s patients [231124],

Alterations within the glymphatic system were also linked to Parkinson’s disease, the second most common
neurodegenerative proteinopathy 23, While a-synuclein, the protein affected within Parkinson’s disease, is
traditionally assigned to the intracellular space of neurons, studies showed that a-synuclein can be excreted into
the extracellular space and thereby might contribute to the interneuron transfer of protein aggregates 28, The
guantification of a-synuclein within post-mortem brain tissue samples from Parkinson’s patients, displaying sleep
disturbances, a common nonmotor symptom of the disease, revealed an increased synuclein burden within
cerebral tissues compared with that of patients without impaired sleep patterns 22, The potential inter-relationship
between the glymphatic system and REM sleep, circadian rhythms, and clock gene dysfunction in Parkinson’s
disease was recently summarized in a comprehensive review by Sundaram et al., and can be found elsewhere 28],
A potential involvement of the glymphatic system within Parkinson’s disease can also be derived from the
multifaceted role of the affected neurotransmitter, dopamine, as the cholinergic monoamine transmitter was shown
to both mediate ISF influx and directly modulate glial differentiation and AQP4 expression 2239, AQP4 deficiency,
for example, was shown to enhance dopaminergic neurodegeneration and increase the susceptibility of TH-
positive cells to the prodrug MPTP, a chemical inducer of PD in mice 1. In addition, a potential interplay between
the glymphatic system and Parkinson’s disease was supported by a study assessing a-synuclein levels in the CSF
of patients and controls, revealing a 13% reduction in the unaggregated form of a-synuclein in Parkinson’s patients
321 The hypothesis was further supported by a recent study conducted by Zou et al., who demonstrated
perivascular a-synuclein aggregation and AQP4 depolarization in a mouse model of Parkinson’s disease (A53T7). In
addition to glymphatic dysfunction, pathology-related phenotypes such as neurodegeneration and exacerbated a-
synuclein aggregation were further enhanced upon the ligation of the cervical lymph nodes [22l. Furthermore, two
recent studies have reported changes in the glymphatic system in two neurodegenerative disorders, Huntington’s
and amyotrophic lateral sclerosis. Zamani et al. reported significantly disrupted glymphatic function in a transgenic
mouse model emulating key pathological events implicated in amyotrophic lateral sclerosis; Wu et al. demonstrated
reduced CSF-ISF exchange in a huntingtin (HTT)-expressing mouse model (BACHD) [24123],

In to neurodegenerative diseases, alterations within the glymphatic system have also been reported for
hydrocephalus, ischemic and hemorrhagic stroke, multiple microinfarctions, traumatic brain injury, cerebral amyloid
angiopathy, as well as diabetes mellitus 281, Hydrocephalus, for example, which is a pathological accumulation of
CSF within the brain, has been associated with increased cerebrovascular pulsatility, decreased CSF influx, and
impaired glymphatic clearance BZ. As a result, compounds modulating AQP4 function are currently under
investigation in clinical trials 28, Traumatic brain injury, a risk factor for neurodegenerative diseases, was shown to
promote tau pathology in an AQP4-deficient mouse model 2. In addition, reduced glymphatic influx was reported
for both ischemic and hemorrhagic stroke, as well as multiple microinfarctions 8. AQP4 was overexpressed at the
site of infarction in ischemic stroke, and fibrin and fibrinogen deposits were shown to occlude perivascular spaces
in hemorrhagic stroke, entrapment of CSF solutes was reported within small, dispersed ischemic lesions
characteristic of multiple microinfarctions 2813249 |mpaired glymphatic transport was also reported for cerebral

amyloid angiopathy, which, next to increased arterial stiffness, has been associated with a decreased arterial pulse
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and reduced perivascular spaces “. Lastly, an impaired glymphatic influx has also been observed in type II
diabetes mellitus, a common metabolic disorder associated with cognitive impairment. Herein, the pathological

phenotype is characterized by an increase in CSF influx, while interstitial solute clearance is reduced 221431,

To summarize, over the last few years, substantial evidence has highlighted the critical role of the glymphatic
system in maintaining cerebral homeostasis, and the detrimental effects of imbalances within this perivascular
clearance system have been demonstrated. However, that most of our understanding of how the glymphatic
system operates has been extracted from nonhuman in vivo models. While the development of new imaging
technigues and post mortem studies corroborated initial hypotheses surrounding the glymphatic system, the limited
access to the human cerebrovascular system necessitates alternative investigation strategies, preferably in the
form of personalized in vitro models.
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