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Abstract: The water-selective channel aquaporin-4 (AQP4) is implicated in water homeostasis and
the functioning of the glymphatic system, which eliminates various metabolites from the brain tissue,
including amyloidogenic proteins. Misfolding of the α-synuclein protein and its post-translational
modifications play a crucial role in the development of Parkinson’s disease (PD) and other synucle-
opathies, leading to the formation of cytotoxic oligomers and aggregates that cause neurodegenera-
tion. Human and animal studies have shown an interconnection between AQP4 dysfunction and
α-synuclein accumulation; however, the specific role of AQP4 in these mechanisms remains unclear.
This review summarizes the current knowledge on the role of AQP4 dysfunction in the progression
of α-synuclein pathology, considering the possible effects of AQP4 dysregulation on brain molecu-
lar mechanisms that can impact α-synuclein modification, accumulation and aggregation. It also
highlights future directions that can help study the role of AQP4 in the functioning of the protective
mechanisms of the brain during the development of PD and other neurodegenerative diseases.
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1. Introduction

Parkinson’s disease (PD) is a progressive, chronic, and multisystem neurodegenerative
disease that is the second most common neurodegenerative disorder after Alzheimer’s
disease (AD). PD predominantly affects the elderly, and owing to increasing life expectancy,
the number of patients is steadily increasing [1,2]. A key characteristic feature of PD is
the extensive loss of dopamine (DA)-ergic neurons of the substantia nigra pars compacta
(SNpc), which leads to a decrease in DA level in the striatum and the development of a
complex of motor symptoms, such as tremor, rigidity, postural instability, and bradykine-
sia [3–5]. In addition to the development of nigrostriatal neurodegeneration, PD affects
many other brain areas, such as the olfactory structures, locus coeruleus, hypothalamus,
and other brain regions [6–8]. The involvement of these structures can lead to the develop-
ment of different non-motor symptoms such as sleep disturbances, cognitive impairment,
depression, anosmia, and constipation [9]. Moreover, according to the “dual-hit theory”,
the pathology of PD extends well beyond the central nervous system (CNS) because Lewy
bodies (LBs) have been detected in the myenteric plexus [10,11]. Thus, that makes PD
not only a “brain disease” but a multiorgan disease [12]. A feature of this disease is its
long-term development (≥10 years) without the manifestation of clinically significant
motor dysfunction, which leads to late diagnosis [13]. Despite all efforts undertaken to
design therapeutic approaches aimed at PD treatment, this area does not lose its relevance
since PD remains an incurable disease. Existing treatments are only symptomatic, and
clinically approved therapeutic approaches that effectively protect brain cells from patho-
logical processes and can slow or stop neurodegeneration are not yet available. Progress
in the treatment of PD has been associated with the development of early diagnostic and
pathogenetically significant neuroprotective strategies. Further studies on the pathogenesis
of this disease are required to address this problem.
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The accumulation of pathological forms of α-synuclein protein is considered a molec-
ular basis for the development of neurodegeneration in PD [14–17]. This protein is prone to
misfolding and post-translational modifications, which result in the formation of cytotoxic
oligomers, fibrils and aggregates that accumulate in neurons of the SNpc and extranigral
brain areas, as well as in intercellular spaces. Oxidative stress, mitochondrial dysfunction,
impaired protein degradation, the post-translational modifications of α-synuclein, inflam-
mation, defects in chaperone-mediated conformational control, increased calcium level
and other deleterious events in neurodegenerative diseases are thought to be key factors
evoking α-synuclein aggregation [17–22]. Moreover, α-synuclein can be secreted into the
intercellular space and spread in a prion-like manner [14,16,23]. This multifaceted dam-
aging effect of α-synuclein is one of the reasons why it is difficult to develop an effective
therapeutic approach. Breakthrough studies of these mechanisms are essential to search for
new approaches aimed at preventing α-synuclein spreading and lowering its toxicity.

One of the important achievements of the last decade was the development of ideas
about the glymphatic system that clears the brain parenchyma from various metabolites (in-
cluding amyloidogenic proteins), as well as an active investigation of the role of meningeal
lymphatic vessels and deep cervical lymph nodes in eliminating metabolites [24–27]. Water
channel aquaporin-4 (AQP4), which provides bidirectional water exchange, is an important
component of the glymphatic system [24]. Therefore, studies on the relationship between
the quality of glymphatic system function and the pathogenesis of neurodegenerative dis-
eases have attracted much attention from researchers. However, the main focus has been on
investigating the impact of AQP4 dysfunction on amyloid-β and AD development [28–32].
There are very few data on the interaction between AQP4 and PD development, espe-
cially the formation of α-synuclein pathology complicated by both extra- and intracellular
distribution of synuclein [33,34].

Recently, it was shown that AQP4 deficiency in mice leads to the aggravation of
α-synuclein pathology in PD animal models [35,36]. These data suggest that this chan-
nel is involved in PD pathogenesis. In AD animal models, AQP4 dysfunction leads to
amyloid-β and tau accumulation, but the mechanisms underlying this accumulation are
controversial [37–40].

Thus, despite the first evidence that AQP4 dysfunction can play an important role
in the mechanisms of α-synuclein accumulation, the underlying mechanisms remain
poorly understood. Current studies have focused mainly on the processes of glym-
phatic/lymphatic clearance of amyloidogenic proteins, whereas AQP4 dysfunction may
critically affect brain water homeostasis and microenvironment as well as cellular functions,
which are also involved in waste clearance and brain well-being control [41,42]. However,
this line of research appears to have been underestimated. Our review aimed to analyze
and summarize the current data on the relationship between AQP4 dysfunction and α-
synuclein accumulation, consider the possible effects of AQP4 dysregulation on brain
cellular mechanisms that can affect α-synuclein pathology, and explore possible future
directions and their relevance for translational research.

2. α-Synuclein and Its Role in PD Development

α-Synuclein, encoded by the SNCA gene, is a 14 kDa protein that is located mostly
in presynaptic terminals, neuronal cytosol and nucleus [18,43,44]. It is involved in the
regulation of the vesicular pool and the trafficking and transmission of nerve impulses [18].
However, α-synuclein can affect mitochondrial and endoplasmic reticulum (ER) home-
ostasis, lysosome/phagosome function, fatty acid binding, physiological regulation of
certain enzymes, and cytoskeleton organization [44]. Some studies have suggested that
α-synuclein knockout can be harmful, causing neuronal cell death and altered neuro-
transmitter responses, whereas other studies have shown that it can be partly protective
against DA depletion [45–48]. Genetic inactivation of α-synuclein in mice affects embryonic
development of DA-ergic neurons in the SN, leading to its loss. No such changes were
observed in the ventral tegmental area [49]. Loss of synuclein family members, not just a
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specific one, causes widespread changes in EEG spectral profiles in mice, suggesting that
an imbalance of synucleins is responsible for these changes [50]. Thus, evidence from the
literature suggests that α-synuclein may play an important role in the vitality of brain cells
and that its deficiency may have deleterious effects. However, the physiological function of
α-synuclein in cells is not fully understood.

Being natively unfolded, α-synuclein can be classified as an intrinsically disordered
protein (IDP) class [51]. However, they are prone to misfolding and modification. Owing
to its low hydrophobicity and high net charge, environmental conditions can affect the
properties of α-synuclein [52]. Some A53T and A30P mutations and gene triplication
can genetically determine the increased level of α-synuclein and predispose to PD de-
velopment [53]. α-Synuclein monomers can aggregate into oligomers, protofibrils, and
fibrils [18,51]. Eventually, α-synuclein becomes one of the main components of amyloid
inclusions known as LBs and Lewy neurites, which are hallmarks of PD, multiple system
atrophy (MSA) and dementia with LB (DLB) [53–55]. LBs formation is supposed to be asso-
ciated with synaptic dysfunction and abnormal organization of the neuronal cytoskeleton.
Their composition may vary and influence degeneration in PD [56,57]. Another hypothesis
is that the formation of LBs might be a neuroprotective mechanism aimed at decreasing
neurotoxicity in affected neurons [58,59].

α-Synuclein oligomers are characterized by a wide variety of structures. However,
certain types of α-synuclein oligomers have yet to be distinguished [60]. They are formed
depending on the specified conditions and are characterized by different targets, actions,
and capabilities to aggregate. Another feature of this protein is the presence of sites for
post-translational modifications, such as phosphorylation (especially Ser129), acetylation,
nitration, SUMOylation, and ubiquitination [19,20,61–64]. These post-translational mod-
ifications can occur due to different factors, both endogenous and exogenous. Almost
all of these facilitate oligomerization and aggregation of α-synuclein, contributing to the
development of α-synuclein pathology. However, some post-translational modifications,
such as phosphorylation of Tyr125 and Tyr39, as well as acetylation, can reduce oligomer-
ization and aggregation [65–67]. Recently, it was reported that neuronal activity may occur
as a physiological regulator of α-synuclein phosphorylation at Ser129 [68]. This form is
considered to be one of the most neurotoxic and prone to oligomerization and aggregation;
however, data suggest that the properties of α-synuclein phosphorylated at Ser129 remain
incompletely studied.

According to modern data, α-synuclein can be found throughout the CNS, enteric ner-
vous system, sympathetic ganglia, submandibular glands, skin, and other areas [18,69]. It is
known that α-synuclein can be secreted into the extracellular space and taken up by neigh-
boring cells via receptor-mediated endocytosis and phagocytosis [70,71]. α-Synuclein can
behave in a prion-like manner, causing the alteration of physiological α-synuclein in other
cells and contributing to the progression of this pathological process [14,16]. The develop-
ment of α-synuclein pathology in PD can be genetically determined by duplication and
triplication [53,72]. In idiopathic PD, as well as in MSA and DLB, α-synuclein is affected by
different triggers, such as aging, oxidative stress, nitrate, decreased activity of chaperones
and protein degradation systems, DA dysregulation, and accumulation of other amyloido-
genic proteins [18]. These factors contribute to the development of α-synuclein pathology.
However, we believe that this list is incomplete. Furthermore, mutations in some genes may
predispose individuals to the development of α-synuclein pathology and exaggerate the
impact of these triggers [73]. Pathological α-synuclein possesses multifaceted deleterious
actions, disturbing synaptic function and axonal transport, penetrating membrane branes,
forming pore-like channels, disrupting membrane lipid bilayers, evoking mitochondrial
damage, neuroinflammation, ER stress, dysfunction of lysosomal autophagy, and UPS
systems aimed at the degradation of aberrant proteins [18,22,74]. Such broad-spectrum
impacts of pathological α-synuclein underlie the degeneration of DA-ergic neurons of
the SNpc and other brain structures, which leads to the development of a complex of
PD-associated motor and non-motor symptoms [6,9].
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In this regard, the search for pharmacological drugs or other approaches aimed at
reducing cytotoxicity and preventing the accumulation and distribution of α-synuclein
appears to be an important and relevant direction. However, it faces many challenges,
such as different primary causes of pathological α-synuclein accumulation (genetic or
idiopathic), the impact of peripherally originated α-synuclein, the multifaceted cytotoxic
action of α-synuclein, the diversity of oligomeric forms, the extent to which neurons and
astrocytes are involved in the development of α-synuclein pathology, predisposing somatic
and/or neurological co-pathologies, and aging [75].

Currently, efforts are being made to design different methods to affect α-synuclein
pathology for the treatment of PD. Inhibitors aim to prevent α-synuclein internalization
and strain-specific antibodies that decrease the levels of α-synuclein in the extracellular
space [76]. Another promising approach to identifying specific inhibitors of α-synuclein
toxic species is the use of aptamers that bind with high specificity to different truncated
forms of α-synuclein fibrils with no cross-reactivity toward other amyloid fibrils [77]. These
aptamers can be used as tools in research, diagnostics, and therapy. Some strategies are
aimed at improving proteostasis, such as small molecule compounds aimed at preventing α-
synuclein misfolding or chaperone induction and aggregate resorption [78–82] or PROTAC
(Proteolysis-Targeting Chimera) [83], which provides chimera chemicals inducing selective
degradation of α-synuclein aggregates in vitro and in vivo, and autophagy activator KYP-
2047 [84]. Despite extensive investigations aimed at designing therapy to treat PD, there are
currently no clinically approved approaches to eliminate α-synuclein toxicity or prevent the
spread of pathological α-synuclein. Taken together, further investigation of the molecular
mechanisms underlying the development of α-synuclein pathology and PD pathogenesis
(as well as other synucleinopathies) is necessary to identify new targets and design new
treatment approaches.

Increased knowledge of the brain glymphatic system, which provides clearance of
brain tissue, suggests that this pathway may be a novel approach to developing a thera-
peutic approach for PD. The water channel AQP4, which provides the functioning of the
glymphatic system, appears to be a promising target for modulation.

3. Aquaporin-4 and Its Role in PD Development
3.1. AQP4: A Brief Overview

Aquaporins, also known as water channels, are membrane proteins that enable the
selective transport of water and small molecules into and out of cells [85]. The family of
aquaporins found in mammals consists of 13 members, namely AQP0 to AQP12 [85]. The
first member of this family was uncovered in 1986 and was characterized in 1992, being
subsequently referred to as aquaporin 1 (AQP1) [86,87]. AQP4 was originally cloned in
1994 from rat lung and brain, as well as human brain [88–90]. AQP4 is the most abundant
form of aquaporin in the CNS and is expressed widely throughout the brain, particularly
at the brain-blood interfaces in the brain and spinal cord [41,91]. AQP4 is localized on the
plasma membrane of astrocytes and ependymal cells but is most abundantly expressed in
astrocytic endfeet surrounding the blood vessels [41,42,91,92]. This significantly polarized
expression of AQP4 plays a crucial role in water transport and the maintenance of cerebral
water balance [41,42,91,92]. It has been found that AQP4 can also be present in the kidneys,
retina, heart, skeletal muscle, and other organs, as well as in tumors [41,89–92].

AQP4 consists of monomers weighing approximately 30 kDa, with six transmembrane
alpha-helical domains [92,93]. The monomers combine into tetramers, but each of them
functions as a separate channel [93]. AQP4 can be arranged in supramolecular structures
called orthogonal arrays of particles (OAPs) [93–95]. AQP4 is anchored to the membrane
via a cytoskeletal dystrophin–glycoprotein complex (DGC), which includes α-syntrophin,
dystroglycan (DG), utrophin, α-dystrobrevin, and dystrophin Dp71 [96,97]. This complex
also regulates AQP4 membrane localization [97].

There are two main AQP4 isoforms: M23 and M1 [98–100]. An alternative translational
read-through mechanism provides the possibility of producing two extended AQP4 iso-
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forms, M23ex and M1ex, in humans, rats, and mice [100–102]. These isoforms are thought
to be modulators of function and assembly of OAPs [100]. Moreover, phosphorylation
at specific sites may transiently regulate channel gating and water permeability [102]. In
primary cultures of rat astrocytes, a large proportion of M23 protein is derived from M1
mRNA translation, and the M1/M23 ratio can be modulated by a multiple-site leaky scan-
ning mechanism and reinitiation mechanism. This is a way to modulate the M1/M23 ratio
and, consequently, the formation of OAPs [100]. These mechanisms are likely to be shared
by different species, including humans, and can also play a role in pathophysiological
conditions. AQP4 is an important regulator of water homeostasis in the brain and may act
as an osmoreceptor [41,89]. In addition, it was found that this form of aquaporin plays an
important role in astrocyte migration and regulates nerve signal transmission [41,103,104].

However, the main focus has been on AQP4 after its involvement in the glymphatic
system was identified. In 2012, a group of researchers led by M. Nedergaard made an
important assumption, showing that cerebrospinal fluid (CSF) can flow through the para-
arterial spaces into the brain parenchyma, mix with interstitial fluid containing various
waste products of brain cells, and then through para-venous spaces, direct fluid with
metabolites to the meningeal and cervical lymphatic vessels and nodes to ensure the
clearance of the brain parenchyma [24–27,105,106]. This pathway has been termed the
“glymphatic system” and is thought to function most efficiently during sleep [105,106].
After this discovery, studies on the relationship between the quality of the glymphatic
system/lymphatic system functioning and the pathogenesis of neurodegenerative diseases
have attracted much attention from researchers.

The expression of AQP4 has been found to vary in different brain structures. In mice,
the least pronounced expression was found in the cerebral cortex and striatum, with a higher
expression in the cerebellum, olfactory bulb, brainstem and the spinal cord [107]. In another
study, the authors compared the levels of AQP4 protein in different brain regions (forebrain,
subcortical areas, and brainstem) and found the highest level in the cerebellum and lower
expression in the cortex and hippocampus [108]. Interestingly, AQP4 immunoreactivity
differed between pars reticulata and pars compacta; the intensity of AQP4 staining in pars
compacta was lower than that in pars reticulata [108]. This can be a result of the greater
representation of astroglia in pars reticulata than in pars compacta [108]. In another study,
when comparing the expression of AQP4 in the cerebral cortex and SN, it was found that
the expression of AQP4 is much higher in the SN, both in the perivascular processes of
astrocytes and in thinner processes in the neuropil [109]. Such heterogeneity in expression
level may indicate different glymphatic clearance intensities in different structures. These
data suggest that region-specific AQP4 expression may reflect local peculiarities in water
and ion homeostasis, synaptic plasticity, and waste clearance mechanisms.

Aging is known to be a risk factor for the development of PD and other neurodegen-
erative diseases [110], and it has been suggested to be one of the most important factors
affecting AQP4 localization and expression as well. A post-mortem study found that
the accumulation of amyloid-β was associated with impaired perivascular localization
of AQP4, suggesting that this may be a contributing factor to impaired clearance and
make the aging brain much more vulnerable to the accumulation of toxic proteins and
oligomers, which induce neurodegeneration [30]. However, a more recent study revealed
the loss of perivascular AQP4 localization in the post-mortem frontal cortical gray matter
of subjects with AD compared to cognitively intact subjects, which was accompanied by
amyloid-β accumulation and cognitive decline before the onset of dementia [111]. These
data suggest that loss of perivascular AQP4 may contribute to AD development and pro-
gression [111]. In mice, aging leads to a dramatic decline in the efficiency of exchange
between the subarachnoid CSF and the brain parenchyma, which is accompanied by the
impairment of clearance of labeled amyloid β from the brain parenchyma, reduction in
the vessel wall pulsatility of intracortical arterioles, and loss of perivascular AQP4 po-
larization along the penetrating arteries [112]. Another study has demonstrated that WT
and TgSwD animals (developing age-related amyloid accumulation) were characterized
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by an impairment of perivascular localization of AQP4 in aged (24 months) compared to
6 months old. Moreover, TgSwD mice were characterized by amyloid accumulation and
development of gliosis [113]. A post-mortem human study demonstrated that aging is
associated with increased AQP4 expression in cortices [30,114]. Similar changes in AQP4
expression were found in mice [115,116]. Taken together with the aforementioned data con-
cerning the age-related loss of perivascular AQP4 polarization, it can be supposed that the
increased expression of AQP4 in aged brains can be a physiological reaction compensating
for AQP4 dysfunction. Thus, these studies suggest that there is a close interconnection
between AQP4-mediated glymphatic waste clearance, aging and neurodegenerative pro-
cesses, which underlie PD, AD and other neurodegenerative diseases [117].

3.2. AQP4 Dysregulation in PD

Data available in the literature suggest a relationship between the functional activity
of AQP4 and the accumulation of amyloidogenic proteins [24,25]. The extent to which the
glymphatic system influences the clearance of pathological forms of α-synuclein in the
human brain and the progression of PD-like features remains poorly understood. Specif-
ically, it has been shown that PD is accompanied by a decrease in AQP4 mRNA levels
in blood serum, indicating lowered expression [118]. It was later shown that there was
a negative correlation between α-synuclein and AQP4 levels in the neocortex [28]. The
authors suggested that AQP4-expressing reactive astrocytes might affect the accumulation
of α-synuclein in the neocortex of patients with PD. This indicated a link between AQP4
and the development of α-synuclein pathology in PD. Some studies have indirectly indi-
cated the involvement of the water channel AQP4 in the pathogenesis of PD [34,119–122].
In patients with PD, magnetic resonance imaging (MRI) revealed an accumulation of
free water in the SN tissue, which increased with the progression of PD. According to
the author’s observations, it can predict upcoming changes in motor and cognitive func-
tions [34]. Later, it was demonstrated that other neurodegenerative disturbances (MSA and
progressive supranuclear palsy), which are also associated with nigral degeneration, are
characterized by the accumulation of free water in this brain region [119]. These data may
indicate dysregulation of water homeostasis in this brain region; however, the underlying
mechanism remains unknown. Recent studies have shown that some variants of the Aqp4
gene single-nucleotide polymorphism (SNP) are associated with a higher risk of PD devel-
opment, the appearance of cognitive impairments, PD-associated regional brain activity,
and clinical phenotypes [120–122]. It is noteworthy that Y. Fang and coauthors revealed
the existence of the Aqp4 SNP form, which was associated with the faster progression of
cognitive impairment and amyloid-β in CSF of PD patients [120]. Recently, the signs of
glymphatic dysfunction have been revealed not only in the clinical stage of PD but also
in the prodromal stage in patients with idiopathic rapid eye movement sleep behavior
disorder and PD [123]. Consequently, enhancing the efficiency of the glymphatic system in
the early stages of PD may be a potential strategy to intervene in the pathogenic processes.
However, the accumulated clinical data in PD patients are scarce and do not allow us to
provide a detailed characterization of the function of the glymphatic system in the patho-
physiology of PD and to identify the main molecular targets for enhancing the function of
the glymphatic system and eliminating the dysfunction of water channel AQP4.

Studies performed in animal models of PD support clinical evidence for the role of
AQP4-mediated glymphatic system dysfunction in the pathogenesis of PD [124]. It was
found that PD models can induce alterations in AQP4. In mice overexpressing A53T-α-
synuclein, the expression/polarization of AQP4 in the SN was reduced, and glymphatic
activity was suppressed [36]. Interestingly, in another model of PD induced by 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), there was no decrease but rather an increase in
the expression of AQP4 in the SN in mice [109].

The accumulation of α-synuclein in the brain parenchyma during AQP4 dysfunction
has also been indicated in studies performed using Aqp4 knockout mice. Such animals,
in which human A53T α-synuclein was overexpressed in the SNpc, exhibited increased
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accumulation of α-synuclein monomers 2 weeks after the start of the experiment, which,
according to the authors, indicated a close interaction between AQP4-mediated by the glym-
phatic system and α-synuclein located in the brain parenchyma [36]. When α-synuclein
fibrils were injected into the dorsal striatum of Aqp4 knockout mice, after three months,
there was an increased accumulation of α-synuclein phosphorylated at Ser129 as part of
aggregates in the dorsal striatum, cerebral cortex, and SNpc, accompanied by an increase
in the number of dead DA-ergic neurons and worsening motor disorders [35]. It should be
noted that after six months in the SNpc, in contrast to other studied structures, a decrease in
the number of α-synuclein aggregates was noted, but their content in Aqp4 knockout mice
was still higher than that in wild-type (WT) mice. The authors concluded that decreased
AQP4 expression may exacerbate PD-like pathology, and a possible cause is the disruption
of the glymphatic pathway. Some studies have also demonstrated that Aqp4 knockout
mice in the PD model were characterized by an aggravated loss of tyrosine hydroxylase
(TH)-positive neurons in comparison with WT mice [125–127]. The application of the AQP4
inhibitor TGN-020 in a PD model based on proteasome dysfunction led to a similar effect,
inducing the aggravation of nigral DA-ergic neuron loss and the development of motor
dysfunction [128,129].

Recent studies exploring the role of matrix metalloproteinase-9 (MMP-9)-mediated
β-dystroglycan (β-DG) cleavage in the regulation of AQP4 polarity-mediated glymphatic
system in PD have revealed reduced perivascular influx and efflux of CSF tracers in
an MPTP-induced PD model in mice associated with impaired AQP4 polarization [130].
The application of TGN-020, an AQP4 inhibitor, evoked the aggravation of reactive as-
trogliosis, glymphatic drainage restriction, and the loss of nigral DA-ergic neurons in an
MPTP-induced PD model. The authors demonstrated that MMP-9 and cleaved β-DG were
upregulated in both MPTP-induced PD and A53T mice, while the polarized localization
of β-DG and AQP4 to astrocyte endfeet was reduced. MMP-9 inhibition restored base-
ment membrane–astrocyte endfeet–AQP4 integrity and attenuated the loss of DA-ergic
neurons [130]. The results of this study demonstrated the impact of AQP4 depolariza-
tion in glymphatic dysfunction and the aggravation of PD-like pathologies and revealed
the important role of MMP-9-mediated β-DG cleavage in regulating AQP4 polarization
and maintaining glymphatic function. This study was not aimed at an assessment of α-
synuclein accumulation; however, it can be supposed to be one of the possible mechanisms
involved in the aggravation of PD-like pathologies.

Thus, these data confirm a close interaction between AQP4 dysfunction and the de-
velopment of PD-like pathologies. AQP4 dysfunction can be associated with a lack of its
expression or polarization and may lead to impaired glymphatic clearance of α-synuclein
from the intercellular space, contributing to the development or progression of neurode-
generative processes. However, the exact mechanisms of the excretion of α-synuclein and
other amyloidogenic proteins from brain tissue into the CSF remain unknown, and further
research in this area is required to elucidate these mechanisms.

It is worth mentioning that not only α-synuclein pathology may be present in the
brain of PD patients, amyloid-β and tau can also be observed [131]. LBs have also been
found in patients with AD [132]. In a human study, certain Aqp4 SNPs were found to be
associated with increased amyloid-β content in the brain [31,32,120]. It has been suggested
that other amyloidogenic proteins that are less characteristic of the disease may be involved
in the development of certain symptoms. For example, α-synuclein may participate in the
mechanisms of neurodegeneration in the hippocampus in AD and amyloid-β accumulation
in PD may contribute to the development of cognitive impairment [120,132]. Previously,
there was in vitro evidence that amyloid-β can promote the fibrillization of α-synuclein.
α-Synuclein, which, in turn, can lead to amyloid-β aggregation [133,134]; however, in vivo
experiments failed to support the evidence of mutually aggravating the interplay between
amyloid-β and α-synuclein [135]. Furthermore, tau protein is a predisposing factor for PD
development. α-Synuclein and tau can assist each other in spreading and fibrilization [136].
Several studies have demonstrated that AQP4 dysfunction leads to amyloid-β and tau
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accumulation in animal models [38,137]. Blocking lymphatic clearance via deep cervical
node ligation evoked the impairment of fluorescent tracer drainage, disturbance in the
polarity of AQP4, and the accumulation of pathological forms of tau and α-synuclein in
the mouse midbrain [138].

These data suggest that there is a strong need to further investigate the interplay
between α-synuclein, amyloid-β, and tau [31,32,120,131–138]. AQP4 is one of the common
mechanisms that impact the accumulation of all these amyloidogenic proteins [24,25,27,124].
For the development of therapeutic approaches, it is important to study the relation-
ship of AQP4 not only with each of these proteins separately but also to evaluate them
in combination.

3.3. Potential Mechanisms Associated with AQP4 That Contribute to Alpha-Synuclein Pathology

Regarding the impact of AQP4 on brain waste clearance, the main focus is its role
in the removal of metabolites (i.e., amyloidogenic proteins) from the brain parenchyma
to the CSF. Since AQP4 is involved in the regulation of water homeostasis in the brain, it
can be supposed that its dysfunction can lead to different consequences, such as disturbed
hydrostatic pressure, water and ion balance, changes in fluid microcirculation between
the paravascular, intercellular, and intracellular spaces, neurotransmitter disturbances,
oxidative stress, interplay of α-synuclein and other amyloidogenic proteins, changes in
astrocyte and microglial function, and BBB disruption (Figure 1). Most likely, this list
is incomplete.
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3.3.1. AQP4 and CNS Homeostasis

The polarized expression of AQP4 plays an essential role in the mechanisms that pro-
vide stability to the water and ion environment in the CNS. It was also revealed that AQP4
dysfunction is involved in the pathogenesis of edema, tumors, and hydrocephalus [139–141].
A study on Aqp4 knockout mice showed that these animals were characterized by higher
basal water content than WT mice [142]. It is thought that it could provoke elevated in-
tracranial pressure, which leads to aggravated hippocampal degeneration, enlarged infarct
size, hypertrophy of astrocytes, and increased mortality after ischemia–reperfusion. A
recent study using diffusion MRI demonstrated that Aqp4 knockout mice are characterized
by enlarged interstitial spaces and total brain volumes resulting from reduced glymphatic
influx and fluid stagnation in the interstitial space [143].

AQP4 is known to be functionally and structurally associated with the volume- and
thermosensitive calcium channel transient receptor potential vanilloid member-4 (TRPV4),
which is also implicated in mechanisms regulating water transport and calcium homeosta-
sis, the detection of changes in cell volume, and possibly, its regulation [144–147]. In vitro
studies relating to Aqp4-/- astrocytes revealed that the possible role of TRPV4 is to tune
plasma membrane water permeability and protect against severe osmotic challenges due
to fast AQP4-dependent water transport [146]. However, the role of TRPV4 and calcium
influx from extracellular space in the regulation of cell volume is controversial, and there is
evidence that TRPV4 is not essential for regulatory volume decreases after AQP4-mediated
cell swelling [145,147]. Another recent study showed that mutant DA-ergic neurons raised
from mutant stem cells demonstrated constitutively elevated cytosolic calcium-augmented
AKT-mediated α-synuclein induction, which led to mitochondrial Ca2+ accumulation and
dysfunction. The use of TRPV4 antagonist, AKT inhibitor, or α-synuclein knockdown
induced the normalization of mitochondrial calcium levels in mutant neurons. These data
suggest the importance of further investigation of such mechanisms due to their probable
modulation by AQP4 and their impact on the pathogenesis of PD and other neurological
disorders [148]. However, an in vivo study in a mouse MPTP model of PD revealed that
adeno-associated virus (AAV)-induced TRPV4 knockdown alleviated movement deficits
and nigral neurodegeneration in PD mice, whereas the upregulation of TRPV4 via the
injection of a constructed AAV-TRPV4, aggravated it [149]. Moreover, this study demon-
strated the involvement of TRPV4 in ER stress and inflammation, which contribute to the
pathogenesis of PD [149]. This direction should be developed to determine the exact role of
TRPV4 and its underlying neurodegeneration.

Moreover, a lack of AQP4 evokes the attenuation of K+ buffering via the Kir 4.1
channel, sex- and region-specific alterations of glutamate, serotonin, noradrenaline, DA,
and some amino acids, and a decrease in glutamate uptake and glutamate transporter-1
expression in astrocytes [150,151]. The observed decrease in extracellular K+ content and
the accumulation of extracellular glutamate leads to excitotoxicity, which, in turn, may
contribute to the death of DA-ergic neurons in PD [152,153]. The selective modulation
of glutamatergic neurotransmission has been shown to affect extracellular α-synuclein
levels [154]; however, this effect was not due to excitotoxicity. The authors hypothesized
that physiologically released α-synuclein may spread and form oligomers in the extracellu-
lar space, which contributes to the development of α-synuclein pathology; however, this
hypothesis needs further investigation. Simultaneously, it was shown that α-synuclein-
activated microglia produce extracellular glutamate, aggravating excitotoxicity in PD [155].
It was shown that the MPTP-induced PD model in mice was characterized by disrupted
AQP4 polarization and marked changes in metabolic profile mainly composed of lipids
and lipid-like molecules as well as organic acids and derivatives [130]. The restoration of
AQP4 polarization led to the downregulation of neurodegeneration-associated metabolites,
uremic toxins as well as secondary metabolites. At the same time, the authors revealed the
upregulation of polyunsaturated fatty acids, nucleotides, phosphoglycerides, and other
biosynthetic intermediates [130]. The restoration of AQP4 polarization led to the recovery
of markers of anti-oxidative stress, mitophagy, and apoptosis, as well as modulators of
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neurotransmission and extracellular signaling. Moreover, the excitotoxic (D-aspartic acid)
and neurotoxic (uremictoxins) substances were reduced [130]. Thus, this study provided a
valuable impact on the knowledge of the functions of AQP4-mediated glymphatic clear-
ance and highlighted its impact in metabolic homeostasis [130]. The aforementioned data
suggest that impaired AQP4 function can evoke ionic, neurotransmitter, and metabolic
disturbances, which may contribute to neurodegeneration and α-synuclein accumulation
in PD.

3.3.2. AQP4 and CNS Inflammation

According to much evidence, neuroinflammation is an important pathogenetic char-
acteristic of PD. It is characterized by numerous events that impact the aggravation of
DA-ergic neuron degeneration, such as microglial activation, elevated levels of proin-
flammatory cytokines and reactive oxygen species, and mitochondrial dysfunction [18].
Neuroinflammation is accompanied by oxidative stress, which is one of the factors inducing
the formation of pathological α-synuclein and aggregation [18]. Using knockout mice, it
was revealed that the lack of AQP4 is characterized by higher levels of oxidative stress in the
hippocampus of ovariectomized mice [156]. Thus, deterioration of AQP4 accompanied by
co-pathology (coupled with sex hormone dysfunction) may affect α-synuclein pathology
development [18,157]. However, this line of research has been poorly understood and
requires further investigation.

AQP4 is also thought to be implicated in CNS inflammation as well as in the regulation
of immune cells in the brain; however, the data obtained are contradictory. Some studies
have shown that Aqp4−/− knockout mice are characterized by a reduced inflammatory cy-
tokine response to lipopolysaccharide injection in vivo and in vitro [158,159]. In the MPP+
PD model, Aqp4 knockout mice demonstrated less prominent microglial activation than WT
mice [160]. According to the authors’ opinion, these results may indicate that AQP4 plays a
proinflammatory role in Parkinson’s disease, secondary to the dysregulation of astrocytic
volume homeostasis. However, other studies have demonstrated the opposite effects of
AQP4 deficiency. Aqp4 gene deletion in the MPTP model of PD induced a pronounced
increase in proinflammatory cytokine levels, microglial inflammatory responses and aggra-
vated loss of TH-positive neurons in comparison with WT mice [125–127,161]. Moreover, it
has been reported that the amount of CD4(+) CD25(+) regulatory T cells was decreased
in the spleen of AQP4-deficient mice, which may be, at least in part, responsible for the
lack of suppression of hyperactive uncontrolled microglial and immune responses that
exacerbate neurodegeneration in an MPTP-induced PD model in mice [161]. The reduction
in this key population of regulatory cells could be the result of impaired generation in the
thymus in the absence of AQP4 [161]. Another reason for augmented neuroinflammation is
the absence of upregulation of transforming growth factor-β1 (TGF-β1), a key suppressive
cytokine in the midbrain and peripheral blood of Aqp4-/- mice after MPTP treatment [127].
Moreover, AQP4 deficiency has been shown not only to exacerbate neurodegeneration
of DA-ergic neurons and neuroinflammation but also to reduce the difference in MPTP
sensitivity between SN and VTA [126]. This, according to the authors, may be due not
only to intrinsic neuronal factors but also to differences in glia in these brain regions [126].
Recently, it has been demonstrated that the glymphatic system is damaged by astrogliosis
in the development of PD-like pathology [130]. Si et al. showed that AQP4 inhibition
exacerbated reactive astrogliosis, restricted glymphatic drainage, and loss of dopaminergic
neurons in mice with MPTP-induced Parkinson’s disease [130]. Another study showed
that the development of the MPTP model of PD in Aqp4 knockout mice was characterized
by astrogliosis, the inhibition of astroglial proliferation, and glial cell-derived neurotrophic
factor (GDNF) synthesis was inhibited by AQP4 deficiency [162].

Thus, dysfunction of AQP4 may contribute to the pathogenesis of PD via an inflam-
matory response, and astrogliosis and may impede the functioning of neuroprotective
mechanisms. However, these data are contradictory, and the exact role of AQP4 may
depend on the specificity of the pathology in this process and remains to be defined.
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Astrocytes play an important role in clearing the intercellular spaces of neurotoxic
forms of α-synuclein and other aberrant proteins. Recent data have shown that astro-
cytes may affect not only extracellular α-synuclein but also intracellular α-synuclein [163].
Both monomeric and aggregated forms of α-synuclein can be removed via the astrocytic
phagocytosis of extracellular α-synuclein and paracrine effects on the autophagic clearance
of intracellular α-synuclein. The dysfunction of AQP4 may probably impair the ability
of these cells to migrate, capture and degrade α-synuclein [164]. Moreover, astrocytes
can play a crucial role in mediating the toxicity of α-synuclein by internalizing it upon
release, which subsequently triggers an inflammatory response and other deleterious re-
actions [165]. Thus, it is supposed that the proper functioning of AQP4 is necessary for
the modulation of inflammatory responses, astrocytic phagocytosis, and probably, for a
paracrine factor-mediated mechanism of clearance.

Microglia is an essential participant in mechanisms involved in the clearance of ex-
tracellular space. Microglia can take up monomeric α-synuclein via monosialoganglio-
side (GM1)-dependent lipid rafts [166]. Aggregated α-synuclein can be internalized by
receptor-mediated (clathrin- and calnexin-dependent) phagocytosis. Some receptors, such
as Toll-like receptors TLR2, TLR4, and some others, can provide dual action via both
phagocytic activity and production of proinflammatory cytokines [167]. As astrocytes can
cooperate with microglia, AQP4 dysregulation may affect cytokine-mediated crosstalk
between astroglia and microglia and the ability of microglia to degrade amyloidogenic
proteins, particularly α-synuclein. Microgliocytes are also capable of producing exosomes
containing this protein, which contribute to the further spread of α-synuclein pathology
and the development of neuroinflammation [167,168]. Research devoted to investigating
the interplay between AQP4 and glia is crucial for the further development of α-synuclein-
targeted approaches.

3.3.3. AQP4 and BBB Integrity

The BBB is an essential brain multicellular system that provides and regulates the
exchange of different molecules between the brain and blood and plays a crucial role
in maintaining CNS homeostasis. BBB is composed of astrocyte endfeet (enriched with
AQP4) that cover blood vessels, endothelial cells and pericytes. Endothelial cells are
connected by specialized tight junctions that selectively prevent the paracellular entrance
of different substances from the blood to the brain [169,170]. The permeability of the
BBB is not a constant characteristic; it can be dependent on the vigilance state (sleep or
wakefulness) or changes related to the pathological state. Currently, many neurological
disorders, including neurodegenerative and, in particular, PD, are characterized by BBB
disruption [170,171]. BBB impairment can result in the entrance of blood-borne substances
to the brain, edema, and the entrance of leukocytes. α-Synuclein can bidirectionally
cross the BBB via endocytosis, carrier-mediated transports and nanotubes [171,172]. It is
assumed that α-synuclein can impair the BBB due to its ability to affect endothelial cells
and tight junctions, as well as induce gliosis and inflammation, which also can affect BBB
permeability [171,173]. There is some evidence that AQP4 dysfunction can impair the
BBB via detachment of astrocytic endfeet, increased fibrinogen extravasation, and altered
fluid exchange [174]. Thus, both α-synuclein and AQP4 can affect BBB integrity, and
there is a possibility of their synergistic effect; however, it remains unclear which is the
primary action.

AQP4 is located at the interface between the brain tissue and CSF. Numerous studies
have shown that the disruption of AQP4 function due to decreased expression, inhibition
or mislocalization can lead to the impaired glymphatic excretion of α-synuclein from the
brain parenchyma into the CSF and subsequently to the lymphatic system. On the other
hand, AQP4 is known as a regulator of water homeostasis in the CNS, and we may suppose
that impairment of its function could have a multidirectional damaging effect.

The mechanisms of most of these pathways are not yet fully understood.
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4. Future Directions

Current data show that PD is a multifactorial, multisystem and variable disturbance
that can have personal peculiarities in every case. This disease is a perfect candidate
for the application of personalized medicine. One of the biggest challenges in its treat-
ment is the variety of α-synuclein forms that provide multiple deleterious actions. As
AQP4 has a whole-brain influence and affects many mechanisms that can be involved in
neuroprotection, its modulation is suggested to be a protective approach.

Sufficient night sleep and physical activity are supposed to be the first and most obvi-
ous ways to naturally affect the brain waste clearance system. It has been postulated that
the glymphatic system works most effectively during deep sleep. However, these findings
were originally obtained in narcotized animals, which is a reason for criticism [175]. Never-
theless, numerous investigations have indicated an interconnection between sleep, AQP4
and glymphatic/lymphatic functions [176–178]. In mice, glymphatic clearance possesses
endogenous circadian rhythms, with a peak during the mid-rest phase [177]. Moreover,
CSF drainage from the cisterna magna to the lymph nodes demonstrated daily variation
opposite to glymphatic influx. In addition, perivascular polarization of AQP4 was the
highest during the rest phase. The loss of AQP4 leads to the absence of diurnal differences
in glymphatic influx and drainage to the lymph nodes [177]. Sleep deprivation causes a
reduction in influx efficiency along the perivascular space, disturbs AQP4 polarization and
induces anxiety-like behaviors [179]. Sleep deprivation in Aqp4 knockout animals induces
the accumulation of amyloid-βand tau proteins, the activation of microglia, the aggravation
of neuroinflammation and synaptic protein loss in the hippocampus. These alterations were
accompanied by a worsening of working memory compared to that in WT sleep-deprived
mice [180]. Some genetic variants of AQP4 are associated with poor sleep quality and
amyloid-β burden in humans [31]. Another study has shown that patients with chronic
insomnia have decreased serum AQP4, connexin-30 (CX30) and connexin-43 (CX43). The
authors suggested that it can indicate astrocyte dysfunction, which could be related to
poor objective sleep quality and/or cognitive dysfunction [181]. These data indicated a
close interconnection between sleep and AQP4-dependent mechanisms. Knowledge of
how these physiological rhythms may impact glymphatic function and brain microen-
vironment is important for the development of strategies aimed at preventing adverse
health outcomes, particularly neurodegeneration. One potent candidate drug that can
modulate AQP4 and possesses multifaceted actions is melatonin. It was shown to relieve
depressive symptoms and sleep disturbances in mice subjected to chronic, unpredictable
mild stress [182]. Interestingly, melatonin treatment restored glymphatic system function
and the polarization of AQP4, which were impaired in this model. It also rectified the
abnormal expression of different circadian clock proteins [182]. Other links between the
mechanisms of sleep regulation and AQP4 regulation were demonstrated in that gamma-
aminobutiric acid (GABA), known as a “sleep mediator”, promotes glymphatic clearance
in an AQP4-dependent manner via GABAA receptors. Continuous theta burst stimulation
can affect glymphatic clearance via GABA activation. This approach is important for the
development of amyloidogenic protein-targeted treatments [183]. Thus, the studies men-
tioned above show the close interplay between sleep and AQP4 function and demonstrate
the importance of this scientific direction. AQP4 may be a common pathogenic mechanism
in neurodegenerative diseases and sleep disorders.

Another modern approach to brain waste clearance is photobiostimulation therapy
(PS). This method is based on the use of nonthermal light to enhance tissue repair and
waste clearance [184]. This approach has been shown to improve cognitive functions and
motor behavior, decrease amyloid-β levels in the brain, and increase amyloid-β levels in
the cervical lymph nodes of mice with a model of AD. The in vitro experiment showed
that PS evoked an increase in BBB permeability to amyloid-β, associated with a decrease in
trans-endothelial resistance and in the expression of tight junction proteins. This research
suggests that PS provides BBB opening and activation of lymphatic clearance, which
improves the elimination of amyloid-β from the AD mouse brain [184]. This method is
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a promising therapeutic approach, which explains a possible way to eliminate protein
waste from the brain parenchyma. However, it remains unclear whether BBB opening can
induce side effects. It can be hypothesized that PS can affect AQP4 function, as AQP4 is an
important component of the BBB.

One of the first proposed ways to modulate AQP4 is through the use of pharma-
cological modulators. There are a number of AQP4 inhibitors, such as arylsulfonamide,
acetazolamide, TGN-020, and AER-270, and one reported pharmacological facilitator, TGN-
073 [185–188]. The development of these substances appears promising for the treatment
of edema, fluid volume disorders and life-threatening emergency conditions. However, the
effects of AQP4 inhibitors are not always reproducible [185]. In an MRI study, the AQP4
facilitator TGN-073 evoked increased brain water diffusivity, more extensive distribution,
and parenchymal uptake of the Gd-DTPA tracer in TGN-073-treated rats [187]. The authors
assumed that TGN-073 can improve glymphatic function in the brain and can be one more
promising candidate compound that can help eliminate amyloidogenic proteins. However,
the application of pharmacological AQP4 modulators may not be beneficial in the case
of PD due to insufficient druggability, probable side effects owing to the region-specific
distribution of AQP4, its multifactorial implication in different pathways, and the impact
of co-pathologies [107–109,185,189]. Aging is thought to disrupt the localization of AQP4,
which relocates from astrocyte endfeet [30,111–113]. The development of a treatment
strategy aimed at correcting AQP4 localization appears to be more suitable [185,189].

Thus, we can conclude that the role of AQP4 in the development of PD and other neu-
rodegenerative diseases is a challenging line of research, and many gaps in our knowledge
concerning the mechanisms of its involvement remain unfilled and require further human
and animal studies. However, as we noticed, studies devoted to the role of AQP4 in PD
pathogenesis were performed mostly on Aqp4 knockout mice in MPTP- or α-synuclein-
induced models of PD. In our opinion, to elucidate the role of AQP4 in PD, particularly in
the mechanisms of α-synuclein accumulation, it is necessary to apply different approaches
to affect AQP4 function and various animal models of PD. This is critically important for
the further development of therapeutic approaches aimed at the function of AQP4 itself
and/or other aforementioned factors, which can be affected by AQP4 dysfunction. Despite
the evidence that all previously described AQP4-related mechanisms contributing to a-
synuclein pathology can be useful as probable targets, the mechanisms of this implication
are still poorly understood and even contradictory. Another unsolved question concerns
the possible sex-related peculiarities of AQP4 functioning.

Due to the importance of the design of translational investigations, studying the
influence of aging and other pathologies can make sense. Both AQP4 dysfunction and
α-synuclein elevation may contribute to the pathogenesis of other common disturbances,
such as epilepsy [190–192] and diabetes mellitus [193,194]. The investigation of the inter-
connection between these disorders and the development of PD (as well as other neurode-
generative diseases) seems to be very important for personalized medicine and treatment
strategies. As AQP4 is involved in many brain functions, its modulation may act as a
double-edged sword, which helps correct one disturbance and aggravates another.

5. Conclusions

Given the essential role of α-synuclein in the development of PD, this protein may be
a target for therapeutic approaches aimed at treating PD. However, despite active efforts
to develop tests for the early diagnosis of PD and different strategies to counteract α-
synuclein production and propagation, PD remains incurable. The diversity of α-synuclein
forms and species, as well as its intracellular and extracellular localization, make the
search for and design of means to affect α-synuclein very difficult. Accumulating data
have shown that disturbances in AQP4-dependent glymphatic clearance in the brain
may play a crucial role in the development of PD and other neurodegenerative diseases.
This scientific direction has attracted much attention; however, significant gaps in our
knowledge regarding the exact role of AQP4 in this process exist. The most evident data
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were obtained; however, multiple mechanisms of AQP4 involvement in brain homeostasis
remain in the shade. This is a challenge owing to the peculiarities of human studies, the
availability of post-mortem material, and methodological issues. Another challenge is
that AQP4 is multifaceted, and its state can play both protective and detrimental roles
depending on conditions/co-pathologies. Nevertheless, current data on the role of AQP4
dysfunction in the accumulation of less explored α-synuclein and more explored amyloid-β
and tau provide evidence that the proper functioning of AQP4 is necessary for multiple
tissue and cellular mechanisms that affect brain homeostasis. Thus, further studies on
the role of AQP4 in the mechanisms of neuroprotection and brain waste clearance look
challenging but promising and essential for the search for AQP4-based therapeutics aimed
at the treatment of PD and other neurodegenerative disorders.
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AD Alzheimer’s disease
AQP4 aquaporin-4
BBB blood–brain barrier
CNS central nervous system
CSF cerebrospinal fluid
DA dopamine
ER stress endoplasmic reticulum stress
LBs Lewy bodies
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MRI magnetic resonance imaging
PD Parkinson’s disease
SN substantia nigra
SNP single-nucleotide polymorphism
SNpc substantia nigra pars compacta
TH tyrosine hydroxylase
WT wild type
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