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ABSTRACT

Among the most prevalent molecules in the brain is aquaporin-4 (AQP4), which is especially
abundant in the astrocyte membranes that line the blood-brain junctions. Despite being linked
to several pathological processes, AQP4's function in brain physiology is still unclear.
Extracellular volume regulation, potassium buffering, waste clearance, interstitial fluid
resorption, cerebrospinal fluid circulation, neuroinflammation, osmosensation, cell migration,
and Ca2+ signaling are among the processes in which it is engaged. Throughout the central
nervous system (CNS), astrocyte plasma membranes express the water-transporting protein
AQP4. An outline of AQP4's physiological functions in the brain, meta-analysis, structure and
functions are provided here. This study also covers role of AQP4 in different CNS disorders
like cerebral edema, ischemic stroke, spinal cord injury, migraine, meningitis, neuromyelitis
optica, epilepsy, dementia caused by Parkinson's disease, Alzheimer's disease, vascular
dementia, and Lewy body dementia. Previous years secondary data was collected from
different sources like pubmed, google scholar, research gate etc.

Keywords: AQP4; CNS disorders; vascular dementia; Neuromyelitis optica; epilepsy;

Alzheimer’s disease

1. INTRODUCTION

Water is bidirectionally transported into and out of the brain and circulation via the water
channel protein AQP4, which is typically found at the terminals of astrocytes. Significant
modulation affects the expression levels and localization of AQP4 in astrocytes. For instance,
cytokines like IL-1 elevate AQP4 in inflammatory situations. [1]. Brain edema may result from
dysregulation of AQP4 expression or function. [2, 3]. A study conducted on mice demonstrates
that the presence of AQP4 leads to an increase in brain edema, which is in line with a decrease
in cerebral ischemia-induced swelling or acute water intoxication. This effect is specifically
observed in the astrocyte end feet [4]. AQP4 expression is enhanced in animal models.
Hydrocephalus, an effect that appears to be productive revealed that both edema clearance and
survival are lower in mice lacking AQP4[5]. Because arginine-vasopressin, one of the several
known regulators of AQP4, can trigger AQP4-mediated radial water transport across the
astrocyte syncytium [6, 7], AQP4 is a developing family of highly permeable molecular water
channels identified in numerous bodily tissues; it will be crucial to continue investigating the
control of this channel and evaluate whether manipulation of this channel is effective in the
treatment of various diseases connected with brain edema.[8]. AQP4 channels have been
identified as membrane water channel that plays a role in red blood cells swelling due to
hydraulic action. Furthermore, some AQP4 subtypes have potential uses in cellular metabolism
as they are also implicated in the transport of glycerol [9]. Moreover, it has been discovered
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that AQPs are engaged in a number of biological processes, including tumour
angiogenesis.[10], glial scar formation [11], pain [12], and neuroexcitation [13, 14]. It is also
required for the olfactory system, inner ear, and retina of the eye to work normally. The AQP
channel consists of six transmembrane helix proteins arranged so that there is a pore in the
center that allows the transport of water through it [15, 16].

Various variants of AQP4 proteins have the ability to allow the passage of water, glycerol,
urea, pyrimidine, and monocarboxylates. Mammalian AQPs are categorized based on their
permeability. There are water-permeable AQPs (AQPO, AQP1, AQP2, AQP4, AQP5, and
AQP6), aquaglyceroporins (AQP7, AQP3, and AQP8), urea channels, and neutral solute
channels (AQP9) [17]. Aquaporin-4 (AQP4) proteins consist of two consecutive repetitions of
three alpha helices embedded in the cell membrane, with the amino and carboxyl terminals
positioned within the cytoplasm [18]. AQP1 is a homotetramer, which also shows the

movement of water ions through them (Figure 1) [19].
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Fig. 1 3D Image of Aquaporin-1 channel.

2. STRUCTURE AND FUNCTIONS OF AQP4 CHANNELS

AQP4 is a water-specific membrane transport protein. It belongs to the aquaporin family. It has
a crucial function in regulating the water balance in the blood-brain barrier (BBB). Its presence
as a significant water transporter in the human brain has improved our knowledge of its

function in human physiology and pathology. [20-23]
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2.1 Structure of AQP4 Channel

AQP4 monomers assemble as a stable tetramer within membranes, with each monomer
possessing an individual pore that selectively allows the passage of water. The AQP4 monomer
has a molecular weight of around 30 kDa and consists of six transmembrane helix segments
along with two shorter helical segments. AQP4 tetramers further form an orthogonal array of
particles.[24]. The composition and distribution of AQP4 are shown in Figure 2, which shows
how aquaporin 4 is arranged in a helical structure and how they are located in brain cells. The

two-pore helices' highly conserved Asn—Pro—Ala motifs determine water selectivity.[25].
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Fig. 2 Aquaporin-4's location and structure. Six membrane-spanning a-helices, with both

termini situated intracellularly, make up each AQP4 monomer.

2.2 AQP4 Distribution in the brain

The primary functions of aquaporins-1 and 4 are to carry water between the brain's major
compartments and to keep the body's water balance stable. [26] AQP4 channels are mostly
expressed in astrocytes. [27] On the cell surfaces of the CSF-brain barrier and BBB, AQP4 is
highly concentrated. which works together with the Kir4.1 potassium channel and acts as an
H>0O-K transport complex. [28 & 29] While AQPL1 is involved in the formation of cerebrospinal
fluid and is mostly expressed in the apical membrane of the choroid plexus epithelium. 20-
30% of the volume of CSF is the transcellular water flow of AQP1. [30] In the exocrine
glandular epithelium, Aquaporin 4 was found in the dentate gyrus of the hippocampus, the

cerebellum, the ependymal lining system, the supraoptic and paraventricular nuclei of the
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hypothalamus, and the limiting glia. Additionally, the cerebral cortex, the medial habenular

nucleus, and hippocampus areas including the nuclei of the stria terminalis all showed low but

substantial levels of AQP4 mRNA. In addition to the central nervous system, AQP4 is

expressed in the stomach, kidney, and skeletal muscle. [31-34] Fig: 3 depicts the expression

of AQP4 in the brain and the pathways associated with water flow in vasogenic edema.[35]
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Fig. 3: The expression of AQP4 in the brain and the three routes for water efflux from the brain

in vasogenic edema.

2.2 The roles and purposes of AQP4 channels

AQP4 serves a vital role in enabling the transfer of water from the blood arteries to the brain
tissue across the blood-brain barrier. Additionally, it contributes to the removal of harmful
protein clumps from the brain through a mechanism known as "glymphatic™. [36, 37] It also
led to the clearance of solute from the brain parenchyma into the Para venous spaces through
the extracellular space of the brain parenchyma, astrocyte migration, nerve signal transmission.
[38-40] It also led to the removal of the solution from the brain tissue into the Para venous
spaces through neuroinflammation. It activates astrocyte calcium signaling through TRPV4 in
response to osmotic stimulation. [41] The movement of water molecules, mainly using AQP4,

is well understood and illustrated in Fig: 4.
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Fig. 4 Movement of K* ions and water molecule between astrocyte and neurons using AQP4

channels.

Additionally, it resulted in the removal of the solution from the brain tissue and its transfer into
the para venous spaces due to neuroinflammation. It triggers the activation of astrocyte calcium
signaling via TRPV4 in response to osmotic stimulation. [18] Moreover, result was
corroborated by in vivo tests, and astrocytes from wild-type mice moved quicker than those
from AQP4 knockout animals. [42-45] It was demonstrated that AQP4 facilitates the
movement of astrocytes, which in turn contributes to the creation of glial scars. Furthermore,
AQP4 also regulates brain excitability in epilepsy. [46-48] Binder et al. showed that the time
delay of generalized seizures was considerably shorter in normal mice compared to animals
with AQP4 deletion. [49] Subsequently, this research team investigated the mechanism and
found that in mice lacking AQP4, the duration of seizures was prolonged due to a deceleration
in potassium Kinetics. [50] Mice that did not have a-syntrophin had comparable effects in terms
of extending the clearance of potassium ions. [28] Nevertheless, the involvement of AQP4 in
potassium ion regulation is a subject of debate, since Haj-Yasein et al. found no impact on
potassium ion restoration following synaptic stimulation when AQP4 was deleted. [48] In

addition to potassium ions, AQP4 null mice have also been reported to have reduced calcium
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ion bursts in astrocytes initiated by hypo-osmotic stress, suggesting that AQP4 is involved in
calcium signaling [8]. Furthermore, AQP4 has the ability to impact synaptic plasticity. [51]
Skukas and colleagues have shown that the lack of AQP4 specifically hinders neurotrophin-
dependent synaptic plasticity. [9] Consistently, research conducted by other organizations also
demonstrates that AQP4 plays a crucial role in preserving the proper consolidation of long-
term memories that rely on the hippocampus. It achieves this by facilitating the integration of
new neurons into spatial memory networks. [51] Furthermore, it is hypothesized that AQP4
facilitates the process of neurogenesis. Hui's team demonstrated that the removal of AQP4
hinders the growth, viability, movement, and development of neural stem cells originating from
the subventricular zone by disturbing the internal dynamics of calcium ions. [45] Their
following experiment, utilizing a depression model, demonstrates that AQP4 is essential for
the antidepressant properties of fluoxetine via regulating the generation of new neurons in the
adult hippocampus. [11]

AQP4 TRANSLATIONAL CONTROL

Gene expression regulation is the first step in controlling AQP4 protein function. Application
of microRNAs that target AQP4 is a growing area in AQP4 regulation. [52] Messenger RNAs
(mRNAS) are selectively subjected to RNA sequences formed from majority introns that
originate from within the organism itself known as microRNAs (miRNAs) for degradation or
translation suppression. [53-55] Several recent studies have shown a connection between
different miRNAs and AQP4, which might have important consequences for therapy. This
information is summarized in Table 1. A notable rise in miR-224 levels was observed when
the expression of the rat AQP4 (rAQP4) gene was reduced in living organisms and the
expression of the mouse AQP4 (MAQP4) gene was reduced in a controlled environment. The
expression of both miR-19a and miR-224, which target the same proteins, showed a substantial
increase in response to the reduction of Cx43. [56] Indicating that these two miRNAs likely
have important functions in regulating both astrocyte connectivity and water permeability. It
has been determined that MiR-29b, previously identified as being downregulated in ischemic
stroke, directly affects the expression of mMAQP4. [57] In mice with ischemia, the increased
expression of miR-29b was linked to a decrease in mAQP4 expression, as well as reductions
in infarct volume, edema, and disruption of the blood-brain barrier (BBB). An excessive
expression of miR-29b can lead to the development of cerebral edema in typical conditions.
[58] The exposure to 1,2-Dichloroethane (1,2-DCE) resulted in abnormal overexpression of
miR-29b, which subsequently led to a decrease in the levels of rAQP4 and mAQP4. This
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exposure also promoted the development of cerebral edema in Sprague-Dawley rats and CD-1
mice. [58] Further evidence is presented to support the notion that miR-29b acts by selectively
regulating the expression of AQP4. Using an in vitro model of ischemia called oxygen-glucose
deprivation, we studied the effects on primary cultured rat astrocytes, miR-145, another
miRNA linked to both AQP4 and ischemia, was discovered to lessen rAQP4-induced astrocyte
injury. [59] MiR-320a is a miRNA of particular significance that has attracted attention in
cerebral edema and glioblastoma. [60, 61] In vivo, miR-320a-targeted antibodies increased
rAQP4 and rAQP1 expression while decreasing infarct volume; however, in the presence of
cerebral edema, miR-320a expression was shown to downregulate rAQP4 and rAQP1
expression. [60] Although it appears to be advantageous to downregulate miR-320a expression
in cerebral edema patients, Research has demonstrated that miR-320a can inhibit the invasion
and migration of glioma cells by specifically targeting human AQP4 (hAQP4). [61] Blocking
the function of hAQP4 with miR-320a reduces the invasion and migration of glioma cells in
laboratory settings, which has implications for cell movement in living organisms. [61]
Astrocytes depend on cell volume alterations as a crucial mechanism to adjust the size of the
cell and facilitate its movement within the intracellular space.

Table 1- list of identified microRNAs (miRNAs) that affect the regulation of aquaporin-
4, together with information about the species of AQP4 that each miRNA is associated

with, the proteins that each miRNA targets, and its function in endogenous settings.

AQP4 MicroRNA Role Effect Reference
Species
Mouse, Rat | miR-224/miR- | Astrocyte connectivity and | Downregulates 64
19a water permeability AQP4 and
Cx43
Rat miRNA-145 The response to reduced Downregulates 59
blood flow, mitigates AQP4

damage to astrocytes
caused by AQP4.

Human, miRNA-130a | The reaction to decreased Downregulates 62

Rat blood flow helps to AQP4 M1
alleviate the harm to
astrocytes induced by
AQP4.

Rat miRNA-130b | Ischemia-induced reaction | Downregulates 55
that reduces the damage AQP4
caused by AQP4-induced
insult to astrocytes.
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Mouse, miRNA-320a | Enhances the size of the Downregulates 60, 61
Human, damaged area in cerebral AQP4 and
Rat edema caused by reduced | AQP1

blood flow, hinders the
invasion and movement of
glioma cells

Mouse miR-29b The response to ischemia Downregulates 57, 58
results in a decrease in the | AQP4
size of the infarct, as well
as a reduction in edema and
disruption of the blood-
brain barrier.

Similar to miR-320a, it has been demonstrated that targeting the use of miR-130a in
conjunction with anti-miR-130a antibodies reduces the size of the edema in rats following
cerebral ischemia. [54] While miR-320a controls both isoforms of AQP4, it is interesting to
note that miR-130a has been shown to specifically regulate the M1 isoform of both rAQP4 and
hAQP4 by targeting their promoter regions, enabling specialized control of AQP4 M1. [62]
Upregulation of miR-130b was found to protect against cerebral ischemia damage (CII),
demonstrating that miR -130b has a protective effect in ischemic situations. [63] Despite the
fact that many of these studies indicate that miRNAs have the capacity to control the regulation
of AQP4 in the future, more research is necessary to learn what problems artificially

upregulating or downregulating miRNAs can bring about.
The function of the AQP4 channel in cerebral edema

Cerebral edema is a medical condition characterized by the enlargement of brain tissue due to
an elevation in the amount of water in the brain. This can occur as a result of trauma, tumor,
ischemia, or inflammation. Cerebral edema occurs as a result of elevated intracranial pressure
and impaired cerebral blood flow. Cerebral edema is categorized into two types: cytotoxic
edema and vasogenic edema. Cytotoxic edema occurs when the sodium and potassium pump
in the cell membrane malfunctions, causing water to move from the space between cells to the
inside of the cells. Osmotic shifts cause cells to take in more water, which leads to swelling.
[65] Conversely, vasogenic edema arises from the disturbance of the integrity of the blood-
brain barrier (BBB), resulting in the breakdown of the tight junctions between vascular
endothelial cells. This resulted in the infiltration of fluid and protein from blood vessels into
the gaps between cells, leading to an increase in the size of the brain's extracellular

compartment. [66]
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The findings from many animal models investigating the role of AQP4 in brain edema etiology
indicate that AQP4 aids in the removal of vasogenic brain edema in situations where fluid
buildup occurs in the space outside of cells. The study of AQP4-knockout mice yielded
valuable information on the systems involved in water transportation during the formation of
cerebral edema. [67] Studies have demonstrated that removing AQP4 hampers the absorption
of water by cells and decreases the amount of water in the brain. This, in turn, leads to a
reduction in the magnitude of brain damage caused by lack of blood flow, the volume of
lesions, and the values of intracranial pressure in cases of sudden restriction of blood supply to
the brain. [16] hydro intoxication [17] and traumatic brain harm or injury. On the other hand,
in central nervous system (CNS) disorders such brain tumors, cold brain damage, and
prolonged ischemia, edema occurs due to the escape of isosmolar fluid across a faulty blood-
brain barrier (BBB) into the extracellular space of the brain. This results in vasogenic edema.
Deleting AQP4 in these mice led to a deterioration of cerebral edema and increased intracranial
pressure. [18] A research demonstrated the involvement of an AQP4-dependent mechanism in
the removal of excessive water in the brain during vasogenic edema. [19] Vincent j. Huber and
colleagues identified aryl sulfonamides as an AQP4 inhibitor, and among them, acetazolamide

was found to be the most effective drug. [68]

acetazolamide

In addition, some antiepileptic drugs such as topiramate, zonisamide and lamotrigine are also

effective in inhibiting aquaporin-4. [65]

Cl Cl

Topiramate Zonisamide Lamotrigine

TGN-020 is a new inhibitor of AQP4, namely 2-Nicotinamide-1, 3, 4-Thiadiazole., that

significantly reduces the size of cerebral edema linked to ischemic injury. Since inflammation
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is a major inducer of AQP4, therefore any drug that can suppress the inflammatory response
can be used as an AQP4 inhibitor. AMD3100 (plerixafor), a CXCR4 antagonist medication,
effectively inhibits the inflammatory response and mitigates blood-brain barrier (BBB)
disruption in cases of stroke. [69]

2-Nicotinamide 1,3,4-Thiadiazole

Goreisan, a Japanese herbal medicine that inhibits the upregulation of aquaporin The mixture
comprises Alisma rhizome, Atractylodes rhizome, Cinnamon rhizome, and Cinnamon bark.
Hayashi described the impact of Goreisan on cerebral edema exacerbated by the central
nervous system. [70] Goreisan therapy appears to lower brain water content and AQP4
expression following cerebral ischemia and appears to alleviate motor dysfunction after
cerebral ischemia. [71] It also appears that goreisan may be used as a new adjunctive therapy

to improve brain function after the ischemic stroke. [70]
ROLE OF AQP4 CHANNEL FOR SCHEMIC STROKE

Ischemic stroke, a complicated and severe neurological condition, is a major contributor to
global mortality. [72] All this leads to swelling of the brain and the subsequent rise in
intracranial pressure, which can result in further deterioration of the patient's condition.
Mortality and severe disability are greater in patients with stroke-induced brain edema. [73] To
reduce all these disabilities and serious complications, the main focus of research has been
shifted towards modulating the manifestation of AQP4. PKC Pathway has been observed to
downregulate AQP4 by thrombin. Activation of PKC has been demonstrated to enhance
phosphorylation of AQP4, resulting in a reduction in water permeability. [32] Earlier, hydrogen
sulfide (H2S) has been known as a neural regulatory factor and gaseous mediator [33] and is
considered as a neuroprotective agent using various methods in vivo and in vitro in an animal
model [34, 35]. The main mechanism involves exogenous hydrogen sulfide inhibiting swelling
around pyramidal neurons, as well as inhibiting ischemia-induced nuclear shrinkage. [36] 5-p-
hydroxyphenyl-1, 2-dithiol-3-thione and NaHS reduce stroke-induced vasogenic edema, and
they maintain BBB integrity. [74]
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ROLE OF AQP4 CHANNEL FOR SPINAL CORD INJURY

Spinal cord edema leads to the advancement of spinal cord damage. Administration of AQP4
inhibitors, such as TGN-020, and the NKCC1 antagonist, bumetanide, effectively decreased
swelling and damage to the spinal cord. Spinal cord injury refers to the harm inflicted on any
segment of the spinal cord, resulting in alterations in bodily functions located below the site of
injury. [40] Acute spinal cord injury (SCI) often involves a sequential sequence of events,
where the initial mechanical damage is followed by a number of secondary injuries. These
secondary injuries encompass ischemia (reduced blood flow), electrolyte imbalance, edema
(swelling), vascular abnormalities, and impaired energy metabolism. Progressive neuronal
death is caused by ischemia arising from thrombosis and vasospasm, which also worsens
various secondary damage. [75] It was observed that in the first phase of spinal cord injury
there was an accumulation of water and the formation of spinal edema was associated with this.
[42] Spinal cord AQP4 levels were increased after following chronic SCI, and its levels relates
with spinal cord water levels and were also associated with spinal cord edema. [44] AQP4 has
been discovered to have a crucial function in the pathogenic mechanisms that occur after a
spinal cord injury. Treatment with TGN-020, an inhibitor of AQP4, effectively decreased focal
cerebral ischemia caused by cerebral edema. [76] Bumetanide has also been reported to
decrease cerebral edema following traumatic brain injury. [46] Therefore, co-administration of
AQP4 and NKCCL1 inhibitor would be beneficial in spinal cord injury. Blockade of AQP4 and
NKCCL1 by co-administration of bumetanide and TGN-020 provides protection against cerebral

edema and loss of spinal cord tissue caused by spinal cord injury (SCI). [77, 78]

ROLE OF AQP4 CHANNEL IN MIGRAINE

Migraine is a chronic neurovascular disorder manifesting as a headache lasting between 4 and
72 hours, followed by symptoms of nausea and vomiting, and accompanied by sensitivity to
light. [79] Approximately 25% of those who get migraines describe a temporary episode of
neurological symptoms, referred to as an aura, that occurs with the headache. Migraine is a
debilitating health condition that has significant impacts on both the individual suffering from
it and society as a whole. Migraines predominantly impact around 15-25% of females and 6-
8% of males. Manifesting as a headache lasting from 4 to 72 hours, followed by symptoms of
nausea and vomiting, and accompanied by sensitivity to light. [80-81] Migraine is widely

recognized as one of the most incapacitating long-term illnesses, and the financial impact of
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migraine is significant. [82] Migraine is highly influenced by genetics and is likely inherited
through several factors. [83] Patients with familial hemiplegic migraine (FHM), a rare
autosomal dominant type of migraine with aura, have been shown to have mutations in three
genes that encode nerve ion channels. [84] Nevertheless, FHM has not been successful in
uncovering genetic abnormalities linked to common kinds of migraine, and the specific genes
responsible for the condition have not yet been found. [85] The pathophysiological processes
responsible for migraine are now not well comprehended. [86] A potential alteration in the
blood-brain barrier during migraine episodes has recently been proposed. [87] Magnetic
resonance imaging (MRI) revealed a notable disruption of the blood-brain barrier (BBB)
limited to the cortex, along with preceding swelling of the cortical region, in a patient diagnosed
with familial hemiplegic migraine (FHM). [88] Furthermore, the level of matrix
metalloproteinase 9, an enzyme that relies on zinc and breaks down the blood-brain barrier, is
notably elevated in individuals with migraines, both during the actual attacks and in the periods
between them. [89] AQP4 gene polymorphisms have been hypothesized to Alter the frequency
and symptomatic characteristics of migraine.

Various AQP4 inhibitors, such as acetazolamide and AEDSs, have been found to be somewhat
effective in preventing and treating migraines. [90] Topiramate, sodium valproate, and other
antiepileptic drugs (AEDs) that have been shown to block AQP4 in laboratory tests have been
licensed for clinical use in preventing migraines. However, these drugs do not seem to have
any general pain-relieving characteristics. [91] Propranolol, a beta-receptor antagonist, has
been found to be useful in preventing migraines. [92] Recent research has indicated that the
process of triggering migraines involves not only the widening of blood vessels (vasodilation)

but also a neurological aspect.

ROLE OF AQP4 CHANNEL IN MENINGITIS

Streptococcus pneumoniae is the predominant and very virulent causative agent of meningitis.
The prevalence of pneumococcal meningitis is increasing, [93] and the presence of penicillin-
resistant S. pneumoniae complicates therapy. [94] The significance of the upregulation of
AQP4 expression in meningitis-induced brain edema remains uncertain, as studies using AQP4
inhibitors have demonstrated that AQP4 is the primary factor influencing water permeability

across the blood-brain barrier (BBB). Despite receiving good therapy, the death rate for
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pneumococcal meningitis is from 10% to 30%. Additionally, 30% to 50% of patients
experience chronic neurological impairments. [95]
Brain edema is a significant consequence of bacterial meningitis that can result in increased
pressure inside the skull, leading to brain ischemia, herniation, and death. [96] The molecular
mechanism behind the process of excess fluid production and absorption in brain edema
associated with meningitis is currently not well comprehended. There are two primary forms
of cerebral edema, namely cytotoxic and vasogenic edema. [97] Cytotoxic edema, which is
observed in ischemic stroke, is characterized by the swelling of astroglia cells. Vasogenic
edema, which is observed in brain tumors, is characterized by the buildup of excessive fluid in
the extracellular spaces of brain tissue due to a compromised blood-brain barrier. Both kinds
of cerebral edema are believed to coexist in meningitis. [66] Different types of decreased
pressure within the skull and increased storage of fluid in the brain, leading to improved
neurological condition and increased chances of life. The presence of a pneumococcal infection
resulted in a significant rise, specifically 7 times higher, in the expression of AQP4 protein in
the brain. This increase in protein expression further enhanced the permeability of the blood-
brain barrier, leading to the accumulation of excessive amounts of water in the brain. Studying
experimentally whether the increase in AQP4 expression is crucial to meningitis-induced brain
edema is feasible, as inhibitors of AQP4 data have demonstrated that AQP4 is the primary
factor determining BBB water permeability. Approximately 80% of the surplus water in
meningitis resulted in a much-improved outcome compared to mice with the normal genetic
makeup. Additionally, there was a notable increase in activity in the brain of a human patient
with brain swelling caused by acute bacterial meningitis, indicating that a similar process may
take place in humans. Multiple data sources indicate that in cases of meningitis, there is an
accumulation of extra brain water largely in the intracellular compartment. The presence of
extensive astroglia foot process swelling and the decrease in macromolecular transport in brain
extracellular spaces provide morphological and biophysical evidence, respectively, supporting
this claim. [98] During meningitis, the astroglia loses its ability to control the balance of ions
across the plasma membrane. This leads to the buildup of sodium, chloride, and water inside
the cells, causing them to swell. Several factors found in the cerebrospinal fluid (CSF) of
animals with acute bacterial meningitis have been suggested to hinder the cells' ability to
regulate their ion balance. These factors include cytokines, free radicals, excitatory amino
acids, interleukin-1beta, tumor necrosis factor-alpha, and hydrogen peroxide. [62]
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Various findings suggests that AQP4 water permeability inhibitors are expected to decrease
brain swelling in conditions such as meningitis, early stroke, hyponatremia, and other diseases
characterized by cytotoxic edema. Due to the fact that the bulk of the excessive brain water in
meningitis is caused by increased AQP4 expression, medications that prevent the up-regulation
of AQP4 may be more effective than AQP4 channel blockers. Efficiently reducing cerebral
edema in meningitis can be achieved by using inhibitors that up-regulate AQP4, without the

possible negative effects associated with inhibiting AQP4 water permeability. [99]

ROLE OF AQP4 CHANNEL IN NEURO MYELITIS OPTICA (NMO)

Neuromyelitis Optica is a central nervous system (CNS) disease that result in the inflammation
of the optical nerve and spinal cord. This disease is defined by detection of the auto antibody
AQP4-1gG, which is an inflammatory marker that acts on AQP4 water channels present in the
brain. This antibody is used to differentiate between multiple sclerosis and NMO. [100]

ROLE OF AQP4 CHANNEL IN EPILEPSY

Compelling evidence suggests that the glial water channel AQP-4 is crucial for the
transportation of water in the brain. Aquaporin-4 (AQP4) is present in astrocytes and, in
conjunction with the inward potassium (K+) channel Kir4.1, plays a crucial role in maintaining
the balance of water and potassium ions (K+) during brain activity. Given the significant impact
of osmolarity and K+ on the likelihood of experiencing seizures, AQP4 and its molecular
counterparts might serve as promising targets for the treatment of seizures. Seizure length is
much longer in transgenic mice that do not have AQP4. This is linked to alterations in the
removal of extracellular K+ and the communication across gap junctions. Human epileptic
tissue exhibits dysfunctional control and altered subcellular localization of AQP4, as well as
disrupted K+ homeostasis. Further investigation is needed to determine the implications of
these results on the development of epilepsy in the hippocampus and its relevance to human
epilepsy.[101]

The restoration of water and potassium (K+) balance in epileptic tissue is a novel therapeutic
notion. AQP4 likely participates in the exchange of water and ions between glial cells and
neurons, as well as in the communication between glial cells and blood vessels across the
blood-brain barrier. Consequently, AQP4 plays a vital role in both normal tissue metabolism
and abnormal physiological states. Recent findings indicate that AQP4 may play a role in
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osmo-sensing by working along with the vanilloid channel TRPV4 and Ca2+ signaling in
astrocytes. [102] The significance of these discoveries in relation to epilepsy is presently being
examined. Aquaporin-4 (AQP4) is present in astrocytes and, in conjunction with the inward
potassium (K+) channel Kir4.1, plays a crucial role in maintaining the balance of water and
potassium (K+) during brain activity. Given the significant impact of osmolarity and K+ levels
on the likelihood of experiencing seizures, it is possible that AQP4 and its molecular
counterparts might serve as innovative targets for the treatment of seizures. Seizure length is
notably prolonged in transgenic mice that do not have AQP4. This is linked to alterations in
the removal of extracellular K+ and the communication across gap junctions. Abnormal control
of potassium (K+) levels and disrupted balance, together with changes in the distribution of
AQP4 within cells, have been noted in epileptic tissue from humans. Further investigation is
necessary to determine the implications of these results on the development of epilepsy in the
hippocampus and its relevance to human epilepsy. The restoration of water and potassium (K+)
balance in epileptic tissue is a novel therapeutic notion. AQP4 has a significant function: it is
found in both astrocytes and astroglial processes that surround synapses. AQP4 is likely
involved in the exchange of water and ions between glial cells and neurons, as well as in the
interaction between glial cells and blood vessels through the blood-brain barrier. As a result,
AQP4 plays a critical role in both normal tissue metabolism and in abnormal physiological
conditions. Recent findings indicate that AQP4 may have a role in osmosensing by working
along with the vanilloid channel TRPV4, as well as in Ca2+ signaling in astrocytes. The

significance of these discoveries in relation to epilepsy is presently being examined. [103]

ROLE OF AQP4 CHANNEL IN ALZHEIMER DISEASE

Among the many forms of degenerative cognitive loss seen in the elderly, Alzheimer's disease
(AD) stands out. Extensive research on the lymphatic system and AQP4 has shown a robust
association between AQP4 and the main pathological features of Alzheimer's disease,
including the abnormal accumulation of extracellular AB, the development of neurofibrillary
tangles caused by tau protein buildup, and the impairment of synaptic function. All signs point
to AQP4 dysfunction or abnormal distribution playing a role in AD development and
progression. Throughout the process of examining the bodies of the deceased, Researchers
found that AQP4 expression was higher in the brains of people with Alzheimer's disease and
cerebral amyloid angiopathy (CAA) than in the brains of healthy persons. This indicates that
AQP4 may be involved in the impairment of water transportation in AD and CAA [104]. Latest
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multi-cohort profiling data demonstrate significantly higher AQP4 expression in CSF from AD
patients compared to healthy controls. This indicates that AQP4 has the potential to be used as
a biomarker to indicate the development of AD. [105]

The disparity between the clearance and synthesis of AP is widely acknowledged as one of the
primary factors impacting synaptic function in individuals with AD. [106] Soluble amyloid-
beta (AB) undergoes a transformation into insoluble AP plaques, resulting in the buildup of AB.
[107] Amyloid-beta (AP) plaques impair synaptic function, which is considered a crucial link
and initiating component in the progression of Alzheimer's disease (AD). [77-78] Previously,
it was believed that the elimination of A3 mostly depended on active transport across the blood-
brain barrier (BBB) due to the absence of a conventional lymphatic system in the brain. [108]
The glymphatic system is an alternative pathway by which the brain tissue eliminates AP
without relying on blood vessels. [109] Animal studies have demonstrated that the lack of
AQP4 in APP/PS1 mice, which are used as a model for Alzheimer's disease, leads to an
increase in the accumulation of AP and a decrease in synaptic proteins. As a result, this worsens
cognitive impairment. Furthermore, mice missing AQP4 exhibited a 55% decrease in the rate
at which AP is removed. This reduction can be primarily attributed to a significant 70% decline
in the clearance of A through the glymphatic system inside the interstitial space. [110] During
a postmortem study of the human brain, it was shown that the distribution of AQP4
immunoreactivity closely matched that of neuroinflammatory AP plaques. There is a
significant link between AQP4 and the accumulation of AB. [111] Multiple studies have
indicated that the disturbance of AQP4 localization is a critical factor in the buildup of AP in
Alzheimer's disease (AD). According to Zeppenfeld's study, [82] the presence and spread of
AQP4 are connected to the extent of brain aging. An elevated level of AQP4 expression may
be considered an indication of brain aging. This rise in expression may be a response to the rise
in AP metabolism, serving as a compensatory mechanism. The abnormal localization of AQP4
in Alzheimer's dementia (AD) may have a significant impact on the incorrect accumulation of
AP. However, it is also believed that the depolarization of AQP4 is caused by the aggregation
of insoluble AP. [112] Therefore, the precise characteristics of the interaction between AQP4
and AP are still a topic of discussion. [113] In addition, the absence of AQP4 reduces the
production of low-density lipoprotein receptor-related protein-1 (LRP1), which is responsible
for facilitating the removal of AP. [85-88] A recent study utilized two-photon in vivo imaging
to examine vasculature by employing sulforhodamine 101 (SR101). The study found that mice

treated with the AQP4 inhibitor TGN-020 had a considerably higher amount of perivascular
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AP deposition compared to the control group. This provides conclusive proof that suppressing

the activity of AQP4 can decrease the outflow of AP through blood vessels. [114]

Vascular dementia

Cerebrovascular disorders are a significant contributor to cognitive impairment. Statistics
indicate that vascular cognitive impairment (VCI) is the second leading cause of dementia
cases, after only Alzheimer's disease (AD). There is empirical data indicating a link between
Alzheimer's disease (AD) and vascular cognitive impairment (VCI). [115] VCI is a prevalent
disorder among individuals with sporadic AD. Research has indicated that individuals with
Vascular Cognitive Impairment (VCI) should be specifically focused on for the purpose of
preventing dementia, hospitalization, and mortality, since the occurrence of these events is
notably higher in patients with VCI. VCI encompasses a broad spectrum of cognitive
impairment, ranging from moderate vascular cognitive impairment to the more severe
condition known as vascular dementia (VaD). [116] All types of cognitive impairment linked
to cerebrovascular illness should be encompassed. Stroke, which includes both ischemic stroke
and hemorrhagic stroke, is well recognized as a significant contributor to Vascular Cognitive
Impairment (VCI). Numerous comprehensive research has extensively examined the
involvement of AQP4 in stroke. [117] The expression of AQP4 is upregulated during cerebral
ischemia. Several studies have demonstrated that the absence of AQP4 can enhance prognosis
and neurological function, decrease the volume of tissue damage caused by reduced blood flow,
increase the pace at which neurons survive, and prevent programmed cell death and
inflammation following a lack of blood supply to the brain. Aquaporin-4 (AQP4) plays a role
in safeguarding the blood-brain barrier (BBB) in cases of intracerebral hemorrhage, employing
many methods. A recent study shown that mice lacking the AQP4 gene exhibit increased
hematoma areas and more severe blood-brain barrier (BBB) damage in a newly developed

model of hematoma growth. [118]

The investigation of the molecular mechanism of VVCI has been limited for a significant period
due to the challenge of developing a single animal model. Recent research on VCI have
emphasized the presence of both moderate and severe vascular injury, which leads to a decrease
in blood flow to the brain. [119] Prolonged inadequate blood flow results in alterations in the
configuration and connectivity of brain tissue, ultimately causing the deterioration of secondary

areas, mostly affecting the integrity of white matter. The multiple micro infarct (MMI) model
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is now an extensively utilized model for vascular cognitive impairment (VCI). The MMI model
is capable of more accurately replicating the pathogenic features of human VCI, leading to
notable cognitive decline. Venkat [96] observed evident axonal and white matter injury,
reduced AQP4 expression around blood vessels, and impaired glymphatic function in the MMI
model. The researchers treated mice with MMI using human umbilical cord blood cells
(HUCBCs) and showed that HUCBCs may enhance the production of serum microRNA-126
(miR-126) and perivascular AQP4. This treatment also reversed the delayed clearing of the
glymphatic system. [120] Peng Yu [98] demonstrated that MMI has the ability to decrease
cerebral blood flow and suppress the production of miR-126 in mice. MiR-126 is a microRNA
involved in angiogenesis, which is the formation of new blood vessels. It plays a role in
regulating vascular function and indirectly influences the activity of AQP4, a protein involved
in water transport in the brain. miR-126 knockout mice exhibited more damage to AQP4 and
the glymphatic system compared to control mice, leading to more pronounced white matter

injury and neuroinflammation.

Sudduth's team created a new version of VVCI that incorporates neuroinflammation, cognitive
impairment, and BBB degradation. [121] An apparent reduction in DP71 protein expression
was noted in mice with diet-induced hyperhomocysteinemia (HHcy). DP71 protein is
responsible for anchoring two important potassium channels, Kir4.1 and MaxiK, as well as
AQP4, in the footpad membrane. This anchoring function helps maintain the balance of ions
and osmotic pressure. In addition, they also showed AQP4 displacement and fragmentation of
astrocyte end-feet in mice with high homocysteine levels (HHcy). The cognitive function
further deteriorated in conjunction with the previously reported astrocytic alterations. Based on
the provided facts, it is probable that astrocyte end feet play a crucial role in the process of
VCI. [122]

In other cognitive disorders

Parkinson's disease dementia (PDD) and Lewy body dementia (LBD) are two types of
neurodegenerative illnesses that have different clinical symptoms and pathological changes.
These individuals exhibit a high presence of a-synuclein Lewy bodies in both the cortex and
subcortex, as well as B-amyloid plaques and tau lesions similar to those found in Alzheimer's
disease. A growing number of specialists maintain the idea that these two disorders are separate
stages of the same clinical process. [100-102] Currently, the precise method by which the
pathogen causes disease has not yet been fully understood. A function for AQP4 has been found
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in PD, involving heightened activation of microglia, which generates cytotoxic substances such
nitric oxide (NO), tumor necrosis factor-a, and interleukin-1, resulting in neuronal demise. The
results showed that in a PD model, the inflammatory response of microglia in the AQP4
knockout group was much higher than that in the AQP4 wild-type control group, leading to
more severe neuronal damage. [123] The absence of AQP4 may also trigger the release of
inflammatory cytokines, leading to further damage to neurons. The presence and arrangement
of AQP4 and AQP1 may influence the accumulation of a-synuclein in the cerebral cortex of
individuals with cerebral palsy (CP). Additional investigation is necessary to understand the
functioning of AQP4 in LBD. [104]

Creutzfeldt-Jakob disease (CJD) is a fatal neurodegenerative disorder characterized by rapid
cognitive deterioration and other abnormalities in the central nervous system (CNS).
Pathological changes include elevated neuronal hydration, enlarged neurons, and the
development of vacuoles in nerve fibers. Studies have shown that both human and animal prion
diseases have elevated levels of AQP4 and AQP1. This finding helps to explain why neurons
have an abnormality in maintaining water balance. [105,106] An elevation in AQP4 levels can
be seen as a mechanism by which neurons safeguard themselves during a situation of water-

ion imbalance. [124]

Frontotemporal dementia (FTD) is the term used to describe dementia that occurs as a result of
deterioration in the frontotemporal lobe. FTLD-tau is distinguished by the atypical
accumulation of tau protein, resulting in the formation of inclusion bodies. [108] The buildup
of tau protein causes a disruption in the balance of neuronal excitability. [109] As previously
stated, AQP4 has a distinct function in removing tau protein. Nevertheless, the specific role of

AQP4 in the pathogenic mechanism of FTD or FTLD remains uncertain. [125]

Patients with hyperthyroidism have also been shown to experience dementia, however the
specific mechanism behind this has not yet been determined. [126] Thyroid hormones are
widely recognized for their role in controlling the expression of aquaporins. The expression of
AQP4 is controlled by triiodothyronine (T3) during the process of growth. [127] Research has
demonstrated that T3 has the ability to suppress the production of AQP4 in a model of brain
infarction, leading to a decrease in cerebral edema. [128, 129] The study of hyperthyroidism-
induced dementia is still in its early stages, and thyroid hormones might be a promising initial

approach to controlling the expression of aquaporin in the central nervous system. [130]
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The effects of AQP4 on neuropathologies

Since multiple studies have linked AQP4 with various disorders, particularly those affecting
the neurological system, interest in AQP4 has grown. [131-134] The majority of these
investigations used in vitro experiments, post-mortem brain tissue measurements, or AQP4
defective mice. According to previous descriptions, normal AQP4 is typically polarised,;
however, under neuropathological circumstances, AQP4 expression and localization are
changed. [135] In order to cope with the excess fluid, AQP4 is upregulated in cases of
hydrocephalus and reabsorbs some of it. [136] However, it is yet unknown whether AQP4
hastens or slows down this disease. [131] Studies using mutant mice revealed that this
pathology progressed more quickly, [132] whereas the overexpression of AQP4 has been
suggested to be involved in the initial development of hydrocephalus. [131] Potential treatment
methods for AQP4 regulation include increasing CSF clearance in advanced stages or lowering
water transport in the locations where CSF is produced at the onset of the disease. Clinical
trials for drugs that modulate AQP4 function are still being conducted for the treatment of
hydrocephalus. [132] Additionally, AQP4 has been linked to neuromyelitis optica, an
autoimmune condition in which it functions as the target antigen. Preclinical research on
AQP4-blocking antibodies is ongoing, and eculizumab, a complement inhibitor, is under
clinical testing. A new treatment approach to address this problem may involve blocking
AQP4, which is highly expressed at the location of tissue damage in ischemic stroke. None of
the known therapies for this condition address the acute oedema consequence. The effects of
the AQP4 inhibitor TGNO020 have been investigated in an ischemic rat stroke model. [137] In
conclusion, AQP4 is a water channel that is an intriguing prospective pharmaceutical target
because changes in its expression are connected to a number of diseases. The complex has
significant limitations as a therapeutic target because of its poor druggability, despite the

description of certain promising AQP modulators. [138]

Table 2- AQP4's expression, consequences and processes in different cognitive diseases.

Cognitive disorders Expression of AQP4 Effects and mechanisms of
AQP4
1. Decreased AP excretion
AD Depolarization/increased and AP plaque deposition
expression [139-141] [142]
2. Decreased tau excretion
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and deposition [143]

3. Protection of reactive
glial net construction to
prevent damage caused by
unaggregated AP [144, 145]
4. Increased glutamate
transporter-1 expression to
clear glutamate [146]

5. Regulation of sleep
quality [147, 148]

1. Decreased AP excretion
and plaque deposition [150]
2. Association with

iNPH Depolarization/decreased inflammation and
expression [149, 149] intracranial compliance
[151, 152]

3. Restoration of glymphatic
system dysfunction [153]

1. Reduced axonal and
white matter damage and
neuroinflammation [155,

Depolarization/decreased . 156] .
VCI expression [154] 2. Prevention of glymphatic
P system damage[157]

3.Possibly decreased
deposition of A} and
tau[158]

1. Inhibition of

inflammatory cytokine
PDD Decreased expression [159] release

2. Effect on a-synuclein
deposition [160]

. Regulation of water and ion
CJD Increased expression imbalance [161]

Hyperthyroidism Decreased expression [162] Downstrearplggﬁhway of T3

AQP4: aquaporin-4; AD: Alzheimer’s disease; VCI: vascular cognitive impairment; iNPH:

idiopathic normal-pressure hydrocephalus; PDD: Parkinson’s disease dementia; FTD:
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frontotemporal dementia; CJD: Creutzfeldt-Jakob disease; T3: L-triiodothyronine; Ap:
amyloid-p.

CONCLUSION

The cerebral vasculature and the blood-brain barrier (BBB) play crucial roles in allowing
significant amounts of water to enter when the BBB is compromised. The neurovascular
compartment, which includes blood arteries, neurons, and astrocytes, plays a crucial role in
regulating the movement of water. AQP4, found in astrocytes, plays a crucial role in
maintaining the balance of water in the brain. The review has highlighted the significance of
AQPs in astrocytes and their potential involvement in the development of edema. The
development of novel, targeted pharmaceuticals to inhibit water channels is of great therapeutic
significance and is necessary to enhance our comprehension of the mechanisms behind the
regulatory functions of AQPs. This will benefit individuals suffering from chronic illnesses.
Aquaporind is essential for the production of edema in many pathological conditions.
Interfering with Aquaporin4 might potentially lead to the creation of effective pharmacological
therapies for edema formation following brain damage, as well as aid in the recovery during
the acute phase of cerebral edema. The data collected over the past decade provide evidence
for the involvement of aquaporins in the central nervous system (CNS), both in normal
physiological settings and in abnormal ones such as brain edema. Therefore, it can be inferred
that inhibiting AQP4 is a new and promising method for lowering cerebral edema. This strategy
shows potential for creating a distinct group of drugs that may effectively treat brain ischemia
in a clinical setting. The efficacy of AQP4 inhibitors has been investigated in several brain
illnesses including migraine, cerebral edema, meningitis, ischemia, stroke, and spinal cord
injury. Several pharmacological families, including as antiepileptics, some herbal medicines,
amides, and valproates, were discovered to serve as inhibitors of AQP4. These medications
target the same location on AQP4 but employ distinct mechanisms. Despite several completed
tests and ongoing research, further studies are required to fully investigate this specific spot. It
would be advantageous and aid in the treatment of several central nervous system illnesses. An
extensive examination of AQP4 is expected to yield novel perspectives on therapeutic

approaches for cognitive disorders.
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