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Optic nerve health is essential for proper function of the visual system. However, the
pathophysiology of certain neurodegenerative disease processes affecting the optic
nerve, such as glaucoma, is not fully understood. Recently, it was hypothesized that a
lack of proper clearance of neurotoxins contributes to neurodegenerative diseases. The

ability to clear metabolic waste is essential for tissue homeostasis in mammals, including
humans. While the brain lacks the traditional lymphatic drainage system identified in
other anatomical regions, there is growing evidence of a glymphatic system in the central
nervous system, which structurally includes the optic nerve. Named to acknowledge the
supportive role of astroglial cells, this perivascular fluid drainage system is essential to
remove toxic metabolites from the central nervous system. Herein, we review existing
literature describing the physiology and dysfunction of the glymphatic system specifically
as it relates to the optic nerve. We summarize key imaging studies demonstrating the
existence of a glymphatic system in the optic nerves of wild-type rodents, aquaporin 4-null
rodents, and humans; glymphatic imaging studies in diseases where the optic nerve is
impaired; and current evidence regarding pharmacological and lifestyle interventions that
may help promote glymphatic function to improve optic nerve health. We conclude by
highlighting future research directions that could be applied to improve imaging detection
and guide therapeutic interventions for diseases affecting the optic nerve.
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Introduction

Waste clearance is essential for the maintenance of tissue
homeostasis in mammals, including humans. This physiological
function is largely facilitated by the lymphatic system which
also controls extracellular fluid volume and plays an essential
role in immune response modulation (Margaris and Black,
2012). However, this conventional lymphatic network has
not been identified within the central nervous system (CNS)
(Jessen et al., 2015), and it was previously hypothesized that
individual cells possess their own capacity for the processing
of metabolic byproducts. Recently, a waste clearance system
called the glymphatic system was discovered in the brain
(Iiff et al., 2012). This system comprises a macroscopic
extracellular network involving the flow of cerebrospinal
fluid (CSF) through the subarachnoid space (SAS) into the
brain parenchyma. Entering along para-arterial spaces, CSF
drives the clearance of interstitial fluid (ISF) from the brain
towards perivenous drainage pathways (lliff et al., 2012).
The entrance of CSF into the ISF space is facilitated by the
polarized expression of aquaporin-4 (AQP4) water channels in
the endfeet of astrocytes surrounding arterial vessels (Mestre
et al., 2018). Regular pulsation of systolic and diastolic blood
pressure during physiologic arterial pulsation can drive the

CSF-ISF fluid exchange (Iliff et al., 2013). In addition to normal
cardiovascular rhythms, other factors that can impact these
fluid dynamics and waste clearance include intracranial
pressure (ICP), hydrostatic pressure, sleep and wakeful states,
and standing versus horizontal posture (lliff et al., 2013; Xie et
al., 2013; Lee et al., 2015; Gakuba et al., 2018; Benveniste et
al., 2019).

As the eye is an extension of the diencephalon in the CNS,
the optic nerve and the retina bear resemblances to the
brain from embryology to physiology in terms of high-
rate metabolism, confinement within limited space, fluid
homeostasis, fluid pressure ranges and immune privilege. In
particular, the eye also lacks the classical lymphatic vessels for
metabolic waste clearance. Therefore, researchers have been
searching for glymphatic-like components in the eye and optic
nerve that may facilitate paravascular clearance similar to the
CNS (Hu et al., 2016; Mathieu et al., 2017; Wostyn et al., 2017;
Jacobsen et al., 2019; Wang et al., 2020) (Figure 1). Along
the optic nerve, the surrounding SAS contains an intricate
system of arachnoid trabeculae and septae that are distinct
architecturally between the bulbar segment, mid-orbital
segment, and canalicular portion, which may play important
roles in CSF dynamics (Figure 2) (Killer et al., 2003).
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Figure 1 | Aquaporin distribution in
ocular tissues.
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Figure 2 | Anatomy of optic nerve subarachnoid space.

Schematic drawing of the optic nerve demonstrating the location of the (a)
bulbar segment, (b) mid-orbital segment, and (c) canalicular portion. The
bulbar segment (a) and the mid-orbital segment (b) together form the orbital
portion. The SAS in the bulbar segment is composed of trabeculae, the SAS in
the mid-orbital segment mainly comprises the septae and pillars, and the SAS
in the canalicular portion contains both trabeculae and pillars. Reproduced
with permission from Killer et al. (2003). SAS: Subarachnoid space.

Within the optic nerve, several studies have indicated the
presence of CSF-ISF exchange, yet it has not been fully
elucidated whether this reflects a glymphatic pathway
in the optic nerve itself or an interconnection between
the glymphatic pathway of the brain and SAS of the optic
nerve (Wostyn et al., 2015). The retina may also possess
an apparent glymphatic system with fluid entering the
retina through the internal limiting membrane and plexus,
after which it is absorbed via the plexus and Miiller cells,
thus tightly controlling retinal fluid homeostasis (Petzold,
2016). Aquaporin expressions have also been found in
various ocular tissues, including the retina and optic nerve,
as pictured in Figure 1. It is important to note that AQP4
expression in the retina is heterogeneous, localized only
within the inner plexiform, inner nuclear, and outer plexiform
layers (Schey et al., 2014). Given the possible presence of
the glymphatic system in the brain, optic nerve, and retina,
clearance of toxic solutes from these regions may be relevant
to the pathogenesis of age-related, amyloidogenic diseases
of the brain and eye, such as Alzheimer’s disease (AD),
glaucoma, and age-related macular degeneration (Wostyn et
al., 2016).

With burgeoning evidence for the existence of a CNS
glymphatic system and its involvement in various disease
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adapted from Schey et al. (2014) and
images of the eye and the retina were
modified from SMART (Servier Medical
Art), licensed under a Creative Common
Attribution 3.0 Generic License. http://
smart.servier.com/. AQP: Aquaporin.

processes, imaging the glymphatic system is of importance
to explore the role of the glymphatic system in neurological
and ophthalmic pathology, such as glaucoma, hydrocephalus,
and neuromyelitis optica spectrum disease (NMOSD). Several
animal models are currently employed to investigate the CNS
glymphatic system using gadolinium-enhanced magnetic
resonance imaging (MRI) as well as fluorescence-based
imaging, whereas human glymphatic imaging via gadolinium-
enhanced MRI and other non-invasive measures is also
emerging (Hu et al., 2016; Wostyn et al., 2017; Jacobsen et
al., 2019). Herein, we review pertinent literature regarding
the imaging of glymphatic system in normal and impaired
optic nerves with an overview of methods for glymphatic
modulation that may be applied to the visual system using
pharmacological interventions and lifestyle/behavioral
interventions.

Search Strategy and Selection Criteria

We used PubMed and Google Scholar to search for articles
published from 1998 to 2021 with keywords aquaporin,
cerebrospinal fluid, glymphatic, or optic nerve.

Glymphatic Imaging of the Optic Nerve

Recent studies have employed various imaging modalities
to suggest the existence of a glymphatic system in the visual
pathways of wild-type rodents, AQP4-null rodents, and
humans. This glymphatic system via the optic nerve has been
explored both ex vivo (Figure 3) and in vivo (Figure 4).

Normal optic nerve

Wild type rodents

Early studies identified the distinct polarization of AQP4
expression and the translated effects on water redistribution
in both the Miiller cells of the retina and the fibrous astrocytes
of the optic nerve (Nagelhus et al., 1998). More recent studies
further supported the significance of AQP4 in both the retina
and optic nerve, as increases in intraocular pressure (IOP)
were found to affect AQP4 activity in both regions (Gan et
al., 2012). However, the first study to provide evidence of a
glymphatic pathway in the optic nerves of rodents was not
until 2017. Fluorescent dextran tracers of differing sizes were
injected into the CSF of adult mice, and one hour later, all
tracer sizes were detected in the SAS surrounding the orbital
optic nerve (Mathieu et al., 2017). All of the smaller tracers,
10 kDA and 40 kDA in size, were found in the optic nerve,
while the largest tracer of size 500 kDa was not found within
the optic nerve. This suggests that CSF entry into paravascular
spaces of the optic nerve is molecular size-dependent. Recent
in vivo MRI studies have further elucidated the existence
of this glymphatic pathway in rodent optic nerves by using
gadolinium-diethylenetriamine pentaacetic acid contrast to
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Figure 3 | Exvivo imaging of the glymphatic system in the optic nerve.

(A) The top image visualizes the intravitreal injection of human amyloid beta (hAR); the graph displays the mouse intraocular pressure (IOP) stabilizing during
injection; the bottom image displays the uDISCO-cleared transparent mouse heads 1 hour after hA injection, showing that hAp tracer exited the eye along the
optic nerve. (B) These confocal images of ipsilateral retina (left) and optic nerve (right) after intravitreal hAp injection confirmed that hAB tracer is transported
anterogradely along the nerve. (C) Confocal images from reporter mouse with DsRed-tagged mural cells 30 minutes after intravitreal hAB injection showed

that hAB tracer preferentially accumulated in the perivascular space along the optic nerve veins. (D) Confocal image of mouse optic nerve 30 minutes after
intravitreal Alexa Fluor-dextran injection showed no entrance of this tracer into the nerve. (E, F) Confocal images of optic nerve co-labeling with TUJ1 after
tracer administration. Note tracer accumulation in the dural lining of the nerve. (G) The cervical lymph nodes are exhibiting intense hAB labeling 3 hours after
injection. (H) Schematic of double injections of hAB intravitreally and fluorescent tracer intercisternally. (1) Representative image and quantification of the
double injections described in (H), which highlights that tracers transported within the optic nerve in both anterograde and retrograde directions. (J) Confocal
images of the optic nerve from reporter mouse with DsRed-tagged mural cells (vascular smooth muscle cells and pericytes) after intracisternal dextran injection
with line scan quantified in (K). (J) and (K) show that the tracer injected intercisternally predominantly transported along the periarterial and pericapillary
spaces. Reproduced with permission from Wang et al. (2020). AF: Alexa Fluor; DAPI: 4',6-diamidino-2-phenylindole; DsRed: Discosoma sp. red fluorescent
protein; GS: glutamine synthetase; hAR: human amyloid beta; IOP: intraocular pressure; NG2: neuron-glial antigen 2; TUJ1: neuron-specific class Il beta-tubulin;
uDISCO: ultimate 3D imaging of solvent-cleared organs.

characterize the spatiotemporal CSF dynamics in and around
the optic nerve (Faiq et al., 2020). This study demonstrated
signal enhancement not only in the optic nerve SAS but also
the optic nerve parenchyma, further supporting the evidence
of the presence of a glymphatic system in the optic nerve.
Using a different administrative route via intravitreal amyloid
beta (AB) injection, confocal imaging of the healthy mouse
S AT | e ety prjectionof optic nerves showed that AB exi'ged the eye along the optic

: SCa =S - E—— nerve (Wang et al., 2020). Interestingly, this AB clearance from
the intraocular space was found to be driven by light-induced
Figure 4 | In vivo gadolinium-MRI of the cerebrospinal fluid dynamics in pupil constriction, which may reflect constriction of the ciliary

the mouse optic nerve. ; . ; ! .
3D dynamic contrast-enhanced MRI at the level of the eye and the optic body enhancing fluid dispersion along the optic nerve.

nerve before (A) and at 70 minutes (B) after starting gadolinium contrast

= Optic nerve parenchyma BEEp Optic nerve SAS WEEp Olfactory bulb Lateral ventricle mmmp Muscle tissue

infusion into the subarachnoid space of the lumbar spine. Arrows indicate AQP4-null rodents

the corresponding brain and muscle regions of interest. Maximum intensity If a glymphatic system of the optic nerve facilitated by AQP4
projection after image segmentation of the eyes and the optic nerves in (C). water channels does exist, then it could be assumed that
Note the apparent signal enhancement not only in the optic nerve SAS but AQP4 deletion would largely impact clearance of waste

also the optic nerve parenchyma. Reproduced with permission from Faiq et

al. (2020). SAS: Subarachnoid space. products from the retina, optic nerve, and the brain. A study
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in 2020 found that AQP4-null mice experienced significantly
reduced retinal penetration and clearance of AR along
the optic nerve (Wang et al., 2020). AQP4 deletion also
enhanced the expression of pro-inflammatory cytokines and
exacerbated retinopathic phenotype in diabetic rats (Cui et
al., 2012). Such inflammatory effects of AQP4 deletion may be
equally as prevalent in healthy rodents, though this premise
awaits experimental evidence.

Researchers have also explored the relationship between
AQP4 deletion and IOP. A study comparing wild-type mice
with mice lacking AQP1 and/or AQP4 found that AQP1/4-
null mice had significantly lower IOP and aqueous fluid
production (Zhang et al., 2002). This effect may presumably
be due to the AQP4 expression in the ciliary bodies that
produce agueous humor, and loss of AQP4 might lead to less
aqueous production with consequent fall in IOP. However, in
this study, AQP deletion did not significantly impact outflow,
volume, or compliance. In contrast, when both wild-type and
AQP4-null mice were exposed to 3 days of IOP elevation via
microbead injection into the anterior chamber to obstruct the
aqueous outflow through the trabecular meshwork, it was
found that baseline IOP and degree of IOP elevation in AQP4-
null mice were not significantly different from those of wild-
type mice (Kimball et al., 2020). This raises the question of
how glymphatic clearance and IOP are related, especially in
the pathogenesis of glaucoma. Future studies are needed to
elucidate how inhibition or facilitation of glymphatic clearance
may affect IOP and subsequent diseases of the optic nerve.

Humans

While studying human, non-human primate, rat, and mouse
retinas, researchers found that an AQP4-positive glial
network forms a sheath around the retinal vascular system,
presumably constituting the glymphatic system of the optic
nerve (Hu et al., 2016). Similarly, a post-mortem study found
paravascular spaces in the human optic nerve, further
suggesting the presence of a glymphatic system in the visual
pathway (Wostyn et al., 2017). The authors hypothesized that
glaucoma develops from restriction of normal glymphatic
clearance at the lamina cribrosa, in combination with a low
|CP. Further studies, however, must be done to test this
hypothesis. Likewise, when subjects underwent intrathecal
gadolinium-enhanced MRI, researchers found CSF contrast
signal enhancement within the optic nerve, optic chiasm,
optic tract, and primary visual cortex (Jacobsen et al., 2019).
Given the extravascular entry of the CSF tracers, this further
supports the evidence of a paravascular waste clearance
system of the human optic nerve.

Impaired optic nerve

There is much about the relationship between AQP4 and
the impaired optic nerve that remains to be elucidated.
These questions range from debris clearance, toxin removal,
nutrient supply, IOP/ICP maintenance, to disease etiology and
pathogenesis. For example, in a rat model of optic nerve crush
injury, AQP4 was downregulated, and it is unclear whether
this AQP4 inhibition was protective for or detrimental to the
survival of retinal ganglion cells (RGC) (Suzuki et al., 2014).
Investigations aimed at understanding this phenomenon
have important implications in diseases where the optic
nerve is impaired, like glaucoma, hydrocephalus, NMOSD,
retinopathies, or other optic neuropathies.

Glaucoma

Imaging the optic nerve in glaucomatous rodents has begun
to identify and elucidate vision-related maladies involving
glymphatic clearance. For example, IOP elevation in rat
eyes has been reported to be associated with decreased
AQP4 expression in the retina, but increased expression
in the optic nerve head (ONH) (Dibas et al., 2008). The
authors hypothesized that increased AQP4 levels in the ONH

promoted glial activation and upregulation of water channels,
thus possibly leading to astrocyte hypertrophy in glaucoma.
Likewise, in response to IOP elevation, the ONH astrocyte
process orientation was significantly altered, suggesting that
ONH astrocyte process orientation may be a good indicator
of early axonal injury in glaucoma (Tehrani et al., 2014).
Interestingly, AQP4 labelling was not found to be a good
indicator of astrocyte processes in early glaucoma, likely
due to the specific localization of AQP4 in astrocyte endfeet.
However, in severe glaucoma, actin bundles were located
parallel to areas of high AQP4 expression, suggesting greater
involvement of AQP4 in increased severity of glaucoma
progression.

There is also initial evidence that CSF entry into the optic
nerve is impaired in glaucomatous mice (Mathieu et al.,
2018). When fluorescent dextran tracer was injected
into the CSF space of mice, the tracer signal in the optic
nerve was significantly lower in the glaucomatous mice
than in age-matched controls. There are several possible
explanations, such as increased resistance to ocular CSF
flow resulting from elevated IOP or a global disruption of
CSF flow in glaucomatous mice. Since AQP4 is expressed
in the fourth and lateral ventricle choroid plexus, it can be
hypothesized that reduced production of CSF can also give
rise to decreased tracer signal though direct evidence of this
phenomenon is lacking (Speake et al., 2003). If this is true,
then lowering of ICP and therefore alteration of translaminar
pressure difference may imbibe further support as one of the
hypotheses for glaucoma. Additionally, approximately 80% of
aged glaucomatous mice, lacking CSF tracer at the glial lamina,
had decreased RGC axonal phosphorylated neurofilament
staining of the laminar optic nerves (Mathieu et al., 2018).
This suggests a potential relationship between CSF flow and
axon pathology in glaucoma, though aging may have also
contributed to these findings.

A recent study further supported the disruption of ocular
glymphatic flow in glaucomatous mice. AB tracer was injected
into the vitreous body of mice and while the tracer was found
to have an intra-axonal distribution in controls, the tracer was
located mostly outside RGC axons in glaucomatous mice (Wang
et al., 2020). This suggests that glaucomatous defects in the
glial lamina barrier diverted flow of ocular fluid from the
axonal to the extracellular area. However, since rodents and
primates have different morphology at the optic nerve head
including presence of laminar cribrosa in primate but only glial
lamina in rodents, further research is needed to confirm the
generalizability of the above findings across species.

Recent studies have also imaged CSF exchange in human
glaucoma. In a study, patients with normal-tension glaucoma
(NTG) (Innes et al., 2018) underwent computed tomography
cisternography of the brain and orbits (Killer et al., 2012). In
comparison to the control patients who did not have NTG
or any other form of glaucoma, NTG patients presented
significant differences between the density of contrast-
loaded CSF in intracranial spaces and in the SAS of the optic
nerves. This suggests that NTG is associated with disturbed
CSF dynamics due to optic nerve compartmentation. Another
study found a statistically significant reduction in CSF
flow towards the retrobulbar segment in NTG patients, as
compared to no reduction in CSF flow in the orbital segments
of healthy controls (Pircher et al., 2018). Taken together, these
studies indicated that impaired CSF dynamics in the optic
nerve may contribute to NTG.

More recent studies have proposed potential distinctions
between NTG and high-tension glaucoma (Wostyn et al.,
2015; Wostyn, 2020). Given that NTG patients tend to have
lower ICPs than patients with high-tension glaucoma, this may
suggest that changes in CSF dynamics are more pronounced in
NTG than in high-tension glaucoma. Furthermore, given that
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the glymphatic system of the optic nerve is likely continuous
with the glymphatic system of the brain, NTG may result from
the glymphatic dysfunction in the brain, while high-tension
glaucoma may result from ocular glymphatic dysfunction. This
distinction of glymphatic dysfunction between the different
types of glaucoma calls for further exploration.

Hydrocephalus

Idiopathic normal pressure hydrocephalus (iNPH), a common
form of hydrocephalus, is characterized by increased
resistance to CSF outflow and unstable ICP in the brain, with
the most effective treatment being a CSF shunt (Williams
and Malm, 2016). Given the abnormal state of CSF dynamics
in this disease, imaging the glymphatic system of iNPH
patients can reveal how CSF flow is disrupted, alluding to the
development and progression of this condition. MRI studies
of iNPH patients have demonstrated significantly decreased
clearance of gadobutrol and delayed enhancement at the
Sylvian fissure (Ringstad et al., 2017). A follow-up study
indicated that delayed clearance of CSF tracer, specifically at
the entorhinal cortex, may lead to neurodegeneration and
eventually dementia in iNPH patients (Eide and Ringstad,
2019). Interestingly, patients with iNPH also experienced
delayed CSF tracer clearance in the optic chiasm, optic tract,
prechiasmatic optic nerve, and primary visual cortex (Jacobsen
et al., 2020). Reduced tracer clearance in these regions
suggests decreased removal of metabolic waste molecules
from the visual pathway, which might in turn implicate the
increased incidence of glaucoma in iNPH patients (Jacobsen
et al., 2020). However, further exploration is needed to clarify
the relationship between iNPH and the visual system.

Although these imaging studies have demonstrated that
glymphatic clearance is affected in iINPH, current literature
remains inconclusive as to whether AQP4 expression changes
in hydrocephalus. The relationship between AQP4 expression
and hydrocephalus may not be a simple, direct association,
but rather a complex and severity-specific phenomenon.
For instance, AQP4 was not found to be upregulated in rats
with mild hydrocephalus (Aghayev et al., 2012), yet there
was indeed significant upregulation of AQP4 in rats with
severe hydrocephalus (Mao et al., 2006). Moreover, in rats
with kaolin-induced hydrocephalus, AQP4 expression in the
periventricular region was significantly dependent on the
severity and duration of hydrocephalus (Skjolding et al., 2010).
Thus, it may be worthwhile for future studies to investigate
the nature of AQP4 function, its polarization, and its change
in expression in iINPH patients, and how these characteristics
correlate to biomarkers of neurodegeneration.

Interestingly, patients with iNPH have a much higher risk
of developing NTG, which likely relates back to the finding
of impaired glymphatic function in the visual pathway of
iNPH patients (Jacobsen et al., 2020). In fact, patients whose
ICP have been lowered through shunt treatment for iNPH
were found to be almost 40 times more likely to suffer from
NTG than patients without hydrocephalus (Gallina et al.,
2018). This observation supports the trans-lamina cribrosa
gradient hypothesis, in which the pressure gradient increases
due to high I0P or low ICP or both, thus leading to optic
nerve damage and optic nerve head cupping. The intricate
relationship between ICP and IOP affirms that further imaging
studies of the glymphatic systems of the brain and optic nerve
are necessary to clarify this mechanism.

Neuromyelitis optica spectrum disease

NMOSD occurs when anti-AQP4 antibodies (NMO-
immunoglobulin G; NMO-IgG) enter the brain through
blood-brain barrier (BBB)-deficient sites, thus gaining access
to the brain parenchyma, inducing deposition of 1gG, and
precipitating lesions with loss of AQP4 and upregulation
of glial fibrillary acidic protein (GFAP) (Mgrch et al., 2018).

There is currently no treatment for NMOSD, and it can only
be ameliorated by immunosuppressants. Moreover, it is
unclear whether and how NMO-IgG flows in the CSF to the
brain parenchyma. AQP4 channels may play a role in the
transcellular transport of this antibody given its approximate
molecular weight of 150 kDa, however there is currently
insufficient evidence supporting this hypothesis and more
experiments are necessary for confirmation. Changes in
cerebral arterial pulsatility may impact paravascular CSF flow
into the brain parenchyma thus leading to the deposition of
toxic solutes (lliff et al., 2013). Given that NMOSD is associated
with primary damage to both the optic nerves and retinal cells
(Zeka et al., 2016), future studies should aim to clarify the
existence of the glymphatic system and its relevance to NMO-
lgG deposition and lesions.

Glymphatic Modulation of the Optic Nerve

The role of the glymphatic system in the pathogenesis of
neurodegenerative diseases continues to be elucidated as
recent studies have explored potential ways to alter AQP4
activity, through pharmacological interventions, such as AQP4
inhibitory and facilitatory agents (Additional Table 1) and
gamma aminobutyric acid (GABA) agonists (Additional Table
2); dietary supplements, such as omega-3 polyunsaturated
fatty acids (PUFAs) and vitamin B3 (Additional Table 3)
and flavonoids (Additional Table 4); and complementary
integrative approaches, such as physical exercise (Additional
Table 5), intermittent fasting, and sleep (Additional Table 6).
As the optic nerve is an extension of the diencephalon of the
CNS, these approaches that act on the CNS may be translated
to explore glymphatic modulation of the optic nerve in future
studies.

Pharmacological interventions

AQP4 inhibitors

One compound found to inhibit AQP4 function and
consequently reduce cerebral edema is AER-271. This prodrug
was developed in order to achieve higher (> 5000-fold
improved) aqueous solubility in agueous solution at pH 7, in
comparison to its predecessor, AER-270. In a rat stroke model
administered with 10 mg/kg AER-271 through intravenous
route, the animals showed reduced cerebral edema and
improved neurological outcomes (Farr et al., 2019). Similarly,
in a rat model of asphyxial cardiac arrest, treatment with
AER-271 showed protection against early cerebral edema,
neurological deficits, and neuroinflammation (Wallisch et al.,
2019).

Another potential inhibitor of AQP4 function is acetazolamide
(AAZ), a carbonic anhydrase inhibitor, typically used to
treat epilepsy and idiopathic intracranial hypertension. AAZ
inhibits AQP4-mediated water transport by around 80%
and significantly reduces the permeability of AQP4 water
channels (Huber et al., 2007; Tanimura et al., 2009). AAZ
has proven effective in several rodent models of traumatic
brain injury, mediating its effects through prevention of
AQP4 reorganization after injury and consequent reduction
in cytotoxic edema (Katada et al., 2012; Sturdivant et al.,
2016; Glober et al., 2019). Future studies should explore the
mechanism in which AAZ inhibits AQP4 function, to determine
its potential uses beyond epilepsy and cerebral edema.

Another potent inhibitor of AQP4-mediated water transport
is TGN-020 (Huber et al., 2009), a compound with IUPAC
nomenclature as 2-(Nicotinamide)-1,3,4-thiadiazole, N-(1,3,4-
Thiadiazol-2-yl)-3-pyridinecarboxamide, N-(1,3,4-Thiadiazol-
2-yl)pyridine-3-carboxamide, N-(1,3,4-Thiadiazolyl)-m-
nicotinamide. In a classical study, pretreatment with TGN-
020 blocked water movement through AQP4 channels, thus
reducing water influx and delaying the development of
cytotoxic edema in murine models of focal cerebral ischemia
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(Igarashi et al., 2011). In studies of diabetic rat models, TGN-
020 reduced retinal edema and associated swelling of Mller
cells (Kida et al., 2017; Oosuka et al., 2020). In addition to
Mdller cells” involvement in fluid redistribution, these cells
also play a significant role in retinal cell reprogramming and
regeneration, possibly indicating their importance for proper
RGC function (Goldman, 2014).

Although AQP4 inhibition by TGN-020 has been shown
to reduce edema, it has also been implicated in impaired
clearance of AR via the peri-/para-vascular routes of the brain
(Rosu et al., 2020). This suggests that AQP4 inhibition may
favor the deposition of AB characterized by AD. TGN-020 has
also been shown to be associated with neurodegenerative
effects in a rat model of optic nerve crush injury by
downregulating the uptake of glutamate by optic nerve
astrocytes and AQP4, thus increasing loss of RGC after optic
nerve crush injury (Nishikawa et al., 2016). Future studies
must be conducted to confirm these neurodegenerative
effects of TGN-020 on the optic nerve.

The AQP4 inhibitors discussed above and listed in Additional
Table 1 are restricted to investigations in conditions of edema,
thereby prompting future experiments to be conducted in
order to evaluate their potential as therapeutic agents in
diseases like glaucoma, hydrocephalus, and NMOSD.

AQP4 facilitators

While several potential AQP4 inhibitors have been identified,
there is only one currently documented AQP4 facilitator in
the literature, TGN-073, which was reported recently and is
listed in Additional Table 1. TGN-073 significantly increases
turnover of interstitial fluid through AQP4 water channels
(Huber et al., 2018). The hypothesized molecular mechanism
is that the ligand binds to AQP4, leading to a conformational
shift, which in turn, facilitates water flux. Future studies may
explore the role of TGN-073 in potential use against diseases
of the optic nerve where glymphatic clearance is impaired.

GABA agonists

Recently, GABA was found to modulate glymphatic clearance
of AR from the brain (Wu et al., 2020). GABA enhanced
glymphatic clearance in wild-type mice but not in AQP4-
null mice, thus indicating that GABA-mediated clearance is
dependent upon AQP4 channels. This is further supported
by the fact that the GABA-A receptor is co-localized with
AQP4 in brain tissue. Although GABA and AQP4 appear to be
linked, the effects of GABA upregulation in the optic nerve
have not yet been comprehensively elucidated. Furthermore,
one study hypothesized that GABA-A receptor agonist would
induce AQP4 upregulation, thus promoting autoimmune
brain inflammation, as seen in NMOSD (Jarius et al., 2015).
Therefore, careful modulation of GABA levels is necessary.
Experimental protocols and results included in this section
on GABA agonists are included in further detail in Additional
Table 2.

GABA has often been implicated in the pathogenesis of
glaucoma (Bailey et al., 2014). For example, Bailey et al.
found that the butanoate metabolism pathway (specifically
the components that contribute to GABA and acetyl-CoA
metabolism) was significantly associated with primary open-
angle glaucoma and NTG. Furthermore, in a model of ocular
hypertension, GABA uptake in the retina was significantly
increased, while glutamate- and high K™-induced GABA release
displayed a significant decrease (Moreno et al., 2008). This
disruption of glutamate-GABA balance in hypertensive eyes
could indicate a key role of GABA in glaucoma.

With regards to investigations in CNS, the expression of
GABA-A/B receptors in the arcuate nucleus of glaucomatous
mice was found to be significantly upregulated compared to
the control group (Gong et al., 2018). The arcuate nucleus

of the hypothalamus plays an imperative role in stress
management, as well as in IOP regulation through cortisol
secretion (Jin et al., 2014; Leon-Mercado et al., 2017). Both
of these factors are crucial in glaucoma etiopathogenesis
(Sabel et al., 2018). This may link to AQP4 expression, as
transcriptomic analysis of rat arcuate nucleus previously
demonstrated region-specific alterations in AQP4 expression
(Barkholt et al., 2019).

In support of the above discussed findings, PNU-282987, an
alpha7 nicotinic acetylcholine receptor (a7-nAChR) agonist,
was found to modulate GABAergic synaptic transmission, thus
protecting retinal ganglion cell function (Zhou et al., 2017).
Elevated I0P was found to downregulate retinal a7-nAChR
expression, suggesting that a7-nAChR expression relates
to GABA, IOP, and glaucoma. Future studies should aim to
explore how GABA is involved in glymphatic clearance and
whether the aforementioned GABA agonists could be used to
promote waste clearance in the optic nerve.

Dietary supplements

Omega-3

There is growing evidence supporting omega-3 PUFAs
acting by a glymphatic mechanism in the alleviation of
neurodegenerative conditions (Ren et al., 2017). For example,
Ren et al. (2017) found that in a mouse model of AD, oral
administration of fish oil promoted clearance of AR from the
brains of transgenic mice but not AQP4-null mice. Likewise,
imaging of brain tissues indicated that during injection of AB,
omega-3 PUFAs protected AQP4 polarization and inhibited
astrocytes, thus supporting the hypothesis that omega-3
PUFAs acted through an AQP4-dependent glymphatic
mechanism. It is important to note that fish oil contains a
variety of other beneficial moieties (like Vitamin A, Vitamin
D, calcium, etc.) that have nutritional as well as disease-
ameliorating effects. Whether the observed effects are due to
PUFAs or due to the combination of various nutrients in fish
oil needs to be resolved. Furthermore, omega-3 PUFAs were
found to improve BBB transport and promote AB clearance
from the brain to systemic circulation (Yan et al., 2020). BBB
transport and glymphatic clearance appear to work hand-in-
hand to prevent protein accumulation and the corresponding
initiation of neurodegenerative disorders (Verheggen et al.,
2018).

Omega-3 PUFAs have been suggested as a potential protective
agent against optic nerve damage in glaucoma. In a mouse
model of glaucoma, omega-3 diet supplementation through
oral gavage prevented RGC degeneration, especially when
combined with treatment of timolol eyedrops (Kalogerou
et al., 2018). These neuroprotective effects of omega-3
treatment are accompanied with decrease in IOP. For
instance, Sprague-Dawley rats that were raised on omega-3-
sufficient diets had a 13% decrease in IOP at 40 weeks of age,
compared to rats raised on omega-3-deficient diets (Nguyen
et al., 2007). In a study on patients with pseudoexfoliative
glaucoma, docosahexaenoic acid, an omega-3 PUFA, led to
significant decreases in IOP (Romeo Villadéniga et al., 2018).
Similarly, in young normotensive adults, three months of
systemic omega-3 supplementation significantly reduced
IOP by 8% (Downie and Vingrys, 2018). Interestingly, when
supplementation of omega-3 was compounded with omega-6,
rat eyes were more efficiently protected from retinal damage
induced by IOP increase (Schnebelen et al., 2009), thereby
making a case for neuroprotective effects. The mechanism
by which omega-3 PUFAs act on the optic nerve is yet to be
elucidated but prevention of gliosis (inflammatory activation
of astroglia) may be considered as a candidate process
for investigative studies. This is because inflammation and
consequent activation of astroglia precipitate dysregulation
and mislocalization of AQP4 which may, in all possibilities,
affect glymphatic clearance. Given the growing information
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about the glymphatic hypothesis, future studies aiming to
explore the potential effect and mechanism of PUFAs on AQP4
function and glymphatic clearance are needed. Experimental
protocols and results included in this section on omega-3
PUFAs are included in further detail in Additional Table 3.

Flavonoids

There is some evidence that flavonoids, such as baicalin,
pinocembrin, quercetin, and fisetin, are involved in AQP4
expression in the brain and eye (Tesse et al., 2018). In cerebral
ischemic mice, baicalin downregulated AQP4 expression, thus
reducing edema and inflammation (Lee et al., 2019a). Baicalin
showed similar effects in rats with experimental subarachnoid
hemorrhage, thereby reducing the expression of AQP4
and inflammatory cytokines (Zhang et al., 2020). Another
flavonoid, pinocembrin, was found to have similar results.
Pinocembrin inhibited production of inflammatory signals and
expression of AQP4 in cerebral ischemic rats, protecting the
rat brain as a therapeutic effect (Gao et al., 2010). Similarly,
guercetin treatment inhibited diabetes-induced upregulation
of GFAP and AQP4 expression in diabetic retinas (Kumar et
al., 2014). The inhibition of AQP4 expression in Muller cell
endfeet and perivascular space apparently prevented diabetic
retinal edema and RGC death.

Just as flavonoids demonstrated neuroprotective effects
in models of cerebral ischemia and diabetic retinopathy,
flavonoids have also been found to protect RGCs from
oxidative stress-induced death in diseases like glaucoma
(Maher and Hanneken, 2005). However, to the best of
our knowledge, no studies have suggested a glymphatic
mechanism of flavonoids for treatment of glaucoma. Instead,
one study suggested that quercetin reduces glutamate
from nerve terminals, thus protecting against excitatory
neurotoxicity (Zhou et al., 2019). Another study suggested that
quercetin improves mitochondrial function thereby preventing
RGC apoptosis (Gao et al., 2017). Others suggested that fisetin
regulates cytokine production and inhibits pro-inflammatory
pathways like nuclear factor kappa B (Li et al., 2019). Under
this backdrop, it appears that these moieties may mediate
their effects through both glymphatic-dependent and
glymphatic-independent mechanisms. There may also be an
indirect relationship between these flavonoids and glymphatic
modulation which may or may not depend on AQP4. Future
studies are needed to have better answers to the questions
regarding protective mechanism of flavonoids. In particular, it
would be worthwhile to determine whether the effects involve
AQP4 inhibition and glymphatic clearance, anti-inflammatory
and anti-apoptotic properties, a combination thereof, or an
entirely disparate mechanism. Experimental protocols and
results included in this section on flavonoids are included in
further detail in Additional Table 4.

Vitamin B3

Vitamin B3 has been proposed as a potential therapeutic agent
for degeneration of the optic nerve in glaucoma (Williams et
al., 2017). Retinal levels of nicotinamide adenine dinucleotide
(NADY), a key molecule for mitochondrial metabolism,
decline as one ages, thus rendering neurons susceptible
to degenerative insults. Williams et al. (2017) found that
supplementation of vitamin B3, also known as NAD" precursor
nicotinamide, can protect against mitochondrial dysfunction,
thus making RGCs relatively resilient to IOP-induced stress.
Likewise, at the highest dosage tested, vitamin B3 decreased
the likelihood of developing glaucoma by 10-fold (Williams
et al., 2018). In addition to protecting RGCs in preclinical
models, vitamin B3 has also been found to improve inner
retinal function in glaucomatous patients (Hui et al., 2020).
In glaucomatous mice, vitamin B3 was found to help RGCs
autoregulate their function in response to a flicker-induced
metabolic challenge (Chou et al., 2020). This demonstrates that
vitamin B3 helps preserve mitochondrial function in glaucoma.

Mitochondrial function may also be linked to the glymphatic
system. A significant association between an increase in
pathological mitochondria in astrocytic endfeet and loss of
perivascular AQP4 was found in patients with iNPH (Hasan-
Olive et al., 2019). Pathological mitochondria may indicate
defective energy metabolism in endfeet processes of iNPH,
which may impair glymphatic clearance of brain metabolites.
Vitamin B3 has been found to protect against mitochondrial
toxicity and reduce oxidative stress through its antioxidant
properties (Depeint et al., 2006). Therefore, future studies
should further explore whether and how vitamin B3 affects
glymphatic clearance along the visual pathways in glaucoma,
hydrocephalus, and NMOSD. Experimental protocols and
results included in this section on vitamin B3 are included in
further detail in Additional Table 3.

Complementary and integrative approaches

Exercise

While neuroprotective effects of exercise are well-
documented in literature, the effects of physical exercise on
glymphatic clearance in the brain are a novel area of study.
Experimental protocols and results included in this section on
physical exercise are included in further detail in Additional
Table 5.

Many recent studies involving voluntary exercise in AD rodent
models have found promising results of enhanced glymphatic
clearance. Voluntary exercise was found to increase
glymphatic influx of CSF tracers in the hypothalamus, ventral,
and lateral cortices of young awake mice (von Holstein-
Rathlou et al., 2018). Similarly, voluntary running effectively
increased AQP4 expression and polarization in the brains of
mice, consequently reduced accumulation of AB deposits,
and ameliorated inflammatory activation of microglia and
astrocytes (He et al., 2017). Furthermore, exercise was found
to preserve hippocampal-dependent cognitive functioning
and memory via increased clearance of AB, attenuation
of mitochondrial dysfunction, and inhibition of neuronal
apoptosis in the hippocampus (Lin et al., 2015; Lu et al.,
2017). These studies suggest several possible hypotheses for
exercise-induced neuroprotection in the aging brain, including
glymphatic clearance.

Physical exercise has been suggested as a modifiable risk
factor and potential therapeutic intervention in glaucoma.
For example, increased exercise frequency and time were
strongly associated with reduced IOP levels (Fujiwara et al.,
2019), though the effects depended on the type of exercise,
such as running or yoga (Jasien et al., 2015). It is pertinent
to note that for every 5000 daily steps or 2.6 hours of non-
sedentary physical activity, the average rate of visual field loss
decreased in glaucoma patients by 10% (Lee et al., 2019b).
However, the mechanism by which physical exercise acts on
the optic nerve has yet to be elucidated, though relaxation
response, reduction in cortisol, improvement in vagal tone,
parasympathetic activation, and endorphin release can all
be postulated. Given the growing information about the
glymphatic hypothesis, future studies should explore the
effects of voluntary exercise on glymphatic clearance in
diseases like glaucoma where the optic nerve is affected,
while being mindful of the type of exercise.

Intermittent fasting

Recent literature has suggested that intermittent fasting has
the potential to influence glymphatic clearance (Additional
Table 6). In a mouse model of AD, alternate-day fasting
was found to have restored AQP4 polarity, which improved
cognitive function and reduced AP deposition (Zhang et al.,
2017). Given the involvement of AQP4, this may indicate
that fasting affects glymphatic clearance. Furthermore,
in healthy human subjects, Ramadhan fasting was found
to be associated with decrease in IOP and central corneal
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thickness; interestingly, retinal nerve fiber layer thickness
and ONH vertical cup-to-disc ratio were significantly different
during fasting visits versus non-fasting visits (Nilforushan et
al., 2020). Together, these studies indicate that fasting may
have a protective effect on the optic nerve, perhaps through
a mechanism of glymphatic clearance. Exploration of this
association between fasting, glymphatic function, and optic
nerve health may be an important area of research for the
near future.

Sleep

In the past decade, sleep has been increasingly implicated in
glymphatic function (Additional Table 6). In the mouse brain,
natural sleep was found to increase the interstitial space by
60%, thereby significantly increasing CSF-ISF exchange and
thus the rate of AB clearance (Xie et al., 2013). The effects
of sleep on glymphatic clearance may be linked to circadian
rhythms, as the greatest levels of CSF distribution and AQP4
polarization were detected during the mid-rest phase of
the mice (Hablitz et al., 2020). This relationship may be
supported by clinical symptoms of AD, as sleep disruption
can leave the brain vulnerable to amyloidopathy, which may
correspondingly alter sleep patterns (Boespflug and Iliff,
2018). Given that both sleep and the glymphatic system
degrade with age, this suggests that sleep disturbance may
slow glymphatic clearance of toxic solutes in the brain, leading
to progression of neurodegenerative diseases resulting in
dementia (Nedergaard and Goldman, 2020). Sleep disruption
has also been associated with glaucoma, as poor sleep
parameters such as abnormal sleep duration, sleep latency,
and daytime dysfunction, are more prevalent in glaucoma
patients compared to healthy controls (Qiu et al., 2019).
Given the increasing evidence for a glymphatic pathogenesis
of glaucoma, the role of sleep in glymphatic dysfunction in
glaucoma should be explored in future research.

Future Perspectives

Future research into the glymphatic system should explore
several different avenues, including noninvasive methods of
imaging the glymphatic system, interactions between AQP4
and the cholinergic nervous system, the role that other
aquaporins besides AQP4 play in the glymphatic system, and
interactions between the glymphatic system and other waste
clearance pathways.

For in vivo imaging, the current practice of injecting
exogenous gadolinium-based contrast agents to image the
glymphatic system has raised safety concerns with renal
impairment and gadolinium deposition in brain tissue (Layne
et al., 2018). Therefore, exploration of noninvasive methods
using intrinsic endogenous contrasts would be useful for
imaging the glymphatic system. One potential candidate is
multiple echo time arterial spin labeling, where the time it
takes for magnetically labeled intravascular water to exchange
across the blood-brain interface can act as an indicator of
the expression of AQP4 water channels. In AQP4-deficient
mice, there was a 31% increase in exchange time compared
to their wild-type counterparts, thus demonstrating the
imaging technique’s sensitivity (Ohene et al., 2019). Another
potential candidate is noninvasive diffusion MRI, a technique
that was able to monitor changing astrocyte activity in
the brain as AQP4 channels were inhibited by TGN-020
(Debacker et al., 2020). These astrocytic dynamics were
indicated by a significant decrease in S-index (a marker of
diffusion reflecting tissue microstructure) and a concomitant
increase in the water diffusion coefficient. Other imaging
techniques to consider include blood-oxygenation-level-
dependent (BOLD) functional MRI (fMRI) and diffusion fMRI.
However, when AQP4 channels were inhibited by TGN-020
and astrocyte function was disrupted as a consequence, only
BOLD fMRI responses reflected this and not diffusion fMRI

(Komaki et al., 2020). This reflects that BOLD fMRI is sensitive
to AQP4 inhibition and disruption of astrocyte function,
whereas diffusion fMRI is not, which may have implications
for the specificity of diffusion fMRI in detecting changes
in the glymphatic system. Another potential candidate is
dynamic glucose-enhanced (DGE) MRI via chemical exchange
saturation transfer MRI at 3 Tesla (Huang et al., 2020). DGE
MRI detected significantly slower CSF clearance in both young
and old mice with AD, compared to age-matched wild-type
mice. This reflects the restricted glymphatic clearance and
accumulation of AR that is characteristic of AD. Therefore, DGE
MRI may have the potential to detect glymphatic clearance
in early stages of diseases of glymphatic dysfunction. Future
studies are expected to determine and improve the sensitivity
and specificity of these noninvasive techniques so that they
can be widely used to evaluate glymphatic mechanisms and
dysfunction.

Next, the cholinergic nervous system has been suggested to
be involved in glaucoma (Faiq et al., 2019; van der Merwe
et al., 2021). Not only do choline-containing compounds
enhance RGC survival, but they are also precursors for
important components of the cell membrane such as
phosphatidylcholine, phosphatidylethanolamine, and
sphingomyelin. This may be relevant to the glymphatic system
because membrane composition directly impacts AQP4 water
permeability (Tong et al., 2012), and phosphatidylcholine
forms an important component of neuronal and glial cell
membranes. In fact, the polarized expression of AQP4 in
astrocytic endfeet can possibly be attributed to the different
lipid compositions of endfeet membranes and membranes in
the rest of the cell including the endomembrane system. Since
glymphatic exchange of CSF and ISF is thought to be facilitated
by this polarized expression of AQP4, a possible relationship
among choline, lipid composition of membranes, and
polarization of AQP4 expression would open up new avenues
for investigations and therapeutic possibilities.

Beyond AQP4, other aquaporins have demonstrated potential
protective involvement during optic nerve damage. For
example, in a rat model of optic nerve crush, aquaporin-9
(AQP9) expression in the optic nerve increased post-injury
(Suzuki et al., 2014). It has been hypothesized that the
amount of AQP9-positive astrocytes augment in counteracting
metabolic damage at the injury site. Furthermore, expression
of AQP9 in the optic nerve increased and was co-localized with
AQP4 and GFAP in a rat model of glaucoma, implying that the
damaged RGCs may, in part, be dependent on the surrounding
astrocytes (Yang et al., 2013). These findings suggest a
potential complementary relationship between AQP4 and
AQP9 in the optic nerve that deserves attention. Such
approaches would determine the relevance of this AQP4 and
AQP9 crosstalk in modulating the glymphatic system. Current
limitations in developing AQP4 inhibitors include the many
homologous AQP isoforms with broad tissue distribution and
functions, predicted and undesired effects of pharmacological
agents, and the need for high BBB penetration (Verkman et
al., 2017). This, therefore, prompts the application of existing
pharmacological interventions and integrative approaches in
modulating AQP4 function or even other aquaporins in optic
nerve diseases.

Apart from aquaporins, other markers may be implicated
for the modulation of the glymphatic system. Some of them
include cortisol, a-syntrophin (Sntal), and platelet derived
growth factor-B (PDGF-B). Cortisol is a stress hormone
whose dysregulation is associated with poor sleep quality.
Combined with the recent discovery of sleep mediated
activation of the glymphatic system in mice (Hill et al., 2020),
it can be inferred that sleep and, by extension, cortisol
homeostasis may serve to clear metabolic waste and cellular
debris in the CNS and the eye (Xie et al., 2013). Sntal is a
cytoplasmic peripheral membrane scaffold protein that is a
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component of the dystrophin-associated protein complex at
neuromuscular junctions to regulate intracellular calcium ion
levels. Sntal knockout mice lacked perivascular localization
of AQP4 without alteration in AQP4 expression levels (Amiry-
Moghaddam et al., 2003), while also demonstrating significant
reduction in CSF-ISF efflux (Mestre et al., 2018). Lastly, in an
experiment mapping the development of the glymphatic
system in mice, the PDGF retention motif knockout mouse
line Pdgfbret/ret showed a maldeveloped and malfunctioning
glymphatic system as compared to control mice, which
persisted throughout their adult life. The investigators
concluded that PDGF-B plays a critical role in the development
of perivascular CSF efflux (Munk et al., 2019).

In addition to the glymphatic system, there are several
other potential metabolic waste clearance pathways in the
eye and brain, including the ocular lymphatic system, the
intramural periarterial drainage system, and the meningeal
lymphatic system (lliff et al., 2012; Louveau et al., 2015;
Yucel and Gupta, 2015; Albargothy et al., 2018; Deng et al.,
2020). Recent studies have suggested an imperative and
coherent connection between meningeal lymphatic vessels
and the glymphatic system in the optic nerve (Chan-Ling et
al., 2019). Glaucoma has been associated with impairment of
both the glymphatic and meningeal lymphatic systems in the
retrolaminar optic nerve. Glaucomatous optic nerve meninges
showed greater lymphatic filling, which may indicate a link
between the meningeal lymphatic and glymphatic systems.
Further research should explore these correlates, as they
become increasingly relevant in the pathogenesis of optic
nerve impairment.

Conclusion

The early findings explicated here indicate the growing
evidence for the existence and properties of a glymphatic
system in the optic nerve. This is supported by imaging of
healthy optic nerves in wild-type rodents, AQP4-null rodents,
and humans. There is also an increasing amount of evidence
for the potential involvements of glymphatic dysfunction in
optic nerve diseases such as glaucoma and hydrocephalus,
though more research is necessary to elucidate possible
mechanisms. These findings, along with pharmacological
interventions and integrative approaches for glymphatic
modulation may guide the development of targeted treatment
strategies to the optic nerve, and may have implications for
ameliorating optic neuropathies to improve vision health
outcomes.
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Additional Table 1 Summary of inhibitory and facilitating agents on AQP4 activity and neurological effects
Inhibitor/ Compounds Exp. Model/ Dosage and Exp. Protocols Main findings Citation
Facilitator of interest Type Species Admin. Route
Inhibitor AER-270 in vivo C57BL/6J 0.8 mg/kg in 6 - J Cerebral edema by 2.5x Farr et al.
mice mL water IP T Survival by 3.3% in water intoxication models (2019)
AER-271 in vivo C57BL/6J 10 mg/kgin0.2 - 4 Cerebral edema by 2.6x
mice mL Tris [P T Neurological outcomes in ischemic stroke models
in vivo Sprague- various dosages, 48 h infusion 30  ° Minimum effective dosage to reduce cerebral
Dawley rats IV and EJV min post- edema is 4 mg/kg loading with 0.03 mg/kg/h
injection infusion
in vivo Sprague- 5 mg/kg IP with 24 h infusion { Cerebral edema, neuronal death, and Wallisch et al.
Dawley rats 0.08 mg/kg/h neuroinflammation 3 h post-cardiac arrest (2019)
SQ
AAZ in vivo Wistar/ST rats 10 mg/kg IP Injection 3 or 12 T Survival rate from 53% to 75% in 3 h post-TBI Katada et al.
h post- oup but no significant decrease in cerebral edema (2012)
TBI/cerebral Cerebral edema with 100% survival in 12 h post-
edema TBI group
in vivo C57BL/6J 15 mg/kg in Injection 30 min  ° Limited AQP4 reorganization Glober et al.
mice DMSO IP post-TBI ° No significant effect on astrocyte activation (2019)
{ Post-TBI cerebral edema
in vitro Sprague- 0.2 mg/mL in - ° AAZ prevented AQP4 aggregation and
Dawley rat DMSO redistribution post-OGD
astrocytes,
Human
astrocytes
in vitro C8D1A 20 uM Added 15 min T Viability of astrocytic cells post-TBI with AAZ Sturdivant et
astrocyte mTBI before injury pre-treatment al. (2016)
model
AAZ, MZA in vitro Recombinant - - ° AAZ: { water permeability through AQP4 but not ~ Tanimura et al.
rat AQP4, AQP1 channels by 46.7%, recovered to 88.6% (2009)
Human AQP1 water permeability
° MZA: no significant results of water conduction
through AQP1 or AQP4
Carbonic in vitro Xenopus - Oocyte ° AAZ showed 80%, EZA 68%, 4- Huber et al.
anhydrase oocytes functional assay acetamidobenzsulfonamide 23% AQP4 inhibition  (2007)
inhibitors used
TGN-020 in vivo C57BL/6J 200 mg/kg in Injection 15 min 4 Cerebral edema volume in pretreated TGN-020 Igarashi et al.
mice 0.1 mL saline IP  pre-ischemia brain ischemia mice models (2011)
in vivo Wistar rats 5.0 mg/kg in Injection T RGC loss by changes in glutamate synthetase Nishikawa et
DMSO IP immediately levels al. (2016)
post-ON crush T Extracellular glutamate levels post-crush
in vivo Wistar rats 2 puL of 10 Injection 2 wk  Swelling of Miiller cells in diabetes-induced rats Kida et al.
ng/uL in PBS post-diabetes that showed increase in VEGF (2017)
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v induction
in vivo Wistar rats 2 uL of 10 Injection 8 wk  Swelling of Miiller cells Oosuka et al.
ng/uL in PBS post-diabetes { Thickening of retina diabetes-induced rats (2020)
v induction
Compounds in vitro X laevis SuL of200 uM  Compounds ° Thiadiazole, sumatriptan, and rizatriptan showed Huber et al.
structurally in silico oocytes, rat used had highest AQP4 inhibitory activity (2009)
similar to AQP4b unrelated ° Suggests heteroaromatic groups may be favored
AQP4 biological over aliphatic groups, hydrogen bonds essential to
inhibitors properties inhibit AQP4
Facilitator TGN-073 in vivo C57BL/6J 20 or 200 mg/kg 30 min before T Water flux turnover of interstitial fluid managed Huber et al.
mice in 0.2 mL saline  study by AQP4 system (2018)
1P

AQP1: Aquaporin-1; AQP4: aquaporin-4; AAZ: acetazolamide; EJV: external jugular vein; EZA: 6-ethoxybenzothiazole-2-sulfonamide; IP: intraperitoneal; IV: intravitreal; MZA:
methazolamide; OGD: oxygen glucose deprivation; ON: optic nerve; RGC: retinal ganglion cells; SQ: subcutaneous; TBI: traumatic brain injury; VEGF: vascular endothelial
growth factor.
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Additional Table 2 Summary of various agents on GABA activity and associated neurological changes related to the visual system
Compounds/ Type of Exp. Model/Species/ Exp. Protocols Relevant findings Citation
Agents of interest study Method(s) Culture
DAMGO, DPDPE Animal in vivo New Zealand white ~ ° 2 pmol/uL or 4 pmol/uL  10P post-ARC injection of i/ agonists Jin et al.
rabbits into ARC or SC 4 1OP post-ARC and SC injection of (2014)
° IOP before and every 5 min  naloxone but not in conjunction with p/8
for 1 h after injection agonist injections
GABA Animal in vivo C57BL/6J, AQP47~  ° Dissolved in CSF tracer ° GABA promotes glymphatic drainagein ~ Wu et al.
mice ° Via cisterna magna wild-type but not AQP4”- mice (2020)
° No effects on paravascular movement
in vivo Wistar rats ° 1gkglP J GABA steady state concentrations and Moreno et
° 32.5 min or 62.5 min before  accumulation in post-3 wk IOP increase al. (2008)
sacrifice group
in vivo, DBA/2J and ° IHC or IF staining to 1 Expression of GABA receptor in ARCin  Gong et al.
histochemistry C57BL/6J mice, visualize GABA receptor high IOP rat and DBA/2J mice models (2018)
Sprague Dawley expression in ARC 4 10P and GABA receptor expression in
rats high IOP models with GABA antagonists
GABA, butanoate Genomic PARIS - ° 3108 POAG cases and 3430  ° Specific genes of the butanoate Bailey et al.
controls total metabolism pathway found to contribute ~ (2014)
to GABA metabolism
° Suggests association with glaucoma
pathogenesis
PNU-282987 ((a7- Animal in vivo Wistar rats ° 5uL of 100 uM IV T GAD65/67 levels Zhou et al.
nAChR) agonist) ° IOP elevation by EVC 1 Presynaptic release of GABA onto RGCs ~ (2017)
- Case Humans ° 10-d stress reducing and 1 Humphrey VF test scores post-10 day Sabel et al.
studies residual vision activating treatment (2018)
treatments
- Animal in vitro, Sprague-Dawley ° Rats sacrificed 60 d post- ° Agp4 gene among most down-regulated Barkholt et
histochemistry rats RYGB genes after RYGB al. (2019)

° LCM, RNA sequencing,
IHC staining

° Suggests gliosis reversal and decrease in
glia cell function

ARC: Arcuate nucleus; a7-nAChR: alpha7 nicotinic acetylcholine; CSF: cerebrospinal fluid; DAMGO: [D-Ala?, N-Me-Phe*, Gly>-ol]-enkephalin; DPDPE: [D-Pen?,D-Pen’]-
enkephalin; EVC: external jugular vein; GABA: gamma-aminobutyric acid; IF: immunofluorescence; IHC: immunohistochemical; IOP: intraocular pressure; IP: intraperitoneal;
IV: intravitreal; LCM: laser capture microdissection; PARIS: pathway analysis by randomization incorporating structure; POAG: primary open-angle glaucoma; RGC: retinal
ganglion cells; RYGB: Roux-en-Y gastric bypass; SC: subconjunctival.
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Additional Table 3 Summary of the effects of omega-3 and vitamin B3 on glymphatic activity and the visual system

Type of Specific Exp. Model/ Dosage and Exp. Protocols Main findings Citation
supplement supplement(s) Type Species Admin. Route
Omega-3 Safflower, in vivo Sprague- ° ®-37: 7% saff. ° JOP measured at 5, ° 20+ wk old mice: 4 IOP more in -3 Nguyen et al.
flaxseed, and Dawley rats oil 10, 20, 40 wk of group than ®-3~ group (2007)
tuna oils ° ©-3755% age ° May be correlated with decreased aqueous
saff., 1.00% outflow facility in the -3~ group
flax., 0.50%
tuna oils
° Oral
DHA in vivo fat-1, ° 30 mg/kg ° Daily oral gavage ° fat-1: T endogenous n-3 PUFA levels o Ren et al.
C57BL/6], ° Fish oil with for 3 wk faster and more efficient Ap clearance, ¥ (2017)
Agp4” mice 52.4% DHA ° Intracisternal impairment of hippocampus-dependent
° Oral infusion of FITC-d3 memory and AQP4 polarization post-Af3
tracer to track CSF ICV injection
movement ° C57BL/6J: T CSF influx and clearance,
hippocampus CA3 region neuron survival,
spatial learning and memory
° Agp4”: confirmed involvement of AQP4
channels in PUFA promoting CSF
clearance
in vivo Humans ° 1050 mg/d ° 6 mon treatment 4 IOP by 2-3 mmHg in both eyes in Romeo
° Oral ° Evaluated at treatment group Villadéniga et
baseline, 3 and 6 1 DHA content in erythrocyte membrane, al. (2018)
mon TAC, MDA, plasma IL-6 levels
DHA, EPA in vivo APP/PS1, ° 50 uL of fish ° daily for 4 wk T AB1-40 levels in plasma o< T AP transport ~ Yan et al.
C57BL/6] oil (13 uM from brain by transport proteins (2020)
mice EPA, 99 uM d Overactivation of astrocytes and microglia
DHA) by inhibiting NF-kB phosphorylation
° Intragastrical
DHA, EPA, in vivo Humans ° 500-600 mg ° 90 d treatment 4 1OP by at least 8% in non-glaucomatous Downie and
ALA DHA, 1000 mg  ° IOP measured at adults consuming typical Western diet with Vingrys (2018)
EPA, +/- 900 baseline and day 90  ®-3 supplementation
mg ALA daily
° Oral
DHA, EPA, in vivo Sprague- ° 10% EPA +7% ©° 6 mon treatment 1 IOP increase post-laser treatment Schnebelen et
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GLA

DHA, EPA, in vivo

timolol

Vitamin B3 NAM in vivo, in

vitro
in vivo, in
vitro
in vivo

Dawley rats

DBA/2],
C57BL/6J
mice

DBA/2J
mice

DBA/2J
mice

Humans
diagnosed
with
glaucoma

DHA

10% GLA or
10% EPA + 7%
DHA + 10%
GLA

Oral

270 mg/g/d
(400 mg EPA +
200 mg DHA)
0.5% timolol
Oral and/or
topical

550 or 2000
mg/kg
Oral

550 mg/kg/d
Oral

1.5 g/d, then
3.0g/d
Oral

o

o

IOP elevation at 3
mon via laser
photocoagulation of
episcleral veins,
limbus, and TM
IOP measured
weekly

Daily treatment for
3 mon total

Disease progression
monitored via
tonometry and slit
lamp
biomicroscopy

Received NAM
treatment at 6 mon
old (pre-IOP
elevation) or at 9
mon old (post- IOP
elevation)

NAM added to
drinking water

6 wk of each
dosage, then
crossover without
washout

o

PUFA supplementation did not affect rate
of IOP change post-op, did not prevent
loss of RGCs or retinal function
EPA+DHA+GLA:  glial cell activation
and T retinal cells preservation o { retinal
stress post-photocoagulation

PUFA+timolol: preserved RGC density
but no effect on retinal microglial
activation

PUFA or timolol: 1 expression of retinal
pro-inflammatory cytokines and M1/M2
macrophages

timolol only: ¥+ 1OP

JON degeneration, RGC soma loss, RNFL
thinning

1 Protection of visual and metabolic

functions

I Age-related gene expression changes in
RGCs

o

Higher dosage led to no ON damage in
93% of treated eyes and less IOP elevation
Resulted in protection from synapse and
RGC loss, RGC activity declines,
anterograde axon transport and decreased
incidences of remodeling and atrophy of
ONH

Significant improvement in inner retinal
function in high dosage most likely via
metabolic rescue of RGCs

No significant changes in IOP or RNFL
thickness

al. (2009)

Kalogerou et
al. (2018)

Williams et al.
(2017)

Williams et al.

(2018)

Hui et al.
(2020)
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in vivo DBA/2J ° 200 mg/kg/d ° Chow/water 7T Preservation of RGC function Chou et al.
mice Oral enriched with NAM 4 IOP (2020)

° Mice monitored ° At least 2x more preservation of RGCs and
from 3 to 12 mon mitochondria than in control mice
old

° PERG with
flickering field to
assess RGC
autoregulation

AB: Amyloid-beta; ALA: a-linolenic acid; AQP4: aquaporin-4; CSF: cerebrospinal fluid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; FITC: fluorescein
isothiocyanate; GLA: y-linolenic acid; ICV: intracerebroventricular; IL: interleukin; IOP: intraocular pressure; MDA: (plasma) malondialdehyde; NAM: nicotinamide; NF-kB:
nuclear factor kappa-light-chain-enhancer of activated B cells; ®-3: omega-3; ON: optic nerve; ONH: optic nerve head; PERG: pattern electroretinogram; PUFA: polyunsaturated
fatty acids; RGC: retinal ganglion cells; RNFL: retinal nerve fiber layer; TAC: total antioxidant capacity; TM: trabecular meshwork.
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Additional Table 4 Summary of various flavonoids on glymphatic/neurological activity and the visual system
Type(s) of Exp. Model/ Dosage and Exp. Protocols Main findings Citation
flavonoid Type Species Admin. Route
Baicalin in vivo C57BL/6J ° 0.5mL of 10, °  Administered once daily for 2 ° 30 and 100 kg/mg groups: ¥ Brain Lee et al.
mice 30, or 100 consecutive days post-brain injury inflammation, infarction, and (2019)
mg/kg overexpression of AQP4 protein levels
° Oral post-stroke
in vivo Sprague- ° 4mL/kgof2.5 ° SAH induced via endovascular { EBI, MMP-9, AQP4 levels in both dosages ~ Zhang et al.
Dawley rats mg/mL or 12.5 perforation T Nrf2/NQO1/HO-1 antioxidative signaling (2020)
mg/mL ° Baicalin administered 2 and 12 h post- pathway
° IP SAH 1 BBB integrity improved post-SAH
Pinocembrin in vivo Sprague- ° 3,10, 0r 30 ° Cerebral ischemia induced by MCAO  Cerebral edema Gao et al.
Dawley rats mg/kg ° Injection at 0, 8, 16 h post-MCAO 1 Preservation of ultrastructure of the (2010)
° IV neurovascular unit
{ Elevated levels of cytokines, AQP4, MMP-
9, and inflammatory mediators
Qctn, taxifolin, in vitro RGC-5cells  ° 25 uM Qctn ° 30 min post-flavonoid treatment, ° ~85% apoptosis in all 3 oxidative stress Maher and
kaempferol ° 100 uM oxidative stress via GSH depletion (10 methods Hanneken
taxifolin or 15 mM glutamate + 500 uM BSO), 0.5 ° Qctn prevented cell death in all three (2005)
puM kaempferol mM t-BOOH, or 650 uM H>O» methods
° Taxifolin prevented cell death in all but
H>O; treatment
° Kaempferol only effective against cell
death by GSH depletion
Qctn in vivo Wistar rats ° 25and 50 ° 6 mon treatment 4 TNF-a and IL-1B levels post-Qctn, greater ~ Kumar et al.
mg/kg ° Diabetes induced via IP injection of in 50 kg/mg dosage (2014)
° Oral streptozotocin (45 mg/kg) 4 AQP4 overexpression in Miiller cell
endfeet and caspase-3
in vivo Wistar rats ° 2uLof 10 uM  ° Glaucoma model via cauterization of ° RGC function restored to 72% of normal Zhou et al.
° Intravitreal scleral veins OD eye (2019)
° IOP measured before and weekly post- 1 Frequency and amplitude of mIPSCs in
surgery for 4 wk Off-type glaucomatous RGCs
° Qctn injection once weekly for 4 wk 1 Frequency only of GABAergic mIPSCs in
On-type RGCs
° Inhibited frequency only of glutamatergic
mEPSCs in On- and Off-type RGCs
in vivo Wistar rats ° 2uLof 10 uM  ° AC injection of 5 uL paramagnetic { Loss of RGC function as early as 3 days Gao et al.
° Intravitreal polystyrene microbeads to induce post-COHTN (2017)
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oren

COHTN OD 4 RGC apoptosis
° JOP measured pre-COHTN, 1 and 3 d,
end of 1, 2, 3, 4 wk post-COHTN

in vitro Sprague- ° 1,10,20,50 or ° Qctn added for 24,48, 0or 72 h T RGC survival at 10, 20, 50 uM
Dawley rat 100 uM ° 200 uM COCl: to induce hypoxia ° High toxicity at 100 uM
RGCs ° Optimum level of RGC viability: 20 uM at
48 h
Fisetin in vivo, DBA/2], © 5,10,20,0r30 ° Visual function assessed via PERG, d10P Lietal.
in vitro C57BL/6J mg/kg VEPs, and tonometry 7T Restoration of RGC function (2019)
mice ° Immunocytochemistry, ELISA, and 1 RGC viability
Western blot used to determine { Retinal microglial activation
expression levels of TNF-a., IL-1, IL- { Inflammatory cytokine activations by
6, NK-kB inhibiting the NF-«kB signaling pathway

AC: Anterior chamber, AQP4: aquaporin-4, BBB: blood brain barrier, BSO: buthionine sulfoximine, COHTN: chronic ocular hypertension, EBI: early brain injury, ELISA:
enzyme-linked immunosorbent assay, GSH: glutathione, IL: interleukin, IOP: intraocular pressure, IP: intraperitoneal, [V: intravenous, MCAO: middle cerebral artery occlusion,
mEPSC: miniature excitatory postsynaptic currents, m[PSC: miniature inhibitory postsynaptic currents, MMP-9: matrix metalloproteinase-9, NF-kB: nuclear factor kappa-light-
chain-enhancer of activated B cells, OD: oculus dexter, PERG: pattern electroretinogram, Qctn: quercetin, RGC: retinal ganglion cells, SAH: subarachnoid hemorrhage, t-BOOH:
t-butyl peroxide, TNF-a.: tumor necrosis factor alpha, VEP: visual evoked potentials.
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Additional Table 5 Effects of exercise on glymphatic/neurological activity and the visual system
Exp. Model/ Exp. Protocols Main findings Citation
Type Species
in vivo C57BL/6J ° 5 wk voluntary wheel running T CSF influx and efflux during wakefulness and when under ketamine- von Holstein-
mice ° 6 km daily on avg xylazine anesthesia Rathlou et al.
{ Glymphatic activity when actively running (2018)
invivo, in  CS57BL/6], ° 6 wk voluntary wheel running { Time to reach platform in running group He et al.
vitro Thyl-GFP ° Assessed via Morris water maze, in vivo two- T Time spent in target quadrant than control mice (2017)
transgenic photon imaging, histology T Paravascular CSF-ISF exchange in aging brain
mice T AQP4 polarity in cortex, hippoc., and perivascular regions
4 Amt of astrocytes and microglia in the cortex, CA1, DG, CA3 regions of
hippoc.
4 AB deposition in hippoc. and cortex
T Number of dendritic spines in cortex and hippoc.
invivo, in  APP/PSI ° 10 wk treadmill training at 10-12 m/min for { Body weight gain Lin et al.
vitro mice 20-60 min/d 7 Citrate synthase activity in soleus muscles (2015)
° Assessed via Pavlovian fear conditioning and T And restored amyg.- and hippoc.-associated long- and short-term memories
testing, immunohistochemistry T Dendritic complexity and field of the hippoc. and BLA
T BDNF signaling pathways and levels of LRP1 in hippoc. and amyg.
4 Conc of AP in hippoc. and amyg.
invivo, in  Sprague- ° 2.4 mg/kg STZ bilateral ICV injection for AD T And restored memory function and novel object recognition ability Lu et al.
vitro Dawley rats rat model { Latency in completing tasks (2017)
° 4 wk treadmill exercise of 30 min/d, 5 d/wk 4 STZ-induced hippoc. neuronal degeneration
at 1 wk post-STZ  Levels of AB, ABPP amyloidogenic processing, hyperphosphorylation of tau
° Assessed via Barnes maze task, passive protein in hippoc. regions
avoidance test, novel object recognition test, 1 Anti-inflammatory cytokine (IL-4, IL-10) levels
immunohistochemistry, histology { Pro-inflammatory cytokine (IL-1p, TNF-a) levels
d Neuronal damage by oxidative stress and caspase activity
T CCO activity and ATP production
in vivo Humans ° 5 yrstudy ° More frequent exercise per week and longer exercise time significantly Fujiwara et al.
° Exercise frequency and period varied associated with greater decrease in IOP (2019)
° IOP measured at beginning and end of study
in vivo Humans ° Yoga positions (Adho Mukha Svanasana, T 10OP during yoga poses w/in 2 min, greatest increase in Adho Mukha Jasien et al.
Uttanasana, Halasana, Viparita Karani) held Svanasana position (2015)
for 2 min each 4 10P to baseline after poses in seated position
° IOP measured before, during, and after the ° Glaucoma pts had IOPs 1-2 mmHg higher on avg compared to controls but
exercises not statistically significant
in vivo Glaucoma ° Pts of ages 60-80 yr wore accelerometers for ¥ VF sensitivity o T daily steps and non-sedentary activity Lee et al.
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patients 1 wk ° Covariates associated with faster sensitivity loss include age, non-Caucasian  (2019b)
° Assessed via Humphrey VF at baseline and 1 race, h/o glaucoma or cataract surgery, worse VF loss at baseline
wk

AB: Amyloid-beta, ABPP: amyloid-beta precursor protein, AD: Alzheimer’s disease, AQP4: aquaporin-4, ATP: adenosine triphosphate, BDNF: brain-derived neurotrophic factor,
BLA: basolateral amygdala, CCO: cytochrome ¢ oxidase, CSF: cerebrospinal fluid, DG: dentate gyrus, ICV: intracerebroventricular, IL: interleukin, IOP: intraocular pressure, ISF:
interstitial fluid, LRP1: low density lipoprotein receptor-related protein 1, STZ: streptozotocin, TNF-a.: tumor necrosis factor alpha, VF: visual field.
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Additional Table 6 Effects of intermittent fasting and sleep on glymphatic/neurological activity and the visual system
Lifestyle Exp. Model/ Exp. Protocols Main findings Citation
component Type Species
Intermittent in vivo APP/PS1 IF group fed every other day, fasted the  Cognitive dysfunction, prevented brain from increase of Ap Zhang et al.
Fasting mice following day for 5 mon deposition, and restored the AQP4 polarity to localize in (2017)
Assessed via Morris water maze test, astrocytic endfeet
immunohistochemistry, histology d Expressions of AQP4-M1 and HDAC3, and ratio of AQP4-
M1/M23 ratio in cerebral cortex
in vitro Human Cells cultured for 3 h with BOHB, BOHB + Expressions of AQP4-M1 and HDAC3, AQP4-M1/M23 ratio
U251 AB, AP only, or medium only by BOHB
glioma cells After 3 h, cells with AB further treated with T Expressions of AQP4-M23 and miR-130a via HDAC3
AB25-35for12h expression inhibition
Various DNA and protein expression
assays performed
in vivo Humans 27 healthy adults fasting during month of d Lower IOP, CCT, and average RNFL thickness during Nilforushan et
Ramadan evening of fasting al. (2020)
Full ophthalmic exam and OCTA done at 1 Whole and peripapillary RPC density and ONH vCDR during
AM and PM of wk 2 and 3 of Ramadan, fasting
and 2 mon later
Sleep in vivo C57BL/6J 3 groups: naturally asleep to awake, awake T 60% of interstitial space in naturally asleep and anesthetic Xie et al.
mice to ketamine/xylazine anesthesia, awake to mice (2013)
norepinephrine receptor antagonists 4 ~95% of influx in periarterial and parenchymal spaces of
CSF tracer infusion via cisterna magna awake mice
Visualized CSF tracer influx via in vivo ° Sleeping and anesthetized mice showed influx of CSF tracers
two-photon imaging in periarterial spaces, subpial regions, brain parenchyma
° AP cleared 2x faster in sleeping/anesthetized mice than in
awake mice
1 Cortical interstitial volume when adrenergic receptors are
inhibited
in vivo Humans Glaucoma and healthy participants ° Suggest that worse sleep parameters may be risk Qiu et al.
Assessed via sleep survey, retinal photos, 2 factor/consequence of glaucoma (2019)

VF tests per eye

° Lowest disc defined glaucoma and/or VFD prevalence
associated with 7 h/night

° Highest disc defined glaucoma associated with > 10 h/night

° Highest VFDs associated with <3 h and > 10 h/night

° Association between disc defined glaucoma and < 9 min and
> 30 min sleep latency

T VFD « likely to not perform optimally in daytime
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° No association found between glaucoma and any sleep
disorders

AB: Amyloid-beta, AQP4: aquaporin-4, BDNF: brain-derived neurotrophic factor, BOHB: B-hydroxybutyrate, CCT: central corneal thickness, CSF: cerebrospinal fluid, HDAC3:
histone deacetylase 3, IF: intermittent fasting, IOP: intraocular pressure, OCTA: optical coherence tomography angiography, ONH: optic nerve head, POAG: primary open angle
glaucoma, RNFL: retinal nerve fiber layer, RPC: radial peripapillary capillary, vCDR: vertical cup/disc ratio, VF: visual field, VFD: visual field defects.
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