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Abstract: Glaucoma is one of the main causes of irreversible blindness in the world. The most common form, primary open-angle 
glaucoma, is an optic neuropathy that is characterized by a progressive loss of retinal ganglion cells and their axons, leading to 
structural changes in the optic nerve head and associated visual field defects. Elevated intraocular pressure remains the most important 
modifiable risk factor for primary open-angle glaucoma. However, a significant proportion of patients develop glaucomatous damage 
in the absence of increased intraocular pressure, a condition known as normal-tension glaucoma (NTG). The pathophysiology 
underlying NTG remains unclear. Several studies have revealed that vascular and cerebrospinal fluid (CSF) factors may play 
significant roles in the development of NTG. Vascular failure caused by functional or structural abnormalities, and compartmentation 
of the optic nerve subarachnoid space with disturbed CSF dynamics have been shown to be associated with NTG. In the present 
article, based on the concept of the glymphatic system and observations in patients with NTG, we hypothesize that failure of fluid 
transport via the glymphatic pathway in the optic nerve may be involved in the pathogenesis of some if not many cases of NTG. 
According to this hypothesis, vascular and CSF factors may share reduced glymphatic transport and perivascular waste clearance in 
the optic nerve as a final common pathway leading to the development of NTG. In addition, we speculate that some cases of NTG may 
reflect glymphatic dysfunction in natural brain aging and central nervous system diseases, such as Alzheimer’s disease. Clearly, further 
studies are needed to gain additional insight into the relative contribution of these factors and conditions to reduced glymphatic 
transport in the optic nerve. 
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Introduction
Glaucoma is one of the main causes of irreversible blindness in the world.1–3 The most common form, primary open- 
angle glaucoma (POAG), is an optic neuropathy that is characterized by a progressive loss of retinal ganglion cells 
(RGCs) and their axons, leading to structural changes in the optic nerve head and associated visual field defects.4 

Elevated intraocular pressure (IOP) remains the most important modifiable risk factor for POAG.5 IOP is determined by 
the balance between the production and drainage of aqueous humor (AH).6 AH is produced by the ciliary body and is 
drained from the eye by conventional trabecular meshwork and unconventional uveoscleral outflow pathways.6–8 More 
recently, evidence indicated the presence of distinct lymphatic channels in the human ciliary body, and suggested that AH 
drainage occurs at least partially through this novel “uveolymphatic” outflow pathway.8,9 Increased IOP is, however, not 
present in all cases of glaucoma. Indeed, a significant proportion of patients develop glaucomatous damage in the absence 
of elevated IOP, a condition known as normal-tension glaucoma (NTG).5 It has been reported that NTG accounts for 20% 
to 90% of all patients with POAG, with percentages appearing to vary according to race.5 The pathophysiology 
underlying NTG remains unclear. Several studies have revealed that non-IOP factors, including vascular and cerebrosp-
inal fluid (CSF) factors, may play significant roles in the development of NTG.10–12

In the present article, based on the concept of the glymphatic system and observations in patients with NTG, we 
hypothesize that failure of fluid transport via the glymphatic pathway in the optic nerve may be involved in the 
pathogenesis of some if not many cases of NTG. According to this hypothesis, such NTG cases may result from 
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glymphatic dysfunction, leading to reduced removal of metabolic waste products in the optic nerve, ultimately resulting 
in glaucomatous damage.

Discussion
The Brain Glymphatic System
The “glymphatic system” was first identified in mice by a research team led by Iliff and Nedergaard in 2012.13 The 
authors discovered a brain-wide clearance system that uses perivascular spaces and that facilitates CSF-interstitial fluid 
(ISF) exchange. According to the glymphatic system model, subarachnoid CSF enters the brain via periarterial channels, 
while interstitial solutes, including amyloid-β (Aβ), are drained out of the brain along perivenous pathways for ultimate 
drainage towards the cervical lymphatic system (Figure 1).13,14 The pulsatility of the arterial wall is a major driver of 
periarterial CSF inflow.15–17 The subsequent CSF-ISF exchange is dependent on aquaporin-4 (AQP4) water channels 
which are densely present at the astrocytic endfeet ensheathing the cerebral vasculature.15

The Ocular Glymphatic System
The optic nerve is a central nervous system (CNS) white matter tract that is enveloped by all three meningeal layers and 
is surrounded by CSF in the subarachnoid space (SAS).18,19 The SASs of the brain and the optic nerve are normally 
contiguous, allowing CSF to circulate between the intracranial and optic nerve SASs.

In 2015, we published a hypothesis article, providing arguments for the existence of a glymphatic system in the optic 
nerve.20 Given the key role that the glymphatic system may play in the elimination of interstitial solutes from the brain, 
confirmation of such a perivascular transport system in the optic nerve could have great importance for our understanding 

Figure 1 The brain and ocular glymphatic systems. Macroscopic overview of the brain and ocular glymphatic systems, emphasizing the role played by pressure gradients, 
hydrostatic barriers, and lymphatic drainage, shown in the context of known pathways for aqueous humor and cerebrospinal fluid (CSF) efflux. 
Notes: Reproduced from Rangroo Thrane V, Hynnekleiv L, Wang X, Thrane AS, Krohn J, Nedergaard M. Twists and turns of ocular glymphatic clearance – new study 
reveals surprising findings in glaucoma. Acta Ophthalmol. 2021;99(2):e283-e284. Creative Commons.14 

Abbreviations: ICP, intracranial pressure; IOP, intraocular pressure.

https://doi.org/10.2147/EB.S401306                                                                                                                                                                                                                                    

DovePress                                                                                                                                                                                

Eye and Brain 2023:15 38

Wostyn and Killer                                                                                                                                                   Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


of how solutes are removed from the ISF in the optic nerve, and could lead to impactful advances in our knowledge of 
the pathogenesis of glaucoma.20 Subsequently, we provided the first histological evidence for the presence of 
a perivascular pathway within the human optic nerve after injection of India ink into the optic nerve SAS.21,22 In this 
study of post-mortem human eyes, the globe and its optic nerve were removed and the optic nerve was ligated proximal 
to the optic chiasm before administration of India ink into the optic nerve SAS. High-injection pressure was carefully 
avoided in order to prevent artifacts. A very striking accumulation of India ink was seen in well-delineated perivascular 
spaces of the optic nerve and in collagen fiber bundles that are continuous with these spaces surrounding blood vessels 
(Figure 2).21,22

Interestingly, more recent studies have provided further evidence for entry of CSF into the optic nerve via 
a glymphatic pathway.23–26 In mice, following injection of fluorescent tracer into the CSF, Mathieu and colleagues23 

demonstrated the entry of CSF into the optic nerve via spaces surrounding blood vessels, bordered by AQP4-positive 
astrocytic endfeet. AQP4 had already previously been found on astrocytic endfeet in the rat optic nerve.27 Additionally, 
a recent study conducted by Wang and colleagues25 confirmed the glymphatic transport in the retrograde direction, from 
the brain towards the eye, and identified a novel anterograde ocular glymphatic clearance system for removal of fluid and 
metabolites from the intraocular space via the proximal optic nerve in mice and rats (Figure 1). The authors extended the 
results from the study by Mathieu and colleagues23 by showing that influx of CSF tracer occurs along periarterial and 
pericapillary routes.25 In addition to this retrograde glymphatic CSF inflow path into the optic nerve, the authors 
demonstrated that intraocularly administered tracers like Aβ entered RGC axons, and then were cleared via 
a perivenous route in the optic nerve and subsequently drained by dural lymphatic vessels surrounding the optic nerve 
to cervical lymph nodes.25 Lymphatics in the dura mater of the human optic nerve were first described by Gausas and 
colleagues28 and Killer and colleagues in 1999.29 Similar to the brain’s glymphatic system, Wang and colleagues25 found 
that efflux of intraocularly administered Aβ was facilitated by AQP4 in both the retina and the optic nerve. Furthermore, 
the authors demonstrated that efflux via this pathway is driven by the high-to-low pressure gradient between the IOP and 
intracranial pressure, and by light-induced pupil constriction.25 In addition, a recent study by Jacobsen and colleagues26 

utilized magnetic resonance imaging (MRI) along with intrathecally administered gadobutrol, serving as a CSF tracer, to 
visualize human visual pathway structures. The authors demonstrated enrichment of CSF tracer within the optic nerve, 
optic chiasm, optic tract, and primary visual cortex. There was only a nonsignificant signal increase in the vitreous 
body.26 Based on their findings, the authors postulated the existence of a glymphatic circulation in the human visual 
pathway. Notably, as compared with the middle and posterior parts of the optic nerve, the authors observed substantial 
gadobutrol enrichment in the retrobulbar part, corresponding to the entrance of the central retinal artery.26 According to 
the authors, this area could represent a major periarterial route for CSF tracer entry from the optic nerve SAS into the 

Figure 2 Optic nerve cross-section after injection of India ink into the optic nerve subarachnoid space. Distribution of ink (indicated by arrows) in the surroundings of the 
central retinal artery showing the complex slit-like space (Holmes-Luxol, 400x). 
Notes: Adapted from Wostyn P, De Groot V, Van Dam D, Audenaert K, De Deyn PP, Killer HE. The glymphatic system: a new player in ocular diseases? Invest Ophthalmol Vis 
Sci. 2016;57(13):5426–5427. Creative Commons.21
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interstitium, analogous to the main routes of entry for CSF tracer molecules into the human brain parenchyma that have 
been reported to be along large artery trunks at the brain surface.

Vascular Factors in NTG Patients and Their Influence on Glymphatic Function
Multiple vascular risk factors including systemic hypotension and hypertension, diabetes mellitus, peripheral vascular 
disease, Raynaud syndrome, and migraine headache have been shown to be associated with NTG.10 The vascular theory 
of glaucomatous optic neuropathy (GON) in NTG considers it as a consequence of insufficient blood supply due to risk 
factors that reduce ocular blood flow and ocular perfusion pressure, leading to RGC death.30 Here, we propose an 
additional alternate mechanism to explain how vascular factors may contribute to the pathogenesis of NTG. We 
hypothesize that these vascular factors may increase the risk of developing NTG, at least in part, by failure of fluid 
transport via the optic nerve glymphatic circulation.

In mice, Mestre and colleagues31 found that acute arterial hypertension leads to a decrease in perivascular pumping, 
likely resulting from altered vessel wall dynamics, reducing the net CSF flow in brain perivascular spaces. The authors 
proposed that stiffening of artery walls could account for the decrease in CSF flow, suggesting that the same mechanism 
may be involved in chronic hypertension and arteriosclerosis.31 In arteriosclerosis, the walls of arteries become more 
rigid, the pulsations of the pulsation-driven “perivascular pump” decrease in amplitude, and perivascular fluid transport is 
reduced.32 Diabetes mellitus, systemic hypertension, and peripheral vascular disease are traditionally believed to cause 
vascular failure through arteriosclerosis resulting in an increase in vascular resistance to blood flow.10 It seems reasonable 
to assume that systemic arterial stiffening may also affect the central retinal artery to some extent, which could 
consequently result in a decrease in perivascular pumping efficiency in the optic nerve. Therefore, we believe that 
impaired glymphatic transport in the optic nerve could be a potential mechanism for NTG pathogenesis in patients with 
diabetes mellitus, systemic hypertension, and peripheral vascular disease.

Further, both Raynaud syndrome and migraines have been described as vasospastic disorders.10 Given that arterial 
vasospasm may cause a secondary decrease of arterial pulsations, and given that arterial pulsatility is a key force driving 
perivascular CSF influx, spasm of the central retinal artery could decrease net CSF flow in the optic nerve perivascular 
spaces in these diseases.

Finally, systemic hypotension, especially a nocturnal dip in blood pressure, has been shown to be associated with 
increased risk of NTG.10 To the best of our knowledge, no previous research has investigated the relationship between 
hypotension and glymphatic activity. However, increased choroid plexus blood flow and a higher CSF secretion rate have 
been observed in hypertensive rats.33 If systemic hypotension results in reduced CSF production, this decreased volume 
of CSF could hypothetically cause reduction of glymphatic CSF influx along the perivascular spaces of the optic nerve.

We suggest that the above vascular factors may contribute to reduced glymphatic transport and perivascular waste 
clearance in the optic nerve, and thereby may play a role in the pathogenesis of NTG. The crucial role of adequate optic 
nerve CSF flow has previously been demonstrated in sheep.34 Experimental segregation of CSF, induced by distal optic 
nerve SAS ligation, led to marked loss of optic nerve axons, providing evidence for a potential harmful effect of CSF 
stasis on the optic nerve.34 Impaired glymphatic CSF flow in the optic nerve may, therefore, lead to glaucomatous 
damage.

CSF Factors in NTG Patients and Their Influence on Glymphatic Function
In mice, Mathieu and colleagues23 provided evidence for CSF entry into the optic nerve via spaces surrounding blood 
vessels, bordered by astrocytic endfeet containing AQP4 water channels. CSF entry was observed up to and including the 
glia lamina, representing the mouse equivalent of the lamina cribrosa in humans. The authors hypothesized that CSF flow 
through the optic nerve’s glymphatic pathway may contribute to neurotoxin clearance in the retrolaminar and laminar 
optic nerve, which might have potential implications for glaucoma pathogenesis.23

In a more recent article, Mathieu and colleagues24 found that CSF entry into the SAS and perivascular spaces of the 
optic nerve is impaired after tracer injection into the CSF of 10-month-old DBA/2J glaucoma mice. Five of eight 
glaucoma mice showed absent CSF tracer in the SAS and in the optic nerve, while two of eight mice showed minimal 
tracer, and one of eight mice no difference compared with controls. Absent CSF tracer was observed in the laminar optic 
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nerve in all female glaucoma mice (n = 4/4) and in one of four males.24 In this context, it is intriguing to note that sex- 
related differences have been reported in DBA/2J glaucoma mice, with females manifesting a more severe disease 
phenotype and earlier onset than males.35 The findings of an abnormal optic nerve glymphatic circulation in glaucoma24 

provide support for our previously proposed glymphatic hypothesis of glaucoma.20,22,36 Mathieu and colleagues24 noted 
that the reduced perivascular inflow of CSF into the optic nerve in these DBA/2J glaucoma mice appears to result from 
blockage of the flow of CSF to the SAS surrounding the optic nerve, in contrast to localized obstruction of the 
perivascular inflow route. Indeed, the authors did not see any cases where CSF tracer was present in the SAS of the 
optic nerve, but not in the perivascular spaces of the same nerve.24 Their findings suggest that localized obstruction of 
CSF inflow through perivascular spaces is unlikely to account for reduced CSF inflow to the optic nerve, and point to the 
importance of an intact CSF circulation in the optic nerve SAS, without which glymphatic perivascular entry of CSF into 
the optic nerve may be impaired. One possible explanation for blocked perioptic CSF flow, proposed by the authors, 
could be a decreased pressure gradient between the intracranial SAS and the termination of the optic nerve SAS. Given 
that lymphatics of the dura mater or orbit may be a CSF outflow route from the SAS termination of the optic nerve, the 
authors proposed that if this CSF drainage into lymphatics is impaired in glaucoma, this may result in blockage of CSF 
inflow to the optic nerve SAS since the pressure gradient no longer facilitates CSF flow from the intracranial to the 
orbital CSF spaces.24

Interestingly, disturbed CSF dynamics within the SAS of the optic nerve have been observed in patients with 
NTG.12,37 In a study of 18 NTG patients with progressive bilateral glaucoma who underwent computed tomographic 
(CT) cisternography, Killer and colleagues12 found a significantly higher density of contrast-loaded CSF in the 
intracranial spaces compared with its density in the perioptic SAS. This difference was not observed in the control 
group without glaucoma. According to the authors, these findings suggest that in NTG patients, the SAS of the optic 
nerve can develop into an isolated CSF compartment with different CSF dynamics, a different CSF composition, and 
probably a different CSF pressure.12 In addition, Pircher and colleagues37 recently performed a retrospective analysis of 
CT cisternographies in 56 patients with NTG. The authors found a gradual decrease in contrast-loaded CSF towards the 
retrobulbar segment in NTG, while in control subjects without NTG, no such decrease was demonstrated.37 It was 
suggested that compromised CSF dynamics and CSF turnover within the optic nerve SAS may contribute to the 
pathophysiology of NTG.37

Recently, Pircher and colleagues38 conducted a retrospective biochemical analysis of CSF in 13 NTG patients with 
optic nerve sheath compartmentation. This study demonstrated a significant higher concentration of the CSF protein 
lipocalin-type prostaglandin D synthase (L-PGDS) in the compartmentalized optic nerve SAS compared to the concen-
tration in the lumbar SAS.38 These findings support the concept that biochemical changes within the optic nerve SAS 
may contribute to the pathogenesis of GON in NTG patients with optic nerve sheath compartmentation.38 It has been 
suggested that the build-up of biologically highly active substances, such as L-PGDS, could have deleterious effects on 
mitochondria and axons of the optic nerve.34 As noted above, a marked loss of optic nerve axons has been observed in 
sheep following experimental compartmentation of the SAS of the optic nerve.34 Mitochondria are found in highest 
concentration in axons of an unmyelinated region of the human optic nerve right behind the lamina cribrosa.34 

Mitochondria play a critical role in the production of adenosine triphosphate (ATP), which is required for cell 
survival.39 Given that the unmyelinated segment of the human optic nerve has a much higher mitochondrial enzyme 
activity to support higher energy demands, the immediate retrobulbar part of the optic nerve may be particularly 
susceptible to harmful effects.34 In an in vitro model, Xin and colleagues40 demonstrated a drastic reduction in the 
production of ATP by astrocyte mitochondria following exposure to increased levels of L-PGDS. Obviously, besides 
L-PGDS, other CSF components with high biological activity could also have toxic effects on the optic nerve.

Given that the perivascular inflow of CSF into the optic nerve may depend on an intact CSF circulation in the optic 
nerve SAS, it would be interesting to investigate whether the optic nerve glymphatic circulation is disturbed in NTG 
patients with compartmentation of the optic nerve sheath. This could be accomplished by means of MRI with intrathecal 
administration of a CSF tracer. Delayed tracer enrichment within the optic nerve would suggest that glymphatic entry of 
CSF into the optic nerve is reduced in these NTG patients. Given that neurotoxins may accumulate as a result of impaired 
glymphatic flow, this finding might be of high importance to better understand the pathogenesis of GON in NTG.
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Given that there exists a glymphatic circulation within the optic nerve, and given that this perivascular transport 
system is similar and likely continuous with the glymphatic pathway in the rest of the CNS, we further speculate that 
some NTG cases may actually reflect glymphatic dysfunction in natural brain aging41 and disorders of the CNS, such as 
Alzheimer’s disease (AD).42,43 This is in line with the age-specific prevalence pattern of NTG,44 and the association 
reported between NTG and AD.45

Finally, it should be noted that pathological changes in ocular glymphatic transport may also play a role in high- 
tension glaucoma. Disruption of ocular glymphatic flow has been demonstrated in murine models of high IOP glaucoma. 
Using two distinct murine models of glaucoma and chronic ocular hypertension, Wang and colleagues25 found that ocular 
glymphatic flow was severely disrupted. Intravitreally injected Aβ tracer leaked from the eye via defects in the lamina 
barrier instead of intra-axonal efflux. The authors hypothesized that the reduction in intra-axonal flow might lead to 
accumulation of metabolic waste products like Aβ within RGCs, leading to dysfunction and cell death.25 Moreover, as 
noted above, Mathieu and colleagues24 showed that glymphatic entry of CSF into the optic nerve was reduced in 10- 
month-old DBA/2J glaucoma mice. IOP was significantly higher in these glaucoma mice compared with age-matched 
controls.24 The authors concluded that this new CSF-related mechanism might be relevant to understanding optic nerve 
damage in glaucoma.

Conclusion
In this article, we present a hypothesis according to which vascular and CSF factors may increase the risk of developing 
NTG, at least in part, by reduced glymphatic transport and perivascular waste clearance in the optic nerve. A variety of 
vascular-associated conditions including systemic hypertension, peripheral vascular disease, diabetes mellitus, Raynaud 
syndrome, and migraine headache may restrict arterial pulsatility, resulting in reduced glymphatic function in the optic 
nerve, ultimately leading to GON. Systemic hypotension, another known risk factor for NTG, may hypothetically reduce 
CSF production, which may have a negative impact on glymphatic transport in the optic nerve. Compromised CSF 
dynamics within the SAS of the optic nerve may also contribute to the pathogenesis of NTG by reducing glymphatic flow 
in the optic nerve. As such, these vascular and CSF factors may share reduced perivascular waste clearance in the optic 
nerve as a final common pathway leading to the development of NTG. In addition, we speculate that some cases of NTG 
may reflect glymphatic dysfunction in natural brain aging and disorders of the CNS, such as AD. Clearly, further studies 
are needed to gain additional insight into the relative contribution of these factors and conditions to reduced glymphatic 
transport in the optic nerve.
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