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INTRODUCTION:

Potential Involvement of the “Ocular Glymphatic
System” in Optic Disc Edema in Astronauts

Peter Wostyn; Frank De Winne; Claudia Stern; Thomas H. Mader; Charles Robert Gibson; Peter Paul De Deyn

A significant proportion of the astronauts who spend extended periods in microgravity develop ophthalmic abnormali-
ties, including optic disc edema, optic nerve sheath distention, globe flattening, chorioretinal folds, hyperopic refractive
error shifts, and nerve fiber layer infarcts. A constellation of these neuro-ophthalmic findings has been termed “space-
flight-associated neuro-ocular syndrome”. An increased understanding of factors contributing to this syndrome is one of
the top priorities for ESA and NASA because the length of missions is expected to increase substantially in the future. As

discussed in the present article, the very recent discovery of an “ocular glymphatic clearance system” can potentially
help to unlock mechanisms underlying microgravity-induced optic disc edema. Observations pertaining to the ocular
glymphatic pathway provide supporting evidence for the hypothesis, originally proposed by our group, suggesting that
the glymphatic outflow from the eye into the optic nerve may be impeded under prolonged microgravity conditions,

leading to optic disc edema.
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significant proportion of the astronauts who spend

extended periods in microgravity develop ophthalmic

abnormalities, including optic disc edema (ODE), optic
nerve sheath distention, globe flattening, choroidal and retinal
folds, hyperopic refractive error shifts, and nerve fiber layer
infarcts (i.e., cotton wool spots).> A constellation of these neuro-
ophthalmic findings has been termed “spaceflight-associated
neuro-ocular syndrome” (SANS)? and is currently defined as
having one or more of the following new findings during or
immediately after spaceflight: clinically significant ODE; cho-
rioretinal folds; globe flattening; and hyperopic refractive error
shifts (approved by the NASA JSC Human System Risk Board,
Houston, TX). The earliest signs of SANS are detected in
roughly 70% of astronauts during or following long-duration
spaceflight. Clinically significant ODE, the defining character-
istic of SANS, has been diagnosed in approximately 16-19% of
astronauts who have been examined using fundoscopy or as
determined by optical coherence tomography (OCT) peripapil-
lary total retinal thickness change during and after long-duration
spaceflight. Moreover, astronauts with SANS can experience
ocular changes that remain unresolved years after flight.” Cur-
rently, the exact mechanisms causing SANS are unknown.
Given that SANS is one of the top priorities for the European

Space Agency (ESA) and the National Aeronautics and Space
Administration (NASA), and especially in view of future long-
duration spaceflight missions, including continued trips to the
International Space Station, a return to the Moon, or a future
human mission to Mars, there is an urgent need to better under-
stand the mechanisms leading to this neuro-ocular syndrome
and to develop countermeasure strategies. As discussed in the
present article, the very recent discovery of an “ocular glym-
phatic clearance system” can potentially help to unlock mecha-
nisms underlying microgravity-induced ODE.

Two basic mechanisms, or perhaps a combination of the
two, have been previously hypothesized to account for elevated
cerebrospinal fluid (CSF) pressure within the orbital subarach-
noid space (SAS) that may be responsible for spaceflight-related
ocular changes. The first mechanism is based on the notion that
SANS is caused by elevated intracranial pressure (ICP) resulting
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from weightlessness-induced cephalad fluid shifts leading to
venous stasis in the head and neck.’ This stasis could cause
cerebral venous congestion and impairment of CSF drainage
into the venous system, both of which could lead to a rise in
ICP?® This increased cerebral subarachnoid CSF pressure could
be transmitted directly from the intracranial compartment to
the intraorbital compartment through the perioptic SAS.” The
second mechanism proposes that the ocular changes may result
from SANS-related compartmentalization of CSF in the orbital
SAS.> According to this hypothesis, the cul-de-sac anatomy of the
confined perioptic SAS, which is further constricted through
numerous trabeculae and septa, coupled with the cephalad
fluid shifts of prolonged microgravity, may result in a fragile
flow equilibrium that may lead to the sequestration of CSF
within the orbital SAS with locally elevated optic nerve sheath
pressures.” The end result of either mechanism, increased ICP
or sequestration of CSF within the SAS of the optic nerve, is a
rise in CSF pressure within the SAS surrounding the optic
nerve that may influence the trans-lamina cribrosa pressure dif-
ference (TLCPD). The TLCPD is defined as the difference
between intraocular pressure minus optic nerve SAS pressure.

A more novel mechanism proposed by our group’~'* for
microgravity-induced ODE pertains to the ocular glymphatic
system concept. In a recent paper published in Aerospace Medi-
cine and Human Performance,'" we hypothesized that ODE in
astronauts may result, at least partly, from glymphatic stasis
predominantly within the prelaminar region of the optic nerve
head. Under normal physiological conditions, the TLCPD is
directed posteriorly across the lamina cribrosa. We speculated
that under microgravity conditions, elevation of optic nerve
sheath pressure, due to a rise in ICP and/or sequestration of
CSF within the orbital SAS, may lead to a reduction or reversal
of the normal posteriorly directed TLCPD, which in turn may
block the glymphatic efflux of ocular fluid into the optic nerve.
As discussed below, new research now provides indirect experi-
mental evidence in support of this glymphatic hypothesis.®

In 2012, the “glymphatic system” was first described in mice
by a team of researchers headed by Iliff and Nedergaard.! Their
findings suggested a brain-wide network of perivascular path-
ways along which a large proportion of subarachnoid CSF
recirculates through the brain parenchyma, facilitating the
clearance of interstitial solutes, including amyloid-f (AB), from
the brain.! CSF enters the brain along periarterial channels to
exchange with interstitial fluid, which is in turn cleared from
the brain along perivenous pathways for ultimate clearance via
cervical lymphatic vessels.! From the SAS, CSF is driven into
the Virchow-Robin spaces by a combination of arterial pulsatil-
ity, respiration, slow vasomotion, and CSF pressure gradients.?
The subsequent transport of CSF into the dense and complex
brain parenchyma is facilitated by aquaporin-4 (AQP4) water
channels which are expressed in a highly polarized manor in
astrocytic endfeet ensheathing the cerebral vasculature.? Impor-
tantly, a new study led by Nedergaard® identified a novel ocular
glymphatic clearance route for fluid and wastes via the proximal
optic nerve in rodents. Af3 was cleared from the retina and vit-
reous via a pathway dependent on glial water channel AQP4.

After traversing the lamina barrier, intra-axonal A was cleared
via the perivenous space and subsequently drained to lymphatic
vessels. To define the role of the TLCPD in transport of A
tracer, the researchers manipulated ICP by either withdrawal or
infusion of artificial CSF in the cisterna magna while monitor-
ing ICP. Decreasing ICP was associated with a sharp increase in
the total AR tracer signal and peak intensity of AP tracer trans-
port in the proximal optic nerve 30 min after intravitreal injec-
tion. Conversely, increasing ICP significantly decreased AP
tracer clearance into the optic nerve. These data showed that
the TLCPD is a major driver of ocular glymphatic outflow.®
Very interestingly, these data also suggest that a rise in orbital
CSF pressure, assumed to occur in microgravity, would directly
inhibit this ocular glymphatic outflow.® This lends support to
the hypothesis, originally proposed by our group,”?~'? suggesting
that the glymphatic outflow from the eye into the optic nerve
may be impeded under prolonged microgravity conditions, lead-
ing to fluid stasis within the prelaminar optic nerve head. Ret-
rograde CSF influx into the prelaminar optic nerve head could
then further contribute to the ODE seen in astronauts.”*12-14
In conclusion, observations pertaining to the ocular glym-
phatic pathway provide critical new insights into how ICP, and
thus orbital CSF pressure, can alter basic fluid transport in the
eye. Although these novel findings were reported in rodents, we
believe that they can potentially help to unlock mechanisms
underlying ODE in astronauts. Future research in this area of
investigation could not only provide exciting new insights into
the mechanisms responsible for microgravity-induced ODE but
also offer opportunities to develop countermeasure strategies.
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