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Purpose: Microgravity-induced headward fluid shifts are one of the mechanisms implicated in spaceflight-associated eye conditions,
including intraocular pressure (IOP) and retinal nerve fiber layer (RNFL) thickness changes. In this longitudinal study, we investigated
IOP and RNFL thickness changes over time in a mouse model of microgravity-induced headward fluid shifts.

Methods: The study involved 20 adult male B6(Cg)-Ty7“~ /] mice, randomly assigned to two groups: the hindlimb unloading (HU)
mice, unloaded for 21 days followed by 14 days of release, and control mice kept under the same conditions except HU for 35 days.
IOP and RNFL thickness in peripapillary and peripheral rings of right and left eyes were measured before and once a week after HU.
Our analysis utilized mixed linear models to compare the estimated marginal means of IOP and RNFL thickness on each day with
baseline values for each eye. Post hoc splined mixed linear models with a knot at day 14 were employed to assess the rate of IOP
change in each segment.

Results: IOP was significantly elevated in both eyes of the HU mice on day 14 compared to baseline. The splined analysis revealed
a bilateral positive rate of IOP change up to day 14, followed by a negative rate of change thereafter. In contrast, control mice
displayed no significant differences in IOP at any timepoint. RNFL thicknesses of right eye peripapillary and peripheral rings were
reduced after 1 week and 2 weeks, respectively. In contrast, left eye RNFL thickness measurements did not show any significant
change compared to baseline.

Conclusion: The HU mouse model displays a distinct ocular phenotype that may be useful for understanding IOP and RNFL changes
in microgravity and their relevance to Spaceflight-Associated Neuro-ocular Syndrome.

Keywords: hindlimb unloading, spaceflight-associated neuro-ocular syndrome, intraocular pressure, optical coherence tomography,
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Introduction

Spaceflight-Associated Neuro-ocular Syndrome (SANS) has been recognized as a pathology of the eye and optic nerve,
with up to 45% of astronauts showing some sign of ocular abnormality after 30 days of spaceflight.' It includes signs
such as retinal and choroidal thickening and folds, retinal cotton wool spots, globe flattening, hyperopic refractive error
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shifts and optic disc edema.'>*® Because of the potential risk for astronauts’ performance and eye health,® the
mechanisms underlying SANS and eye imaging and other biomarkers and countermeasures are being investigated by
multiple space agencies.® While the exact etiology of SANS remains obscure, microgravity-induced headward fluid shifts
have been hypothesized to be implicated in the pathophysiology of SANS.'’

Intraocular pressure (IOP), a crucial parameter for eye health, has been investigated during spaceflight.® IOP is the
hydrostatic pressure that maintains the shape of the eye and ensures optimal optical properties for light transmission to
the retina. Elevated IOP is a major risk factor for glaucoma which is the leading cause of irreversible blindness
worldwide, estimated to affect more than 100 million people by 2040.”'° The balance between the inflow and outflow
of aqueous humor (AH) maintains the IOP, which plays an important role in ocular perfusion pressure and translaminar
pressure difference homeostasis.'' ' Early spaceflight studies revealed an IOP increase of 20% after 44 min of entry into
microgravity and 92% after 16 min of entry.'*'> Later spaceflight studies noted an elevated IOP in astronauts for several

days before return to baseline,'®!”

and parabolic flight studies also observed an increase in IOP in the microgravity phase
of the flight.'®'? Despite early and recent observations of IOP fluctuations in microgravity, their relevance to the
pathophysiology of SANS has not been systematically studied.

Spaceflight induces other changes in the eye, notably causing retinal nerve fiber (RNFL) changes assessed by optical
coherence tomography (OCT).”*° The RNFL consists of the axons of retinal ganglion cells (RGCs) and astrocytes,?' and
changes in its thickness have been implicated in multiple ocular pathologies.”> Microgravity exposure has been shown to
cause an increase in RNFL thickness (RNFLT), especially in the peripapillary region.>°

Ground-analog experiments simulating microgravity-induced fluid shift in healthy volunteers, such as head-down tilt
bed rest and dry immersion have been useful to understand physiological changes in microgravity conditions,*** and
have been used to study SANS.® Head-down tilt bed rest induced increase in both IOP*>*® and RNFLT,”” while dry
immersion led to decrease in IOP?® and increase in RNFLT.***® The hindlimb unloading (HU) model in rats, an
experimental ground model mimicking human head-down tilt bed rest in humans,*' has shown physiological adaptations
of cardiovascular and musculoskeletal systems similar to those seen in astronauts in space.*” It has been adapted to study
eye changes in rats.*> > HU experiments in mice, also useful to understand microgravity-induced changes in astronaut
biology,*® present opportunities to study genetically engineered strains and the role of specific molecular pathways in
physiological adaptation.®” Although mice are used as an experimental model to understand IOP regulation and retinal
function and structure due to similarities to humans,”® mouse HU models to study eye changes in simulated microgravity
have not yet been deployed.

In this longitudinal study, we aimed to evaluate IOP and RNFLT changes over time in mice undergoing HU. We

hypothesized that chronic HU could result in IOP and RNFLT changes.

Materials and Methods

Ethics Statement

All in vivo experiments complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.’® Approval for these procedures was obtained from the Unity Health Toronto Animal Care Committee
(Protocol #197), which operates in accordance with the standards set forth by the Canadian Council on Animal Care.*

Animals

For this study, twenty male B6(Cg)-Tyr /T mice aged between 6 and 8 months (The Jackson Laboratory, ME, USA) were
utilized. These mice are coisogenic C57BL/6J mice homozygous for a mutated tyrosinase (7jr) gene, resulting in a lack of
pigment in the hair, skin, iris, retinal pigment epithelium (RPE) and choroid.*' Unlike C57BL/6N substrains, C57BL/6J
substrains do not carry the rd8 mutation associated with retinal lesions, making them suitable for studies of ocular
conditions.**** Three days before the experiments, mice were transferred from standard mouse cages (33.7 cm x 18.0 cm
x 13.7 cm) to larger standard rat cages (48.3 cm x 26.7 cm x 20.3) for acclimation. The mice were maintained in a controlled
environment with a 12-hour light-dark cycle and had ad libitum access to food and water. To prevent dehydration, each mouse
received daily subcutaneous injections of 1 mL of 0.9% sodium chloride solution (Baxter Corporation, ON, Canada).
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Hindlimb Unloading

Mice were divided into two groups randomly: the HU group (n = 10) and the control group (n = 10), with baseline body
weights of 32.7 £ 2.5 g (mean =+ standard deviation) and 33.6 + 2.8 g, respectively. For the HU group, medical tape (3M
Canada, ON, Canada) was employed to secure the tails to a custom-designed apparatus which permitted movement
within a 360° arc and along the cage’s length. The HU mice were suspended at an approximate 30° angle to induce
headward fluid shifts while reducing stress and uneven weight distribution on the forelimbs.?' Following the acclimation
period, the HU mice underwent unloading for 21 days to mimic microgravity-induced headward fluid shifts, after which
they were released for 14 days to mimic landing (Figure 1). Control mice were not subjected to unloading.
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Figure | Hindlimb unloading paradigm and experimental design (A) Mice were suspended at a 30° angle. Maroon arrow depicts headward fluid pressure shifts. (B) Mice
were acclimated for 3 days, then unloaded for 21 days before being released for 14 days. Red arrows depict weekly bilateral measurements to assess |IOP and RNFL
thickness. Control mice were not unloaded.
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IOP Measurement

IOP of both eyes was measured before (day 0) and weekly after HU until day 35. Under general anesthesia with
inhalation of 2% isoflurane (Fresenius Kabi AG, Hesse, Germany) in 100% oxygen at a flow rate of 1 L/min, mice were
stabilized in the prone position on a horizontal surface, and IOP was promptly measured within 1 min. IOP measure-
ments were performed using a noninvasive rebound tonometer (TonoLab, Icare Finland Oy, Vantaa, Finland) positioned
perpendicularly less than 4 mm from the central cornea.***> The first measured eye (right vs left) was randomized to
prevent systematic bias.*® Each IOP measurement was determined by averaging six consecutive readings, with each eye
being measured twice and averaged for accuracy.

Retinal Nerve Fiber Thickness Measurement

Following IOP measurements, 1% w/v tropicamide ophthalmic solution (Mydriacyl, Alcon, TX, USA) was administered to both
eyes of mice for 3 minutes to induce pupil dilation and improve imaging quality. Drops were gently wiped off using a cotton
swab, and eyes were washed with lubricant eye drops (Systane Complete, Alcon, TX, USA). Custom plano contact lenses with
a diameter of 3.20 mm and back optic zone radius of 1.70 mm (Cantor & Nissel Ltd, Northamptonshire, UK) were fitted on both
eyes before imaging. OCT was performed using an HRA+OCT Spectralis system (Heidelberg Engineering GmbH, Baden-
Wiirttemberg, Germany) set on the reflectance module at enhanced depth imaging mode with a custom +25 D lens fitted on the
objective. Mice were placed in the prone position on a horizontal surface over a heating pad during imaging to prevent cataract
formation,*’” and volume scans were obtained for each eye in the automatic real-time mode, averaging 30 frames per image. The
first imaged eye (right vs left) was randomized in each mouse. Each volume scan centered on the optic disc consisted of 31
B-scan lines with an interscan distance of 72 um, covering a 30° x 25° area. Follow-up volume scans of each eye at different
timepoints were performed using the tracking modality to ensure B-scan alignment. A segmentation deep neural network (DNN)
originally trained on 58 human eye volume scans,”® was adapted for mouse eye OCT segmentation. Two segmentation
boundaries were delineated: 1) the border between the RGC layer and the RNFL and 2) the border between the RNFL and
the internal limiting membrane. The RNFL was defined as the region between boundaries 1 and 2. Following volume scan
acquisition, B-scans were exported in TIFF format and cropped into 1536 pixels x 1126 pixels using Fiji image-processing
software (version 2.9.0/1.53t).*’ A total of 620 cropped B-scans from 20 volume scans were manually segmented using ITK-
SNAP image segmentation software (version 3.8.0)*° and used to train the DNN. Peripheral B-scans far away from the papillary
region (>720 pm) usually had poor quality and were excluded for segmentation. To avoid low-quality images, only 21 B-scans
per volume scan were included for analyses: 10 superior and 10 inferior B-scans to the central B-scan. The central B-scan was
defined by the following two criteria: 1) the scan transected the optic nerve head, and 2) the scan showed the largest RPE
discontinuity across the optic nerve head. For each eye’s first volume scan, all B-scans transecting the optic nerve head and the
B-scan were evaluated in Fiji, and the one with the largest RPE discontinuity was labelled as the central B-scan. Each eye’s
central B-scan remained the same for its subsequent volume scans. The center of the RPE discontinuity in the central B-scan was
marked as the volume scan center (VSC). The VSC was marked for each eye’s subsequent volume scans by morphological
comparison. In total, 5040 B-scans were segmented using the pretrained DNN and subsequently manually corrected using ITK-
SNAP to ensure highest level of precision. RNFLT was computed using a 3D k-nearest neighbors method, where each boundary
was represented as a 3D point cloud and the nearest point on the adjacent boundary was identified to measure the Euclidean
distance. To ensure distances were valid without resampling the intensity volume, the thickness field was directly interpolated,
assuming linear variation between adjacent B-scans. This approach fills the space between B-scans, produces a dense isotropic
thickness map, and avoids misinterpretation from a 2D per B-scan analysis. Since the optic nerve diameter is approximately
300 um at the globe level,”'* an optic nerve head exclusion region was included which consisted of a disc with a diameter of
288 um centered on the VSC. RNFL thickness values in each eye were averaged within a peripapillary ring centred on the
optic nerve head with radii 144 pm to 432 pum, and a peripheral ring with radii 432 pm to 720 um (Figure 2).

Statistical Analysis
All baseline descriptive statistics are presented as mean + standard deviation (SD). Data were screened for statistical outliers,
defined as values exceeding 3 standard deviations from the group mean. Sample size was set at 10 mice per group to balance
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Figure 2 RNFLT Regions. Ring A (dark gray) depicts the peripapillary ring spanning the area between the circles with radii 144 pm and 432 um. Ring B (light gray) depicts the
peripheral ring spanning the area between the circles with radii 432 um and 720 pum. The striped central disc depicts the optic disc.

statistical sensitivity with ethical considerations, with post hoc power analyses indicating moderate to high power across key
contrasts, depending on eye, timepoint and outcome. Detailed power estimates are included in Supplementary Table 1.

Throughout this study, linear mixed-effects models were implemented for longitudinal analysis of IOP and RNFLT, using
R statistical analysis software (version 4.3.1).>® These models were established using the Ime4 package (version 1.1.35.1),>*
applying restricted maximum likelihood (REML) and considering time as a categorical variable.”®> Subsequent analyses
involved both between-group and within-group comparisons using t-tests on the estimated marginal means (EMMs)
calculated via the emmeans package (version 1.10.0),°° with results presented as EMM + standard error of the mean
(SEM). For the IOP analysis, splined linear mixed-effects models incorporating a knot at day 14 were developed to examine
time as a continuous variable, using REML for fitting.”> This specific time point was selected post hoc following the
identification of an extremum in the data at day 14. The analysis also included simultaneous general linear hypothesis tests
to assess the rate of change in each model, utilizing the multcomp package (version 1.4.25),%” and results were reported as rate
of change + SEM.> Degrees of freedom were calculated using the Kenward-Roger approximation to ensure optimal control of
Type I error rates.”® All statistical tests were adjusted for multiple comparisons using the Benjamini-Hochberg method to
control the false discovery rate.>® Significance threshold was set at P < 0.05.

Results

Hindlimb Unloaded Mice Display an Elevated Intraocular Pressure After 14 Days
At baseline, the mean IOP for the HU group was 16.0 & 1.8 mmHg for the right eye and 15.8 + 2.1 mmHg for the left eye, while
the mean IOP for the control group was 16.4 = 1.8 mmHg for the right eye and 15.4 + 2.0 mmHg for the left eye.

On day 0, IOP EMMs showed no difference between HU and control groups in both eyes. In the HU group, IOP EMMs were
significantly greater than day O only on day 14 for the right eye (18.05 + 0.57 mmHg, P < 0.05) and the left eye (17.55 +
0.57 mmHg, P < 0.05) (Figure 3). In the control group, IOP EMMSs were not significantly different from day 0 at any timepoint.

Intraocular Pressure Increases Before Decreasing During Hindlimb Unloading
Given the elevated IOP at day 14 in the HU group, this day was set as a knot for splined linear mixed-effects modelling.
In the HU group, simultaneous general linear hypothesis tests revealed a significant bilateral positive IOP rate of change
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Figure 3 IOP in hindlimb unloaded and control mice. Hindlimb unloaded mice have increased IOP in both eyes on day 14 of suspension while control mice show no difference in
IOP at any timepoint. Opaque disks denote IOP EMMs and translucent disks denote IOP measurements for each mouse. Horizontal line indicates HU period. *P < 0.05.

from day 0 to 14 (right eye = 0.127 + 0.046 mmHg/day, P < 0.05; left eye = 0.132 + 0.045 mmHg/day, P < 0.01;) and
a significant bilateral negative IOP rate of change from day 14 to 35 (right eye = —0.078 £ 0.031 mmHg/day, P < 0.05;
left eye = —0.096 + 0.033 mmHg, P < 0.01) (Figure 4). In the control group, there was no significant difference in IOP
rate of change from day 0 to 14, or from day 14 to 35 in both eyes.
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Figure 4 IOP rate of change in hindlimb unloaded and control mice. Hindlimb unloaded mice show a positive IOP rate of change in both eyes until day 14 of suspension
before showing a negative IOP rate of change in both eyes while control mice show no difference in IOP rate of change. Solid lines denote predicted mean IOP responses
and dashed lines denote predicted IOP responses for each mouse. Horizontal line indicates HU period. Time is expressed relative to the day |4 inflection (dashed vertical
line), where negative and positive values indicate days before and after day 14 when the peak IOP response was observed, respectively. *P < 0.05, **P < 0.01.
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Table 1 RNFLT Values for Control and HU Groups in the Peripapillary and Peripheral Rings of the Right and Left Eyes

Time (Day) Control HU
Right Left Right Left

Peripapillary | Peripheral | Peripapillary | Peripheral | Peripapillary Peripheral Peripapillary | Peripheral
0 (Mean * SD) 13.6 £ 3.0 142+ 1.9 13.8 23 157+ 1.4 15.6 + 2.0 167 £ 1.0 139+ 1.6 157 £ 1.5
7 (EMM % SEM) 13.6 £ 0.6 149 + 0.6 142 + 0.6 158 + 0.6 13.8 + 0.6** 16.0 = 0.6 135+ 0.6 159 £ 0.6
14 (EMM * SEM) 123 £ 0.6 142 + 0.6 12.7 £ 0.6 14.5 + 0.6 13.2 + 0.6%* I5.1 = 0.6%* 12.6 + 0.6 145 + 0.6
21 (EMM £ SEM) 12.5 + 0.6 144 + 0.6 13.0 £ 0.6 147 £ 0.6 13.4 + 0.6%* 14.7 + 0.6%* 127 £ 0.6 15.1 £ 0.6
28 (EMM = SEM) 13.0 £ 0.6 13.6 + 0.6 123 + 0.6 14.5 + 0.6 12.3 + 0.6%* 14.5 + 0.6** 128 + 0.6 14.6 + 0.6
35 (EMM % SEM) 134+ 0.6 143 + 0.6 132 0.6 152 + 0.6 13.5 + 0.6%** 14.7 + 0.6%* 129 + 0.6 14.6 + 0.6

Notes: All values are in um. **P < 0.01, ***P < 0.001.
Abbreviations: EMM, estimated marginal means; HU, hindlimb unloading; SD, standard deviation; SEM, standard error of the mean.

Hindlimb Unloaded Mice Display Persistent Retinal Nerve Fiber Layer Changes
Peripapillary and peripheral RNFLT measurements of the right eye and left eye are described in Table 1. On day 0,
RNFLT EMMs showed no difference between HU and control groups in both regions of each eye. In the HU group, right
eye peripapillary RNFLT EMMs were significantly lower than day 0 on day 7 and subsequent days (Figure 5A). Right
eye peripheral RNFLT EMMs were significantly lower than day 0 on day 14 and subsequent days (Figure 5A). In the left
eye of the HU and control groups, peripapillary and peripheral RNFLT EMMs were not significantly different from day 0
at any timepoint (Figure 5B).

Discussion
Over time, changes in IOP and RNFLT have been shown in this adult mouse model of microgravity. Longitudinal IOP
measurements during the HU revealed a significant elevation of IOP after 14 days of HU. This was followed by
a progressive decrease during the third week of unloading. In comparison, hindlimb unloaded 3-month-old and 9-month-
old male rats showed similar IOP dynamic changes with IOP peak at 45 days and 90 days after unloading, respectively.®’
The HU mice in the current study displayed a negative rate of IOP change after 14 days of suspension (Figure 4), but IOP
levels were not significantly different from baseline at subsequent measurements (days 21, 28, and 35). This finding is in
keeping with progressive IOP decrease observed after landing in the male hindlimb unloaded rats.°* DBA/2J mice placed
in a 60° head-down tilt for 30 minutes showed an immediate IOP elevation while the animals remained in the tilted
position, that did not persist after a return to a horizontal position.® By contrast, in the present study, mice were
chronically unloaded at 30° for three weeks, and IOP measured in a transient horizontal position remained elevated
on day 14 of HU, suggesting that chronic headward fluid shifts may induce a sustained IOP elevation. The subsequent
IOP decrease after day 14, despite continued unloading, hints at some time-dependent physiological adaptation. Ten-
week-old male C57BL/6 mice showed variable results after 35 days of flight on the International Space Station, with one
study showing a significant decrease in left eye IOP compared to preflight baseline,®* and another study from the same
group showing no change in IOP compared to baseline.®® Since age seems to affect IOP response as evidenced by the
observations in rat HU, the different results between the mice in the present study and the mice sent aboard the
International Space Station could in part be caused by differences in age. Different strains of mice also exhibit different
IOP profiles,** which could affect their response to microgravity and explain the difference between the results in this
study and the ones acquired after microgravity exposure.®>®* The complexity and cost of such experimentation involving
spaceflight highlights the need for ground-based animal models.

Spaceflight studies reveal a sharp but transient increase in IOP immediately after exposure to microgravity, which is
then reversed. During the German Spacelab Mission, IOP values surged 92% initially but normalized within 6 h.'?
Similarly, astronauts in the Space Shuttle Program showed IOP increases during microgravity exposure.'’ Despite

Eye and Brain 2025:17 hetps: 143



Zarrinbakhsh et al

A E Control HU

o

I:I 201 | *k  kkk  kkk  kkk  kkk

515p o P o g
PY ® o) O © ® ® o

® 104 ; s

= )

8 5' 1 <

3 o

? 20 - 1 *%k *%k k% k¥

'215'. ® o o o o b ® o o e © (;DU

= 10 ] Fy

3 S

T 97 '

Eob— -

u‘ﬁ 7 14 21 28 35 0 7 14 21 28 35

Time (days)
B E Control HU

o

- 20 1 .

(I - . 0]

=B ¢ o & 4 o > o e o o o3

® 104 ; )

5 3

® 54 ; S

3 o

g 20 1

?15-’ ® o o o ° | e & o o7

= 10 ] 3

3 S

T 97 '

Eob— -

u‘ﬁ 0 7 14 21 28 35 0 7 14 21 28 35

Time (days)

Figure 5 RNFLT in hindlimb unloaded and control mice. (A) Right eye RNFLT. Hindlimb unloaded mice have decreased right eye RNFLT in the peripapillary ring on days 7 to
35 and in the peripheral ring on days 14 to 35 while control mice show no difference in RNFLT at any timepoint. (B) Left eye RNFLT. Hindlimb unloaded mice and control
mice show no difference in RNFLT at any timepoint. Opaque disks denote RNFLT EMMs and translucent disks denote RNFLT measurements for each mouse. Horizontal
lines indicate HU period. **P < 0.01, ***P < 0.001.

differences in tonometry methods — applanation, indentation and rebound — the IOP changes in this study suggest
physiological responses rather than methodological artifacts.®® Rebound tonometry, in particular, is widely deployed in
rodent studies and has been shown to provide accurate and reproducible IOP measurements in mice.*>**® The mouse
model that is described here is an appropriate model to study the transient IOP change observed during spaceflight,
characterized by an increase followed by a decrease of IOP.

AH and uveal blood, especially choroidal blood, are the main compartments generating IOP in normal gravity. Mice

67,68

display similar ocular anatomy and AH dynamics as humans, making them suitable model organisms for
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translational IOP research. This mouse HU model would be useful to understand the mechanisms underlying the IOP
increase in early microgravity, and the subsequent decrease during spaceflight and after landing.® IOP is determined by
the balance between AH production and drainage, and the observed response in this model may reflect either increased
production or reduced outflow.®”*® Intra- or extraocular fluid shifts could disrupt this balance by influencing vascular
dynamics governing outflow. Intracranial blood vessels branch into orbital blood vessels which are connected to ocular
blood vessels. Notably, the episcleral venous system drains into the superior ophthalmic veins and anterior ciliary veins,
which then drain into the cavernous sinus.®” An increase in cephalic blood pressure would propagate into an increase in
episcleral venous pressure (EVP), obstructing AH drainage through the conventional outflow pathway and elevating IOP,
as described by the Goldmann equation and observed in patients with Radius-Maumenee Syndrome.”””" Supporting this
mechanism, HU in rats has been shown to cause cerebral artery remodeling without affecting mesenteric and splenic
arteries, suggesting increased cephalic blood pressure.”? Furthermore, EVP elevation positively correlates with IOP
elevation in humans and mice.”>"”* It would be possible to investigate the role of changes in the volume of intraocular
blood and AH dynamics, including EVP, in the HU mouse model. Non-invasive eye and orbit imaging may be used in
this model to assess the variation of intraocular and extraocular blood compartments during the fluctuation of IOP in
early and late unloading and after release. Headward fluid shifts due to microgravity, may increase the intraocular blood
content, particularly within the choroid, thereby elevating IOP.® The autonomic nervous system influences both AH
production and outflow,” as well as choroidal blood flow.”®”” Further experiments should be performed to study IOP
changes integrated with continuous monitoring of the autonomic nervous system.”®

Longitudinal RNFLT measurements during the HU experiments revealed significant changes in the right eye. The
right eye peripapillary and peripheral RNFL thinning started on day 7 and day 14 (Figure 5), respectively, and persisted
after release. In contrast, left eye RNFL measurements did not show any significant change. The RNFL is composed of
the astrocytes in addition to RGC axons, and the thinning of the RNFL in the right eye may be caused by remodeling of
astrocytes and extracellular environment changes rather than loss of RGCs or their axons. Astrocytes have mechan-

osensitive properties and respond to changes in IOP,”%%°

as well as aquaporin-4 channels that are involved in fluid
exchange with the extracellular space.®'** Macular thinning occurring during long-duration spaceflight in addition to the
increase in peripapillary RNFL thickness® suggests that microanatomical differences of astrocytes between different
parts of the retina®' may be implicated in these observed differences. The fact that HU mice showed RNFL thinning
lasting after release only in the right eye, while a transient IOP increase at 14 days was seen in both eyes, suggests that
factors other than IOP are implicated in the retinal changes. A recent study showed that attenuation in neuroretinal rim
thinning in postural differences from seated to 6° head-down tilt may be due to translaminar pressure difference, the
difference between IOP and intracranial pressure.®® It is interesting to note that RNFL thickening persists years after
flight in some of the astronauts with an asymmetrical pattern, with predilection in the right eye.*> Longer duration HU
studies are needed to determine whether the RNFL thinning is reversible and whether it causes pathological changes such
as increased retinal apoptosis observed in rats after 12 weeks of HU? and in mice after 35 days in microgravity on the
International Space Station.®®> Moreover, the earlier involvement of the peripapillary ring compared to the peripheral ring
(day 7 vs day 14) in this study suggests that effects are most pronounced in peripapillary region. This is consistent with
evidence from human imaging studies showing that RNFL thickening during SANS is greatest around the optic nerve
head and diminishes toward the periphery of the retina.” Transient IOP elevation during HU may have contributed to
RNFL thinning, as short-term IOP elevation can trigger RNFL thinning, which persisted after IOP reduction in non-
human primates.*® Future studies are needed to assess the relative contribution of IOP increase and IOP-independent
mechanisms to RNFL thinning in the HU mouse model.

Microgravity leads to a collapse of tissue compressive force. While this HU mouse model mimics microgravity-
induced headward fluid shifts, it is unlikely to replicate this loss of mechanical unloading. Furthermore, mouse eyes
provide a useful model for investigating ocular changes over time; their translatability is limited by structural differences
relevant to this study, including a smaller size, thinner retinae and a lower RGC density compared to humans.®’-%®

While this study included IOP as a measurable ocular physiological parameter, it is important to note that IOP
variations are not currently part of the formal diagnostic criteria for SANS. As SANS is characterized by a constellation
of ocular findings, including retinal and choroidal thickening and optic disc edema, future studies should incorporate
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additional eye imaging parameters (eg, total retinal thickness and choroidal thickness) with larger sample sizes to assess
the translational relevance of mouse HU for SANS research. Fluid dynamics in the eye (eg, AH production and outflow
pathways) and around it (eg, optic nerve glymphatics, translaminar pressure difference and choroidal circulation) warrant
investigation using the HU model.

A previous study in DBA/2J mice showed that IOP elevation induced by short-term head-down body tilt caused
reduction of pattern electroretinogram (ERG) amplitude in eyes of DBA/2J mice older than 5 months but not in eyes of
younger mice, suggesting age-dependent susceptibility of RGC function.®’ Additionally, C57BL/6 mice flown for 35
days aboard the ISS exhibited significant reductions in both ERG a-wave and b-wave amplitudes post-flight, indicating

photoreceptor and inner retinal function impairment.(’3

These findings underscore the importance of complementing IOP
and structural measures with retinal functional assessments. Future studies using functional tests of the retina, such as
ERG in HU experiments, are needed to reveal whether HU leads to photoreceptor and inner retina dysfunction.
Elevated IOP, as a modifiable risk factor for glaucoma, holds significant potential to exacerbate ocular pathology,
especially during long-duration spaceflight. Understanding, prevention, and treatment of elevated IOP during spaceflight

could prevent visual impairment during space missions.

Conclusion

The HU mouse model of headward fluid shifts under microgravity conditions showed bilaterally elevated IOP, peaking
on day 14 and reduced RNFLT starting on day 7 in the right eye. In our sample, the IOP subsequently decreased,
indicating an adaptive response to the initial elevation while the right eye RNFLT did not. These findings reflect the
transient IOP changes observed in astronauts during early spaceflight, supporting the relevance of the HU mouse model
for investigating ocular responses to microgravity. While this model does not comprehensively replicate spaceflight
conditions other than headward fluid shifts, it provides an opportunity for studying some of the ocular responses to
microgravity and highlights the need for further studies to explore mechanisms underlying adaptive and maladaptive IOP
and retinal changes in microgravity.
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