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Purrosk. Details of the posterior eye water dynamics are unclear. Aquaporin-4 (AQP4), a
water channel, plays an important role in water dynamics in the central nervous system
and is also present in the ocular tissue. The purpose of this study was to reveal the role
of AQP4 in the water dynamics of the posterior eye using in vivo JJ vicinal coupling
proton exchange (JJVCPE) magnetic resonance imaging (MRI) of AQP4 knockout (KO)
mice and their wild-type littermates (controls).

MEerHODS. JJVCPE MRI of the eye was performed on five AQP4 KO mice and seven control
mice. We assessed the normalized signal intensities of a region of interest (ROD) set in the
vitreous body after H,'”O administration. The results of the two groups were compared
using a two-tailed Mann-Whitney U test.

ResuLrs. A statistical analysis revealed that the normalized ROI signal intensities at the
steady state were significantly lower (P = 0.010, <0.05) in the AQP4 KO mice (mean +
SD, 84.5% =+ 2.7%) than the controls (mean + SD, 88.8% + 1.9%).

Concrusions. The present study using JJVCPE MRI of the eye demonstrated that retinal
AQP4 has a potential role in the regulation of water inflow into the vitreous body. Absence
of AQP4 in the KO mice probably induces lower water outflow from the vitreous body.
Our results could help clarify the pathogenesis of various ocular diseases.
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ater dynamics in the eye are still poorly understood.

METHODS

In its anterior part, aqueous humor exits at the ante-

rior chamber angle through the trabecular meshwork and
uveoscleral routes.! However, water dynamics in the poste-
rior eye have not been investigated in detail, despite indica-
tions of the existence of postiridial flow, that is, the flow of
aqueous humor into the vitreous body, as previously shown
by fluorescein distribution.?~* In the central nervous system
(CNS), the role of aquaporin-4 (AQP4), one of the water
channels, on water dynamics has received a lot of atten-
tion, and its mechanism has been elucidated.>® APQ4 is
also distributed abundantly in the ocular tissue (e.g., the
ciliary epithelium and Miiller cells of the retina).” There-
fore, AQP4 has been suggested to be similarly involved in
the water dynamics of the eye. JJ vicinal coupling proton
exchange (JJVCPE) magnetic resonance imaging (MRI) has
already been used to assess in vivo water dynamics in
the mouse brain? The H,'7O influx, injected through the
femoral vein, into the cerebrospinal fluid (CSF) can be
observed as an H,'7O dose-dependent signal reduction in
T2-weighted magnetic resonance images. In the present
study, we performed JJVCPE MRI of the eyes (JJVCPE MRI
of the eye) of AQP4 knockout (KO) mice and their wild-
type littermates (controls) to investigate the water dynam-
ics of the posterior eye and reveal the role of AQP4

in it.
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This study was approved and carried out in accordance
with the animal research guidelines of the Institutional
Review Board/Ethics Committee at Niigata University (Regis-
tration No. SA00642). This study was also performed to
comply with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research. AQP4 KO mice and
controls (both sexes; 11-18 weeks old; n = 5 AQP4 KO
mice; n = 7 controls) underwent JJVCPE MRI of the eye.
The generation of AQP4 KO mice has been described previ-
ously’ The mice resulted from homologous recombina-
tion using an embryonic stem cell line from the C57BL/6
strain.

JJVCPE MRI of the eyes were performed on a 15-cm
bore, 7-T horizontal magnet (Magnex Scientific, Abingdon,
UK) with a Varian Unity INOVA system (Varian, Palo Alto,
CA, USA) equipped with an actively shielded gradient. The
original JJVCPE MRI can assess in vivo water fluid dynam-
ics in the mouse brain by setting a slab to include the
CSF, the cortex, and the basal ganglia.® For the JJVCPE MRI
of the eye, a 1-mm-thick 3-dimensional region of interest
(ROD was set to include a posterior portion of the left eye,
containing the vitreous body (Fig. 1A). Adiabatic double
spin-echo prepared rapid acquisition with refocused echoes
was utilized with the following imaging parameters: 128 X
128 matrix, 20 x 20 mm? field of view, repetition time
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Result of a JJVCPE MRI of the eye in a control mouse and an AQP4 KO mouse. (A) A 1-mm-thick 3-dimensional (3-D) ROI was

set to include a posterior portion of the left eye containing the vitreous body. The upper part shows a 3-D ROI (white rectangles) in coronal
and sagittal T1-weighted images. The lower part shows the vitreous body of the left eye as donut shaped with high signal intensities in
T2-weighted images by the sequences of adiabatic double spin-echo prepared rapid acquisition with refocused echoes. (B) The reduction
of normalized ROI signal intensities, set to the vitreous body, after H,'7O administration is observed in a control mouse (upper part) and an
AQP4 KO mouse (lower part) who underwent JJVCPE MRI of the eye. Normalized ROI signal intensities at steady state of a control mouse

are greater than those of an AQP4 KO mouse.

2000 ms, echo train length 32, echo time (TE) for first echo
8.8 ms, echo spacing 5 ms, and effective TE 84.8 ms. The
total scan time was 1 hour and 6 minutes for 500 scans per
8 seconds.

Before JJVCPE MRI of the eye, each mouse was
anesthetized with inhaled isoflurane (0.01 mL/min), N,O
(0.7 mL/min), and O, (0.3 mL/min), and PE10 tubing was
inserted into the right femoral vein. Using 8-0 silk, a
suture was carefully made between the left bulbar conjunc-
tiva and the left upper palpebral conjunctiva to fixate
the left eye. The left upper and lower eyelids were also
sutured using 8-0 silk to prevent exposure of the cornea.
During JJVCPE MRI of the eye, each mouse was anes-
thetized with intraperitoneal administration of urethane and
dexmedetomidine hydrochloride (0.6 g/kg and 0.6 g/kg,
respectively) and breathed spontaneously under inhaled
N;O (0.7 mL/min) and O, (0.3 mL/min). Mice were posi-
tioned on their stomachs in a custom-made Plexiglas
stereotaxic holder, and their heads were fixed in posi-
tion by a tooth bar. Their rectal temperatures were main-

tained at 37 £+ 0.5°C using a custom-designed tempera-
ture control system. Normal saline (0.2 mL) containing 40%
H,'70 was administered as an intravenous bolus injection
10 minutes after the first scan using an automatic injector
at 0.04 mL/s through the PE10 tubing in the right femoral
vein.

The images we obtained were analyzed using image
processing software (MRVision, Winchester, MA, USA). The
ROI was set to the vitreous body (Fig. 1A). Normalized ROI
signal intensities, expressed as percentages against the aver-
age intensity of the identical pixels before H,!”O adminis-
tration, were plotted against time (Fig. 1B). Normalized ROI
signal intensity at steady state was determined by fitting their
time course by a function previously described.® A two-tailed
Mann-Whitney U test was used to compare the numerical
data of the AQP4 KO and control mice. We selected the
Mann-Whitney U test because of small sample size. Statis-
tical analysis was done using GraphPad Prism 8 (GraphPad
Software, La Jolla, CA. USA). A P value <0.05 was regarded
as statistically significant.
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Figure 2. Normalized ROI signal intensities at steady state set to
the vitreous body in AQP4 KO mice and controls. Normalized ROI
signal intensities at steady state in the AQP4 KO mice are signif-
icantly lower than those of the controls as quantified by the two-
tailed Mann-Whitney U test. Bars represent median values. *P <
0.05, Mann-Whitney U test.

RESsuULTS

All 12 mice undergoing JJVCPE MRI of the eye showed a
reduction in the normalized ROI signal intensity after H,'’O
administration. The representative results of an AQP4 KO
and a control mouse are shown in Figure 1B. The signal
intensity was reduced, and H,'’O concentrations plateaued
within 20 minutes.

Statistical analysis revealed that normalized ROI signal
intensities at steady state were significantly lower (P = 0.010,
<0.05) in the AQP4 KO mice (84.5% + 2.7%) than in the
controls (88.8% + 1.9%) (Fig. 2).

DiIscUSSION

In the present study, JJVCPE MRI of the eye showed that
water injected through the mouse femoral vein flowed rela-
tively rapidly into the vitreous body of the mouse eye.
Due to its nuclear magnetic resonance sensitivity, }’O inter-
feres with the neighboring 'Hs through a covalent bond
in a phenomenon called JJ vicinal coupling. Accordingly,
the influx of H,'7O into ROIs in T2-weighted magnetic
resonance images causes signal reduction. Based on the
results of the studies on water dynamics in the poste-
rior eye,>™* the water inflow into the vitreous body of the
mouse eye detected in the present study probably observes
a phenomenon called postiridial flow, an influx of aqueous
humor into the vitreous body. In other words, H,'7O injected
through the mouse femoral vein is thought to flow into the
vitreous body as a part of the aqueous humor produced at
the ciliary epithelium because no other pathways of water
entry into the vitreous body have been reported aside from
postiridial flow.>~*

Furthermore, we revealed that normalized ROI signal
intensities at steady state were significantly lower in the
AQP4 KO mice than in the controls. The results indicate that
water inflow into the vitreous body was higher in the AQP4
KO mice than in the controls and/or that water outflow
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Ficure 3. Schematic showing aqueous humor flows. A conven-
tional flow is that where aqueous humor produced at the ciliary
epithelium passes through the pupil to the anterior chamber angle
(red arrow) via the trabecular meshwork and uveoscleral routes.
On the other hand, a postiridial flow is that where aqueous humor
produced at the ciliary epithelium passes through the vitreous body
to the retina despite in an undetermined direction (blue arrows). L,
lens; R, retina; S, sclera; U, uvea; V, vitreous body.

from the vitreous body was lower in the AQP4 KO mice
than in the controls. Although the direction of the postiridial
flow remains undetermined, it has been proposed that the
aqueous humor produced at the ciliary epithelium passes
through the vitreous body into the retina (Fig. 3).>"* In this
route, AQP4 in the ciliary epithelium and in Miiller cells of
the retina’ plays an important role. The impaired aqueous
humor production at the ciliary epithelium in AQP4 KO mice
induces lower water inflow into the vitreous body.!* Our
results propose an additional mechanism by which Miller
cells in the retina would absorb water from the vitreous body
through AQP4. In AQP4 KO mice, the capacity of Miiller cells
of absorbing water from the vitreous body is impaired, prob-
ably leading to lower water outflow from the vitreous body
(Fig. 4).

In the retina, AQP4 is mainly distributed in Miller cells
and has a prominent role in fluid homeostasis in the
retina.!’~!3 Immunohistochemical analyses have shown that
AQP4 in Miuller cells demonstrates colocalized distribution
with Kir 4.1, which is a potassium channel.'* Kir 4.1 has an
important role in the spatial buffering of the retinal potas-
sium, and owing to the colocalized distribution, AQP4 has a
possibility of cooperating with Kir 4.1; however, it has been
reported that AQP4 KO mice do not have impaired Kir 4.1
function.'®> AQP4 in Miiller cells also demonstrates colocal-
ized distribution with the transient receptor potential vanil-
loid 4 (TRPV4), which is a sensor for astroglial swelling.l(’
TRPV4 should interact with AQP4 to sense glial swelling in
Miiller cells and astrocytes.!”

In the CNS, AQP4 is mainly distributed in the foot
processes of astrocytes,'® and JJVCPE MRI has shown that
water inflow into the CSF is reduced in AQP4 KO mice.?®
Nakada and Kwee® have proposed that water enters astro-
cytes through AQP4 and then moves into the pericapillary
Virchow-Robin space. This proposal can be applied both to
the water dynamics of the retina and that in the CNS. AQP4s
in Miiller cells are distributed in the end feet membranes
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Ficure 4. Presumed mechanisms explaining the results of the
present study. (A) Schematic showing the anatomical relationships
between the ocular tissue and a ROI set in the vitreous body.
(B) Miiller cells of the retina absorb water from the vitreous body
through AQP4. Large blue arrows indicate inflow into the vitreous
body. Small blue arrows indicate outflow from the vitreous body
presumed by functionality of Miiller cells’ AQP4s. Compared to the
controls (left), the water-absorbing function of Miiller cells from the
vitreous body diminishes and probably leads to lower water outflow
from the vitreous body in the AQP4 KO mice (right).

facing the vitreous body and capillary endothelium.' We
hypothesize that water absorbed through AQP4s in Miller
cells would be released into the pericapillary Virchow-Robin
space in the retina. A recent study has shown the pathway
between the CSF and the pericapillary space in the optic
nerve using fluorescent dextran.?® The glymphatic pathway
constituted by the perivascular flow is thought to be the
clearance system of the interstitial solutes and proteins in the
brain.>-¢ Daruich et al.'* have proposed that the glymphatic
pathway probably exists in the retina. We propose that the
hypothesized water flow within the Miller cells, mentioned
above, could drive the retinal “glymphatic pathway.”

We investigated the water dynamics in the vitreous body
by administration of sufficient dose of H,'”O (approximately
2.7 mL/kg) to detect the signal changes in the vitreous body.
Among the reports of MRI studies using H,'7O as a nonra-
dioactive trace,?!?> Cheng et al.?> demonstrated the signal
changes in MRI of the rabbit eye after an intravenous H,'7O
injection, wherein the signal changes were not observed in
the vitreous body and rapid signal changes were observed
in the anterior chamber. Although our findings are differ-
ent from those reported by them, this discrepancy may be
due to the difference in the dose of H,'70 (0.1 mL/kg in the
study by Cheng et al.??) as they mentioned that sufficient
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H,'70 should be loaded to visualize the signal changes in
the vitreous body.

The present study utilizing JJVCPE MRI of the eye demon-
strated that AQP4 in the retina has a potential role in
the regulation of water inflow into the vitreous body via
systemic circulation. Further investigation of the mechanism
of aqueous humor in the posterior eye could contribute to
elucidating the pathogenesis of various diseases (e.g., glau-
coma and age-related macular degeneration) and the devel-
opment of new treatments.
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