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Abstract

e AIM. To investigate whether the
environment is related to retinal damage.
e METHODS. Hanging - tail mice tests were used to
simulate  weightlessness. Light microscopy, and
transmission electron microscopic examinations of the
retinal structure were used to observe
morphological changes. Immunohistochemistry and
Western blot analyses were performed to detect the
molecular changes associated with the observations.

e RESULT: Light microscopy and transmission electron
microscopy demonstrated that more dead cells were
detected in the ganglion layer and inner nuclear layer
cells. TNF - o and caspase - 3 protein expression in the
retinas of simulated microgravity groups were up -
regulated compared with the ground - based control
group.

¢ CONCLUSION: The results demonstrated that simulated
microgravity produced severe pathological damage in the
retinas of mice.

e KEYWORDS: simulated microgravity; retina; TNF - a;
caspase-3; mice
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INTRODUCTION
With increased interest in human space exploration, the
health and safety of space explorers is of foremost
concern. Extended spaceflight results in a number of adverse
effects, such as bone loss, skeletal muscle atrophy,
cardiovascular problems, immune system dysregulation, and
eye damage'' ™. Previous studies have shown that the space
environment produced harmful effects on the eye, such as
retinal damage ( disc edema, globe flattening, choroidal

folds,

function (decreased near vision, decreased ability to acquire

cotton wool spots ), cataracts, decreased visual

and fixate on the target), and increased intraocular pressure
(10P )4,

including microgravity and ultraviolet and ionizing radiation,

Of all known environmental factors in space,

microgravity has been recognized as a major factor.

In recent years, the body of evidence has strongly suggested
that many human ophthalmic problems occurring during
microgravity may be due to cephalad fluid shifts induced by
microgravity * . Other studies have shown that the changes
may result from alterations of the expression of genes and
proteins by prolonged exposure to microgravity ® ; however, a
comprehensive understanding of the changes to the eye in
space and the mechanisms of these changes does not exist.
Therefore, it is necessary to evaluate changes to the eye under
microgravity conditions and to determine the pathogenesis of
the alteration.

The hindlimb unloading ( HU) model is widely used to
simulate microgravity under laboratory conditions to study the
effect of shifting body fluids, which occurs under microgravity
conditions'”’. Simulated long —term microgravity can lead to
slight IOP fluctuations, choroidal thickening, reduced retinal
( RGCs )

demyelination in rats"”’. In this study, using the HU model, a

ganglion cells survival, and optic nerve
set of effects of simulated microgravity (SMG) on retinal cells
was analyzed. Mice were exposed to SMG for different time
periods to observe the time — dependent effects of SMG
exposure. The retinal cells were observed to examine the
various responses to SMG, including cell death, mitochondrial
swelling, and significant decreases in organelle numbers in

101 INF - a and caspase — 3 protein

the retinal cells'
expressions were each up-regulated in the HU groups, which
are related to key molecular events in cell necrosis and
apoptosis. To our knowledge, this is the first report to study
the retinal changes in mice under SMG conditions.
METHODS
Ethical Approval The study was conducted in accordance
to the Declaration of Helsinki. The experimental procedures in
mice and the whole protocol used in this study were approved
by the Animal Care and Use Committee of China Astronaut
Research and Training Center.

Experimental Techniques Eight — week — old male mice
( C57BL/6) were obtained from Vital River Laboratories

(Beijing, China). The mice were maintained on a standard
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chow diet at a constant temperature (20°C) under a 12 h/12h
artificial light/dark cycle with unlimited access to water.
Mice’s chow and water were provided ad libitum. The animals
were allowed to acclimatize to their new surroundings for 1wk
before the study.

To simulate microgravity using the HU model, the body of the
mouse makes about a 30° angle from the cage floor, and thus
the back feet of the mouse do not touch the grid floor. The
mice can move easily and use their front paws without effort.
The hind legs should be manually extended to ensure that the
toenails do not touch the floor. The angle and height of the
mouse were checked and adjusted if necessary on a daily
basis. The cage sides were adjustable to increase or decrease
the height of the unloading device. The mice must be able to
reach food and water after the adjustments are made. The mice
were divided to three groups for O (the control), 7 ( HU7)
and 14d (HU14). Each group included eight mice.

Light Microscopy At the end of the experimental
treatments, the mice were anesthetized by an intraperitoneal
injection of pentobarbital sodium (80 mg/kg). Eyes were
collected and fixed in a paraformaldehyde solution (4% ). The
tissue samples were dehydrated and embedded in paraffin wax.
Serial paraffin sections (5pm) were obtained for histological
examination. The sections were immersed in xylol for three
consecutive washings of Smin to remove paraffin and were
subsequently hydrated with five consecutive washings with
ethanol in descending order: 100%, 95%, 85% , 75% , and
deionized water, respectively. The paraffin sections were then
treated with hematoxylin and eosin ( HE) staining. Changes in
the organizational structure were visualized using light
microscopy (LM ) ( Carl Zeiss Shanghai Co., Ltd. SIP No.
MICO01535).

Transmission Electron Microscopy The eyes were cut out
of the anterior segment, and the retinas were removed from the
posterior segment cup. The retinas were incubated for 4h in
2.5% glutaraldehyde. The retinas were postfixed in buffered
osmium tetroxide ( 1% ) and dehydrated using graded
solutions of ethanol. Semi—thin sections (1wm) were prepared
and stained with toluidine blue, and were examined by visible
LM. Ultrathin sections (0.5wm) of the selected areas were
prepared and stained with uranyl acetate and lead citrate for
TEM (H7650TEM; Hitachi, Tokyo, Japan).
Immunohistochemistry The retinal paraffin tissue sections
(5pm) were deparaffinized, and then the histological sections
were immersed in a citrate buffer solution and heated at 120°C
in an autoclaved sterilizer for 10min, naturally cooled for
30min, and then they were immersed in 3% aqueous hydrogen
peroxide (H,0,) for endogenous peroxidase ablation at room
temperature for 15min.

The immunohistochemistry for the apoptosis and necrosis
markers on the ocular sections was performed using anti —
TNF-o, #ab1793, 1: 100 ( Abcam, Cambridge, UK)
antibody at 4°C overnight, followed by an anti — mouse IgG
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secondary antibody ( Beijing ZhongShan Golden Bridge
Biotechnology Co., Lid., Beijing, China) for 2h at room
temperature.

The retinal tissues were also treated with the anti — active
caspase— 3, #ab13847, 1:100 ( Abcam, Cambridge, UK)
primary antibody at 4°C overnight, followed by an anti—rabbit
IgG secondary antibody ( Beijing ZhongShan Golden Bridge
Biotechnology Co., Lid., Beijing, China) for 2h at room
temperature.
Finally, the tissue sections were colorated with
diaminobenzidine ( DAB) , kept at room temperature without
light for 7min, and then they were counterstained with 2—(4-
Amidinophenyl ) — 6 - indolecarbamidine dihydrochloride
(DAPI). The positive signals of TNF —a and caspase — 3
proteins were a brown or a yellow granular mass.

For the quantitative analysis, the number of TNF -« and
caspase—3—positive cells were counted in four fields from each
retina section using Image] counting plugin 1.41 software
( National Institutes of Health, Bethesda, MD). In each
retinal region, TNF —a and caspase —3 — positive cells were
counted in the inner nuclear layer (INL) and ganglion cell
layer (GCL). The density profiles were expressed as the mean
number of TNF-a and caspase—3—positive cells/mm’. Similar
procedures for density evaluations have been described in the
literature. TNF —a and caspase — 3 — positive cells intensities
were averaged across four imaging areas per animal. Statistical
analyses were performed using the paired Student’s ¢ — test.
Differences between groups were considered significant when
P<0.05.

Protein Expression in the Retina TNF - a protein
expression ( a key molecular event in cell necrosis and
apoptosis ) and caspase — 3 protein expression ( a key
molecular event in cell apoptosis) were each examined in the
retinas.

The retinas were removed from six mice through a slit in the
cornea and were immediately frozen in liquid nitrogen. Retinal
protein was extracted with a lysis buffer (Beyotime, Haimen,
Jiangsu Province, China) on ice for 30min and was then
centrifuged at 15, 000r/min at 4°C for 15min. Protein
concentrations were determined using the bicinchoninine acid
(BCA) method. An aliquot of the total protein was boiled for
resolved by 10%

polyacrylamide gel electrophoresis ( SDS — PAGE ), and

4min sodium  dodecyl sulfate -
electrophoretically transferred to polyvinylidene difluoride
(' Millipore, Germany ). The
membranes were blocked with non—fat dry milk in a Tris -
buffered saline (5%) containing Tween 20 (0.05% ) at room
temperature for 1h and were subsequently incubated with
mouse monoclonal anti—f —Actin, SC1616, 1:3000 ( Santa
Cruz Biotechnology, Santa Cruz, California, USA), anti -
TNF-a, #3707, 1:500 ( Cell Signaling Technology, Boston,
Massachusetts, USA) , and caspase—3, #9662, 1:1000 ( Cell
USA )

membranes Darmstadt

Signaling, Technology, Boston, Massachusetts,

antibodies at 4°C overnight. This procedure was followed by
incubation with the appropriate horseradish peroxidase —

1:1000 ( Cwbiotech,

conjugated secondary antibodies,

Beijing, China ) at room temperature for 2h. The
chemiluminescence reaction was performed using an
electrochemiluminescence ( ECL )  reagent ( Thermo

Scientific, Waltham, Massachusetts, USA ). The blots were
scanned and evaluated by densitometry using Quantity One
analysis software ( Bio—Rad, Hercules, USA), which was
normalized for 3 — Actin density. All experiments were
performed in triplicate. The data from the Western blot were
evaluated using the paired Student’s ¢t—test.

RESULTS

Light Microscopy The results obtained by HE staining

demonstrated that hyperpigmented cells with pyknosis
( condensation of chromatin in nucleus) were observed in the
INL and GCL in the HU7 and HU14 groups. In the retinas of
the HU14 group, the pathological damage was observed to be
more severe than that in the HU7 group. No obvious
pathological changes were found in the retinas of the control
group ( Figure 1).

Transmission Electron Microscopy  Exposure to SMG
resulted in changes in the retinal ultrastructure at 1 and 2wk.
In both HU groups, the mitochondria in the electron—dense
cytoplasm of the cells were swollen. Dead cells were observed
in the HU7 group, and the presence of dead cells was
determined to be more prevalent in the HU14 group in the
GCL. The ganglion cells in the control mice had uniform,
normally appearing nuclei and mitochondria; However,
vacuolation, chromatin margination, chromatin condensation,
and swollen mitochondria were detected in the ganglion cells
of both HU groups ( Figure 2 A=C). In the inner plexiform
layers (IPL) , swollen mitochondria were observed in both HU
groups ( Figure 2 D = F). In the INL, organelles were
decreased in number, and dead cells with dark, shriveled
nuclei were observed in the HU7 group and were more
prevalent in the HU14 group ( Figure 2 G-1). No obvious
changes were observed in the outer nuclear or retinal pigment
epithelium layers. In the control group, no apparent damages
were detected in the retinal tissue.

Immunohistochemistry  Obvious increases in anti — active
caspase—3 expression were observed in the GCL and INL (red
arrows) in the HU14 and HU7 retinas compared with the
control retinas. Our quantitative assessment revealed that the
density of activated TNF -« in the retinal INL and GCL of
space—flown mice in the HU7 group was significantly higher
(54.5/mm”) compared to the control group, which had an
average of 27.2/mm’( P<0.01). In the HU14 group, the
density of activated TNF - « ( 106. 4/mm’ ) increased
compared with the HU7 (54.5/mm”) group ( P<0.01). Only
a sparse positive TNF—a signal was found in sections from
ground—control eyes ( Figure 3).

A markedly increased number of anti — caspase — 3 — positive
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Figure 1 Hlstopathologlcal analysis of mouse retinas’ paraffin
sections stained with hematoxylin and eosin. A: the control
group (x400); B the HU7 group (x400); C: the HU14 group
(x400). Dead cells ( hyperpigmented cells) were increased in
ganglion cells and inner nuclear layer cells in the HU7 and HU14
groups ( black arrows). GCL: Ganglion cell layer; ONL: Outer

nuclear layer; INL: Inner nuclear layer.

granules were visible in the GCL and INL (red arrows) in the
HU14 and HU7 retinas compared with the control retinas
(Figure 4). As shown in Figure 4, the density profiles in
GCL and INL, which reflect the immunoactivity of caspase-3,
were significantly increased in the HU7 group at 45.2/mm’
compared to the control group at 32.1/mm*( P<0.01). In the
HU14 group, the density of activated TNF—a ( 106.4/mm”)
increased compared with the HU7 (81.8/mm’) group (P<
0.01).

Protein Expression in the Retina In the HU7 group,
TNF-a protein expression in the retina increased compared
with the control group (P <0.01). In the HU14 group,
TNF-a protein expression increased compared with HU7
group (P<0.01; Figure 5).

Caspase—3 protein expression in the retina of the HU7 group
was up-regulated compared with the control group ( P<0.01).
In the HU14 group, caspase—3 protein expression increased
compared with the HU7 group (P<0.01; Figure 6).
DISCUSSION

The HU mice model has been widely accepted by the scientific
1768
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Flgure 2 The TEMs of retmal tlssue in the control ( CON),

HU7, and HU14 groups. A: ganglion cell layers of the CON
(x7 000) ; B: ganglion cell layers of the HU7 group (x7000) ; C

ganglion cell layers of the HU14 group (x7000)—the ganglion cell
layers exhibited numerous dead cells (red arrows); D. the inner
plexiform layers of the CON (x7000) ; E: the inner plexiform layers
of the HU7 group (x7000) ;
HU14 group ( x7000)—swollen mitochondria were more prevalent
in the HU7 and the HU14 groups than in the control group (red
arrows) ; G: the inner nuclear layers of the CON (x7000) ; H: the
inner nuclear layers of the HU7 group ( x7000); I; the inner
nuclear layers of the HU14 group ( x 7000 )—cells with dark,
shriveled nuclei were observed in the HU7 group and were more

F. the inner plexiform layers of the

prevalent in the HU14 group (red arrows).
A CON HU7 HU14

i ‘M "‘}L\

‘T

CON HU7 HU14
Figure 3 Immunohistochemistry of TNF—a in the retina. A.
Representative micrographs of TNF~a immunohistochemical labeling
are shown (x400). Cells positive for activated caspase—3 were
identified by a brown or yellow granular mass;
counterstained with DAPI ( blue). Immunoreactivities for TNF — «

the nuclei were

were present in the ganglion cell layer and inner nuclear layer in the
HU7 and HU14 groups (red arrows); only minimally positive
staining was detected in the control group. GCL: Ganglion cell
layer; ONL: Outer nuclear layer; INL: Inner nuclear layer. B:
Quantification of immunoreactivity of TNF — o in retinas. The
quantification of TNF —a immunoreactivity is based on the density
profile of TNF—a—positive cells in the retinal ganglion cell layer and
inner nuclear layer. Bars represent the mean + SE from three
independent experiments. *P<0.01 compared with the control group;
"P<0.01 HU14 compared with the HU7 group.
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Figure 4 Immunohistochemistry of active caspase—3 in retina.

A: Representative micrographs of activated caspase — 3
immunohistochemical labeling are shown (x400). Cells positive for
activated caspase—3 were identified by a brown or yellow granular
mass; the nuclei were counterstained with DAPI ( blue ).
Immunoreactivities of activated caspase — 3 were present in the
ganglion cell layer and inner nuclear layer in the HU7 and HU14
groups (red arrows) ; only minimally positive staining was detected
in the control group. GCL: Ganglion cell layer; ONL: Outer nuclear
layer; INL: Inner nuclear layer. Scale bar indicates 10pm. B
Quantification of immunoreactivity of active caspase—3 in retinas.
The quantification of active caspase—3 immunoreactivity is based on
the density profile of caspase—3—positive cells in the retinal ganglion
cell layer and inner nuclear layer. Bars represent the mean = SE
from three independent experiments. *P < 0.01 compared with the
control group; "P<0.01 HU14 compared with the HU7 group.

CON HU7 HU14

TNF-a ’

—

TNF-a relative expression
N
R

CON HU7 HU14
Figure 5 Western blot analysis of TNF —« expression in the
retinas of mice.  The protein expression of TNF—a was increased
in the HU7 group compared to the control group. In the HU14
group, TNF-a protein expression increased compared with the HU7
group. Bars represent the mean * SE from three independent
experiments. “P<0.01 compared with the control group; "P<0.01

compared with the HU7 group.

community as the classical model of choice for simulating
microgravity'''. A 30° angle of unloading is recommended

because it provides a normal weight bearing on the forelimbs,

CON HU7 HU14

Caspase-3 — ’ -
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(e} -

S10 b

o

2 a
x

(0] | |
2

Z 9

5

© 31

2 2] a

12 A

8 0=—con HU7 HU14

Figure 6 Western blot analysis of caspase—3 expression in the
retinas of mice. The protein expression of caspase — 3 was
significantly increased in the HU7 group compared to the control
group. In the HU14 group, caspase—3 protein expression increased
compared with the HU7 group. Bars represent the mean + SE from
three independent experiments. *P<0.01 compared with the control

group; "P<0.01 compared with the HU7 group.

unloads the lumbar vertebrae but not the cervical vertebrae,
and induces a cephalad fluid shift'"”’. Data which used the
model showed differential muscle atrophy and a cephalad fluid
shift, so the HU model was initially designed to study
musculoskeletal, cardiovascular. The HU mice model was
useful for investigating the responses of many other
physiological systems to unloading and the recovery from
unloading on earth.

With the current state of technological development, people
can remain in space for longer periods of time. Several studies
have demonstrated that visual function is influenced by a
weightless environment. In 2011, Mader et al'" conducted
ophthalmic examinations on seven astronauts after 6mo of
space flight and reported observations consisting of cotton wool
spots, disc edema, choroidal folds, globe flattening and nerve
fiber layer thickening. The research confirmed that
microgravity can cause cell apoptosis' . At the cellular level ,
retinal ganglion cells survival was reduced, optic nerve
oligodendrocytes were reduced, and microglia — mediated
inflammation — related factors and apoptotic factors were
discovered in both optic nerve and the retina"’.

In the present investigation, the HU model was designed to
simulate the weightless condition in mice. The results
demonstrated retinal pathological changes occurred, such as
the degeneration and necrosis of retinal cells. The injuries
associated with 14d of microgravity were severer compared to
the microgravity conditions for a period of 7d. Some of the
pathological changes were not reversible and could affect
retinal function. Therefore, precautions and the mechanisms
for such effects must be investigated to protect retinal damage

in astronauts.
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The retinal changes during exposure to microgravity may have
caused cephalad fluid shifts that induced increases in
intracranial and vein pressure. Increased intracranial pressure
is directly transmitted from the intracranial compartment to the
intraorbital compartment through the subarachnoid space' "

The trans—lamina cribrosa pressure difference results in axonal
swelling of the optic nerve and visible disc edema. Elevated
SAS pressure and a swollen optic nerve are believed to exert
force on the central retinal artery, which supplies blood to the
five inner layers of the retina, resulting in retinal ischemia
and leading to cell death. In addition, the increased vortex
vein pressure may cause decreased choroidal drainage and may
lead to blood pooling of the choroid. This process could result
in an increase in choroidal volume and may account for the
rise in IOP. The thickening choroidal fluid and increased I0P
could have resulted in the extrusion of the retina. This force
causes retinal ischemia, which may lead to retinal cell death.
Previous research has shown that gene expression can alter in
the space environment'"*'. Some of the changes may constitute
an adaptation in the space environment, but some changes
may damage organisms. In the present study, TNF-a protein
levels were elevated in the retina following SMG. TNF -« is
known to affect cell necrosis or apoptosis ( two distinct modes
of cell death), growth, differentiation and survival. TNF -«
also plays an important role in various intraocular diseases,
such as uveitis, glaucoma, retinal degeneration and retinal
ischemia. The increased expression of TNF—-a in the retina
may be related to retinal injury. The caspase enzymes play
vital roles in the induction, transduction and amplification of
intracellular apoptotic signals'"’. Caspase—3, one of the most
important caspase enzymes, is considered to be the effector
and executioner of apoptosis. The data generated in this
research demonstrated that SMG conditions up —regulated the
activity of caspase — 3 in the retina, which suggests that
caspase—3 is involved in SMG —induced cell death in the
retina.

In conclusion, SMG conditions in mice resulted in retinal
injury. The TNF-a and caspase—3 signaling pathways were
activated in retinal cells following exposure to SMG conditions.
The results indicated that the TNF-a and caspase—3 signaling
pathways may be interesting targets to protect retinal cells from
apoptosis/necrosis following SMG.

The ophthalmology health of astronauts is closely related to
human spaceflight. Long—term microgravity exposure can lead
to spaceflight — associated neuroocular syndrome, which can
present with optic disk edema, globe flattening, choroidal
folds and a hyperopic visual shift. So this study used hanging—
tail mice tests to simulate weightlessness. SMG conditions in
mice resulted in retinal injury. The results indicated that the

TNF-a and caspase—3 signaling pathways may be interesting
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targets to protect retinal cells from apoptosis/necrosis

following SMG. The results provide a certain help for the
damage in a weightless

research on astronauts’ eye

environment.
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