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Abstract The Japan Aerospace Exploration Agency

recently performed a mouse experiment in the International

Space Station in which mice were raised for 35 days,

retrieved using the Dragon spacecraft, and then harvested

for analysis 2 days after splashdown. However, the impact

of the retrieval procedure, which exposed mice to

5–10 g for 2 min during atmospheric reentry and splash-

down, was unknown. Therefore, the purpose of this study

was to examine the impact of a 10 g load for 2 min (using a

gondola-type centrifuge with a 1.5-m arm installed at Gifu

University) on conscious mice. Plasma corticosterone

increased at 30 min after load application and recovered at

90 min. Significant Fos expression was observed in the

vestibular nuclei (VeN), paraventricular hypothalamic

nucleus (PVN), and central nucleus of the amygdala (CeA).

Rearing behavior and food intake were suppressed. Mice

with vestibular lesions demonstrated increased corticos-

terone and Fos expression in the PVN, but neither sup-

pression of food intake and rearing behavior nor increased

Fos expression in the VeN and CeA. These results suggest

that the simulated gravity load induced a transient stress

response, hypoactivity, and a vestibular-mediated sup-

pression of food intake.

Keywords Hypergravity � Atmospheric reentry � Fos �
Corticosterone � Vestibular lesion

Introduction

The Japan Aerospace Exploration Agency (JAXA) has

developed a novel mouse habitat cage unit [1] to isolate the

impact of microgravity on small mammals in the absence

of the uncontrolled factors that exist in the International

Space Station (ISS), such as lack of convection, microbial

environment [2], cosmic radiation [3], and stressful con-

ditions during launch and landing [4]. This cage is designed

for installation in the Cell Biology Experiment Facility

(CBEF) in the Japanese Experimental Module ‘‘Kibo’’ of

the ISS. The CBEF has two compartments: a microgravity

section and an artificial 1 g section, in which a 1 g envi-

ronment is produced by a centrifuge [5]. Mice can be raised

in the 1 g compartment or microgravity compartment, and

the pure impact of microgravity can be examined by

comparing these two groups.

Using the CBEF, JAXA performed a mouse experiment

in which live mice were retrieved by transfer from the

CBEF to a transportation cage unit and loaded on the

Dragon spacecraft (SpaceX), which splashed down in the

Long Beach offing. The mice were then harvested for

detailed analysis 2 days after splashdown. JAXA is plan-

ning to conduct this type of space experiment twice a year.

The retrieval procedure, which involved exposure to

5–10 g for 2 min during atmospheric reentry and splash-

down, had an unknown impact on the mice used in this

experiment. Accordingly, the purpose of the present study
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was to examine the impact of hypergravity, and to verify

whether the effects disappeared within 24 h. Therefore, we

examined Fos expression in the brain, changes in behavior,

and plasma stress hormone concentration in response to

10 g for 2 min. This simulates a worst-case gravitational

load for reentry and splashdown, since the actual gravity

load varies depending on the reentry trajectory. In addition,

we compared responses in vestibular-intact (Sham) mice

and vestibular-lesioned (VL) mice to determine the role of

the vestibular system in gravity load-induced responses.

Materials and methods

Animals used in the present study were maintained in

accordance with the ‘‘Guiding Principles for Care and Use

of Animals in the Field of Physiological Science’’ of the

Physiological Society of Japan. The experiments were

approved by the Animal Research Committees of Gifu

University (27-79) and JAXA (015-008A). Male C57BL/6J

mice (n = 46) were used for the experiment, which was

performed using a centrifuge at Gifu University.

Animals were divided into two groups: VL (n = 16) and

Sham (n = 30). Six-week-old mice were anesthetized by

isoflurane (Escain, Pfizer, Tokyo, Japan) inhalation via a

face mask, and the VL or sham surgery was performed

using an external auditory meatus approach as described

previously [5]. For the sham surgery, the tympanic mem-

brane was removed, but the auditory ossicles were left

intact. The success of VL was confirmed by observing

impairment in swimming behavior [5]. At the end of the

experiment, histological examination of the labyrinth was

performed to ensure the absence of sensory epithelia in the

saccule and utricle.

For prevention of infection and pain relief, penicillin G

potassium (3000 U/kg, Meiji Seika Pharma, Tokyo, Japan)

and buprenorphine (3 lg/kg, Lepetan, Otsuka, Tokyo,

Japan) were administered subcutaneously prior to returning

the animals to their home cages. After recovery for

4 weeks from VL or sham surgery, the mice were moved to

individual cages (width 10 9 10 cm and height 8 cm)

where they were maintained for the remainder of the

experiment.

The individual cages were set in a rotating box, and

video recording was initiated. All mice had access to food

and water ad libitum, and the temperature in the cage was

maintained at 24 ± 1 �C with a 12:12 h light–dark cycle

(light 07:00–19:00; dark 19:00–07:00). During a daily

15-min break (10:00–10:15), the cages were cleaned,

water and food were refreshed, and body mass and daily

food intake were measured. On the third day, mice were

exposed to 10 g (98.0665 m/s2) for 2 min (12:00–12:02),

induced by centrifugation in the custom-made, gondola-

type rotating box with a 1.5-m arm (Shimadzu, Kyoto,

Japan). The centrifugation protocol included a 25-s

increment phase of acceleration from 1 to 10 g, a 95-s-

long 10 g plateau phase, and a 45-s decrement phase of

deceleration from 10 to 1 g. The angular velocity at

10 g was 2.57p rad/s. For mice undergoing behavioral

analysis, video monitoring and measurement of food

intake were continued for one more day. To evaluate

activity, the frequency of rearing behavior was counted

for every hour except 10:00–11:00. At the end of the

experiment, mice were deeply anesthetized by isoflurane

inhalation and perfused transcardially with 20 ml of

heparinized saline, followed by 40 ml of 4%

paraformaldehyde in phosphate buffer. The brains were

then removed and stored in 4% paraformaldehyde at 4 �C
for subsequent Fos expression measurement (Sham-

10 g ? 1d, n = 6; VL-10 g ? 1d, n = 6).

For stress response and Fos expression analyses, Sham

and VL mice were exposed to 10 g for 2 min and anes-

thetized by isoflurane inhalation at 30 (Sham n = 6; VL

n = 5), 90 (Sham n = 6), or 180 min (Sham n = 6) after

the 10 g load, and 0.8 ml of venous blood was collected

from the inferior vena cava. Blood samples were also

collected from Sham (n = 6) and VL (n = 5) mice of the

1 g control group (i.e., not exposed to the 10 g load). Brain

specimens of the 90-min group and 1 g control group were

collected for Fos expression measurement (Sham-1 g,

Sham-10 g ? 90 min, VL-1 g, and VL-10 g ? 90 min).

Plasma corticosterone concentration was measured using

enzyme-linked immunosorbent assays (Enzo Life Sciences,

Farmingdale, NY, USA).

To examine whether the 10 g load induced compres-

sional injuries of the liver and muscle, plasma aspartate

aminotransferase (AST) and creatine kinase (CK) concen-

trations were measured with a chemistry analyzer (VetTest,

IDEXX Laboratories, Westbrook, ME, USA), using plasma

samples obtained from 1 g control mice and from Sham

and VL mice 30 min after the 10 g load.

Table 1 Effects of a 10 g load for 2 min on body mass and food

intake

Pre Post

Body mass (g)

Sham (n = 6) 25.9 ± 0.3 25.5 ± 0.4

VL (n = 6) 24.2 ± 0.6� 24.2 ± 0.5�

Food intake/10 g body mass (g)

Sham (n = 6) 1.46 ± 0.04 1.20 ± 0.09*

VL (n = 6) 1.53 ± 0.09 1.53 ± 0.09�

Values are mean ± SEM

VL vestibular-lesioned

* p\ 0.05 vs. Pre. � p\ 0.05 vs. Sham
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Brain specimens were stored overnight in 20% sucrose

in PBS at 4 �C and then frozen on dry ice. Serial sec-

tions (40 lm) were cut with a cryostat (Leica CM1850;

Leica Instruments, Wetzlar, Germany). Fos-containing

cells were identified with an anti-c-Fos antibody (c-Fos Ab-

5; Merck, Darmstadt, Germany) using the 3,30-
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Fig. 1 a Posture of sham control (left) and vestibular-lesioned (VL)

mice (right) at 5 min after the 10 g load. The trunk of the sham mouse

was flattened, but the VL mouse demonstrated a rounded trunk shape.

b Counts of rearing behavior recorded 1 day before (closed circle)

and on the day of (open circle) the 10 g load. The 2-min 10 g load

was initiated at 12:00. c Averaged data for counts of rearing behavior

during 7 h of light time and during 12 h of dark time. Closed bar

represents data for one day before the load (Pre), and open bar

represents data for the day of the load (Post). *p\ 0.05 vs. Pre
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diaminobenzidine reaction. Hypergravity-induced Fos

expression was examined in the nucleus of the solitary tract

(NTS), vestibular nuclei (VeN), paraventricular hypotha-

lamic nucleus (PVN), and central nucleus of the amygdala

(CeA). The numbers of Fos-positive cells were counted

using ImageJ 1.47v. In each group, 18 portions of bilateral

NTS, 21 portions of unilateral VeN, 26 portions of uni-

lateral PVN, and 22 portions of unilateral CeA were

examined.

All data are presented as mean ± SEM. Recovery time

from flattened trunk (posture) and time elapsed before first

rearing were analyzed using unpaired t tests (Sham vs.

VL). Body mass and food intake data (Table 1) were

analyzed using repeated measures two-way analysis of

variance (ANOVA), with group (Sham vs. VL) and time

(Pre vs. Post) as factors. The number of rearing incidents

(Fig. 1c) was analyzed using a paired t test (Pre vs. Post).

Plasma concentrations of corticosterone, AST, and CK

(Fig. 2), as well as Fos expression data (Fig. 3b), were

analyzed using one-way ANOVA. If the F ratio indicated

statistical significance, Scheffé’s multiple comparison test

was used for between-group comparisons. A value of

p\ 0.05 was considered statistically significant for post

hoc tests.

Results

Mean body mass of VL mice was significantly smaller than

that of Sham mice (Table 1). However, there was no dif-

ference in daily food intake per body mass between the two

groups. Gravitational load of 10 g for 2 min significantly

decreased daily food intake in Sham mice but not that in

VL mice. Body mass of Sham mice tended to decrease at

1 day after load application, but the difference was not

statistically significant.

Behavioral analysis revealed that the round shape of the

lumbar area was lost and the trunk flattened during the

10 g load in both sham and VL mice. The round shape

recovered in VL mice soon after the end of the load

(0.5 ± 0.1 min), while the recovery in Sham mice was

significantly delayed (15.2 ± 1.3 min; Fig. 1a). Further-

more, the latency of rearing after the 10 g load was longer

in Sham mice (47.0 ± 12.3 min) than in VL mice

(1.8 ± 0.9 min).

Rearing behavior on the day of the 10 g load was

compared with that on the day before application of the

load. The 10 g load somewhat suppressed counts of rearing

behavior in Sham mice, as shown by a small dip at 12:00 h

in Fig. 1b. Averaged counts of rearing behavior during 7 h

of light time (12:00–19:00) and during 12 h of dark time

(19:00–07:00) are shown in Fig. 1c. The 10 g load signif-

icantly suppressed rearing behavior during light time, but

not during dark time. In VL mice, there was no suppression

of counts of rearing behavior.

In Sham mice, the plasma corticosterone concentration

significantly increased from 91 ± 17 to 420 ± 65 ng/ml at

30 min after the 10 g load (Fig. 2a). The increase was no

longer observed at 90 and 180 min after the 10 g load. In

VL mice, the plasma corticosterone level increased at

30 min after the 10 g load (from 87 ± 39 to 292 ± 62 ng/

ml), and was not different from that in Sham mice.

Figure 2b shows the plasma concentration of AST and

CK at 1 g and 30 min after the 10 g load. The 2-min,

10 g load had no influence on these variables relative to the

1 g control group.

To evaluate central activation induced by the 10 g load

for 2 min, Fos expression in the NTS, VeN, PVN, and CeA

was examined. Figure 3a shows representative photomi-

croscopic images of serial sections obtained from a Sham

mouse 90 min after the 10 g load, in which clear Fos

expression is evident in the NTS, VeN, PVN, and CeA.

Figure 3b summarizes the counts of Fos-labeled cells. In
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Fig. 2 a Plasma corticosterone concentration obtained from 1 g con-

trol mice (1 g) and 10 g loaded mice at 30 (10 g ? 30 min), 90

(10 g ? 90 min), and 180 (10 g ? 180 min) min after the load.

*p\ 0.05 vs. 1 g. b Plasma aspartate aminotransferase (AST) and

creatine kinase (CK) concentrations obtained from 1 g and

10 g ? 30 min mice. Open bar represents Sham mice, and closed

bar represents VL mice
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Fig. 3 a Representative photomicroscopic images of serial sections

of the nucleus of the solitary tract (NTS), vestibular nuclei (VeN),

paraventricular hypothalamic nucleus (PVN), and central nucleus of

the amygdala (CeA) obtained from a Sham-10 g ? 90 min mouse.

b Averaged data for the numbers of Fos-labeled cells obtained from

1 g control mice (1 g) and 10 g loaded mice at 90 min

(10 g ? 90 min) and 1 day (10 g ? 1d) after the load. *p\ 0.05

vs. Sham-1 g or VL-1 g. �p\ 0.05 vs. Sham
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Sham mice, the numbers of Fos-labeled cells increased

significantly at 90 min (Sham-10 g ? 90 min) in the NTS,

VeN, PVN, and CeA compared with those in 1 g control

mice (Sham-1 g). In VL mice, significant increases were

found in the NTS and PVN at 90 min (VL-10 g ? 90 min)

compared with those in the VL-1 g mice, but not in the

VeN and CeA. Furthermore, the increase in the PVN was

smaller in the VL-10 g ? 90 min group compared with

that in the Sham-10 g ? 90 min group, whereas the

increase in the NTS was comparable between groups.

These increases were not observed the day after the

10 g load for either the Sham-10 g ? 1d or VL-10 g ? 1d

groups.

Discussion

The major findings of the present study show that a gravity

load similar to that of atmospheric reentry induced central

Fos activation, an increase in plasma corticosterone con-

centration, and suppression of activity and food intake.

Some of these changes were reduced or abolished by VL,

and all of these changes, except for food intake, recovered

within 24 h.

Previous studies from our laboratory demonstrated

that a gravitational load of 2 g for 90 min induced

central Fos activation in the NTS, VeN, and PVN [5, 6];

this expression pattern is associated with activation of

corticotropin-releasing factor neurons in the PVN and an

increase in plasma corticosterone concentration [6].

These responses were abolished by VL, suggesting that

they are mediated via the vestibular system. In the pre-

sent study, the 10 g load, though applied for only 2 min,

also induced central Fos activation and increased plasma

corticosterone concentration in Sham mice. In VL mice,

the increase in Fos expression in the VeN was abolished,

while increases in the NTS and PVN were preserved,

although the increase in the PVN was smaller than that

in Sham mice. These results suggest that 10 g load-in-

duced central Fos activation and corticosterone release

were mediated not only by the vestibular system but also

by non-vestibular systems. A hypergravity-induced

increase in body weight (body mass 9 gravity) might

mechanically stimulate or compress somatic and pro-

prioceptive receptors in the skin, muscle, tendon, and

joints, not to mention visceral sensory receptors [7–10].

Afferent input from these receptors projects to the NTS,

and then to the PVN [11–13]. However, these responses

are transient, as evidenced by the recovery of plasma

corticosterone concentration and central Fos activation to

normal levels after 90 min and 24 h, respectively.

Vestibular-mediated nausea and vomiting are common

symptoms of motion sickness, prompting diagnosis in

humans [14, 15]. However, judgment of motion sickness

in mice and rats is difficult because they lack the vom-

iting reflex [16]; kaolin consumption and other behaviors

indicative of nausea have been used to assess motion

sickness in such animals [17–19]. Furthermore, hyper-

gravity-induced Fos expression in the CeA is implicated

in emetic and nausea responses [20]. Systemic and

intracerebroventricular injections of emetic agents

induce Fos expression in the CeA [17, 21], and hyper-

gravity-induced pica behavior, an index of motion

sickness, is suppressed by bilateral lesion of the amyg-

dala [22]. Fos activation in the CeA and behavioral

changes observed in Sham mice, i.e., flattened trunk and

reduced rearing, suggest that Sham mice suffered motion

sickness after the gravity load. In contrast, these same

changes were not observed in VL mice. Thus, the sup-

pressed food intake in the sham mice might be due to

motion sickness.

In addition to motion sickness, hypergravity may also

cause compressional injuries of organs. The liver and

skeletal muscle, in particular, may be susceptible to

compressional stress. A 9 g load for 1 h induced sig-

nificant increases in AST and CK, suggesting compres-

sional organ injury [23]. However, the 2-min 10 g load

had no influence on plasma AST and CK concentrations,

suggesting that 2 min is too short a time to induce

compressional injuries.

In conclusion, a gravity load simulating that of atmo-

spheric reentry induced stress responses and motion sick-

ness in conscious mice. However, these responses were

transient and recovered within 24 h.
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