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Abstract

Spaceflight entails various stressful environmental factors including microgravity. The effects of

gravity changes have been studied extensively on skeletal, muscular, cardiovascular, immune

and vestibular systems, but those on the nervous system are not well studied. The alteration of

gravity in ground-based animal experiments is one of the approaches taken to address this

issue. Here we investigated the effects of centrifugation-induced gravity changes on gene

expression of brain-derived neurotrophic factor (BDNF) and serotonin receptors (5-HTRs) in the

mouse brain. Exposure to 2g hypergravity for 14 days showed differential modulation of gene

expression depending on regions of the brain. BDNF expression was decreased in the ventral

hippocampus and hypothalamus, whereas increased in the cerebellum. 5-HT1BR expression

was decreased in the cerebellum, whereas increased in the ventral hippocampus and caudate

putamen. In contrast, hypergravity did not affect gene expression of 5-HT1AR, 5-HT2AR, 5-

HT2CR, 5-HT4R and 5-HT7R. In addition to hypergravity, decelerating gravity change from 2g

hypergravity to 1g normal gravity affected gene expression of BDNF, 5-HT1AR, 5-HT1BR, and

5-HT2AR in various regions of the brain. We also examined involvement of the vestibular organ

in the effects of hypergravity. Surgical lesions of the inner ear’s vestibular organ removed the

effects induced by hypergravity on gene expression, which suggests that the effects of hyper-

gravity are mediated through the vestibular organ. In summary, we showed that gravity changes

induced differential modulation of gene expression of BDNF and 5-HTRs (5-HT1AR, 5-HT1BR

and 5-HT2AR) in some brain regions. The modulation of gene expression may constitute

molecular bases that underlie behavioral alteration induced by gravity changes.
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Introduction

Brain functions are modulated by various environmental factors including stress. The envi-

ronmental factors entailed in spaceflight reportedly affect human physiological and psycho-

logical functions [1–4]. Life during spaceflight includes multiple stressful environmental

factors, such as microgravity, radiation, loss of light-dark cycle, and confinement. Under-

standing the effects of these environmental factors is important for biological research on

adaptation to environmental changes and for maintaining the health conditions of crew-

members during spaceflight.

Among these factors, the effects of gravity changes on skeletal, muscular, cardiovascular,

immune and vestibular systems have so far been extensively studied using humans and experi-

mental animals. In contrast, the effects of gravity changes on the nervous system are not fully

understood, given the brain’s diverse structure and function. Animal experiments under both

spaceflight and ground-based conditions have revealed that hypergravity as well as micrograv-

ity modulate rodent brain function and behavior, including cognition and emotion [5–10].

For example, hypergravity impairs learning ability [6,7,10], and also increases the anxiety level

and stress response [5,9]. However, the molecular mechanisms underlying the effects of gravity

changes on behavior have not been extensively investigated [11–15]. Recently, spaceflight

experiments using the Russian biosatellite Bion M1 reported that one-month of spaceflight

affected gene expression of several trophic factors and monoaminergic systems in selected

mouse brain regions [16–18]. For example, the expression of glial cell line-derived neuro-

trophic factor was reduced in the striatum and hypothalamus, while increased in the frontal

cortex by the spaceflight [18]. The expression of brain-derived neurotrophic factor (BDNF)

was not affected in the same condition [16]. Among monoaminergic systems, the expression

of serotonin 2A receptor (5-HT2AR) and dopamine D1 receptor was reduced in the hypothal-

amus [17]. However, there are still limited studies on spaceflight and ground-based experi-

ments that investigated gene expression of functional molecules in the brain under altered

gravity. Based on the previous studies reporting that BDNF and the 5-HT system are involved

in various brain functions including anxiety, depression, aggression, learning and memory,

and that dysregulations of these molecules are closely related to neuropsychiatric diseases [19–

23], we hypothesized that these molecules are vulnerable to gravity changes and most likely

mediate the effects of gravity changes on various types of behavior.

As the ground-based experiments of gravity changes, centrifugation and tail-suspension

have been used as hypergravity and microgravity, respectively. However, tail-suspension

produces microgravity only in the lower limbs, and is not suitable to examine the effects of

gravity on brain function. Therefore, in the present study, in order to elucidate the molecu-

lar bases for the effects of gravity changes on behavior, we investigated the effects of centri-

fugation-induced hypergravity on gene expression of BDNF and 5-HTRs in various regions

of the mouse brain.

Materials and methods

Mice

C57BL/6J male mice were purchased from Chubu Kagaku Shizai (Nagoya, Japan). The animals

were handled in accordance with the “Guiding Principles for Care and Use of Animals in the

Field of Physiological Science” prescribed by the Physiological Society of Japan. All the experi-

ments in the present study were approved by the Animal Research Committees of Gifu Uni-

versity (Gifu, Japan) and University of Tsukuba (Tsukuba, Japan), and the Institutional

Animal Care and Use Committee of Japan Aerospace Exploration Agency (JAXA).
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Induction of hypergravity

The 2g hypergravity in the dorsoventral direction was applied to mice in the prone posture by

centrifugation using the gondola-type centrifuge (Shimazu, Kyoto, Japan) for 14 days [24,25].

Mice were kept in aluminum cages (35 x 25 x 17 cm) that were placed inside the rotating

box of the centrifuge. After exposure to hypergravity, some mice were further kept for three

days in the same cages under normal 1g gravity to examine recovery from hypergravity-

induced changes. All the mice had access to food and water ad libitum, and room temperature

was maintained at 24 ± 1˚C with a 12:12 h light-dark cycle. During a daily 30 min of break, the

cages were cleaned, with water and food being replenished. The control animals were placed

near the centrifuge, but not exposed to hypergravity.

At the brain dissection after exposure to gravity changes, the weight of lower limb muscles

were measured and the effects of hypergravity on the weight increase of soleus muscles, anti-

gravity muscles, were confirmed (S1 Table).

Brain dissection

Under deep anesthesia using isoflurane (Escain, Pfizer, Tokyo, Japan), mice were decapitated

and their brains were removed quickly. Coronal slices at 2-mm thickness were made from the

frontal pole of the cerebrum using Mouse Brain Matrix (Muromachi Kikai Co., Ltd), and the

left hemisphere was used for the analysis of mRNA expression. The medial prefrontal cortex,

amygdala, and dorsal raphe nucleus were punched out using the Harris Micro-Punch (GE

healthcare) (S1 Fig). In addition, Noyes surgical scissors were used to dissect the caudate puta-

men (striatum), dorsal and ventral hippocampi, hypothalamus and cerebellar vermis (S1 Fig).

Each brain region was quickly frozen in liquid nitrogen and stored at -80˚C until use. We

focused on these brain regions because these regions express BDNF and 5-HTRs abundantly,

and are involved in various behaviors including learning/memory, anxiety, depression, or

motor functions [19–21,23].

Real-time reverse transcription-PCR

Real-time reverse transcription PCR was performed as previously described [26]. In brief, each

brain region was homogenized in RNAiso (Takara) on ice using a sonicator (Taitec). Total

RNA was isolated using RNAiso as per the manufacturer’s instructions. The isolated 1 μg of

RNA was reverse-transcribed using the QuantiTect Reverse Transcription Kit (Qiagen). PCR

was performed using the Thermal Cycler Dice Real Time System TP800 (Takara) with SYBR

Premix Ex Taq II (Takara). Table 1 lists the primer sequences. Quantitation was performed

using the crossing point method, and data was normalized to 18S rRNA. We confirmed that

gravity changes did not have significant effects on the expression of 18S rRNA (S2 Table)

Lesion of vestibular organ

The inner ear’s vestibular organ is a sense organ to detect gravity. To examine the role of ves-

tibular organ in the modulation of gene expression under hypergravity, six-week-old mice

were anesthetized by inhaling isoflurane via a face mask, and the vestibular organ was lesioned

through an external auditory meatus using operation microscope (OMS-75, Topcon, Tokyo,

Japan) as previously described [24,25,27]. After the removal of the tympanic membrane and

the auditory ossicles, labyrinthine fluid was aspirated. Subsequently, #20 or #25 file (Mani,

Utsunomiya, Japan) was inserted into the oval window and the surrounding bone was

resected, and then electrical cautery (Solid State Electrosurgery, MS-1500, MERA, Senko Med-

ical Instrument Manufacturing Co., Ltd., Tokyo, Japan) was applied through the file. Penicillin

BDNF and serotonin receptors under gravity changes
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G potassium (3000 U/kg, Meiji Seika Pharma, Tokyo, Japan) and buprenorphine (3 μg/kg,

Lepetan, Otsuka, Tokyo, Japan) were administered subcutaneously prior to returning the ani-

mals to their cages. The success of the vestibular lesion (VL) was confirmed by observing the

swimming behavior of all the mice in warm water. Mice with complete VL could not identify

the direction to reach the water surface [25]. Mice were kept in the aluminum cages for two

weeks and then 2g hypergravity was applied for 14 days.

Statistical analysis

The mRNA expressions were analyzed using a one-way analysis of variance (ANOVA), fol-

lowed by a post hoc test (Fisher’s protected least significant difference test) or student t-test,

using SPSS (SPSS Japan Inc.). Significance was set at p< 0.05. All data are presented as the

mean ± S.E.M except for S1 Table.

Results

We investigated the effects of hypergravity (2g for 14 days) on the mRNA expression of BDNF

and 5-HTRs with special reference to 5-HT1AR, 5-HT1BR and 5-HT2AR, because these

receptors are involved in various physiological and pathological functions in the brain. We

also investigated mRNA expression three days after the exposure to hypergravity in order to

examine neural plasticity to recover from hypergravity-induced changes.

Effects of gravity changes on the mRNA expression of BDNF

Gravity changes affected BDNF expression in various brain regions (Fig 1). ANOVA revealed

that a main group effect was significant in the BDNF mRNA expression in the medial prefron-

tal cortex (F(2,20) = 4.880, p<0.05; Fig 1A), amygdala (F(2,20) = 5.449, p<0.05; Fig 1C),

Table 1. Primer sequences.

gene sequence final conc. (nM)

18s F: 5'-actcaacacgggaaacctc-3' 400

R: 5'-aaccagacaaatcgctcca-3' 400

5-HT1AR F: 5'-ccgtgagaggaagacagtgaaga-3' 200

R: 5'-ggttgagcagggagttggagtag-3' 200

5-HT1BR F: 5'-acatcctcggtcacctccatta-3' 400

R: 5'-ccctagcggccatgagtttc-3' 400

5-HT2AR F: 5'-ccagcggtccatccacagag-3' 200

R: 5'-accacattacaacaaacagaaagaacac-3' 200

5-HT2CR F: 5'-ggtccttcgtggcattcttcatc-3' 200

R: 5'-cgcagttcctcctcggtgtg-3' 200

5-HT4R F: 5'-gtatgaatggccagctgacaagaa-3' 400

R: 5'-cccactggtaactacacatggacaa-3' 400

5-HT7R F: 5'-ctgcagggtccttgtgactttc-3' 400

R: 5'-tcaggagccttcaggagtgtg-3' 400

BDNF F: 5'-gacaaggcaacttggcctac-3' 400

R: 5'-actgtcacacacgctcagctc-3' 400

Tph2 F: 5'-gagcagggttactttcgtccatc-3' 400

R: 5'-aagcaggtcgtctttgggtca-3' 400

TrkB F: 5'-cattcactgtgagaggcaacc-3' 400

R: 5'-atcagggtgtagtctccgttatt-3' 400

https://doi.org/10.1371/journal.pone.0177833.t001
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ventral hippocampus (F(2,21) = 9.937, p<0.01; Fig 1E), hypothalamus (F(2,20) = 7.282,

p<0.01; Fig 1F), and tended to be significant in the dorsal hippocampus (F(2,21) = 3.115,

p = 0.065; Fig 1D) and cerebellum (F(2,16) = 2.930), p = 0.082; Fig 1G). The mRNA expression

of BDNF was decreased in the ventral hippocampus (p<0.01) and hypothalamus (p<0.01)

after 2g hypergravity exposure, whereas increased in the cerebellum (p<0.05). The decrease of

BDNF expression in the ventral hippocampus and hypothalamus was maintained for three

days after returning from 2g hypergravity to 1g normal gravity (p<0.001 and p<0.01, respec-

tively, as compared with controls). In contrast, 2g hypergravity had no significant effects on

BDNF expression in the medial prefrontal cortex, caudate putamen, amygdala and dorsal hip-

pocampus. Interestingly, three days after hypergravity was returned to normal gravity, BDNF

expression was increased in the medial prefrontal cortex (p<0.05; Fig 1A), amygdala (p<0.01;

Fig 1C) and dorsal hippocampus (p<0.05; Fig 1D). These results suggest that the decelerating

Fig 1. Effects of gravity changes on the mRNA expression of BDNF and TrkB. The mRNA expression of BDNF in the medial prefrontal cortex (A),

caudate putamen (B), amygdala (C), dorsal hippocampus (D), ventral hippocampus (E), hypothalamus (F), and cerebellum (G), and TrkB in the

hypothalamus (H). 2g-14d:14-day exposure to 2g, 2g-14d+1g-3d:3-day recovery after 14-day exposure to 2g. 0.05≦ # p<0.07, * p<0.05, ** p<0.01, ***
p<0.001.

https://doi.org/10.1371/journal.pone.0177833.g001
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gravity change from 2g to 1g, and not accelerating gravity from 1g to 2g or 2g itself may be

effective for the modulation of BDNF expression in these brain regions.

Although the mRNA expression of BDNF was decreased by hypergravity in the hypothala-

mus, its receptor TrkB was not affected by gravity changes (Fig 1H).

Effects of gravity changes on the mRNA expression of 5-HTRs

Gravity changes showed differential effects on the mRNA expression of 5-HTRs, depending

on the receptor subtypes and regions of the brain (Figs 2–4, S2 Fig).

First, we examined the effects of gravity changes on the mRNA expression of 5-HT1AR

(Fig 2). ANOVA revealed that a main group effect was significant in the amygdala (F(2,14) =

7.430, p<0.01; Fig 2C), and tended to be significant in the medial prefrontal cortex (F(2,13) =

2.928, p = 0.089; Fig 2A). No significant group effects were observed in other brain regions. In

the amygdala, hypergravity did not change 5-HT1AR mRNA expression. However, three days

Fig 2. Effects of gravity changes on the mRNA expression of 5-HT1AR. The mRNA expression of 5-HT1A receptor in the medial prefrontal cortex (A),

caudate putamen (B), amygdala (C), dorsal hippocampus (D), ventral hippocampus (E), hypothalamus (F), dorsal raphe (G) and cerebellum (H). 2g-

14d:14-day exposure to 2g, 2g-14d+1g-3d:3-day recovery after 14-day exposure to 2g. * p<0.05, ** p<0.01.

https://doi.org/10.1371/journal.pone.0177833.g002
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after returning from hypergravity to normal gravity, 5-HT1AR mRNA expression was

increased as compared with the control mice (p<0.05) and the mice exposed to hypergravity

(p<0.01). In the medial prefrontal cortex, three days after returning from hypergravity to nor-

mal gravity, 5-HT1AR mRNA expression was increased as compared with the control mice

(p<0.05).

Next, we examined the effects of gravity changes on 5-HT1BR mRNA expression (Fig 3).

ANOVA revealed that a main group effect was significant in the amygdala (F(2,12) = 9.403,

P<0.01; Fig 3C), ventral hippocampus (F(2,13) = 6.023, p<0.05 Fig 3E) and cerebellum

(F(2,12) = 5.232, p<0.05; Fig 3G), and tended to be significant in the caudate putamen

(F(2,10) = 2.957, p = 0.098; Fig 3B). The expression of 5-HT1BR mRNA was increased in

the caudate putamen (p<0.05) and ventral hippocampus (p<0.01), but decreased in the cere-

bellum (p<0.01) by hypergravity exposure. The increase in the ventral hippocampus was

recovered during the three-day interval after returning to normal gravity (p<0.05), but the

Fig 3. Effects of gravity changes on the mRNA expression of 5-HT1BR. The mRNA expression of 5-HT1B receptor in the medial prefrontal cortex (A),

caudate putamen (B), amygdala (C), dorsal hippocampus (D), ventral hippocampus (E), hypothalamus (F), and cerebellum (G). 2g-14d:14-day exposure

to 2g, 2g-14d+1g-3d:3-day recovery after 14-day exposure to 2g. * p<0.05, ** p<0.01.

https://doi.org/10.1371/journal.pone.0177833.g003
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decrease in the cerebellum was not recovered. In the amygdala, three days after returning from

hypergravity to normal gravity, 5-HT1BR mRNA expression was increased as compared with

the control animals (p<0.01) and the mice exposed to hypergravity (p<0.01), although the

hypergravity did not change the mRNA expression.

Fig 4 shows the effects of gravity changes on the expression of 5-HT2AR mRNA. ANOVA

revealed that a main group effect was significant in the amygdala (F(2,12) = 8.016, p<0.01; Fig

4C) and hypothalamus (F(2,15) = 5.721, p<0.05; Fig 4F), and no significant group effects were

observed in other brain regions. In the amygdala and hypothalamus, no change was observed

after hypergravity. However, three days after returning from hypergravity to normal gravity,

5-HT2AR mRNA expression was increased in the amygdala as compared with the control ani-

mals (p<0.01) and the mice exposed to hypergravity (p<0.01), and in the hypothalamus as

compared with the control animals (p<0.05) and the mice exposed to hypergravity (p<0.01).

Fig 4. Effects of gravity changes the mRNA expression of 5-HT2AR. The mRNA expression of 5-HT2A receptor in the medial prefrontal cortex (A),

caudate putamen (B), amygdala (C), dorsal hippocampus (D), ventral hippocampus (E), hypothalamus (F), and cerebellum (G). 2g-14d:14-day exposure

to 2g, 2g-14d+1g-3d:3-day recovery after 14-day exposure to 2g. * p<0.05, ** p<0.01.

https://doi.org/10.1371/journal.pone.0177833.g004
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Finally, we examined the effects of gravity changes on the mRNA expression of several

5-HTRs and Tph2, the 5-HT synthesizing enzyme (S2 Fig). ANOVA revealed no significant

group effect in the gravity changes on the mRNA expression of 5-HT2CR and 5-HT7R in the

dorsal hippocampus (S2 Fig), 5-HT4R and 5-HT7R in the ventral hippocampus (S2 Fig). In

addition, gravity changes did not affect the mRNA expression of Tph2 in the dorsal raphe (S2

Fig).

Effects of vestibular organ lesions on the gravity change-induced

alteration of gene expression

To investigate the roles of vestibular organ in the modulation of gene expression under hyper-

gravity, we made surgical lesions of the vestibular organ. As was shown above, the mRNA

expression of BDNF was decreased by the hypergravity exposure in the ventral hippocampus

and hypothalamus, whereas increased in the cerebellum (Fig 1). In addition, the mRNA

expression of 5-HT1BR was decreased in the cerebellum, whereas increased in the caudate

putamen and ventral hippocampus (Fig 3). After the surgical lesions of the vestibular organ,

the significant effects of hypergravity exposure were lost on BDNF expression in the ventral

hippocampus (Fig 5A), hypothalamus (Fig 5B) and cerebellum (Fig 5C), and 5-HT1BR expres-

sion in the caudate putamen (Fig 5D), ventral hippocampus (Fig 5E) and cerebellum (Fig 5F).

We next examined the effects of vestibular lesion on the expression of BDNF and 5-HT1BR

by comparing vestibular lesioned mice with control (no lesion) mice under normal gravity

(Fig 6). The lesion did not show any significant effects on the mRNA expression of BDNF in

the ventral hippocampus and hypothalamus (Fig 6A and 6B), and the mRNA expression of

5-HT1BR in the ventral hippocampus (Fig 6E). In contrast, the vestibular lesion tended to

Fig 5. Effects of gravity change on the mRNA expression in the vestibular lesioned mice. The mRNA expression of BDNF in the ventral hippocampus

(A), hypothalamus (B) and cerebellum (C), and that of 5-HT1B receptor in the caudate putamen (D), ventral hippocampus (E) and cerebellum (F). VL;

Control: Vestibular lesioned mice under normal gravity, VL; 2g-14d: Vestibular lesioned mice exposed to 2g for 14 days.

https://doi.org/10.1371/journal.pone.0177833.g005
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decrease the mRNA expression of BDNF (p = 0.053, Fig 6C) and 5-HT1BR (p = 0.068, Fig 6F)

in the cerebellum and also decreased the 5-HT1BR mRNA expression significantly in the cau-

date putamen (p<0.05, Fig 6D).

Discussion

We investigated the effects of centrifugation-induced gravity changes on gene expression of

BDNF and 5-HTRs in the mouse brain. Hypergravity (2g for 14 days) and/or the decelerating

gravity change from 2g to 1g modulated gene expression in some regions of the brain. The

effects of gravity changes were dependent on gene types and regions of the brain.

Technical considerations

We examined the effects of hypergravity on gene expression in the brain using the same exper-

imental paradigm as in the previous studies [24,25]. To evaluate the effects of hypergravity,

there are several technical points to be considered in the present study. First, to examine the

effects of hypergravity, control mice might also be rotated at 1g gravity. However, we used the

stationary 1g control without rotation, because our purpose was to find correlation between

the effects of hypergravity on gene expression and those on behaviors shown in the previous

studies which used the stationary 1g control [7,9,10]. Second, we sampled the brains of mice

which were treated with 2g hypergravity after returning to 1g environment condition. This

procedure includes decelerating gravity, and the sampling time after cessation of centrifuga-

tion varied from several minutes to hours, which may obscure the effects of hypergravity. To

reduce the variation of the after-centrifugation sampling time, we dissected brains by 3

experimenters.

Fig 6. Effects of vestibular lesion on the mRNA expression of BDNF and 5-HT1BR. The mRNA expression of BDNF in the ventral hippocampus (A),

hypothalamus (B) and cerebellum (C) and that of 5-HT1B receptor in the caudate putamen (D), ventral hippocampus (E) and cerebellum (F). Control: mice

with intact vestibular organ, VL: mice with vestibular lesion. 0.05≦ # p<0.07, * p<0.05.

https://doi.org/10.1371/journal.pone.0177833.g006
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Effects of gravity changes on gene expression of BDNF and 5-HTRs

In the present study, hypergravity down-regulated BDNF gene expression in the ventral hippo-

campus and hypothalamus, and up-regulated BDNF gene expression in the cerebellum. These

results suggest that the BDNF gene in these brain regions may be more vulnerable to hyper-

gravity than in other regions. In contrast, BDNF gene expression was up-regulated in the

medial prefrontal cortex, amygdala and dorsal hippocampus when gravity was returned from

2g to 1g. Because hypergravity did not change the gene expression, these results suggest that

decelerating gravity change but not hypergravity may be effective for modulation of the gene

expression. The deceleration of gravity change may be experienced after launch and landing

during spaceflight.

Several studies have examined the effects of spaceflight on the gene expression of BDNF

and 5-HT receptors in the mouse brain. It was reported that one-month spaceflight did not

change BDNF gene expression in the brain regions including the frontal cortex, visual cortex,

caudate putamen, hippocampus, hypothalamus and midbrain raphe nuclei [16]. The effects on

5-HT1AR, 5-HT2AR and 5-HT3R were also examined in the same spaceflight, and it was

reported that the spaceflight decreased 5-HT2AR gene expression in the hypothalamus with-

out any significant effects on the expression of 5-HT1AR, 5-HT2AR and 5-HT3R in other

brain regions [17]. These effects were different from those of the present study. There are sev-

eral reasons which explain the differences in the effects. First, the effects of microgravity and

hypergravity are different. Second, the duration of the gravity change (1 month vs 14 days) is

different, and the adaptation to gravity changes may occur during the spaceflight. Third, in the

spaceflight, mice were exposed to hypergravity at launch and re-entry in addition to the micro-

gravity, which may reduce the effects of microgravity.

In addition to the microgravity, Del Signore et al. [11] performed a microarray analysis

after hypergravity (2g, 1 hour daily for 5 consecutive days) using a centrifuge, and reported

that many genes were up-regulated while a few genes down-regulated in the hippocampus.

However, neither BDNF nor 5-HTRs were changed in the microarray analysis. Considering

that the hypergravity affected the expression of BDNF, 5-HT1AR and 5-HT1BR in some brain

regions including the hippocampus in the present study, the condition of hypergravity may be

milder to induce changes in BDNF and 5-HTRs [11].

A previous study reported opposite responses to environmental factors in BDNF expression

between the hippocampus and amygdala [28]. BDNF expression was down-regulated by

chronic restraint stress in the hippocampus, but up-regulated in the basolateral amygdala.

Concomitantly, both dendrite shrinkage and spine loss were induced by restraint stress in the

hippocampus, whereas dendrite growth and increase of spine density were induced in the

basolateral amygdala [29,30]. These contrasting structural changes were also reported in the

hippocampus and amygdala of patients suffering from major depressive and anxiety disorders

[31,32]. The present study showed that hypergravity down-regulated the expression of BNDF

mRNA in the ventral hippocampus but had no effect in the amygdala. In contrast, at three

days after returning from hypergravity to normal gravity, the ventral hippocampus and amyg-

dala showed opposite response in the BDNF mRNA expression as compared with control

mice. It may be interesting to investigate the impact of altering gravity on the structural

changes of dendrites and dendritic spines in these brain regions.

Role of the vestibular organ in the effects of hypergravity on gene

expression

Considering that hypergravity elevates the concentration of serum corticosterone and activates

neurons in the hypothalamic paraventricular nucleus, a brain center for stress responses,
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gravity changes can be considered to be a stressor [8,33]. Interestingly, these stress responses

were abolished by vestibular lesion, suggesting that they are mediated through the vestibular

organ. Information about the gravity is received by the vestibular organ and then transferred

to the brain. In addition, hypergravity may stimulate the peripheral body systems such as skin,

skeletal system, and muscular system independently of the vestibular organ. To investigate the

role of vestibular organ in the mRNA expression in response to gravity changes, we made sur-

gical lesions of the vestibular organ. In intact mice, the mRNA expression of BDNF was

affected by the hypergravity in the ventral hippocampus, hypothalamus and cerebellum (Fig

1). In addition, 5-HT1BR mRNA expression was changed in the caudate putamen, ventral hip-

pocampus and cerebellum (Fig 3). After the lesions of the vestibular organ, these effects of

hypergravity exposure were lost on the expression of BDNF and 5-HT1BR in these brain

regions (Fig 5). These results suggest that information sensing by the vestibular organ may

play a crucial role in the modulation of gene expression of BDNF and 5-HT1BR under

hypergravity.

To further examine the roles of vestibular organ in the gene expression, we compared the

gene expression between mice with lesioned vestibular organ and those with intact vestibular

organ (Fig 6). The lesion of the vestibular organ showed differential effects depending on the

brain regions. Thus, the lesion did not affect the mRNA expression of BDNF and/or 5-HT1BR

in the ventral hippocampus and hypothalamus. However, the lesion decreased the expression

of these mRNAs in the cerebellum and caudate putamen. These results showed that the vestib-

ular lesion itself affects the expression of BDNF and 5-HT1BR in the cerebellum and caudate

putamen, but has no effect in the ventral hippocampus and hypothalamus. These differences

may be derived from the neural connections between the vestibular organ and each brain

region. Taken together with the effects of the hypergravity after the vestibular organ lesion, it

was suggested that the gene expression of BDNF and 5-HT1BR in the ventral hippocampus

and hypothalamus is not affected by the activity of the vestibular organ in normal 1g condi-

tions, but the vestibular organ is involved in the hypergravity-induced changes of the gene

expression in these brain regions. In contrast, in the cerebellum and caudate putamen, the ves-

tibular organ modulates the gene expression of BDNF and 5-HT1BR in normal 1g conditions

and hypergravity-induced changes.

There may be interactions in the gravity change-induced expression between BDNF and

5-HT. We showed previously that hypergravity elevates 5-HT concentration in the cerebrospi-

nal fluid, which is completely abolished by the vestibular lesion [34]. In addition, intensive

interactions between 5-HT and BDNF in the brain were reported [35]. Taken together, brain

5-HT might play a crucial role in the modulation of BDNF expression via the vestibular organ

under gravity changes. Further studies are needed to verify the causal relationship between

5-HT system and BDNF expression.

Relationship between behavioral changes and gene expression of

BDNF and 5-HTRs

Animal experiments on gravity changes have reported that both hypergravity and microgravity

have deleterious effects on rodent brain function and behavior. Hypergravity impairs learning

ability [6,7,10], and also increases the anxiety level and stress response [5,9]. However, molecu-

lar mechanisms responsible for the effects of gravity changes on behavior have not been fully

understood.

Among functional molecules, BDNF may be involved in mediating the effects of gravity

changes on behavior. BDNF is a neurotrophic factor that regulates brain development and

plasticity [36]. In the adult brain, BDNF regulates various brain functions such as cognition,
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emotion and stress response [19,21,23]. The reduction of BDNF is involved in the pathogenesis

of mood disorders such as depression [37–39]. Also reported from the animal experiments

was that BDNF expression is decreased in the hippocampus by stress, whereas it is increased in

the amygdala [28]. In the present study, hypergravity down-regulated BDNF expression in the

ventral hippocampus and hypothalamus, and the deceleration of gravity from 2g to 1g up-reg-

ulated BDNF expression in the medial prefrontal cortex, amygdala and dorsal hippocampus

(Fig 1). Considering that these brain regions are involved in mood and anxiety, changes of

BDNF expression in these brain regions may mediate the effects of gravity changes on mood

and anxiety directly or indirectly. Causal relationship between the changes of BDNF expres-

sion and behavior in response to the hypergravity needs to be determined carefully.

In addition to BDNF, the 5-HT system may be also involved in mediating the effects of

gravity changes on behavior. We have previously shown that hypergravity increases 5-HT

concentration in rodent cerebrospinal fluid [34]. 5-HTRs are widely distributed in the brain,

and animal experiments using gene-knockout techniques and pharmacological experiments

using receptor agonists/antagonists have reported that multiple 5-HTRs such as 5-HT1AR,

5-HT1BR and 5-HT2AR are involved differentially in emotion and cognition [20,40–43]. The

roles of 5-HT1AR are most characterized among these 5-HTRs. Extensive animal experiments

indicated that dysfunction of 5-HT1AR induces anxiety and mood disorders. In human pa-

tients suffering from a major depressive disorder, the reduction of 5-HT1AR has been revealed

in the frontal cortex, hippocampus, amygdala and dorsal raphe by positron emission tomogra-

phy (PET) studies and post-mortem analyses [44]. In the present study, 5-HT1AR expression

was not changed by hypergravity, but modulated by gravity deceleration in the prefrontal cor-

tex and amygdala. The roles of 5-HT1AR expression in various behaviors in response to grav-

ity changes need to be examined.

In the present study, the hypergravity up-regulated 5-HT1BR expression in the caudate

putamen and ventral hippocampus while down-regulated in the cerebellum. It was also up-

regulated in the amygdala three days after returning from hypergravity to normal gravity.

Although the precise roles of 5-HT1BR in neuropsychiatric function remain to be examined,

pharmacological studies provided evidence showing that the 5-HT1BR agonist increases an-

xiety-like behavior and impairs cognition, whereas an antagonist improves cognition [40,45,

46]. In addition, expression of 5-HT1BR was up-regulated following exposure to stress in the

rodent hippocampus and cortex [47,48]. Taken together, the modulation of 5-HT1BR ex-

pression found in the present study may give some insight to explain the brain mechanisms

involved in behavioral changes following the alteration of gravity.

In contrast to 5-HT1AR, it was suggested that 5-HT2AR may possess anxiogenic and

depressive effects, considering that 5-HT2AR antagonists have anxiolytic and antidepressant

actions [49–51]. Consistently, depressed patients often showed increased 5-HT2AR densities,

suggesting the involvement of 5-HT2AR overexpression in the pathogenesis of major de-

pressive disorders [52,53]. However, we can not exclude the possibility that the increased

5-HT2AR densities may reflect the lack of 5-HT release in the major depressive disorder. In

the present study, hypergravity did not change 5-HT2AR expression in any brain regions.

However, the 5-HT2AR expression was up-regulated in the amygdala and hypothalamus three

days after returning from hypergravity to normal gravity. These results suggest that 5-HT2AR

expression was up-regulated under gravity changes which may induce deleterious effects on

behaviors.

Overall, we showed that gravity changes affect gene expression of BDNF and 5-HTRs

(5-HT1AR, 5-HT1BR and 5-HT2AR) in some brain regions. These changes may constitute

molecular bases that underlie gravity change-induced behavioral alterations. Further studies
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are needed to examine the causal relationship between changes of gene expression and behav-

ior under gravity changes.

Supporting information

S1 Fig. Analysed brain regions. The photographs of coronal brain slices (left side) and corre-

sponding brain atlas (right side). (A) medial prefrontal cortex, (B) caudate putamen, (C) dorsal

hippocampus, (D) hypothalamus, (E) amygdala, (F) ventral hippocampus, (G) dorsal raphe,

(H) cerebellum. Areas surrounded by dotted lines showed the analysed brain regions. The

brain atlas is from The Mouse Brain in Stereotaxic Coordinates 3rd Edition Franklin & Paxi-

nos.

(TIF)

S2 Fig. Effects of gravity changes on the mRNA expression of 5-HT2CR, 5-HT4R, 5-HT7R

and Tph2. The mRNA expression of 5-HT2C receptor in the dorsal hippocampus (A), 5-HT4

receptor in the ventral hippocampus (B), 5-HT7 receptor in the dorsal hippocampus (C) and

ventral hippocampus (D), and Tph2 in the dorsal raphe (E). 2g-14d:14-day exposure to 2g, 2g-

14d+1g-3d:3-day recovery after 14-day exposure to 2g.

(TIF)

S1 Table. The ratio of the weight of soleus muscle to the body weight. We repeated similar

experiments twice (Exp.1 and 2). 2g-14d:14-day exposure to 2g, 2g-14d+1g-3d:3-day recovery

after 14-day exposure to 2g. n = 6 for the number of mice in each group. mean ± SD �p<0.05

vs control.

(XLSX)

S2 Table. The mRNA expression of 18S rRNA under gravity changes. There were no signifi-

cant differences in the mRNA expression of 18S rRNA under different gravity changes. “n”

shows the number of mice in each group. mean ± S.E.M.

(XLSX)
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