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Simulated vestibular spatial disorientation mouse
model under coupled rotation revealing
potential involvement of Slc17a6

Tong Chang,1,2,5,6 Min Zhang,1,2,5 Jing Zhu,1,2,5 Han Wang,1,2 Cong-cong Li,1,2 Kan Wu,1,2 Zhuo-ru Zhang,1,2

Yi-hong Jiang,1,2 Fei Wang,3 Hao-tian Wang,3 Xiao-Cheng Wang,1,2,* and Yong Liu4,*

SUMMARY

Spatial disorientation (SD) is the main contributor to flight safety risks, but research progress in animals
has been limited, impeding a deeper understanding of the underlying mechanisms of SD. This study pro-
posed a method for constructing and evaluating a vestibular SD mouse model, which adopted coupled
rotational stimulation with visual occlusion. Physiological parameters were measured alongside behav-
ioral indices to assess the model, and neuronal changes were observed through immunofluorescent stain-
ing. The evaluation of themodel involved observing decreased colonic temperature and increased arterial
blood pressure in mice exposed to SD, along with notable impairments in motor and cognitive function.
Our investigation unveiled that vestibular SD stimulation elicited neuronal activation in spatially associ-
ated cerebral areas, such as the hippocampus. Furthermore, transcriptomic sequencing and bioinformat-
ics analysis revealed the potential involvement of Slc17a6 in the mechanism of SD. These findings lay a
foundation for further investigation into the molecular mechanisms underlying SD.

INTRODUCTION

Spatial disorientation (SD) is a multifaceted physiological and psychological phenomenon1 that refers to the mismatch between perceived

and actual spatial orientation. As a result of the stark contrast between three-dimensional aerial navigation and prolonged exposure to

two-dimensional land-based activities, virtually every pilot will inevitably encounter SD during their aviation tenure.2–4 Currently, SD simula-

tion training is primarily conducted through piloting flight simulators to enhance the recognition ability and initiate the appropriate response

to SD occurrences, thereby reducing the accident rate caused by SD5,6; however, the rate of progress of research on the mechanism of SD

occurrence is slow. Thus, it is imperative to develop animal models that mimic typical SD-inducing scenarios and conduct research on the

physiological and psychological states of the animals, as well as explore the underlying mechanisms of SD.

SDoccurs due to the integration of perception and cognition,7 with a crucial role played by the nervous system. Studies have indicated that

rats can develop SD through various rotational or inversion techniques.8–11 During this process, abnormal head direction cell discharges occur

within the rat nervous system.12 Exposure to such an environment can impair the hippocampus andmedial entorhinal cortex (MEnt) function,13

reducing the rats’ ability to orient themselves. Previous research suggested that SD could be induced in experimental animals, particularly

vestibular SD; the procedure involves uniaxial rotational stimuli to elicit somatogyral vestibular illusions. However, these methods have lim-

itations in simulating SD, which manifests as a weak-intensity stimulus with a short duration. During flights, pilots frequently encounter more

intricate and intense SD, including Coriolis illusions that result from biaxial coupled stimulation of their semicircular canals.14,15 Unfortunately,

improved aircraft performance leads linear and angular acceleration to appear simultaneously, making pilots more vulnerable to these com-

plex forms of SD.16

Currently, there is a lack of suitablemethodology for constructing and evaluating vestibular SDmousemodels, resulting in difficulties while

exploring the functional changes of neurons in related brain areas before and after the occurrence of SD. To address this knowledge gap, we

induced distinct types of vestibular SD using a self-developed, dual-axis coupled motion device. We assessed physiological parameters,

including rectal temperature and blood pressure, pre- and post-SD conditions, and examined mice’s behavioral and cognitive alterations

after stimulation. Furthermore, we explored the neural activation of nuclei clusters related to spatial orientation in areas such as the
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Figure 1. The effect of spatial disorientation on the physiological parameters in mice

(A) Experimental procedure.

(B) Before the stimulation, there was no significant difference in rectal temperature among the groups.

(C) Compared to the control group, the rectal temperature of themice in each rotating group significantly decreased, with the Coriolis illusion group showing the

most significant decrease.

(D) Experimental procedure.
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hippocampus. In addition, by applying transcriptomic sequencing and bioinformatics techniques, we shed light on the potentially pivotal role

of Slc17a6 in the occurrence of SD. In a broader sense, our research introduces a revolutionary approach for constructing and assessing vestib-

ular SD mouse models while identifying genes associated with the onset of SD. Thus, our study establishes a firm groundwork for compre-

hending the intricate molecular mechanisms underlying SD.

RESULTS

SD results in decreasing rectal temperature in mice

Various groups of mice were stimulated with different axes’ (Figures S1C–S1F) SD stimuli to investigate any changes in their body tempera-

ture. The rectal temperature of the mice was measured using a rectal thermometer before and after the stimulation (Figure 1A). The rectal

temperatures of all groups were measured before stimulation to ensure there were no individual differences, and no significant differences

were found (p > 0.05; Figure 1B). After exposure to the different stimuli, the rectal temperature of the mice decreased in all tested groups. In

comparison to the control group, the rectal temperature of the mice was significantly reduced in each rotation stimulation group (p < 0.05;

Figure 1C). The mice that underwent Coriolis illusion had a more significant decrease in their rectal temperature than the mice in the D + V

group, who experienced the same biaxially coupled rotation but with their vision obscured (p < 0.001; Figure 1C). This decrease was also the

most significant among all groups.

SD results in increased systolic blood pressure (SBP) in mice

Blood pressure was indirectly measured before and after stimulation (Figure 1D). The systolic blood pressure (SBP) in all groups increased

after stimulation, with the biaxial rotation stimulation group showing a more significant increase compared to the control group (p < 0.05;

Figure 1E). Additionally, the increase in the Coriolis illusion group with blocked vision was more significant compared to the D + V group

(p < 0.05; Figure 1E). While all groups showed an increase in arterial diastolic blood pressure (DBP) after stimulation, no statistically significant

differences were found between them (p > 0.05; Figure 1F).

SD induces anxiety- and depression-like behavior in mice

Open-field test (OFT) and elevated plus maze (EPM) tests were conducted (Figures 2A and 2D) to evaluate whether anxiety-like behaviors can

be induced in mice by different stimuli. In all stimulus groups, there was a significant decrease in the total running distance compared to that

of the control group (p < 0.001), as indicated by the results from the OFT. Notably, the most significant reduction in running distance was

experienced by the Coriolis illusion group compared to the other stimulus groups (p < 0.05; Figure 2B). The percentage of time spent in

the central area of the open field was also measured. The results showed a decrease in percentage in all stimulus groups compared to

the control group (p < 0.001; Figure 2C). More importantly, the Coriolis illusion group had a more significant reduction in the percentage

of time spent in the central area than the other stimulus groups. Still, no significant difference was found between the Coriolis illusion and

the single-axis vision-ignoring groups. In the EPM, a significant decrease in the time spent in the open arms (p < 0.001) was demonstrated

by all stimulus groups compared to the control group. Critically, a more significant decrease in the percentage of time spent in open

arms, when compared to the other stimulus groups, (p < 0.01) was exhibited by the Coriolis illusion group (Figure 2E). Although there is a

similar trend in the difference between the total number of entries into the open arms and the time spent in the open arms among mice

groups, the difference was not statistically significant (Figure 2F). These results suggest that both uniaxial and biaxial SD can elicit anxiety-

like behavior in mice. In addition, the Coriolis illusion stimulus can induce more severe anxiety-like behaviors in mice.

We also investigated whether different stimuli can induce depressive-like behaviors in mice using the forced swimming test (FST) (Fig-

ure 2G). The results demonstrated significantly increased immobility time in all stimulus groups compared to the control group (p < 0.01).

The Coriolis illusion group showed a more significant increase in immobility time than the other stimulus groups (p < 0.05; Figure 2H). These

findings suggest that various types of SD stimuli can lead to depressive-like behaviors in mice, with more severe depressive-like behaviors

induced by the Coriolis illusion stimulus.

SD impairs the cognitive ability of mice

The spatial memory of mice was assessed using the NOR. The mice were trained for 5 min, exposed to different stimuli, and then allowed

10 min of rest before undergoing the recognition test again in a stationary state (Figure 3A). All stimulus groups had a significantly decreased

RI (p < 0.01) compared to the control group (Figure 3B). The Coriolis illusion group showed a more substantial decrease in the RI score than

the other stimulus groups (p < 0.05; Figure 3B). Additionally, the non-spatial memory of mice wasmeasured using the step-down type passive

avoidance test (SDT) following a similar training, stimulus, and testing procedure (Figure 3C). The Coriolis illusion group exhibitedmore errors

Figure 1. Continued

(E) The baseline resting diastolic blood pressure of the mice before stimulation.

(F) The baseline resting systolic blood pressure of the mice before stimulation.

(G) The mouse groups did not show a significant difference in diastolic blood pressure changes following stimulation.

(H) The systolic blood pressure of two groups of mice subjected to biaxial rotation was significantly elevated compared to that of the control group, with a more

pronounced increase in the Coriolis illusion group (n = 5 mice per group). Error bars represent Gstandard error of the mean. *p < 0.05, ***p < 0.001,

****p < 0.0001. RT, rectal temperature.
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and higher latency than the other groups (Figures 3D and 3E). These results suggest that various SD stimuli can affect the spatial memory of

mice, and severe SD affects both spatial and non-spatial memory.

SD activates neurons in brain regions linked to spatial orientation and memory

After stimulation, several groups of mice were euthanized to obtain sliced brain tissue. Immunofluorescence staining (Figure 4A) showed that

both the dentate gyrus (DG) and stratum lucidum (Slu) regions of the hippocampus were activated during both single- and double-axis ro-

tations. (Figures 4B–4D). The fluorescence intensity results of c-Fos in the hippocampal region reveal a significant increase in c-Fos expression

in the Coriolis illusion group compared to the other groups (p < 0.05). This indicates a prominent activation of hippocampal neurons in the

mice of the Coriolis illusion group. (Figure 4E).

SD induced differential expression of messenger RNA in the murine hippocampus

Transcriptomic sequencing was employed to identify mRNA expression levels in different groups of murine hippocampal tissues. A compar-

ison between the Coriolis illusion group and the blank control group revealed a total of 199 aberrantly expressed mRNAs, with 78 mRNAs

upregulated (39%) and 121 mRNAs downregulated (61%; Figure 5A). When comparing the Coriolis illusion group to the S-V group, a total

of 150 mRNA expression abnormalities were observed, with 71 mRNAs upregulated (47%) and 79 mRNAs downregulated (53%; Figure 5B).

In the comparison between the Coriolis illusion group and the D+ V group, a total of 300mRNAexpression abnormalities were found, with 64

mRNAs upregulated (21%) and 236 mRNAs downregulated (79%; Figure 5C). Using UpSet Venn analysis to identify genes with differentially

expressed patterns exclusively in the Coriolis illusion group compared to the remaining groups, three mRNAs were consistently found to be

downregulated in the illusion group compared to the other groups (Figure 5D). ThesemRNAs are solute carrier family 17member 6 (Slc17a6),

gastrulation brain homeobox 2 (Gbx2), and immunoglobulin heavy constant alpha (Igha).

Occurrence of SD maybe associated with the Slc17a6

Using a clustered heatmap, we presented the expression differences of the three identified DEGs among various groups based on UpSet

Venn analysis (Figure 6A). These genes exhibit distinct expression patterns across different stimulus groups. Further gene ontology (GO)

database analysis revealed the molecular functions associated with the three selected mRNA transcripts (Figure 6B). Slc17a6 was found to

be specifically related to neurotransmitter transport, particularly L-glutamate transmembrane transport. Gbx2 was associated with various

cellular and tissue development processes, while Igha was involved in immune functions. Considering the impact of SD on cognitive func-

tions within the nervous system, we targeted Slc17a6 for validation. Consistent with the transcriptomic sequencing results, the qRT-PCR

analysis showed a significant decrease in the expression of Slc17a6 in the Coriolis illusion group compared to the other groups

(p < 0.01; Figure 6C).

DISCUSSION

SD is a major contributing factor to fatal aviation accidents and poses a significant risk to flight safety.3,4 Pilots who experience SD cannot

accurately perceive their aircraft’s position, movement, or posture concerning the external coordinate system of the ground and the vertical

line of gravity.2 Therefore, research into the underlying mechanisms of SD is essential for developing effective prevention strategies.

The progress in understanding the mechanisms underlying SD has been excruciatingly slow over the years, even in the context of human

subjects. Apart from self-reported reactions,17 there are no apparent indications of vestibular-induced SD. Moreover, the research on animal

models in this field has been severely deficient and lagging. Compared to previous studies,18,19 we have put forward an innovative approach

to construct an animal model of vestibular-induced SD through rotational stimuli combined with the blockade of visual information. This

approach is based on prior research12 and can potentially lead to advancements in the study of the mechanisms of SD.

After exposure to SD, individuals frequently exhibit negative emotions like fear, anxiety, and depression.20,21 The Coriolis illusion, a vestib-

ular illusion, can have a profound psychological impact, often resulting in feelings of fear. Studies have shown that animals experiencing fear-

ful responses often display decreased body temperature, which could be attributed to terminal vasoconstriction.22 Therefore, we conducted

experiments to measure the rectal temperature changes in mice before and after stimulation. A significant difference was observed between

the three rotating mice and the control group regarding rectal temperature decrease, with the most pronounced colonic temperature

Figure 2. Spatial disorientation induces anxiety and depressive-like behaviors in mice

(A) Experimental procedure.

(B and C) The total distance of activity in the OFT and the proportion of activity in the center area significantly decreased in all rotational groups. The reduction

was more significant in the Coriolis illusion group.

(D) Experimental procedure.

(E) The proportion of open-arm activity in each rotation group was significantly reduced, with the Coriolis illusion group showing a more significant reduction.

(F) The groups showed no significant difference in the number of entries into all arms.

(G) Experimental procedure.

(H) The immobility time increased in all rotational groups, with the Coriolis illusion group showing the most significant increase (n = 5 mice per group). Error bars

representGstandard error of themean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. OFT, open-field test; EPM, elevated plusmaze; FST, forced swimming

test.
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decrease observed in the D-V group, which was subjected to visual deprivation. Literature reports suggest that biaxial coupled rotational

motion stimulus can cause motion sickness and decrease the animal’s body temperature.23,24 The decrease in rectal temperature in every

rotation group may be related to vestibular system stimulation.

In contrast to the D + V group experiencing identical stimulation, the D-V group exhibited a more significant decrease in rectal temper-

ature, likely more closely related to emotional reactions induced by the Coriolis illusion caused by blocking vision. The same rationale can

explain why the control group experienced a decrease in rectal temperature, as blocking visual stimuli and immobilizing the mice in a

restrainer induced fear responses. In addition, the difference between the D-V group and the D + V group indicates that visual information

is crucial for the formation of accurate spatial orientation.25

Figure 3. Spatial disorientation impairs cognitive and memory abilities in mice

(A) Experimental procedure.

(B) The RI of all rotation groups decreased significantly compared with the control group, while the Coriolis illusion group showed a significant decrease

compared with the other rotation groups.

(C) Experimental procedure.

(D and E) The number of errors and latency period in the Coriolis illusion group significantly increased compared to the other groups (n = 5mice per group). Error

bars represent GSEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. RI, Recognition Index.
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Figure 4. Immunofluorescence staining of a mouse brain section after stimulation

(A) Experimental procedure.

(B) The image from left to right displays the immunofluorescence staining results of the hippocampal-activated neurons in mice exposed to various stimuli across

different groups, as observed under a 3-fold magnification.

(C) As observed under a 13.8-fold magnification.

(D) As observed under a 60-fold magnification.

(E) c-Fos intensities in the hippocampus in mice exposed to various stimuli across different groups. The data are presented as individual data points, representing

the average of three consecutive fields under a 60-fold magnification (n = 5 mice per group). Error bars represent Gstandard error of the mean. *p < 0.05,

****p < 0.0001.

ll
OPEN ACCESS

iScience 26, 108498, December 15, 2023 7

iScience
Article



Weobserved changes in the bloodpressure ofmice after experiencing various types of SD. Studies conductedon humans have shown that

vestibular rotation stimulation causes an increase in arterial diastolic pressure, while there is no significant change in systolic pressure.26 How-

ever, the results of ourmeasurements of groups ofmice before and after stimulation differed from the previous findings. This discrepancymay

be attributed to two reasons. First, vestibular rotation stimulation without blocking the visual information is not equivalent to the Coriolis illu-

sion. Second, since we measured the arterial blood pressure in an awake state using indirect measuring equipment, the diastolic pressure

values obtainedmay not be accurate.27–29 Based on the changes in two physiological parameters, namely rectal temperature and blood pres-

sure, rodents exhibit sympathetic nervous system excitation following SD. This indicates a decrease in blood supply to the peripheral vessels,

which causes blood to flowback to the larger vessels. This, in turn, leads to a reduction in rectal temperature and an increase in bloodpressure.

Figure 5. The variation in mRNA expression in the hippocampus of different groups of mice

(A) The volcano plot shows the differential gene expression between the Con group and the D-V group.

(B) The volcano plot shows the differential gene expression between the S-V group and the D-V group.

(C) The volcano plot shows the differential gene expression between the Con, D + V, and the D-V groups.

(D) The UpSet Venn diagram showcases the differential mRNA expression between theD-V group and the remaining groups. The red boxes indicate that all three

genes exhibit downregulation in the D-V group when compared to the other groups (n = 5 mice per stimulus group, n = 3 mice in the blank control group). Con,

control group; S-V, Single-Axle Vision-Ignoring group; D + V, Dual-Axle Vision-Enabled group; D-V, Coriolis Illusion group.
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Behavior science experiments are divided into emotion-related and cognition/memory-related. In emotion-related experiments, anal-

ysis of the OFT results indicates that various types of SD trigger anxious and depressive symptoms in mice,30–32 with the Coriolis illusion

group demonstrating more pronounced symptoms. The results of the EPM were consistent33 with those of the OFT, except the total num-

ber of arm entries, which did not show any statistically significant difference. This could be attributed to the mice experiencing reduced

activity levels following SD stimulation, which was observed by the total distance traveled during the OFT. It is possible that all four stim-

ulus types induced stress in mice,34,35 causing them to remain in the central area of the EPM after entering and exhibiting limited move-

ment overall.

Consequently, this resulted in a statistical divergence in the proportion of time spent in the open arms but not in the total number of arm

entries. Considering the aspects mentioned earlier, we conducted the FST36 involving physical activity to reduce the incidence of false pos-

itive findings for anxiety and depression in mice who typically exhibit reluctance to exercise due to stress. The FST yielded results that align

with those obtained through the OFT and EPM, indicating that SD leads to anxious and depressive symptoms in mice,37 with the Coriolis

illusion stimulus type inducing the most prominent symptoms.

Because of the high stimulation level in the SDT,38 NOR39 was carried out first. The results indicated that mice experiencing SD exhibited a

reduced spatial cognitive ability,40,41 with themost significant decrease observed in the groupofmice experiencing the Coriolis illusion. In the

SDT, memory ability42 was only decreased in mice in the Coriolis illusion group. However, it is important to note that the latency period, rep-

resenting the time taken for the first jump off the platform, in this group of mice was the greatest, which could have caused hesitation among

the mice to move onto the plastic platform because of the stress they experienced.

Therefore, in this study, we employed a unique experimental configuration to induce two types of vestibular SD in mice using different

rotating stimuli. One of these types of SD, the Coriolis illusion, results from a more robust and complex stimulation and significantly impacts

various physiological and psychological aspects. The Coriolis illusion has a more pronounced impact on mice than other types of SD. It leads

to significant decreases in rectal temperature and increased systolic blood pressure. Additionally, it induces severe anxiety and depressive

symptoms in mice, impacting their spatial cognition and memory.

The hippocampus plays a vital role in spatial cognition because it is one of the core brain areas involved in spatial navigation and memory

formation. The place cells in the hippocampus establish a cognitive map43 to guide movements in the current environment and have a mem-

ory function for the cognitivemap. In the final phases of the study, we examined neuron activation in these brain regions in different groups of

mice using immunofluorescence staining.We observed neuronal activation in the DG and Slu regions of the hippocampus in all experimental

groups, excluding the control group. Furthermore, the statistical analysis of c-Fos fluorescence intensity, representing the degree of neuronal

activation, revealed a significant increase in hippocampal neuronal activation in themice exposed to theCoriolis illusion compared to those in

Figure 6. The target gene was identified through screening, and its relative expression level was subsequently validated

(A) The heatmaps depict the expression levels of the three downregulated genes throughout the transcriptome sequencing samples. Red indicates high gene

expression levels, while blue indicates low gene expression levels.

(B) The gene ontology (GO) enrichment bubble plot for the three downregulated genes. The GO functions associated with the target gene are highlighted within

the red box.

(C) The relative expression levels of the target gene Slc17a6 across different groups (n = 3 mice per group). Error bars represent Gstandard error of the mean.

**p < 0.01, ****p < 0.0001.
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other groups. This finding provides additional evidence for the robustness of our model construction and evaluationmethod, as it aligns with

the observed neural alterations in nuclei clusters associated with spatial orientation.

Furthermore, immunofluorescence staining results suggest that the mechanism underlying SD, particularly for complex disorientation,

could be associated with activating neurons in the hippocampus. Subsequently, we performed transcriptome sequencing on the hippocam-

pal tissue of mice from different groups and employed bioinformatics methods such as UpSet Venn analysis and GO enrichment analysis to

analyze differentially expressedmRNAs between the Coriolis illusion group and the other groups. The objective was to explore potential mo-

lecular mechanisms underlying the observed discrepancies. Among the three identified genes with abnormal expression, Slc17a6 has been

extensively reported in previous literature to be closely associated with alterations in cognitive function.44,45 Considering the correlation be-

tween SD formation and cognitive functional changes, we selected Slc17a6 as the target gene and utilized qRT-PCR to validate the observed

abnormal mRNA expression. The results unequivocally demonstrated the aberrant expression of Slc17a6 in the SD model.

Slc17a6 serves as the gene encoding the vesicular glutamate transporter 2 (VGlut2),46 a protein that facilitates the selective loading of

glutamate into synaptic vesicles and promotes its release. Glutamate is a primary excitatory neurotransmitter in the central nervous system,47

playing a crucial role in regulating synaptic transmission within the central nervous system. It modulates various functions in the normal brain,

such as learning, memory, movement, and cognition. The downregulation of Slc17a6 can disrupt glutamate signaling in the hippocampus,

leading to reduced synaptic activity and impaired cognitive function in mice.46 Further, it may also contribute to decreased cell count and

structural disorganization.48 Intriguingly, the activation of neurons in the hippocampal region appears to be inversely related to the expres-

sion of Slc17a6. We speculate that the neurons activated in this region may be inhibitory neurons. However, further experiments should be

conducted to investigate the specific mechanisms involved in this phenomenon.

Limitations of the study

An ideal animal model should possess objective evaluation parameters, particularly indicators that can measure changes throughout the

entire process. However, spatial disorientation is a transient and functional impairment rather than an organic alteration. Perusing various

pertinent literatures, it becomes evident that even in cases where the subjects are sentient humans capable of autonomous subjective artic-

ulation, there is a dearth of real-time objective methods to appraise spatial orientation aptitude. Most commonly employed approaches

involve subjective reports from participants regarding their experiences, along with the assessment of various objective indicators before

and after the occurrence of spatial orientation impairments.17,20,49,50 Our assessment methods for mice are based on observed physiological

and psychological changes in human subjects with spatial orientation impairments. However, in our quest to explore real-time of assessment,

the essential prerequisite for mice to sustain a perpetual state of wakefulness devoid of anesthesia throughout the entirety of the experiment

renders the utilization of invasive techniques for real-time monitoring unfeasible. Additionally, the wireless telemetry sensors demonstrate

unreliability in collecting pertinent data during rapid rotation. Similarly, we may encounter limitations in utilizing electrophysiology and wire-

less electroencephalogram (EEG) monitoring techniques to achieve real-time assessment of neurologic changes. In future experiments, our

aim is to improve the rotational device employed to stimulate the mice, minimizing the production of excessive vibrations. Simultaneously,

once the stability of the wireless telemetry devices has been enhanced, wewill incorporate them to facilitate the real-time assessment of phys-

iological parameters. This enhancement will enable us to gather a wealth of valuable data during the experiments. Moreover, the establish-

ment of this animal model itself serves the purpose of seeking additional objective indicators concerning the occurrence of spatial disorien-

tation through an in-depth exploration of its underlying mechanisms. Furthermore, we will conduct further investigations into the molecular

mechanisms underlying Slc17a6, aiming to elucidate the microscale mechanisms involved in the occurrence of SD with utmost clarity.

Conclusions

In this study, we proposed a method for the construction and evaluation of a mouse model of vestibular SD. Specifically, we developed the

model by stimulating the semicircular canals with a double-axis coupled rotation device while blocking vision. We assessed the model by

monitoring multiple physiological parameters in mice after exposure to SD and investigating its psychological effects, particularly its impact

on cognition andmemory. Thereafter, we delved into the neuronal alterations within brain regions associated with normal spatial orientation,

thereby establishing the presence of excessive activation in the hippocampal region during the onset of SD. Subsequently, we employed

transcriptomic sequencing and bioinformatics techniques to elucidate the potential involvement of Slc17a6 in SD and confirmed the down-

regulation of Slc17a6 in the hippocampus of the SD model mice through qRT-PCR technology. These findings provide further substantiation

for the viability of our approach in model development and evaluation while laying the groundwork for further exploration of its underlying

molecular mechanisms in greater depth.
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43. Buzsáki, G., and Moser, E.I. (2013). Memory,
navigation and theta rhythm in the
hippocampal-entorhinal system. Nat.
Neurosci. 16, 130–138.

44. Zhang, C.R., Ho, M.F., Vega, M.C.S., Burne,
T.H.J., and Chong, S. (2015). Prenatal ethanol
exposure alters adult hippocampal VGLUT2
expression with concomitant changes in
promoter DNA methylation, H3K4
trimethylation and miR-467b-5p levels.
Epigenet. Chromatin 8, 40.

45. Wang, Y., Khandelwal, N., Liu, S., Zhou, M.,
Bao, L., Wang, J.E., Kumar, A., Xing, C.,
Gibson, J.R., and Wang, Y. (2022). KDM6B
cooperates with Tau and regulates synaptic
plasticity and cognition via inducing VGLUT1/
2. Mol. Psychiatr. 27, 5213–5226.

46. Melief, E.J., McKinley, J.W., Lam, J.Y.,
Whiteley, N.M., Gibson, A.W., Neumaier,
J.F., Henschen, C.W., Palmiter, R.D.,
Bamford, N.S., and Darvas, M. (2018). Loss of
glutamate signaling from the thalamus to
dorsal striatum impairs motor function and
slows the execution of learned behaviors.
NPJ Parkinsons Dis. 4, 23.

47. Kashani, A., Betancur, C., Giros, B., Hirsch, E.,
and El Mestikawy, S. (2007). Altered
expression of vesicular glutamate
transporters VGLUT1 and VGLUT2 in
Parkinson disease. Neurobiol. Aging 28,
568–578.

48. Schweizer, N., Viereckel, T., Smith-Anttila,
C.J., Nordenankar, K., Arvidsson, E.,
Mahmoudi, S., Zampera, A., Wärner Jonsson,
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tong Chang

(hkhtgkd@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Raw mRNA-seq data of all samples were uploaded to the Gene Expression Omnibus (GEO) of the National Center for Biotechnology In-

formation (GSE243471).

This paper did not generate any original code.

All other items: any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal groups

We obtained male C57BL/6 mice from the Experimental Animal Center of Air Force Medical University. These mice were 9 weeks of age and

weighed 23.7 G 1.4 g [mean G standard error of the mean (SEM)]. We maintained these animals under controlled conditions of 25�C, 12-h
light/12-h dark lighting, and approximately 40–50% humidity, with ad libitum access to food and water. We fully complied with the National

Regulations for theManagement of Laboratory Animals, and the Ethics Committee for AnimalWelfare of Air ForceMedical University in Xi’an,

China, approved the study (license number: SCXK [Shaanxi] 2019-001).

Following a one-week acclimation period to the animal room, we confirmed that the body weight of the mice exceeded 25 g, allowing for

their positioning in the self-developed mouse fixation device (Figures S1A and S1B). We then randomly assigned 20 mice into four groups,

with 5 mice per group. The first group was the control (Con) group, and the second group underwent unidirectional rotational motion with

visual occlusion. It was referred to as the Single-Axle Vision-Ignoring (S-V) group. This group of mice was designed to be a simple SD group

based on previous research.12,18,19 The third group, called the double-axis vision (D + V) group, underwent bidirectional rotational motion

without visual occlusion. Since spatial orientation abilities involve the integration of various sensory information in the brain, we designed

this group to investigate whether the mice would still exhibit more complex SD (i.e., Coriolis illusion) or reduce the related behaviors after

being stimulated by biaxial rotation under the premise of having good visual cue input. Finally, we induced the Coriolis illusion in the fourth

group using bidirectional rotational motion with visual occlusion, and this group was referred to as the Coriolis illusion (D-V) group. To better

simulate the Coriolis illusion, which often occurs in poor visual conditions in natural flight environments,15 we deprived the mice in this group

of their vision. Following exposure to different stimuli, the groups of mice were subjected to various experiments, which included measure-

ments of physiological parameters, behavioral changes, and additional analyses.

Model construction and procedure

Our self-developed animal vestibular stimulation device generated the SD stimulus during the experiment, enabling separate or combined

rotation along the animals’ semicircular canals in three different planes. First, the mice were fixed in a self-made restraint, and when visual

shielding was required, they were masked with an opaque black cloth to block their vision (Figure S1A); when visual stimulation was needed,

the cloth was removed (Figure S1B). The mice were then situated on a specially designed rotating apparatus for various experiments. In the

control group, themice were also restrained within the apparatus while visually occluded and not disturbed for 10 min (Figure S1C). In the S-V

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

ALC-ET03 animal digital electronic thermometer Oricotech N/A

BP-2010A animal blood pressure monitor Softlong Biotech N/A

Animal vestibular stimulation device This paper N/A

OFT box RWD N/A

Elevated Plus Maze RWD N/A

FST cylinder RWD N/A

Pannoramic MIDI 3DHISTECH N/A
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group, the mice were similarly restrained with visual occlusion, but the rotating device was rotated around the vertical axis at a speed of

180�/second for 10 min (Figure S1D). In the D + V group, the hood was removed with the mice still restrained. The device was rotated around

both the vertical axis (speed of 180�/s) and the longitudinal axis of the mouse body (rotation angle of 1 cycle: +30��-30�, speed of 1.5 s/cycle)

for 10 min (Figure S1E). In the D-V group, the mice were restrained with visual occlusion and stimulated like in the D + V group (Figure S1F).

METHOD DETAILS

Rectal temperature and arterial blood pressure measurement in mice

A total of 20 mice were included in this study, and divided into four groups of five mice for measuring physiological parameters. Before and

after the stimuli, the rectal temperature of the mice was measured using an ALC-ET03 animal digital electronic thermometer (Oricotech,

Shanghai, China). The thermometer probe was inserted approximately 3 cm into the rectum of eachmouse. Additionally, the arterial pressure

of the mice was indirectly measured using the BP-2010A animal blood pressure monitor (Softlong Biotech, Beijing, China) by applying the

device to their tails.

Behavioral analysis

Themice were randomly divided into four groups, each consisting of five mice, for emotion-related behavioral tests. All behavioral tests were

conducted during the light cycle. On the day of the test, the mice were transferred to the testing room 2 h before the test began and were

subjected to 10min of different SD stimuli before initiating the behavioral test. All tests were completed between 8:00 a.m. and 3:00 p.m., and

there was a 2-day interval between adjacent emotion-related behavioral tests. The more stressful forced swimming test (FST) was performed

last to prevent the intense stimulation fromaffecting the results. After completing the FST, a newbatch ofmicewas used to avoid the effects of

strong stimulation. The cognitive and memory-related behavioral tests were conducted with a 2-day interval between adjacent tests, and the

more stressful platform jump test was performed last. Before and after each behavioral test, 75% ethanol was sprayed to eliminate odor

interference.

Open-field test (OFT)

The mice were tested in an OFT box (40 cm3 40 cm3 40 cm) (RWD, Shenzhen, China). They were placed in the center area of the open field

(Figure 1), and each time, the animal was placed in the center of the test box from the same position and direction. The mice were allowed to

move freely in the open field for 8 min, and SMART 3.0 software (Panlab HARVARD, MA, USA) was used to determine the total distance trav-

eled by the mice and the percentage of time spent in the center area of the open field.

Elevated plus maze (EPM)

The mice were placed in an EPM (RWD, Shenzhen, China) consisting of two open arms (30 cm 3 5 cm 3 1 cm), two closed arms (30 cm 3

5 cm 3 15 cm), and a central area (5 cm 3 5 cm), with a height of 50 cm from the ground for testing. At the beginning of the test, the

mice were placed in the central area, facing one open arm direction. Themice were allowed tomove freely for 8 min, and SMART 3.0 software

(Panlab HARVARD,MA, USA) was used to record the total number of entries into the open and closed arms and the percentage of time spent

in the open arms and closed arms.

Forced swimming test

Themice were placed in an FST cylinder (RWD, Shenzhen, China) with the following dimensions: a height of 30 cm, a diameter of 12 cm, and a

water depth of 15 cm. To ensure that themice floated freely without any external support, their tails were kept from touching the bottomof the

cylindrical container filled with water. The water temperature was controlled at 23�C–25�C, and SMART 3.0 software (Panlab HARVARD, MA,

USA) was used to record their behavior within 6 min. The immobility time was calculated for From the second to the sixth minute (total of

5 min). (i.e., when the mouse stopped struggling in the water and floated with only slight limb movements to keep its head above the water).

After each mouse was tested, the water was changed to eliminate odor interference.

Novel object recognition (NOR)

Different stimuli were used based on each group according to the experimental design mentioned previously. First, the mice were placed in

the open-field arena with two identical cone sand allowed to freely explore the open-field arena for 5 min. Following the cessation of the

stimulus, the mice were granted a period of tranquility lasting 10 min, wherein the cone on the right-hand side was replaced by a cube (pos-

sessing the same height as the aforementioned cone), thus introducing an unfamiliar object. The mice were then returned to the arena for

5min of free exploration.We recorded the time themice interacted (sniffing or exploring the object within 2 cm) with the new and old objects.

Using this information, we calculated the recognition index (RI) by dividing the time themice spent interacting with the new object by the total

time the mice spent interacting with both new and old objects, multiplied by 100. Data recording and analysis were conducted using SMART

3.0 software (Panlab HARVARD, MA, USA).
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Step-down type passive avoidance test (SDT)

The experimental apparatus comprised a plastic box with an iron wire at the bottom that discharged every 2 s with a current intensity of 10mA

and a plastic avoidance platform. Each mouse was acclimatized to the environment for 5 min at the beginning of each training session. The

electric wire was activated during that time, prompting the mouse to jump onto the avoidance platform to avoid the electric shock. Different

stimuli were then applied. After stimulation, each mouse was allowed to rest for 10 min before being placed back in the box on the plastic

avoidance platform. The time taken for each mouse to jump off the platform for the first time (i.e., the latent period) and the number of errors

(i.e., the number of times each mouse jumped off the platform within 5 min) were recorded for analysis. The SDT was conducted as described

previously. Data recording and analysis were performed using SMART 3.0 software (Panlab HARVARD, MA, USA).

Fos immunofluorescence

Twentymice were divided into four groups of five for Fos immunofluorescence analysis, with each group receiving one type of rotational stim-

ulation as previously outlined. After anesthesia with pentobarbital (0.03mL/10 g), the brains were promptly fixedwith 4%paraformaldehyde in

phosphate-buffered saline (PBS) (pH 7.4–7.5) at 4�C overnight. Subsequently, the brains were dehydrated in a 30% sucrose solution at 4�C for

72 h, embedded in optimum cutting temperature compound (SAKURA, CA, USA), and frozen at�80�C for 10 min to preserve their structure.

Using a vibratome (Leica, CM3050S, Wetzlar, Germany), the brains were sliced coronally into 8 mm sections. After sectioning, the brains were

washed three times with PBS (pH 7.4–7.5), blocked with a solution containing 5% goat serum (AR0009, BOSTER, Wuhan, China) and 0.25%

Triton X-100 (MP Biomedicals, CA, USA) for 1 h, and incubated with primary antibodies against Fos B (1:500, ab11959, Abcam, Cambs,

UK) for 72 h at 4�C. The sections were then incubated with 488-labeled goat anti-Mouse IgG (H + L) (1:200, SA00013-1, Proteintech, IL,

USA) at 26�C for 2 h. The nuclei were stained with 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI, Beyotime, Shanghai,

China), and the brain sections were washed three times with PBS before and after staining. Finally, the brain tissue sections were mounted

on a slide and scanned using a slide scanner (Pannoramic MIDI, 3DHISTECH, Budapest, Hungary). All slices were stained simultaneously and

imaged at fixed intensity settings, allowing for direct comparison of c-Fos intensities between groups within the hippocampal region, thereby

providing information about the degree of c-Fos expression rather than the number of positive cells.

RNA extraction, library construction, and sequencing

Using the abovementionedmodeling approach, we subjected 18mice to stimulation and immediately euthanized them to extract hippocam-

pal tissue. The mice were divided into the following groups: three mice in the blank control group, five mice in the S-V group, five mice in the

D + V group, and five mice in the D-V group. According to the manufacturer’s protocol, hippocampal total RNA was extracted using a Trizol

reagent kit (Invitrogen, Carlsbad, CA, USA). RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,

USA) and checked using RNase-free agarose gel electrophoresis. After total RNAwas extracted, eukaryotic mRNAwas enriched byOligo(dT)

beads. Thereafter, the enrichedmRNAwas fragmented into short fragments using a fragmentation buffer and reverse transcripted into cDNA

with random primers. Second-strand cDNA was synthesized by DNA polymerase I, RNase H, dNTP, and buffer. The cDNA fragments were

purified with a QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands), end-repaired, poly(A) added, and ligated to Illumina

sequencing adapters. The ligation products were size selected by agarose gel electrophoresis, PCR amplified, and sequenced using Illumina

Novaseq6000 by Gene Denovo Biotechnology Co. (Guangzhou, China).

RNA sequencing data analysis

Differentially expressed genes (DEGs) were assessed by analysis of differential RNA expression between two groups. Transcripts with the

parameter of a p value below 0.05 and an absolute fold change of 1.5 or greater were considered differentially expressed. Gene Ontology

(GO) analysis was performed using the GO database. The calculated p value was FDR corrected, with an FDR of 0.05 or less as the threshold.

Bioinformatic analysis was performed using a real-time interactive online platform for data analysis (http://www.omicsmart.com).

Quantitative Real-Time PCR (qRT-PCR)

qRT-PCR was conducted tomeasure the expression of differentially expressedmRNA. The 12mice were randomly divided into 4 groups, and

themodelingmentioned above was employed to administer different stimuli to each group. Immediately after the stimulation, themice were

euthanized to obtain hippocampal tissue. Hippocampal RNA was extracted using a TSINGKE TSP413 RNAprep FastPure kit (Beijing Tsingke

Biotechnology Co., Ltd.). Target genes were reverse transcribed and amplified using MightyScript First Strand cDNA Synthesis Master Mix

(Sangon, Shanghai, China) according to the manufacturer’s instructions. Quantitative real-time PCR was performed with the LightCycler 480

(Roche, Rotkreuz, Switzerland) and SYBRGreen PCRmastermix (Yeasen, Shanghai, China). The fold change in the gene expression was calcu-

lated using the comparative Ct method, and three replicates were tested for each cDNA sample. The following primers were used (synthe-

sized by Tsingke Biotechnology Co.): Slc17a6; 50- GTCGGTAAAACAAAGGATTTTGGC -30 (forward), 50- GCTTCTTCTCCAGCACCCTGTA -30

(reverse) and b-actin; 50-AACAGTCCGCCTAGAAGCAC-30 (forward), 50-CGTTGACATCCGTAAAGACC-30 (reverse). Gene expression levels

were normalized to those of b-actin as an endogenous control. Each experiment was repeated at least three times.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The results are presented as the mean G SEM. Rectal temperature change, arterial blood pressure, behavioral experiment indices, hippo-

campal region immunofluorescence staining intensity, and mRNA relative expression levels were subjected to statistical analysis using

one-way analysis of variance. Tukey’s test was used to compare all the groups. Differences were considered statistically significant at

p < 0.05. Statistical analyses were performed using GraphPad Prism 9.5 (Insightful Science, CA, USA).
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