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The Differential Effects of Acute Right- vs. Left-Sided Vestibular Deafferentation on Spatial Cognition in Unilateral Labyrinthectomized Mice
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This study aimed to investigate the disparity in locomotor and spatial memory deficits caused by left- or right-sided unilateral vestibular deafferentation (UVD) using a mouse model of unilateral labyrinthectomy (UL) and to examine the effects of galvanic vestibular stimulation (GVS) on the deficits over 14 days. Five experimental groups were established: the left-sided and right-sided UL (Lt.-UL and Rt.-UL) groups, left-sided and right-sided UL with bipolar GVS with the cathode on the lesion side (Lt.-GVS and Rt.-GVS) groups, and a control group with sham surgery. We assessed the locomotor and cognitive-behavioral functions using the open field (OF), Y maze, and Morris water maze (MWM) tests before (baseline) and 3, 7, and 14 days after surgical UL in each group. On postoperative day (POD) 3, locomotion and spatial working memory were more impaired in the Lt.-UL group compared with the Rt.-UL group (p < 0.01, Tamhane test). On POD 7, there was a substantial difference between the groups; the locomotion and spatial navigation of the Lt.-UL group recovered significantly more slowly compared with those of the Rt.-UL group. Although the differences in the short-term spatial cognition and motor coordination were resolved by POD 14, the long-term spatial navigation deficits assessed by the MWM were significantly worse in the Lt.-UL group compared with the Rt.-UL group. GVS intervention accelerated the vestibular compensation in both the Lt.-GVS and Rt.-GVS groups in terms of improvement of locomotion and spatial cognition. The current data imply that right- and left-sided UVD impair spatial cognition and locomotion differently and result in different compensatory patterns. Sequential bipolar GVS when the cathode (stimulating) was assigned to the lesion side accelerated recovery for UVD-induced spatial cognition, which may have implications for managing the patients with spatial cognitive impairment, especially that induced by unilateral peripheral vestibular damage on the dominant side.
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INTRODUCTION

Spatial cognition is the ability of an animal to keep track of its location in space by recalling where it has been, which is known as spatial memory (1, 2). Spatial cognition serves as the foundation for spatial navigation, which is the ability to move appropriately and purposefully through the environment (3, 4). Recent studies have demonstrated that the hippocampus plays a critical role in spatial memory consolidation and transitory storage (5, 6), and the peripheral vestibular organs are highly connected via several pathways including the thalamocortical and cerebellocortical pathways mediating head direction information (7–9). Therefore, the vestibular system is suggested to play a critical role in maintaining accurate spatial awareness (2, 4). Unlike other sensory cortices, the vestibular cortex consists of a network of several distinct and separate areas centered in the insular-opercular region (2, 4, 7). In addition, while other sensory systems are organized linearly, vestibular information from peripheral organs becomes multisensory, highly convergent, and highly multimodal when entering the central nervous system (10–13). Canal/otolith interactions in the brainstem and cerebellum at the first synapse, followed by visual-vestibular and proprioceptive-vestibular interactions throughout the central vestibular pathways, enable other sensory and motor signals to be integrated early with vestibular inflow (10, 14).

Numerous animal and human studies have demonstrated that bilateral vestibular loss (BVL) induces a prominent and long-lasting spatial memory deficit by disturbing vestibular-hippocampal interactions (3, 8, 15, 16). BVL results in bilateral hippocampus atrophy, which is associated with spatial memory deficits (17). Though to a lesser extent, unilateral vestibular deafferentation (UVD) has been shown to also impair spatial cognition (18–22). In addition, UVD in rodents has been revealed to lead to long-term changes in the neurochemical and electrophysiological properties of the hippocampus that contribute to spatial cognitive impairments (23–25). Galvanic vestibular stimulation (GVS) exhibits beneficial effects on spatial memory and navigation tasks by modulating the regularity of the firing rate of vestibular afferents (26–28). Further, improvement might in part be due to frequent activation of the vestibular hair cells and the neurons in the vestibular nuclei as well as the hippocampus (22, 29).

Although the peripheral and central vestibular systems are bilateral with ascending pathways on both sides, the multisensory cortical networks in each hemisphere are organized asymmetrically (30). In humans, vestibular information processing shows a hemispherical preference with a dominance determined by handedness (within the right hemisphere in right-handers and the left hemisphere in left-handers) (31–37). The right hemispheric preference for vestibular signal processing was observed in functional and structural imaging analyses showing stronger connectivity values, larger anatomical nodes, and higher functional vulnerability in the right hemisphere in right-handers (38). These findings are consistent with a well-documented superiority of the right hemisphere for visuospatial tasks and navigation (37, 39). In addition, the vestibular input to the ipsilateral hemisphere has a significant preponderance compared with the contralateral hemisphere (33, 37, 40). This lateralization of vestibular information processing was observed in ontogenetic older species. Vestibular processing in rodents was reported to be dominated by the left hemisphere regardless of handedness (41, 42). In rodents, the left-sided vestibular information is processed by more complex cortical and subcortical networks than the processing of information from the right-sided vestibular input (41). Considering that acute lesions in the dominant hemisphere can result in more severe symptoms, such as aphasia or neglect, than lesions in the non-dominant hemisphere do (43), it was speculated that the cognitive outcomes of left-sided or right-sided UVD can be different. However, only a few studies have investigated spatial cognition concerning the side of vestibular loss (44).

In the current study, we analyzed the differential effects of acute right- and left-sided UVD on the higher vestibular spatial cognition and locomotion reflecting hemispheric dominance using a mouse model with surgical labyrinthectomy. We also evaluated whether there was a differential effect of GVS on the deficits depending on the affected side.



MATERIALS AND METHODS


Animals

Sixty male C57BL/6 mice aged 9 weeks and weighing 20–25 g (Animal Technology, Koatech, Kyonggi-Do, Korea) were assigned randomly to five experimental groups: left-sided [Lt.- unilateral labyrinthectomy (UL) group, n = 12] and right-sided (Rt.-UL group, n = 12) UL groups, UL with bipolar GVS applications with cathode on the lesion side groups (Lt.-GVS group, n = 12 and Rt.-GVS group, n = 12), and the control group (n = 12) (Figure 1). Every effort was made to minimize the number and suffering of mice in the experiments. The mice were acclimatized to laboratory conditions for 1 week before the experiment started, housed separately, and kept in a controlled temperature and humidity room with free access to food and water.


[image: Figure 1]
FIGURE 1. A schematic representation of the experimental design. Lt, left-sided; Rt, right-sided; UL, unilateral labyrinthectomy; GVS, galvanic vestibular stimulation; POD, postoperative day.


Both the Lt.-UL and Rt.-UL groups underwent UL, which was carried out according to a surgery protocol as previously described (22, 45–49). The mice from the control group underwent sham surgery to expose the semicircular canal (SCC) without labyrinthectomy. We used surgical labyrinthectomy, which is relatively simple, reliable, and induces vestibular symptoms immediately after surgery; this approach also has a faster recovery than vestibular neurectomy and chemical labyrinthectomy (46, 50, 51). A 10-mm-long skin incision was made 5 mm behind the auricular sulcus to expose the bony labyrinth, and the muscle and soft tissues covering the temporal bone were dissected (45–48). After approaching the horizontal and posterior SCC, a small hole was made in the posterior SCC with a diamond otologic drill (0.5 mm in diameter; Strong 204, Saeshin Precision Co., Ltd, Shanghai, China) for perilymph leakage. Gentle suction was used to aspirate perilymph fluid for 3 min, and then the hole was filled with collagen (Helitene, Intergra Life Sciences Co., NJ, USA) to prevent further leakage. All the treated mice were anesthetized by continuous inhalation of isoflurane gas (Ifran, O2 5 L/min, 2.0, Hana Pharm Co. Ltd., Kyonggi-Do, Korea) during surgery.

The animal procedures performed in this study were consistent with the Assessment and Accreditation of Laboratory Animal Care International guidelines and were approved by the Animal Care Committee of the Gachon University of Medicine and Science (IRB MRI2019-0008).



Study Design

We evaluated the baseline levels of swimming capacity, open field (OF), and Y maze tests before labyrinthectomy. Mice that could swim were assigned randomly to the five treatment groups. OF and Y maze behavioral tests were used to measure locomotor activities and spatial cognition in each group on postoperative days (PODs) 3, 7, and 14 (Figure 1). The Morris water maze (MWM) training session was started on POD 9 and continued for five consecutive days, and the probe trial was performed on POD 14 (Figure 1). To minimize the time-of-day impact on the locomotor and exploratory behavior of mice (52), behavioral assessments were performed between 11:00 am and 3:00 pm.

To apply GVS, we implanted a button-type electrode near the bony labyrinths and connected it to a direct current (DC) shifted galvanic stimulator (A-M Systems Model 2200 Analog Stimulus Isolator) via a wire with an insulated section that passed through the skin, as previously described (22). A subthreshold, bipolar, sinusoidal GVS current of 0.1 mA and 1 Hz was generated by a computer-controlled stimulator and delivered over a 30-min session, once a day for 5 days. The Rt.- and Lt.-GVS groups were subjected to separate paradigms that ensured that the cathode was positioned on the lesion side, i.e., the cathode left-anode right (CLAR) configuration for the Lt.-GVS group and the cathode right-anode left (CRAL) configuration for the Rt.-GVS group. The mice in the control and UL groups were restrained by the same procedure as in the GVS groups but without current.


OF Task

Mice were tested for 2 min in an OF apparatus comprising a circular arena of a white plastic cylinder (37 cm diameter and 53 cm height) that was illuminated with red light from the top at the center of the apparatus (Figure 2A) (53, 54). The mice were introduced individually to the center and tracked by an overhead camera (HD 1080p C920, Logitech, Switzerland) at a sampling rate of 30 frames/s (Figure 2B). The locomotor activities of the mice were assessed as the total path length for the whole device ground (mm). The ground was divided into inner (central) and outer (peripheral) zones and the percentage of time spent in the outer zone was used as an indicator for anxiety (53, 54). The recorded images were processed with a customized analysis package (Figure 2B) (53, 54).


[image: Figure 2]
FIGURE 2. Evaluation of the locomotor activities of mice using an open-field task. The open field apparatus with an overhead camera and lighting support system (A). The recorded images were processed with the digital video-based tracking system (B). The total path lengths of the Lt.- unilateral labyrinthectomy (UL) and Rt.-UL groups were decreased in comparison to the control group on postoperative days (PODs) 3, 7, and 14. On POD 7, the total path length of the Lt.-UL group was significantly less than that of the Rt.-UL group (C). The percentage of time spent in the outer zone, which is an indicator of anxiety, did not differ between the three groups (D). Values are indicated as mean ± SD. Statistical significances were calculated using one-way ANOVA with post-hoc tests. *Significantly different between two groups; #significantly different between three groups; *, #p < 0.05; **p < 0.01; ***, ###p < 0.001.




Y Maze

A Y-shaped maze with three plastic arms (A, B, and C), 51 cm in length, 18 cm in width, and 32 cm in height with walls at an angle of 120° from each other, was used (Figures 3A–C). The maze was cleaned between the test runs to remove odors and traces that might have unexpected effects on the test outcome. Stress influences were eliminated by acclimatizing the mice for 1 h before the experiment to allow them to familiarize themselves with the room, smells, and noise (55, 56). Images of mouse activities throughout the task were captured by an overhead camera (30 frames/s) set at the center of the maze and used for behavioral analysis (56, 57). The mouse was introduced to the center of the maze and allowed to explore freely the three arms for 6 min. The following parameters were measured: (i) the spontaneous alternation performance (SAP), which is defined as entries into all three arms consecutively (e.g., ABC, BCA), to evaluate spatial working memory (55, 56) and (ii) the same arm return (SAR), which is defined as visiting the same arm repeatedly (e.g., if a mouse leaves arm A and then returns to arm A, one SAR is recorded); SAR reflects working memory error and typically correlates with disruption in spontaneous alternation (56–58). After several minutes of relaxation, spatial reference memory assessment was evaluated by blocking and unblocking the B arm (56). When the B arm was blocked, the mice could only move freely between the A and C arms for 3 min. After unblocking the B arm, the mice could move throughout the three arms for 6 min. The percentage of time spent in the B arm designated as the novel arm was used for the place recognition test (PRT), reflecting spatial working and reference memory (56, 57). The values of SAP, SAR, and PRT were measured in each group at four time points: baseline and PODs 3, 7, and 14 (Figure 1).


[image: Figure 3]
FIGURE 3. Evaluation of locomotor activities and spatial navigation in the Y maze test. The spontaneous alternation performance (SAP) (A) of Lt.- and Rt.-UL groups decreased on POD 3 and 7 compared with the control group. The SAP values of the Lt.-UL group were significantly lower than those of the Rt.-UL group on POD 7. (D) The same arm return (SAR) (B) was significantly increased in both Lt.-UL and Rt.-UL groups on POD 3 compared with the control group. While the SAR value of the Rt.-UL group decreased to the level of the control group on POD 7, the SAR of the Lt.-UL group increased on POD 7 and 14 compared with the control group. The Lt.-UL group showed significantly increased SAR compared with the Rt.-UL group on POD 7 and 14 (E). The place recognition test (PRT) (C), an indicator of spatial reference memory, was significantly decreased in both Lt.-UL and Rt.-UL groups compared with the control group on POD 3 (F). While the PRT value of the Rt.-UL group improved to the level of the control group on POD 7, the value of the Lt.-UL group remained lower than that of the control group on POD 7. The Lt.-UL group showed significantly reduced PRT values compared with the Rt.-UL on PODs 3 and 7 (F). The values of SAP and PRT were indicated as mean ± SD, and the p-values were calculated using one-way ANOVA with post-hoc tests. The values of SAR were indicated as median (quartile range), and the p-values were calculated using the Kruskal–Wallis test and the Mann–Whitney U-test. *Significantly different between two groups; #significantly different between three groups; *, #p < 0.05; **, ##p < 0.01; ***, ###p < 0.001.




MWM

For the evaluation of spatial memory and navigation, we used the MWM, which uses a plastic circular water tank (175 cm diameter and 62 cm high; Jilong Frog Pool, Jilong International Co., Ltd, Hong Kong) with four starting locations of N, S, E, and W (Figure 4A) (59–61). A circular escape platform 15 cm in diameter was made of acrylic with a metal textured surface to provide traction on the top and placed in a fixed location at the center of the target quadrant (SE). The platform was attached to the manual laboratory scissor jack (4 × 4” Scientific Lab Laboratory Scissor Jack, Yosoo, Shenzhen Yibai Network Technology Co. Ltd, China) to make it easier to alternate between scenarios: visible platform, hidden platform, and no platform (1.5 cm above and 1.5 and 10 cm, respectively, below the surface of the water) (17). The ratio of the search area to target platform size related to task intricacy is appropriate for the 117:1 ratio of the MWM standard for mice (59). The water was made opaque by non-toxic odorless white paint, which helps to obscure the submerged platform and enables the software to locate the mice because of the contrast between the black body with the white background of the pool. A camera (HD 1080p C920; Logitech International SA, Lausanne, Switzerland) mounted in the center above the pool recorded the behavior of the mice throughout the experiment. The mice were acclimatized to the pool and escape platform before training on POD 8. The visible platform trial was conducted on POD 9, and the hidden platform trial was carried out on four consecutive days (POD 10–13). Each day, the mice were subjected to four trials after being lowered gently tail-first into the pool facing the wall at four starting points (N, S, E, W). The mice locate the escape platform based on visual cues [placement of a black triangle, red rectangle, green star, and blue circle on the surrounding walls (59, 60)] rather than on specific routes (internal self-motion cues) (59, 62). The mice were released at varying positions to exclude the turn-based trajectory to reach the platform, and they sought to use allocentric strategies to compute and remember an escape location defined by distal cues in the environment (6, 63). Each mouse was allowed 1 min to find and mount the platform. If a mouse failed to find the platform within the allotted time, it was guided to the goal and placed on the platform for 15 s. If the goal was reached, the mice remained in place for 10 s (59, 64). The mice were removed from the pool, dried, and placed in a warming cage for 5 min before returning to the home cage. The 20-min intervals between trials helped to eliminate the negative impact of fatigue on learning. The amount of time that elapsed before the animal climbed onto the platform to escape the water (escape latency) in a hidden platform training session, measured at a fixed starting location (position W) was recorded (Figure 4B).


[image: Figure 4]
FIGURE 4. Evaluation of long-term spatial reference memory with the Morris water maze (MWM). The process of hidden platform training (POD 10–13) (A) and the probe trial on POD 14 (B). Compared with the control group, the Lt.-UL mice showed longer escape latency from TD 1, 2, 3 to 4. The Rt.-UL mice showed reduced values compared with the control mice on the two last TDs. Subgroup analysis revealed that the Lt.-UL mice showed markedly longer escape latency than the Rt.-UL group in the last 3 days (C). During the probe trial on POD 14, there was a decreased percentage of time spent in the target quadrant in both Lt.-UL and Rt.-UL groups compared with the control group. The Lt.-UL mice showed a lower percentage of time in the target quadrant values compared with the Rt.-UL mice (D). The values are indicated as mean ± SD. Statistical significances were calculated using the one-way ANOVA with post-hoc tests. *Significantly different between two groups; #significantly different between three groups; *, #p < 0.05; **p < 0.01; ***, ###p < 0.001.


The probe trial (no platform) was administered 24 h after the last training session. The mice were released at starting position W and swam freely for 1 min (60). The percentage of time spent in the target quadrant (SE quadrant) was measured and reflected spatial reference memory. A visible platform test was performed 30 min after the probe trial to assess the sensorimotor ability and motivation (60) that was indicated by the mean swim velocity = [image: image].

The deficits of spatial working memory were indicated by the reduction of SAP, which is driven by the innate curiosity of the rodents to explore novel environments and requires good spatial working memory to remember the arms that have already been visited to enter a less-visited arm (65), and increased SAR, which reflects working memory error and typically correlates with disruption in spontaneous alternation (56, 58). Spatial reference memory deficiencies were defined by a decrease in the percentage of time spent on the novel arm in the PRT, which required the capacity to recall the relationship between distal spatial signals to the arm needed to recognize the novel arm which had previously been blocked and not yet explored (56). The 24-h interval between the training session and the probe trial session of MWM was analyzed to assess long-term memory or consolidation process in the hippocampal-dependent spatial navigation and reference memory rather than the immediate and short-term effects of unilateral vestibular loss (17, 66–68).




Statistical Analysis

All data were analyzed using SPSS Statistics version 23.0 (IBM Corp., Armonk, NY, USA). For each parameter, the normality of the distribution was assessed using the Kolmogorov–Smirnov test. The repeated measures ANOVA or Friedman Tests were used to analyze the interaction between surgical conditions—time as a first-level analysis. The parametric variables are shown as mean ± SD, and statistical significances were calculated using post-hoc one-way ANOVA accompanied by a test of homogeneity of variances (Levene test): (i) if p > 0.05, ANOVA test (between-group comparison) and least significant difference LSD test or Bonferroni test (multiple comparisons) were used; and (ii) if p < 0.05, Robust test (between-group comparison) and Tamhane test (multiple comparisons) were used. The non-parametric variables are indicated as median [interquartile range], and the significant difference was determined using Kruskal–Wallis test (between-group comparison) accompanied by Mann–Whitney U-test or Wilcoxon signed-rank test (pairwise comparisons). The difference in the influence of GVS on the CLAR and CRAL models was analyzed by independent t-tests comparing the delta values of the Lt.-GVS and Lt.-UL to the respective delta values of the Rt.-GVS and Rt.-UL. All the tests were performed at a 0.05 level of significance.




RESULTS

During the acute phase after surgery, signs of UVD, such as spontaneous horizontal nystagmus beating toward the contralesional side, head-tilting, falling toward the ipsilesional side, disturbance in backward gait, and clockwise circling, were observed in both Lt.-UL and Rt.-UL groups. The control animals that underwent sham operations did not show these symptoms. It took ~2 days after UL for the mice to regain a stable posture and walk steadily. Based on this observation, we conducted all behavioral investigations starting from POD 3 when the mice were free from the limitations of motor coordination problems (Figure 1).


Locomotion Following Acute Right- vs. Left-Sided UL in Mice

Both the Lt.-UL and Rt.-UL groups exhibited locomotor impairment during the OF test compared with the control group, as shown by the decreased total path length on POD 3 (p < 0.001, ANOVA), POD 7 (p < 0.001, ANOVA), and POD 14 (p < 0.05, ANOVA). We compared the locomotion between the right- vs. left-sided UL groups and found no significant differences in the total path length (p = 0.655, LSD test, Figure 2C) and SAP (p = 0.103, LSD test, Figure 3D) during the hyperacute period of POD 3. However, on POD 7 during vestibular compensation, the Rt.-UL group showed a significantly increased total path length compared with the Lt.-UL group (9973.8 ± 533.02 mm vs. 8634.3 ± 767.52 mm, p < 0.01, Bonferroni test, Figure 2C). Similarly, the SAP of the Rt.-UL group was significantly increased compared with that of the Lt.-UL group (p < 0.05, LSD test, Figure 3D).

We further observed that the percentage of the time spent in the outer zone during OF did not differ between the UL and control groups, and the mice tended to remain near the wall as a normal phenomenon (Figure 2D). This behavior is interpreted as an indicator of anxiety (53, 69, 70), based on the assumption that the central area is more threatening for rodents than the periphery (44). This is supported by a decrease in time in the center following anxiolytic drug administration (71, 72). These findings suggest that the impact of anxiety on locomotor and spatial cognition in the current study was negligible.



Spatial Cognition Deficits Following Acute Right- vs. Left-Sided UL in Mice

The alternation performance and spatial recognition/attention reflected by SAP and SAR during the Y maze were disrupted in both Lt.-UL and Rt.-UL mice during the acute phase. SAP, an indicator of spatial working memory as well as locomotor activity, was decreased on POD 3 in both Lt.- and Rt.-UL groups (both p < 0.001, Bonferroni test) compared with the control group (p < 0.001, ANOVA test). This reduction of SAP was observed until POD 7 in both Lt.-UL and Rt.-UL groups (Lt.-UL, p < 0.001; Rt.-UL; p < 0.05, Bonferroni test) compared with the control group (p < 0.001, ANOVA test). It was recovered on POD 14 in both groups (Lt.-UL, p = 0.55; Rt.-UL, p = 0.715, LSD test). The subgroup analysis between the Lt.- and Rt.-UL groups showed no differences in alternating performance on POD 3. However, the Rt.-UL group alternated between the arms of the maze more frequently (an increased number of arm entries) compared with the Lt.-UL group on POD 7 (p = 0.034, LSD test) (Figure 3D).

The SAR was scored as cumulative returns into the same arm and suggests the degree of attentional difficulties during active working memory performance. The number of SAR was significantly increased in both the Lt.-UL and Rt.-UL groups on POD 3 (Lt.-UL, 3.5 [3–5.5] turns, Z = −2.796, p < 0.001; Rt.-UL, 3 [2–4] turns, Z = −2.898, p = 0.004, Mann–Whitney U-test) compared with the control group (0 [0–1] turns, χ[2] = 11.985, p < 0.001, Kruskal–Wallis test). There was no significant difference between the Lt.-UL and Rt.-UL groups on POD 3 (Z = −1.636, p = 0.102, Mann–Whitney U-test) (Figure 3E). On POD 7, the Lt.-UL mice did not improve and showed persistently increased SAR (4 [2.75–5.25] turns, Z = −2.777, p = 0.005, Mann-Whitney U-test) compared with the control group (0 [0–1] turns). In contrast, the Rt.-UL group improved and exhibited decreased SAR (1 [0–2] turns, Z = −1.462, p = 0.144, Mann–Whitney U-test) to the level of the control group (χ[2] = 11.362, p = 0.003, Kruskal–Wallis test) (Figure 3E). Increased SAR in the Lt.-UL mice persisted until POD 14 (2 [0.75–2.25] turns, Z = −2.001, p = 0.045, Mann–Whitney U-test), on which the Rt.-UL group showed decreased SAR (1 [0–1] turns, p = 0.575, Mann-Whitney U-test) compared with the control group. The between-group analysis revealed that the Lt.-UL mice showed significantly increased SAR compared with the Rt.-UL group on POD 7 (Z = −2.672, p = 0.008, Mann–Whitney U-test) and POD 14 (Z = −2.025, p = 0.043, Mann–Whitney U-test) (Figure 3E).

The PRT, which is an indicator of spatial reference memory, was significantly different between the groups during the acute periods of vestibular compensation. The mean time spent in the novel arm was significantly decreased in both Lt.-UL and Rt.-UL groups (Lt.-UL, 23.01 ± 1.95%, p = 0.005 vs. Rt.-UL, 29.87 ± 5.39%, p = 0.049, Tamhane test) compared with the control group (39.56 ± 5.66%, p = 0.001, Robust test) on POD 3 (Figure 3F). However, on POD 7 the Rt.-UL group had improved to the level of the control group (p = 0.111, LSD test). The value of the Lt.-UL group remained lower than that of the control group on POD 7 (Lt.-UL; 28.11 ± 2.33% vs. control; 39.03 ± 3.66%, p < 0.001, Bonferroni test). The subgroup analysis revealed much lower values for the Lt.-UL mice for visiting the novel arm compared with the Rt.-UL mice on POD 3 (Lt.-UL; 23.01 ± 1.95% vs. Rt.-UL 29.87 ± 5.39%, p = 0.004, Tamhane test) and POD 7 (Lt.-UL; 28.11 ± 2.33% vs. Rt.-UL 35.66 ± 3.89%, p = 0.003, Bonferroni test). However, on POD 14 there were no differences in the values of PRT between the three groups (Figure 3F).

During the MWM, the escape latencies to find the hidden platform gradually decreased through the training sessions (Figures 4A–C). Longer values of escape latency to find the hidden platform indicate an inadequate acquisition of spatial memory and navigation. Differences between the groups were observed from training day (TD) 1 to 4 (Figure 4C). Compared with the control group, the Lt.-UL mice showed longer escape latency on every test day: TD 1 (p = 0.043, Bonferroni test), TD 2 (p < 0.001, Bonferroni test), TD 3 (p < 0.001, Bonferroni test), and TD 4 (p < 0.001, Bonferroni test). The Rt.-UL mice showed reduced values compared with the control mice on the two last TDs (32.56 ± 3.66 s vs. 27.0 ± 1.75 s, p = 0.013, Bonferroni test on TD 3; 22.53 ± 3.12 s vs. 12.17 ± 2.76 s, p = 0.001, Bonferroni test on TD 4) (Figure 4C). The subgroup analysis revealed that the Lt.-UL mice showed markedly longer escape latency than the Rt.-UL group on TD 2 (47.25 ± 2.54 s vs. 40.08 ± 3.62 s, p = 0.005, Bonferroni test), TD 3 (38.77 ± 3.09 s vs. 32.56 ± 3.66 s, p = 0.013, Bonferroni test), and TD 4 (30.49 ± 1.97 s vs. 22.53 ± 3.12 s, p = 0.001, Bonferroni test) (Figure 4C).

During the probe trial on POD 14, a decreased percentage of time was spent in the target quadrant in both the Lt.-UL (23.17 ± 2.56%, p < 0.001, Bonferroni test) and Rt.-UL groups (28.43 ± 2.38%, p = 0.001, Bonferroni test) compared with the control group (35.57 ± 1.76%, p < 0.001, ANOVA) (Figure 4D). The Lt.-UL mice exhibited a significantly reduced percentage of time spent in the target quadrant compared with the Rt.-UL mice (23.17 vs. 28.43%, p = 0.007, Bonferroni test) (Figure 4D). There were no significant differences in the mean swim velocity between the groups (p = 0.605, ANOVA), indicating that these MWM learning impairments were not specific to vestibulo-motor deficits (59, 73).



Efficacy of GVS on Spatial Cognition Depending on the Lesion Side in UVD in Mice

Galvanic vestibular stimulation intervention paradigms were designed to stimulate the lesion side in each group by placing the CLAR for the Lt.-UL group and the CRAL for the Rt.-UL group. This bipolar GVS intervention demonstrated beneficial effects on the vestibular recovery such as vestibulo-ocular reflex (VOR), locomotion, and spatial cognition, as shown in our previous studies (22, 49).

Locomotion reflected by the total path length on POD 3 (p < 0.001, Bonferroni test, for both Lt.- and Rt.- UL groups) and POD 7 (p < 0.001, Bonferroni test, for both Lt.- and Rt.- UL groups) (Figure 5A) and by spontaneous alternation (SAP) on POD 3 (Lt.-UL, p = 0.001; Rt.-UL, p < 0.001, Bonferroni test) and POD 7 (Lt.-UL, p = 0.007; Rt.-UL, p = 0.032, Bonferroni test) (Figure 5B) were improved markedly after GVS applications in both groups. The subgroup analysis between the Lt.- and Rt.-GVS groups revealed that GVS intervention was significantly more effective in the Rt.-UL mice than the Lt.-UL mice on POD 3 on total path length (p = 0.004, F = 0.54, independent t-test) (Figure 5A) and SAP (p = 0.02, F = 2.142, independent t-test) (Figure 5B).


[image: Figure 5]
FIGURE 5. Effects of galvanic vestibular stimulation (GVS) on the recovery post-UL. Bilateral bipolar GVS was applied as paradigms of cathode left–anode right (CLAR) for Lt.-GVS and cathode right–anode left (CRAL) for Rt.-GVS. Locomotion was reflected by the total path length on PODs 3 and 7 (A) and by SAP on PODs 3 and 7 (B) were markedly improved after GVS applications in both groups. The subgroup analysis between the Lt.- and Rt.-GVS groups revealed that the GVS intervention was significantly effective in the Rt.-UL mice compared with the Lt.-UL mice on POD 3 on total path length (A) and SAP (B). Short-term spatial memory and attention reflected by SAP, SAR, and PRT during the Y maze were significantly improved after bipolar GVS intervention in both groups. The GVS protocol exhibited positive effects on the recovery of SAP on PODs 3 and 7. SAR showed significant improvement after GVS intervention in both side groups on POD 3 and the left side group only on POD 7. The GVS intervention was significantly more effective in the Rt.-UL mice than the Lt.-UL mice on POD 7 (C). PRT was significantly improved after GVS on POD 3 and POD 7. Subgroup analysis revealed that the GVS intervention was more effective in the Rt.-UL mice than the Lt.-UL mice on POD 3 and POD 7 (D). Long-term consolidative spatial memory reflected by the escape latency in MWM was improved after GVS in both side groups on hidden platform training days (TDs) 2, 3, and 4. There was, however, no noticeable difference between the Lt.-GVS and Rt.-GVS groups (E). The probe trial on POD 14 showed substantial improvement after GVS intervention in both side groups with a significant difference between the Lt.-GVS and Rt.-GVS groups (F). Values are indicated as mean. Statistical significances were calculated using the one-way ANOVA with post-hoc tests, except the Kruskal–Wallis test combined with Mann–Whitney U-test for SAR. The difference in the influence of GVS on CLAR and CRAL models was analyzed by independent t-test values comparing the delta values of Lt.-GVS and Lt.-UL to the respective delta values of Rt.-GVS and Rt.-UL. *Significant difference between Lt.-UL and Lt.-GVS; #significant difference between Rt.-UL and Rt.-GVS; *, #p < 0.05; **, ##p < 0.01; ***, ###p < 0.001.


Short-term spatial memory and attention as reflected by SAP, SAR, and PRT during the Y maze were also significantly improved after bipolar GVS intervention in both groups. The GVS protocol exhibited a positive effect on the recovery of SAP on POD 3 (Lt.-side, Δ = 6.17, p = 0.001; Rt.-side, Δ = 10.67, p < 0.001, Bonferroni test) and POD 7 (Lt.-side, Δ = 7.34, p = 0.007; Rt.-side, Δ = 6.68, p = 0.032, Bonferroni test). SAR showed a significant improvement after GVS intervention in both side groups on POD 3 (Lt.-side, p = 0.003; Rt.-side, p = 0.001, Mann–Whitney U-test) and in the left side group only on POD 7 (p = 0.003, Mann–Whitney U-test). The GVS intervention was significantly more effective in the Rt.-UL mice than the Lt.-UL mice on POD 7 (p < 0.001, F = 0, independent t-test) (Figure 5C). The PRT was significantly improved after GVS on POD 3 (Lt.-side, p < 0.001; Rt.-side, p = 0.005, Bonferroni test) and POD 7 (Lt.-side, p < 0.001, Bonferroni test). The subgroup analysis revealed that the GVS intervention was more effective in the Rt.-UL mice than the Lt.-UL mice on POD 3 (p = 0.029, F = 1.070, independent t-test) and POD 7 (p = 0.008, F = 3.706, independent t-test) (Figure 5D).

Long-term consolidative spatial memory reflected by the escape latency in MWM was improved after GVS in both groups on hidden platform TD 2 (p < 0.05, Bonferroni test, for both Lt.- and Rt.-sides), TD 3 (Lt.-side, p = 0.002; Rt.-side, p = 0.045, Bonferroni test), and TD 4 (Lt.-side, p < 0.001; Rt.-side, p = 0.002, Bonferroni test). There was, however, no noticeable difference between the Lt.-GVS and Rt.-GVS groups (Figure 5E). The probe trial on POD 14 showed substantial improvement after GVS intervention in both side groups (Lt.-side, p < 0.001; Rt.-side, p = 0.003, Bonferroni test), with a significant difference between the Lt.-GVS and Rt.-GVS groups (p = 0.034, F = 0.048, independent t-test) (Figure 5F).




DISCUSSION

Vestibular information has been demonstrated to have a major role in determining egocentric heading and rotations around an earth-vertical axis for accurate spatial performance (74–77). Given the critical function of the vestibular system in spatial orientation with three-dimensional coordinates (17, 30, 31, 78–80) via its multisensory, highly convergent, and highly multimodal mechanisms (10–13, 31), it is reasonable to speculate that unilateral vestibular lesions will affect spatial cognition, as shown in our previous study (22). Both right and left UVD impaired short-term spatial working memory and spatial reference memory during the week after UL, but the deficits recovered within 2 weeks. Long-term spatial cognition, as evidenced by the longer escape latency in hidden platform trials and a decrease in the percentage of time spent in the target quadrant in the probe trial at 2 weeks after UL, was impaired in the UVD groups compared with the control group. Although some processes are shared in the hippocampal CA1 subregion, the short-term and different phases of long-term memory are not sequentially linked, and the consolidation of new memory into long-term memory is time-dependent (66, 81–83). While short-term memory is formed almost immediately and is disrupted by subsequent learning, long-term memory requires consolidation over time as a result of hormonal and neurological influences on memory and the involvement of molecular and cellular mechanisms (66).

Our findings corroborated previous research indicating that acute UVD can cause spatial cognition deficiencies, especially transient short-term and more lasting long-term memory cognition deficits (18–20, 22, 84). Multiple pieces of evidence support our findings, including studies of electrical changes [electrical excitability (85–87), particularly long-term potentiation (86, 88)] and biochemical changes [neuronal nitric oxide synthase expression (23, 85, 89–91), N-methyl-D-aspartate receptor subunit expression (24), glucose metabolism (92), and glucocorticoid receptor expression (93)] and cellular proliferation [Arc, zif268, c-fos gene expression (51, 94, 95)] in the brain, in particular in the hippocampal formation, of UVD individuals both in vitro and in vivo. Several studies have revealed that these alterations can persist for an extended duration following UVD lesions, for 1 month (86) or 5–6 months (85), although the studies did not differentiate between short-term and long-term spatial memory deficits.

The vestibular system integrates multisensory signals, most notably vestibular and visual input (96), between the ipsilateral and contralateral sides of the multi-level brain regions. Despite the lack of animal data for comparison of behaviors between left- and right-sided UL animals, some results from human studies explain the current experimental findings as vestibular lateralization differences reflect evolutionary development between the two species (31, 41). The prevalence of hemispatial neglect and the frequency of spatial processing deficits were significantly higher in right-handers with right hemispheric strokes compared with those of left hemispheric strokes (97). In parallel, pusher syndrome, in which patients actively push away from the non-hemiparetic side and show postural imbalance (98), is observed with a significantly higher frequency in patients with right hemispheric stroke than in those with left hemispheric stroke, and slower recovery from pushing is shown after right hemispheric stroke (99). In addition, cortical and subcortical activation by vestibular caloric stimulation depends on the handedness of the individuals and the side of the stimulated ear, i.e., activation was bilateral but predominant in the hemisphere ipsilateral to the stimulated ear and exhibited right-hemispheric dominance in right-handers or left-hemispheric dominance in left-handers (31). With regard to the pathological state, a recent (18). F-fluorodeoxyglucose (F-FDG) PET study reported that brain activity in the acute phase of right- and left-sided UVD exhibits different compensatory patterns, in which the dominant ascending input is shifted from the ipsilateral to contralateral pathways, presumably due to the missing ipsilateral vestibular input (100). This might imply that the vestibular “dominant” right ear lesion might show more severe consequences than the vestibular “non-dominant” left ear lesion in humans (100, 101). Another study using H2O15-PET imaging demonstrated that the side-specific suppression of vestibular cortex activations was more pronounced in patients with right-sided thalamic lesions than those with left-sided lesions (37). These data demonstrated the functional importance of the dominance of ipsilateral vestibular ascending pathways from the end-organ (ear) to the relay-station (thalamus) and to the vestibular dominant right hemisphere in right-handed individuals (33, 37, 40).

Several human studies have investigated spatial cognition concerning the side of vestibular loss; however, their findings remain controversial (20, 44, 84, 100–102). One study demonstrated differential impairment of embodied spatial cognition between left- and right-sided UVD patients, with left-sided UVD patients more severely affected (44). However, other studies showed that the spatial memory and navigation of right-sided UVD patients were more severely affected (101, 103). The right-sided UVD patients performed significantly worse in the probe trial of virtual MWM, i.e., spending less time and distance searching in the correct quadrant and having a higher heading error than the left-sided UVD patients or controls (101). These findings are compatible with the recently described dominance of the right labyrinth and the vestibular cortex in the right hemisphere (37, 100, 101). This discrepancy can be explained by the variety of spatial cognitive tasks in the study that were driven by distinct brain areas that are lateralized at various levels (44).

Vestibular lateralization studies in animal models such as rodents have been promoted. A recent microPET study revealed that the vestibular processing in rats follows a strong left hemispheric dominance independent from the “handedness” of the animals (41). The authors showed that the left vestibular information was processed by a complex cortical and subcortical network, whereas the right vestibular input was processed by fewer cortical areas, which suggested dominant left-sided vestibular information processing (41). Phylogenetic concepts have led to the hypothesis that the difference in vestibular dominance between rodents and humans is the result of the evolution of speech and handedness in humans, both of which represent mechanisms that could have led to reconfiguration within the vestibular cortical network (31, 41). Considering the vestibular lateralization of the left hemisphere in rodents (41), we hypothesize that the missing dominant ipsilateral input resulted in a more serious outcome than those occurring in missing input of the non-dominant side.

In our previous study, we allocated the cathode to the lesion side (right) and the anode to the intact side (left) for GVS, which resulted in a significant improvement in spatial cognition as well as locomotion and VOR in the UL mouse model (22, 49). In the current study, we used the same protocol for GVS (CLAR in the Lt.-UL and CRAL in the Rt.-UL groups), which helped to rebalance the firing rate with attenuating the intact side and facilitating the lesioned side (26, 28) and accelerate vestibular recovery. Although this study corroborated previous findings of the effects of GVS in improving UVD-induced spatial cognition impairments (22, 104), the precise mechanism remains unknown. However, increasing evidence has shown that GVS enhances the function of spatial navigation through multimodal mechanisms (22). The GVS currently likely operates by modulating the firing rate of vestibular afferents (26, 28), and GVS also excites medial vestibular nuclei and increases the firing rates of hippocampal CA1 complex spike cells corresponding to place cells (105). The electrical stimulation of afferent vestibular fibers evidently enhances the long-term potentiation and long-term depression in the vestibular nuclei of rats in vitro (106–109), which in turn facilitates the effects in the hippocampus. Similarly, GVS has been shown to generate theta activity in numerous areas of the hippocampal formation (110), which plays a pivotal role in spatial information processing and modulates self-movement signals (111). This formation also improves neuronal activity for spatial orientation (112, 113). Additionally, an increase of c-Fos-positive cells in the hippocampus, which is an indicator of neuronal activation, was detected following subsequent repetition of GVS (29, 95).

Our findings showed, for the first time, the differential effects of GVS intervention depending on the lesion sites. The Lt.-UL mice group showed greater improvements after GVS intervention in both short- and long-term spatial memory, which might be due to poor performance in the Lt.-UL mice compared with the Rt.-UL mice before GVS application. Alternatively, this selective effect was due to the results of a functional asymmetry of the vestibular apparatus and a set of common neural mechanisms between each GVS paradigm (CRAL vs. CLAR) and brain regions (114). In a study with healthy subjects with functional MRI (fMRI), the CLAR activated both hemispheres, whereas the CRAL activated only the right hemisphere (115). However, there might be differences between the GVS protocols as well as between patients with UVD and normal individuals; (116) this should be examined in future studies.

In conclusion, our results showed that right- and left-sided UVD impairs spatial cognition and locomotion differently and exhibits different compensatory patterns in mice. Considering that the vestibular processing in rodents follows a strong left hemispheric dominance, ipsilateral peripheral vestibular injuries on the dominant side have more severe consequences and slower recoveries than those on the non-dominant side. We also identified the effects of bipolar GVS on accelerating recovery for UVD-induced spatial cognition when the cathode (stimulating) was assigned to the lesion side. The current findings suggest that sequential bipolar GVS intervention might have substantial implications for comprehensive and specialized management in patients with impairment of spatial cognition, especially induced by unilateral peripheral vestibular damage on the dominant side.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care Committee of Gachon University of Medicine and Science (IRB MRI2019-0008).



AUTHOR CONTRIBUTIONS

S-YO involved in study concept and design and drafting a significant portion of the manuscript. TTN, G-SN, and J-JK involved in acquisition and analysis of data and drafting a significant portion of the manuscript and figures. GCH and J-SK involved in acquisition and analysis of data. J-SK and MD involved in analysis of data and drafting a significant portion of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by a National Research Foundation of Korea (NRF) grant funded by the Korean government (Ministry of Science and ICT) (No. 2019R1A2C1004796), and by the BK21 FOUR Program by Jeonbuk National University Research Grant.



REFERENCES

 1. Olton DS. Spatial memory. Sci Am. (1977) 236:82–99. doi: 10.1038/scientificamerican0677-82

 2. Shinder ME, Taube JS. Differentiating ascending vestibular pathways to the cortex involved in spatial cognition. J Vestib Res. (2010) 20:3–23. doi: 10.3233/VES-2010-0344

 3. Bigelow RT, Agrawal Y. Vestibular involvement in cognition: visuospatial ability, attention, executive function, and memory. J Vestib Res. (2015) 25:73–89. doi: 10.3233/VES-150544

 4. Guidetti G, Guidetti R, Manfredi M, Manfredi M. Vestibular pathology and spatial working memory. Acta Otorhinolaryngol Italica. (2020) 40:72. doi: 10.14639/0392-100X-2189

 5. Burgess N. Spatial cognition and the brain. Ann N Y Acad Sci. (2008) 1124:77–97. doi: 10.1196/annals.1440.002

 6. Eichenbaum H. The role of the hippocampus in navigation is memory. J Neurophysiol. (2017) 117:1785–1796. doi: 10.1152/jn.00005.2017

 7. Hitier M, Besnard S, Smith PF. Vestibular pathways involved in cognition. Front Integr Neurosci. (2014) 8:59. doi: 10.3389/fnint.2014.00059

 8. Aitken P, Zheng Y, Smith PF. Effects of bilateral vestibular deafferentation in rat on hippocampal theta response to somatosensory stimulation, acetylcholine release, and cholinergic neurons in the pedunculopontine tegmental nucleus. Brain Struct Funct. (2017) 222:3319–32. doi: 10.1007/s00429-017-1407-1

 9. Aitken P, Zheng Y, Smith PF. The modulation of hippocampal theta rhythm by the vestibular system. J Neurophysiol. (2018) 119:548–62. doi: 10.1152/jn.00548.2017

 10. Angelaki DE, Cullen KE. Vestibular system: the many facets of a multimodal sense. Annu Rev Neurosci. (2008) 31:125–50. doi: 10.1146/annurev.neuro.31.060407.125555

 11. Vidal P-P, Cullen K, Curthoys I, Du Lac S, Holstein G, Idoux E, et al. The vestibular system. In: The Rat Nervous System. Elsevier (2015). p. 805–64. doi: 10.1016/B978-0-12-374245-2.00028-0 

 12. Wijesinghe R, Protti DA, Camp AJ. Vestibular interactions in the thalamus. Front Neural Circuits. (2015) 9:79. doi: 10.3389/fncir.2015.00079

 13. Dieterich M, Brandt T. Functional brain imaging of peripheral and central vestibular disorders. Brain. (2008) 131:2538–52. doi: 10.1093/brain/awn042

 14. Cullen KE. The vestibular system: multimodal integration and encoding of self-motion for motor control. Trends Neurosci. (2012) 35:185–96. doi: 10.1016/j.tins.2011.12.001

 15. Baek JH, Zheng Y, Darlington CL, Smith PF. Evidence that spatial memory deficits following bilateral vestibular deafferentation in rats are probably permanent. Neurobiol Learn Mem. (2010) 94:402–13. doi: 10.1016/j.nlm.2010.08.007

 16. Russell NA, Horii A, Smith PF, Darlington CL, Bilkey DK. Bilateral peripheral vestibular lesions produce long-term changes in spatial learning in the rat. J Vestib Res. (2003) 13:9–16. doi: 10.3233/VES-2003-13102

 17. Brandt T, Schautzer F, Hamilton DA, Brüning R, Markowitsch HJ, Kalla R, et al. Vestibular loss causes hippocampal atrophy and impaired spatial memory in humans. Brain. (2005) 128:2732–41. doi: 10.1093/brain/awh617

 18. Zheng Y, Darlington CL, Smith PF. Impairment and recovery on a food foraging task following unilateral vestibular deafferentation in rats. Hippocampus. (2006) 16:368–78. doi: 10.1002/hipo.20149

 19. Hamann K-F, Weiss U, Ruile A. Effects of acute vestibular lesions on visual orientation and spatial memory, shown for the visual straight ahead. Ann N Y Acad Sci. (2009) 1164:305–8. doi: 10.1111/j.1749-6632.2009.03867.x

 20. Moser I, Vibert D, Caversaccio MD, Mast FW. Acute peripheral vestibular deficit increases redundancy in random number generation. Exp Brain Res. (2017) 235:627–37. doi: 10.1007/s00221-016-4829-8

 21. Peruch P, Borel L, Gaunet F, Thinus-Blanc G, Magnan J, Lacour M. Spatial performance of unilateral vestibular defective patients in nonvisual versus visual navigation. J Vestib Res. (1999) 9:37–47. doi: 10.3233/VES-1999-9105

 22. Nguyen TT, Nam G-s, Kang J-J, Han GC, Kim JS, Dieterich M, et al. Galvanic vestibular stimulation improves spatial cognition after unilateral labyrinthectomy in mice. Front Neurol. (2021) 12:1261. doi: 10.3389/fneur.2021.716795

 23. Zheng Y, Horii A, Appleton I, Darlington C, Smith P. Damage to the vestibular inner ear causes long-term changes in neuronal nitric oxide synthase expression in the rat hippocampus. Neuroscience. (2001) 105:1–5. doi: 10.1016/S0306-4522(01)00217-2

 24. Liu P, Zheng Y, King J, Darlington C, Smith P. Long-term changes in hippocampal n-methyl-D-aspartate receptor subunits following unilateral vestibular damage in rat. Neuroscience. (2003) 117:965–70. doi: 10.1016/S0306-4522(02)00878-3

 25. Liu P, Zheng Y, King J, Darlington CL, Smith PF. Nitric oxide synthase and arginase expression in the vestibular nucleus and hippocampus following unilateral vestibular deafferentation in the rat. Brain Res. (2003) 966:19–25. doi: 10.1016/S0006-8993(02)04146-X

 26. Utz KS, Dimova V, Oppenländer K, Kerkhoff G. Electrified minds: transcranial direct current stimulation (tDCS) and galvanic vestibular stimulation (GVS) as methods of non-invasive brain stimulation in neuropsychology—a review of current data and future implications. Neuropsychologia. (2010) 48:2789–810. doi: 10.1016/j.neuropsychologia.2010.06.002

 27. Goldberg J, Smith CE, Fernandez C. Relation between discharge regularity and responses to externally applied galvanic currents in vestibular nerve afferents of the squirrel monkey. J Neurophysiol. (1984) 51:1236–56. doi: 10.1152/jn.1984.51.6.1236

 28. Curthoys IS, MacDougall HG. What galvanic vestibular stimulation actually activates. Front Neurol. (2012) 3:117. doi: 10.3389/fneur.2012.00117

 29. Ghahraman MA, Zahmatkesh M, Pourbakht A, Seifi B, Jalaie S, Adeli S, et al. Noisy galvanic vestibular stimulation enhances spatial memory in cognitive impairment-induced by intracerebroventricular-streptozotocin administration. Physiol Behav. (2016) 157:217–24. doi: 10.1016/j.physbeh.2016.02.021

 30. Dieterich M, Brandt T. Global orientation in space and the lateralization of brain functions. Curr Opin Neurol. (2018) 31:96–104. doi: 10.1097/WCO.0000000000000516

 31. Dieterich M, Bense S, Lutz S, Drzezga A, Stephan T, Bartenstein P, et al. Dominance for vestibular cortical function in the non-dominant hemisphere. Cerebral Cortex. (2003) 13:994–1007. doi: 10.1093/cercor/13.9.994

 32. zu Eulenburg P, Caspers S, Roski C, Eickhoff SB. Meta-analytical definition and functional connectivity of the human vestibular cortex. Neuroimage. (2012) 60:162–9. doi: 10.1016/j.neuroimage.2011.12.032

 33. Janzen J, Schlindwein P, Bense S, Bauermann T, Vucurevic G, Stoeter P, et al. Neural correlates of hemispheric dominance and ipsilaterality within the vestibularsystem. Neuroimage. (2008) 42:1508–18. doi: 10.1016/j.neuroimage.2008.06.026

 34. Fasold O, von Brevern M, Kuhberg M, Ploner CJ, Villringer A, Lempert T, et al. Human vestibular cortex as identified with caloric stimulation in functional magnetic resonance imaging. Neuroimage. (2002) 17:1384–93. doi: 10.1006/nimg.2002.1241

 35. De Schotten MT, Dell'Acqua F, Forkel S, Simmons A, Vergani F, Murphy DGM, et al. A lateralized brain network for visuo-spatial attention. Nat Neurosci. (2011) 14:1245–6. doi: 10.1038/nn.2905

 36. Eickhoff SB, Weiss PH, Amunts K, Fink GR, Zilles K. Identifying human parieto-insular vestibular cortex using fMRI and cytoarchitectonic mapping. Hum Brain Mapp. (2006) 27:611–21. doi: 10.1002/hbm.20205

 37. Dieterich M, Bartenstein P, Spiegel S, Bense S, Schwaiger M, Brandt T. Thalamic infarctions cause side-specific suppression of vestibular cortex activations. Brain. (2005) 128:2052–67. doi: 10.1093/brain/awh551

 38. Raiser T, Flanagin VL, Duering M, van Ombergen A, Ruehl RM, zu Eulenburg P. The human corticocortical vestibular network. Neuroimage. (2020) 223:117362. doi: 10.1016/j.neuroimage.2020.117362

 39. Jager G, Postma A. On the hemispheric specialization for categorical and coordinate spatial relations: a review of the current evidence. Neuropsychologia. (2003) 41:504–15. doi: 10.1016/S0028-3932(02)00086-6

 40. Lopez C, Blanke O, Mast F. The human vestibular cortex revealed by coordinate-based activation likelihood estimation meta-analysis. Neuroscience. (2012) 212:159–79. doi: 10.1016/j.neuroscience.2012.03.028

 41. Best C, Lange E, Buchholz H-G, Schreckenberger M, Reuss S, Dieterich M. Left hemispheric dominance of vestibular processing indicates lateralization of cortical functions in rats. Brain Struct Funct. (2014) 219:2141–58. doi: 10.1007/s00429-013-0628-1

 42. Reuss S, Siebrecht E, Stier U, Buchholz HG, Bausbacher N, Schabbach N, et al. Modeling vestibular compensation: neural plasticity upon thalamic lesion. Front Neurol. (2020) 11:441. doi: 10.3389/fneur.2020.00441

 43. Indovina I, Bosco G, Riccelli R, Maffei V, Lacquaniti F, Passamonti L, et al. Structural connectome and connectivity lateralization of the multimodal vestibular cortical network. Neuroimage. (2020) 222:117247. doi: 10.1016/j.neuroimage.2020.117247

 44. Deroualle D, Borel L, Tanguy B, Bernard-Demanze L, Devèze A, Montava M, et al. Unilateral vestibular deafferentation impairs embodied spatial cognition. J Neurol. (2019) 266:149–159. doi: 10.1007/s00415-019-09433-7

 45. Kim MJ, Kim N, Lee EJ, Han GC. “Tail-Hanging Test” behavioral parameter of vestibular deficit and compensation in labyrinthectomized mouse model. J Int Adv Otol. (2012) 8:453–62. 

 46. Chang MY, Park MK, Park SH, Suh M-W, Lee JH, Oh SH. Surgical labyrinthectomy of the rat to study the vestibular system. J Vis Exp. (2018) 57681. doi: 10.3791/57681

 47. Beraneck M, McKee JL, Aleisa M, Cullen KE. Asymmetric recovery in cerebellar-deficient mice following unilateral labyrinthectomy. J Neurophysiol. (2008) 100:945–58. doi: 10.1152/jn.90319.2008

 48. Simon F, Pericat D, Djian C, Fricker D, Denoyelle F, Beraneck M. Surgical techniques and functional evaluation for vestibular lesions in the mouse: unilateral labyrinthectomy (UL) and unilateral vestibular neurectomy (UVN). J Neurol. (2020) 267(Suppl. 1):51–61. doi: 10.1007/s00415-020-09960-8

 49. Nam G-s, Nguyen TT, Kang J-J, Han GC, Oh S-Y. Effects of galvanic vestibular stimulation on vestibular compensation in unilaterally labyrinthectomized mice. Front Neurol. (2021) 12:736849. doi: 10.3389/fneur.2021.736849

 50. Péricat D, Farina A, Agavnian-Couquiaud E, Chabbert C, Tighilet B. Complete and irreversible unilateral vestibular loss: a novel rat model of vestibular pathology. J Neurosci Methods. (2017) 283:83–91. doi: 10.1016/j.jneumeth.2017.04.001

 51. Kim MS, Kim JH, Jin Y-Z, Kry D, Park BR. Temporal changes of cFos-like protein expression in medial vestibular nuclei following arsanilate-induced unilateral labyrinthectomy in rats. Neurosci Lett. (2002) 319:9–12. doi: 10.1016/S0304-3940(01)02422-3

 52. Loss CM, Córdova SD, Callegari-Jacques SM, de Oliveira DL. Time-of-day influence on exploratory behaviour of rats exposed to an unfamiliar environment. Behaviour. (2014) 151:1943–66. doi: 10.1163/1568539X-00003224 

 53. Belzung C. Open-field test. In: Stolerman I, Price L, editors. Encyclopedia of Psychopharmacology. Berlin; Heidelberg: Springer. (2014). p. 1–5 doi: 10.1007/978-3-642-27772-6_158-2 

 54. Kim MJ, Hwang HJ, Chung SW, Han GC. Measuring the behavioral parameters of mouse following unilateral labyrinthectomy in round free field using an infrared lamp and a simple webcam camera. Res Vestib Sci. (2011) 10:12–18. 

 55. Lalonde R. The neurobiological basis of spontaneous alternation. Neurosci Biobehav Rev. (2002) 26:91–104. doi: 10.1016/S0149-7634(01)00041-0

 56. Kraeuter A-K, Guest PC, Sarnyai Z. The Y-Maze for assessment of spatial working and reference memory in mice. Methods Mol Biol. (2019) 1916:105–11. doi: 10.1007/978-1-4939-8994-2_10

 57. Han GC, Kim M, Kim MJ. Identification of vestibular organ originated information on spatial memory in mice. Res Vestib Sci. (2018) 17:134–41. doi: 10.21790/rvs.2018.17.4.134 

 58. Thompson BL, Levitt P, Stanwood GD. Prenatal cocaine exposure specifically alters spontaneous alternation behavior. Behav Brain Res. (2005) 164:107–16. doi: 10.1016/j.bbr.2005.06.010

 59. Vorhees CV, Williams MT. Morris water maze: procedures for assessing spatial and related forms of learning and memory. Nat Protoc. (2006) 1:848. doi: 10.1038/nprot.2006.116

 60. Barnhart CD, Yang D, Lein PJ. Using the Morris water maze to assess spatial learning and memory in weanling mice. PLoS One. (2015) 10:e0124521. doi: 10.1371/journal.pone.0124521

 61. Van Dam D, Lenders G, De Deyn PP. Effect of Morris water maze diameter on visual-spatial learning in different mouse strains. Neurobiol Learn Mem. (2006) 85:164–72. doi: 10.1016/j.nlm.2005.09.006

 62. D'Hooge R, De Deyn PP. Applications of the Morris water maze in the study of learning and memory. Brain Res Rev. (2001) 36:60–90. doi: 10.1016/S0165-0173(01)00067-4

 63. Garthe A, Kempermann G. An old test for new neurons: refining the Morris water maze to study the functional relevance of adult hippocampal neurogenesis. Front Neurosci. (2013) 7:63. doi: 10.3389/fnins.2013.00063

 64. Sutherland R, Chew G, Baker J, Linggard R. Some limitations on the use of distal cues in place navigation by rats. Psychobiology. (1987) 15:48–57. 

 65. Dember WN, Fowler H. Spontaneous alternation after free and forced trials. Canad J Psychol. (1959) 13:151. doi: 10.1037/h0083776

 66. McGaugh JL. Memory–a century of consolidation. Science. (2000) 287:248–51. doi: 10.1126/science.287.5451.248

 67. Sharma S, Rakoczy S, Brown-Borg H. Assessment of spatial memory in mice. Life Sci. (2010) 87:521–36. doi: 10.1016/j.lfs.2010.09.004

 68. Dudchenko PA. An overview of the tasks used to test working memory in rodents. Neurosci Biobehav Rev. (2004) 28:699–709. doi: 10.1016/j.neubiorev.2004.09.002

 69. Lipkind D, Sakov A, Kafkafi N, Elmer GI, Benjamini Y, Golani I. New replicable anxiety-related measures of wall vs. center behavior of mice in the open field. J Appl Physiol. (2004) 97:347–59. doi: 10.1152/japplphysiol.00148.2004

 70. Seibenhener ML, Wooten MC. Use of the open field maze to measure locomotor and anxiety-like behavior in mice. J Vis Exp. (2015) e52434. doi: 10.3791/52434

 71. Simon P, Dupuis R, Costentin J. Thigmotaxis as an index of anxiety in mice. influence of dopaminergic transmissions. Behav Brain Res. (1994) 61:59–64. doi: 10.1016/0166-4328(94)90008-6

 72. Treit D, Fundytus M. Thigmotaxis as a test for anxiolytic activity in rats. Pharmacol Biochem Behav. (1988) 31:959–62. doi: 10.1016/0091-3057(88)90413-3

 73. Fitzgerald LW, Dokla CP. Morris water task impairment and hypoactivity following cysteamine-induced reductions of somatostatin-like immunoreactivity. Brain Res. (1989) 505:246–50. doi: 10.1016/0006-8993(89)91450-9

 74. Butler JS, Smith ST, Campos JL, Bülthoff HH. Bayesian integration of visual and vestibular signals for heading. J Vis. (2010) 10:23. doi: 10.1167/10.11.23

 75. Fetsch CR, Turner AH, DeAngelis GC, Angelaki DE. Dynamic reweighting of visual and vestibular cues during self-motion perception. J Neurosci. (2009) 29:15601–12. doi: 10.1523/JNEUROSCI.2574-09.2009

 76. Frissen I, Campos JL, Souman JL, Ernst MO. Integration of vestibular and proprioceptive signals for spatial updating. Exp Brain Res. (2011) 212:163–76. doi: 10.1007/s00221-011-2717-9

 77. Yoder RM, Taube JS. The vestibular contribution to the head direction signal and navigation. Front Integr Neurosci. (2014) 8:32. doi: 10.3389/fnint.2014.00032

 78. Vrijer MD,. Multisensory Integration in Spatial Orientation: [Sl]: sn [Donders series 22] (2010). Available online at: http://repository.ubn.ru.nl/bitstream/2066/76508/1/multinins.pdf 

 79. Berthoz A, Viaud-Delmon I. Multisensory integration in spatial orientation. Curr Opin Neurobiol. (1999) 9:708–12. doi: 10.1016/S0959-4388(99)00041-0

 80. McNaughton BL, Barnes CA, Gerrard JL, Gothard K, Jung MW, Knierim JJ, et al. Deciphering the hippocampal polyglot: the hippocampus as a path integration system. J Exp Biol. (1996) 199:173–85. doi: 10.1242/jeb.199.1.173

 81. Emptage NJ, Carew TJ. Long-term synaptic facilitation in the absence of short-term facilitation in Aplysia neurons. Science. (1993) 262:253–6. doi: 10.1126/science.8211146

 82. Izquierdo I, Barros DM, e Souza TM, de Souza MM, Izquierdo LA, Medina JH. Mechanisms for memory types differ. Nature. (1998) 393:635–6. doi: 10.1038/31371

 83. Izquierdo LA, Vianna M, Barros DM, e Souza TM, Ardenghi P, Sant'Anna MK, et al. Short-and long-term memory are differentially affected by metabolic inhibitors given into hippocampus and entorhinal cortex. Neurobiol Learn Mem. (2000) 73:141–9. doi: 10.1006/nlme.1999.3925

 84. Popp P, Wulff M, Finke K, Rühl M, Brandt T, Dieterich M. Cognitive deficits in patients with a chronic vestibular failure. J Neurol. (2017) 264:554–63. doi: 10.1007/s00415-016-8386-7

 85. Zheng Y, Kerr DS, Darlington CL, Smith PF. Unilateral inner ear damage results in lasting changes in hippocampal CA1 field potentials in vitro. Hippocampus. (2003) 13:873–8. doi: 10.1002/hipo.10174

 86. Lee GW, Kim JH, Kim MS. Reduction of long-term potentiation at Schaffer collateral-CA1 synapses in the rat hippocampus at the acute stage of vestibular compensation. Korean J Physiol Pharmacol. (2017) 21:423. doi: 10.4196/kjpp.2017.21.4.423

 87. Chapuis N, Krimm M, de Waele C, Vibert N, Berthoz A. Effect of post-training unilateral labyrinthectomy in a spatial orientation task by guinea pigs. Behav Brain Res. (1992) 51:115–26. doi: 10.1016/S0166-4328(05)80205-0

 88. Hölscher C. Long-term potentiation: a good model for learning and memory? Prog Neuro-Psychopharmacol Biol Psychiatry. (1997) 21:47–68. doi: 10.1016/S0278-5846(96)00159-5

 89. Schuman EM, Madison DV. A requirement for the intercellular messenger nitric oxide in long-term potentiation. Science. (1991) 254:1503–6. doi: 10.1126/science.1720572

 90. Liu P, Gliddon CM, Lindsay L, Darlington CL, Smith PF. Nitric oxide synthase and arginase expression changes in the rat perirhinal and entorhinal cortices following unilateral vestibular damage: a link to deficits in object recognition? J Vestib Res. (2004) 14:411–7. doi: 10.3233/VES-2004-14601

 91. Zheng Y, Horii A, Smith PF, Darlington CL. Differences in NOS protein expression and activity in the rat vestibular nucleus following unilateral labyrinthectomy. Mol Brain Res. (2001) 88:166–70. doi: 10.1016/S0169-328X(01)00033-X

 92. Zwergal A, Schlichtiger J, Xiong G, Beck R, Günther L, Schniepp R, et al. Sequential [18 F] FDG μPET whole-brain imaging of central vestibular compensation: a model of deafferentation-induced brain plasticity. Brain Struct Funct. (2016) 221:159–70. doi: 10.1007/s00429-014-0899-1

 93. Lindsay L, Liu P, Gliddon C, Zheng Y, Smith PF, Darlington CL. Cytosolic glucocorticoid receptor expression in the rat vestibular nucleus and hippocampus following unilateral vestibular deafferentation. Exp Brain Res. (2005) 162:309–14. doi: 10.1007/s00221-004-2168-7

 94. Cirelli C, Pompeiano M, D'Ascanio P, Arrighi P, Pompeiano O. c-fos Expression in the rat brain after unilateral labyrinthectomy and its relation to the uncompensated and compensated stages. Neuroscience. (1996) 70:515–46. doi: 10.1016/0306-4522(95)00369-X

 95. Holstein GR, Friedrich Jr VL, Martinelli GP, Ogorodnikov D, Yakushin SB, Cohen B. Fos expression in neurons of the rat vestibulo-autonomic pathway activated by sinusoidal galvanic vestibular stimulation. Front Neurol. (2012) 3:4. doi: 10.3389/fneur.2012.00004

 96. Kirsch V, Keeser D, Hergenroeder T, Erat O, Ertl-Wagner B, Brandt T, et al. Structural and functional connectivity mapping of the vestibular circuitry from human brainstem to cortex. Brain Struct Funct. (2016) 221:1291–308. doi: 10.1007/s00429-014-0971-x

 97. Beis J-M, Keller C, Morin N, Bartolomeo P, Bernati T, Chokron S, et al. Right spatial neglect after left hemisphere stroke: qualitative and quantitative study. Neurology. (2004) 63:1600–5. doi: 10.1212/01.WNL.0000142967.60579.32

 98. Karnath H-O, Broetz D. Understanding and treating “pusher syndrome”. Phys Ther. (2003) 83:1119–25. doi: 10.1093/ptj/83.12.1119 

 99. Abe H, Kondo T, Oouchida Y, Suzukamo Y, Fujiwara S, Izumi S-I. Prevalence and length of recovery of pusher syndrome based on cerebral hemispheric lesion side in patients with acute stroke. Stroke. (2012) 43:1654–6. doi: 10.1161/STROKEAHA.111.638379

 100. Becker-Bense S, Dieterich M, Buchholz H-G, Bartenstein P, Schreckenberger M, Brandt T. The differential effects of acute right-vs. left-sided vestibular failure on brain metabolism. Brain Struct Funct. (2014) 219:1355–67. doi: 10.1007/s00429-013-0573-z

 101. Hüfner K, Hamilton DA, Kalla R, Stephan T, Glasauer S, Ma J, et al. Spatial memory and hippocampal volume in humans with unilateral vestibular deafferentation. Hippocampus. (2007) 17:471–85. doi: 10.1002/hipo.20283

 102. Ayar DA, Kumral E, Celebisoy N. Cognitive functions in acute unilateral vestibular loss. J Neurol. (2020) 267(Suppl. 1):153–9. doi: 10.1007/s00415-020-09829-w

 103. Jeon S-H, Kim K-W, Shin H-J, Shin B-S, Seo M-W, Oh S-Y. Visuospatial dysfunction in patients with the right vestibular neuritis. Res Vestib Sci. (2019) 18:19–23. doi: 10.21790/rvs.2019.18.1.19 

 104. Shaabani M, Lotfi Y, Karimian SM, Rahgozar M, Hooshmandi M. Short-term galvanic vestibular stimulation promotes functional recovery and neurogenesis in unilaterally labyrinthectomized rats. Brain Res. (2016) 1648:152–62. doi: 10.1016/j.brainres.2016.07.029

 105. Horii A, Russell NA, Smith PF, Darlington CL, Bilkey DK. Vestibular influences on CA1 neurons in the rat hippocampus: an electrophysiological study in vivo. Exp Brain Res. (2004) 155:245–50. doi: 10.1007/s00221-003-1725-9

 106. Grassi S, Frondaroli A, Dieni C, Scarduzio M, Pettorossi VE. Long-term potentiation in the rat medial vestibular nuclei depends on locally synthesized 17β-estradiol. J Neurosci. (2009) 29:10779–83. doi: 10.1523/JNEUROSCI.1697-09.2009

 107. Pettorossi VE, Dutia M, Frondaroli A, Dieni C, Grassi S. Long-term potentiation and depression after unilateral labyrinthectomy in the medial vestibular nucleus of rats. Acta Otolaryngol. (2003) 123:182–6. doi: 10.1080/0036554021000028093

 108. Scarduzio M, Panichi R, Pettorossi VE, Grassi S. The repetition timing of high frequency afferent stimulation drives the bidirectional plasticity at central synapses in the rat medial vestibular nuclei. Neuroscience. (2012) 223:1–11. doi: 10.1016/j.neuroscience.2012.07.039

 109. Pettorossi V, Dieni C, Scarduzio M, Grassi S. Long-term potentiation of synaptic response and intrinsic excitability in neurons of the rat medial vestibular nuclei. Neuroscience. (2011) 187:1–14. doi: 10.1016/j.neuroscience.2011.04.040

 110. Cuthbert PC, Gilchrist DP, Hicks SL, MacDougall HG, Curthoys IS. Electrophysiological evidence for vestibular activation of the guinea pig hippocampus. Neuroreport. (2000) 11:1443–7. doi: 10.1097/00001756-200005150-00018

 111. Huxter J, Burgess N, O'Keefe J. Independent rate and temporal coding in hippocampal pyramidal cells. Nature. (2003) 425:828–32. doi: 10.1038/nature02058

 112. Pyykkö I, Magnusson M. Neural activity, alertness and visual orientation in intact and unilaterally labyrinthectomized rabbits. ORL. (1987) 49:26–34. doi: 10.1159/000275903

 113. Ringo JL, Sobotka S, Diltz MD, Bunce CM. Eye movements modulate activity in hippocampal, parahippocampal, and inferotemporal neurons. J Neurophysiol. (1994) 71:1285–8. doi: 10.1152/jn.1994.71.3.1285

 114. Lenggenhager B, Lopez C, Blanke O. Influence of galvanic vestibular stimulation on egocentric and object-based mental transformations. Exp Brain Res. (2008) 184:211–21. doi: 10.1007/s00221-007-1095-9

 115. Fink GR, Marshall JC, Weiss PH, Stephan T, Grefkes C, Shah NJ, et al. Performing allocentric visuospatial judgments with induced distortion of the egocentric reference frame: an fMRI study with clinical implications. Neuroimage. (2003) 20:1505–17. doi: 10.1016/j.neuroimage.2003.07.006

 116. Saj A, Honore J, Rousseaux M. Perception of the vertical in patients with right hemispheric lesion: effect of galvanic vestibular stimulation. Neuropsychologia. (2006) 44:1509–12. doi: 10.1016/j.neuropsychologia.2005.11.018

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Nguyen, Nam, Kang, Han, Kim, Dieterich and Oh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-12-789487-g005.gif





OPS/images/inline_1.gif
path length (mm)
escape latency (s)





OPS/images/fneur-12-789487-g003.gif





OPS/images/fneur-12-789487-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Differential Effects of Acute Right- vs. Left-Sided Vestibular Deafferentation on Spatial Cognition in Unilateral Labyrinthectomized Mice



		Introduction



		Materials and Methods



		Animals



		Study Design



		OF Task



		Y Maze



		MWM









		Statistical Analysis







		Results



		Locomotion Following Acute Right- vs. Left-Sided UL in Mice



		Spatial Cognition Deficits Following Acute Right- vs. Left-Sided UL in Mice



		Efficacy of GVS on Spatial Cognition Depending on the Lesion Side in UVD in Mice







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

The Differential Effects of Acute
Right- vs. Left-Sided Vestibular
Deafferentation on Spatial Cognition
in Unilateral Labyrinthectomized
Mice





OPS/images/fneur-12-789487-g001.gif
daolb S

]

T

T T 1w

[

f

-0

wevs

. — 1

\ R 1 mos

?® T T T 1 Contmt
elelelelele]






OPS/images/fneur-12-789487-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





