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Abstract
Aims: To investigate the role of mGluR1α in cerebellar unipolar brush cells (UBC) 
in mediating vestibular compensation (VC), using mGluR1α agonist and antagonist 
to modulate ON UBC neurons, and explore the mGluR1/IP3/extracellular signal-
regulated kinase (ERK) signaling pathway.
Methods: First, AAV virus that knockdown ON UBC (mGluR1α) were injected into 
cerebellar UBC by stereotactic, and verified by immunofluorescence and western 
blot. The effect on VC was evaluated after unilateral labyrinthectomy (UL). Second, 
saline, (RS)-3,5-dihydroxyphenylglycine (DHPG), and LY367385 were injected into 
tubes implanted in rats at different time points after UL separately. The effect on ON 
UBC neuron activity was evaluated by immunofluorescence. Then, Phosphoinositide 
(PI) and p-ERK1/2 levels of mGluR1α were analyzed by ELISA after UL. The protein 
levels of p-ERK and total ERK were verified by western blot. In addition, the effect of 
mGluR1α activation or inhibition on VC-related behavior was observed.
Results: mGluR1α knockdown induced VC phenotypes. DHPG increased ON UBC ac-
tivity, while LY367385 reduced ON UBC activity. DHPG group showed an increase in 
PI and p-ERK1/2 levels, while LY367385 group showed a decrease in PI and p-ERK1/2 
levels in cerebellar UBC of rats. The western blot results of p-ERK and total ERK con-
firm and support the observations. DHPG alleviated VC-related behavior phenotypes, 
while LY367385 exacerbated vestibular decompensation-like behavior induced by UL.
Conclusion: mGluR1α activity in cerebellar ON UBC is crucial for mediating VC 
through the mGluR1/IP3/ERK signaling pathway, which affects ON UBC neuron ac-
tivity and contributes to the pathogenesis of VC.
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1  |  INTRODUC TION

Vestibular compensation (VC) is a process of adaptation and recov-
ery that occurs in central nerve system following unilateral periph-
eral vestibular damage.1–3 The vestibular system principally targets 
the medial vestibular nuclei (MVN) and the cerebellum, with the 
MVN serving as the primary processor of vestibular inputs. Upon 
unilateral vestibular damage, the spontaneous activity in MVN 
neurons was re-balanced and the process can modulate VC, and 
this rebalancing process is regulated by the cerebellum. The floc-
culus, a major lobe of the cerebellum, projects to the MVN and 
plays a critical role in the vestibulo-ocular reflex. The cerebellum 
receives inputs from various structures, including the MVN and 
spinal cord, via mossy fibers, which form synapses with granule 
cells and interneurons in the granular layer. Granule cells provide 
feedforward control to Purkinje cells and are feedforward con-
trolled by interneurons, including unipolar brush cells (UBCs) and 
Golgi cells. UBCs contribute to feedforward excitation, while Golgi 
cells are responsible for inhibitory control. Thus, the proper func-
tioning of UBCs and Golgi cells is crucial for the normal operation 
of the flocculus.

UBCs in the flocculus fall into two categories, that is, ON and 
OFF subtypes, in terms of their receptor expression in response to 
input signals from mossy fibers. OFF UBCs exhibit a suppressed 
firing activity mediated by the inhibitory receptor type II metabo-
tropic glutamate receptors (mGluR2/3).4,5 On the other hand, 
ON UBCs display activated firing through the excitatory recep-
tor mGluR1α.6,7 The diametrically opposite expression patterns 
of the two subtypes complement each other in the regulation of 
VC.8 Moreover, Gliddon et al.9 demonstrated that administration of 
mGluR1 antagonists effectively mitigated spontaneous nystagmus 
in the MVN after unilateral vestibular damage. However, the how 
they are involved in the recovery following peripheral vestibular 
damage remain unknown.

mGluR1 initiates the downstream signal transduction pathways, 
the signaling molecules including protein kinase C (PKC), inositol 
1,4,5-triphosphate (IP3), and diacylglycerol.10,11 This activation sub-
sequently activates the extracellular signal-regulated kinase (ERK) 
signaling pathway. ERK plays a crucial role in the regulation of cel-
lular responses by transmitting external stimuli from the cytoplasm 
to the nucleus, thereby modulating substrate protein or expression 
of some genes, including immediate early genes. On the basis of the 
aforementioned findings,8 we are led to postulate, for the first time, 
that the mGluR1/IP3/ERK signaling pathway in ON UBCs within the 
cerebellar flocculus may well play a pivotal role in the post-unilateral 
labyrinthectomy (UL) mediation of VC.

To verify our hypothesis, we created a knockdown model and 
used pharmacological interventions to examine the role of mGluR1α 
in VC. We then evaluated the effect of these interventions on cer-
ebellar neurons and downstream signal transduction pathways as-
sociated with VC. This study focused on the critical involvement of 
mGluR1α in cerebellar UBCs in the mediation of VC via the mGluR1/
IP3/ERK signaling pathway.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

Male Sprague Dawley (SD) rats aged 8~10 weeks and weighted 180–
200 g were obtained from the Experimental Animal Research Center 
of Hubei Province and properly treated by following the Guidelines 
for the Care and Use of Laboratory Animals.12 Animals were group-
housed at a constant temperature of 22 ± 1°C and in 65 ± 5% humid-
ity under a 12-h light/dark cycle, with an ad libitum access to food 
and water. The study was approved by the Animal Ethics Committee 
of Huazhong University of Science and Technology, Wuhan, China 
(Serial No: 82071508).

2.2  |  Unilateral labyrinthectomy

UL13,14 was performed on the right side of male SD rats aged 
8–10 weeks under anesthesia. The operator made an incision, 
opened the tympanic bulla wall, removed the tympanic bulla, mal-
leus, and incus, and destroyed the vestibule with absolute alcohol. A 
sham operation was done on the control rats without destroying the 
tympanic membrane and ossicles.

2.3  |  Exclusion criteria

Animals were excluded from the study if any of the following symp-
toms appeared15: (1) a body weight loss of more than 20%, (2) cor-
neal ulceration, which might result from an inadvertent facial nerve 
damage, (3) tympanic cavity bleeding, and (4) abnormal behaviors, 
such as convulsions, paresis or hemiataxia.

2.4  |  Behavioral assessment

Blinded assessors scored the static symptoms of vestibular imbal-
ance,8,13,14,16,17 including spontaneous nystagmus, head tilt, postural 
asymmetry, and tall-hanging test, presented in behavioral tests. Spon-
taneous nystagmus was recorded by a video eye-tracking system and 
scored on a scale of 6~10 points in terms of bpm. If the nystagmus 
vanished, air-blowing over the head was used to evoke it. The result 
was scored on a six-point scale. Head tilt was graded in terms of the 
angle between the jaw and the horizontal plane, with 90° angle listed 
as 10 points, 60° angle as seven points, and 45° angle as five points, 
when the animal was made to lie or barrel-roll on the side of the le-
sion. Postural asymmetry was rated as follows: spontaneous barrel 
rolling was awarded 10 points; barrel rolling elicited by a light touch or 
a puff of air nine points; the recumbent position on the deafferented 
side without leg support eight points; need of ipsilesional leg sup-
port 7–6 points; movement with bilateral leg support five points; oc-
casional postural asymmetry 4–3 points; barely perceptible postural 
asymmetry 2–1 point(s). Tall-hanging test was conducted by hoisting 
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animals off the ground by their tails. Results were graded on a 0–10 
point scale, with angles between 0° and 180° listed as 0–6 points, and 
angles between 180° and 360° or over as 8–10 points.

2.5  |  Stereotaxic virus injection

(1) Anesthesia: Male SD rats were anesthetized with pentobarbital so-
dium (40 mg/kg, ip) and fixed on a dual-arm stereotaxic instrument with 
ear rods at a height of 10 mm on both sides and a fixed rod at 12 mm on 
the head. The head hair was shaved off, and tinfoil was used to shield 
the eyes from cold light. Indoor temperature was controlled to keep 
the rats warm throughout the experiment. (2) Leveling: After fixation 
of the rats, the scalp was cut open and disinfected. The fascial tissue 
was removed to expose the skull, and the anterior and posterior fonta-
nelles were observed. The head was adjusted to put fontanelles at right 
levels, front to back and left to right, with the height difference being 
less than or equal to 0.06 mm. (3) Borehole: After leveling, the distance 
between the anterior and posterior fontanelles was recorded and con-
verted to the actual coordinates of the target brain area (AP = −4.5 mm, 
ML = −10 mm, DV = 7.8 mm). The skull surface was marked at/in the tar-
get brain area on the basis of the coordinates and then drilled to make 
a hole. Care should be exercised not to damage the rat's brain by apply-
ing too much force while drilling. (4) Virus injection: To inject the virus, 
a 10 μL glass microsyringe was used, and 400 nL of virus (NC group: 
pAAV-U6-shRNA(NC)-CMV-EGFP-WPRE and mGluR1α-shRNA group: 
pAAV-U6-shRNA(Grml)-CMV-EGFP-WPRE) was injected into the tar-
get brain area at a speed of 50 nL/min. After the injection, the needle 
was allowed to stay for 15 min to prevent virus leakage and backflow. (5) 
Postoperative treatment: After surgery, the wound was disinfected and 
the scalp was closed by suturing. The rat was taken off the stereotaxic 
apparatus, placed on an electric blanket to maintain body temperature, 
and returned to a cage with access to food and water.

2.6  |  Immunostaining

Rats were anesthetized and perfused with saline and PFA solution. 
The cerebellum was dissected, post-fixed and OCT-embedded for 
cryostat sectioning. Sections of 20 μm thickness were prepared, 
blocked with PBS containing 10% normal donkey serum and 0.1% 
Triton X-100, and then incubated with primary antibodies against 
c-fos (1:200; Immunoway, USA, Code No: YM3469) and mGluR1α 
(1:200; BD Pharmingen, Code No: 556389) overnight at 4°C. After 
washing with PBS, sections were incubated with fluorescent-labeled 
secondary antibodies (mixture of Alexa Fluor 488, Donkey Anti-
mouse, 1:200, Jackson ImmunoResearch, Code No: 715-545-151) 
and Alexa Fluor 680, Donkey Anti-Rabbit, 1:200, Jackson Immu-
noResearch, Code No: 711-625-152) for 1 h and mounted on glass 
slides. Images were acquired by using a Zeiss microscope LSM 800 
System and analyzed for neuron counts using Image-Pro-Plus soft-
ware. All images were obtained under the identical conditions, and 
histologically quantified performed by a blinded investigator.

2.7  |  Western Blot

Flocculus tissue was isolated on ice and homogenized in an ice-cold 
RIPA Lysis Buffer (Beyotime) with proteinase inhibitors. The super-
natant was collected by centrifugation at 12,000 rpm for 15 min at 
4°C. Protein concentration was determined by using an Enhanced 
BCA Protein Assay Kit (Beyotime). Protein lysates (20 μg) were sep-
arated on 12% SDS-polyacrylamide gels and transferred to PVDF 
membranes. The membranes were blocked and incubated with pri-
mary antibodies overnight at 4°C. The primary antibodies used were 
mouse-anti-mGluR1α (1:1000, BD Pharmingen, Code No: 556389), 
rabbit-ERK (1:1000, Immunoway, Code No: YT1625), rabbit-p-ERK 
(1:1000, Immunoway, Code No: YP0101), rabbit-α-Tubulin (1:4000, 
Abclonal, Code No: AC003), and rabbit-anti-β-actin (1:5000, Ant-
gene, Code No: ANT321). The membranes were then incubated 
with HRP-conjugated secondary antibodies (1:3000, AntGene) and 
washed to remove excess primary antibody. Bands were detected 
by employing BeyoECL Plus (Beyotime) and digitally quantified by 
utilizing Image-Pro Plus 6.0 software (Media Cybernetics, Inc.).

2.8  |  Implantation of catheter and 
administration of drugs through the catheter

(1) Anesthesia: The same method was used with stereotaxic virus in-
jection. (2) Leveling: The same technique was employed with stere-
otaxic virus injection. (3) Borehole: The hole-boring was the same 
as that used in stereotaxic virus injection. (4) Burial of skull screws: 
In addition to the target brain area, a mini screwdriver was utilized 
to drive skull screws into the drilled holes. (5) Cannula insertion: A 
cannula of the specified parameters (C = 9 mm, G2 = 0, G1 = 0.5 mm) 
was introduced by using a cannula holder. The cannula was adjusted 
to zero position with micromanipulation, and then inserted to the 
target brain area against the stereotactic coordinates obtained. The 
cannula was advanced downwards to the target brain area. (6) Dental 
cement fixation: Mental cement powder and liquid were mixed, with 
the mixture applied to the skull screw and cannula site, and allowed 
to bind tightly to the rat skull. (7) Postoperative recovery/treatment: 
Postoperative treatment was the same as that for stereotaxic virus 
injection. (8) Cannula administration: The rats were medicated via 
the injection cannula at a dose of 1000 nL at a rate of 100 nL/min, 
and the needle was allowed to stay for 5 min after the procedure 
ended. The rat was put back to its feeding cage after the procedures.

2.9  |  ELISA

Sample collection and processing: Flocculus tissue was homog-
enized with PBS and centrifuged, with the supernatant collected for 
testing. Standard wells were prepared with different concentrations 
of standards. Test samples were diluted with sample diluent. The 
enzyme marker was added and the resultant sample was incubated 
at 37°C for 30 min. The samples were then washed with diluted 
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washing solution and then color developers A and B were added. 
The samples were then incubated at 37°C for 10 min in the dark. Fi-
nally, stop solution was added and the OD values were measured at 
450 nm. A standard curve was plotted and the actual concentration 
of the sample was calculated.

2.10  |  Statistical analysis

All data were expressed as Mean ± standard error of the mean (SEM). 
GraphPad prism 9.0 for analysis statistics. Prior to analysis, the nor-
mal distribution test was performed using the Shapiro–Wilk test. 
When the data followed a normal distribution, the two-tailed Stu-
dent's T-test, one-way ANOVA followed by Tukey's post hoc test, or 
two-way ANOVA with Bonferroni post hoc test were employed. In 
cases where the data did not conform to a normal distribution, the 
Mann–Whitney test was utilized. A p < 0.05 was considered to be 
statistically significant.

3  |  RESULTS

3.1  |  mGluR1α  knockdown in flocculus

To investigate whether mGluR1α in UBC is involved in VC, we 
specifically knocked down mGluR1α by stereotaxically injecting 

AAV-  mGluR1α-shRNA into FL (Figure  1A–D) and into ipsilateral 
flocculus of UL. The injection site was verified by using methylene 
blue (AP = −4.5 mm, ML = −10 mm, DV = 7.8 mm; Figure 1C,D). Three 
weeks after AAV injection, the expression of AAV- mGluR1α-shRNA 
and the AAV-NC expression was confirmed by their GFP in FL (Fig-
ure 1E,F). The western blot results showed that mGluR1α expression 
was significantly reduced in FL (t = 7.703, p = 0.0003; Figure 1G,H).

3.2  |  The behavioral phenotypes of VC upon 
induced by down-regulated mGluR1α  expression 
in the cerebellar flocculus

Three weeks after knockdown of mGluR1α in ipsilateral flocculus, 
tests on spontaneous nystagmus, postural asymmetry, head tilt, and 
the tail-hanging test were conducted to evaluate VC (Figure 2A–D). 
In all these behavior tests, animals in both groups exhibited an incre-
mental recovery from UL over time. No significant difference was 
found in the tail-hanging test between the two groups (Figure 2D; 
Two-way ANOVA, F(4,50) = 1.409, p = 2.446). However, SN (Two-
way ANOVA, F(4,40) = 21.19, p < 0.0001), postural asymmetry (Two-
way ANOVA, F(4,40) = 23.29, p < 0.0001), and head tilt (Two-way 
ANOVA, F(4, 50) = 21.19, p = 0.0001) recovered much more slowly in 
mGluR1α downregulation group than in the control group. Interest-
ingly, post-hoc analysis revealed no difference among the results of 
these three tests 1 day before the UL, and only 3 days after UL, was 

F I G U R E  1 mGluR1α was knockdown in ipsilateral flocculus of UL. (A) Experimental design. AAV-NC or AAV-mGluR1α-shRNA were 
stereotaxically injected into the ipsilateral cerebellar flocculus of UL. After 3 weeks, confirmed knockdown by immunofluorescence 
and western blot. Conducted behavioral tests to analyze phenotypes: spontaneous nystagmus, postural asymmetry, head tilt, and tail 
suspension. (B, C) Stereotactic injection schematic (relative to bragma coordinates: AP = −4.5 mm, ML = −10 mm, DV = 7.8 mm). (D) Cerebellar 
flocculus injection coordinates were confirmed by methylene blue. (E, F) Fluorescence images of GFP in flocculus after virus infection. The 
number of GFP-positive cells were similar in both groups. (G, H) The expression of mGluR1α was significantly reduced in the flocculus after 
AAV-mGluR1α-shRNA injection, confirmed by western blot. UL, unilateral labyrinthectomy; NC, normal control. ns, indicates no statistical 
difference; ***p < 0.001.
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the VC recovery in mGluR1α downregulation group was significantly 
slowed down, suggesting the mGluR1α plays an important role in 
ON UBCs of the flocculus.

3.3  |  mGluR1α  agonist DHPG activates 
while antagonist LY367385 inhibits ON UBCs 
in the flocculus

To investigate whether acute activation and inhibition mGluR1α 
could, respectively, promote and impede VC, mGluR1α agonist 
DHPG and antagonist LY367385 were injected into the ipsilateral 
flocculus through a cannula, 4, 8 h, 1, 3, and 7 days after UL (Fig-
ure  3A). The rats were perfused half an hour after the last dose. 
DHPG increased while LY367385 decreased the activity of ON UBC 
neurons, as revealed by the number of co-localized neurons positive 
for mGluR1α and c-fos (Figure 3B,C).

3.4  |  Activation and inhibition of mGluR1α 
respectively increases and decreases VC

To investigate the effect of mGluR1α agonist and antagonist, DHPG 
or LY367385 was injected into the flocculus 10 min before behavior 
analyses. Consistent with mGluR1α knockdown in the flocculus, con-
trol and LY367385-injected groups showed VC over time (Figure 4; 
Two-way ANOVA). Nonetheless, the recovery was significantly de-
layed in terms of nystagmus, postural asymmetry, and head tilt, es-
pecially 3 days after UL, but was comparable in terms of the result of 
tail-hanging test. These findings suggested that mGluR1α inhibition 

might affect the chronic but not acute phase of VC. Interestingly, 
we found that ipsilateral administration of mGluR1α agonist DHPG 
into the flocculus significantly accelerated VC in both acute phase, 
as exhibited by all behavior analyses, Nevertheless, no significant 
difference was observed 3 days after UL in nystagmus and head tilt, 
and 7 days after UL in terms of postural asymmetry and tail hang-
ing test results, as compared with the control group. These findings 
might be ascribed to the ceiling effect of VC. These results suggest 
that the activation of mGluR1α in the flocculus might be a feasible 
strategy for promoting VC.

3.5  |  Effects of different pharmacological 
interventions on the levels of PI/p-ERK1/2 at 
different time points after UL

The effects of DHPG and LY367385 on downstream signaling 
molecules PI and p-ERK1/2 were measured using enzyme-linked 
immunosorbent assay (ELISA) at different time points after UL. 
Changes in mGluR1α receptor signaling in the cerebellar flocculus 
were found to be correlated with VC-related behavioral alternation. 
DHPG increased the PI and p-ERK1/2 levels mediated by mGluR1α 
in the cerebellar flocculus of rats, while LY367385 decreased their 
levels, as compared to the UL+ Saline group (Figure 5A,B). In ad-
dition, we performed western blot analysis to verify the protein 
levels of both p-ERK and total ERK (Figure 5C–H). The western blot 
results confirmed our observations as presented in Figure 5. These 
results suggested that the downstream pathway of mGluR1α, and 
PI/p-ERK1/2 might mediate the effect of mGluR1α on VC in the 
flocculus.

F I G U R E  2 mGluR1α downregulation 
in ipsilateral cerebellar flocculus impairs 
VC 3 days after UL. Downregulation 
of mGluR1α expression affected 
spontaneous nystagmus (A), postural 
asymmetry (B), head tilt (C), and tail-hang 
test (D), compared to the NC group. 
Downregulation of mGluR1α expression 
showed no significant difference in the 
tail-hanging test compared to the NC 
group. UL, unilateral labyrinthectomy; 
NC, normal control; VC, vestibular 
compensation. ns, indicates no statistical 
difference; *p < 0.05; ***p < 0.001; 
****p < 0.0001.
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4  |  DISCUSSION

This study demonstrated that mGluR1α plays a role in the cerebellar 
UBCs and exerts an impact on VC. By using a knockdown model and 
relevant pharmacological interventions, the study investigated the 
involvement of the mGluR1/IP3/ERK signaling pathway in the pro-
cess of VC. The results unequivocally showed that mGluR1α activity 
played a critical part in ON UBCs in the mediation of VC. Activated 
mGluR1α increased ON UBC activity and phosphorylation of ERK, 
while inhibition led to a decrease in their activity. These findings 
provided an insight into the underlying mechanisms of VC and high-
lighted the significance of mGluR1α signaling in the pathogenesis of 
VC. Notably, the study employed a rigorous experimental design, 
and the results paved the way for future investigations about the 
therapeutic strategies targeting the mGluR1α pathway for promot-
ing recovery following vestibular damage.

Firstly, we employed shRNA targeting sequences to selectively 
knock down the mGluR1α gene specifically harbored by ON UBCs, 
which serve as a dynamic network for signal transmission between 
granule cells and mossy fibers. By injecting AAV virus into the cer-
ebellar flocculus of rats to induce a down-regulated mGluR1α ex-
pression, we upset the potential balance between bilateral MVN 
neurons. This knockdown interfered with the inhibitory effect of 

the flocculus, leading to a profound postural imbalance. ON UBCs, 
which express mGluR1α, receive signals from diverse/multiple re-
gions of the central nervous system through mossy fibers and relay 
them to granule cells.8 Granular cells transmit signals to Purkinje 
cells via parallel fibers. Of note, Purkinje cells, serving as the exclu-
sive output neurons in the cerebellar cortex, exert an inhibitory con-
trol over the MVN in the vestibular cerebellar pathway. This intricate 
signaling cascade ultimately impacts the regulation of plasticity of 
the neurons in the vestibular cerebellar pathway.

Secondly, pharmacological interventions were used to examine 
the mechanism of VC. DHPG increased the activity of ON UBCs, 
while LY367385 reduced their activity, as evidenced by a change in 
the number of mGluR1α and c-fos co-localized positive neurons. C-
fos was successfully used as a marker of neuronal activation in a wide 
range of studies.18 In addition, UL induces c-fos expression, which 
is a marker for the transmission of vestibular pathway signals.19,20 
Notably, c-fos has been widely utilized to identify activated vestib-
ular central neurons in the cases of unilateral or bilateral damage or 
inactivation of receptor hair cells, individual terminal organs, the en-
tire labyrinth, or vestibular nerves. Its expression has been shown to 
play a pivotal role in VC.20–22 Previous investigations have revealed 
the expression of c-fos in the vestibular-nucleus-olivocerebellar 
pathway following unilateral vestibular damage, suggesting the 

F I G U R E  3 Immunofluorescence 
staining investigated the effects of drug 
intervention on the activity of ON UBC 
neurons. (A) Experimental design of 
pharmacological interventions. Rats were 
implanted with catheters and injected 
with saline, DHPG, or LY367385 at 
different time points after undergoing UL. 
Behavioral assessments were conducted 
daily and tissues were collected after drug 
administration. (B) Immunofluorescence 
staining on the activity of ON UBC 
neurons. LY367385 decreased co-
localized positive neurons for mGluR1α 
and c-fos, while DHPG increased them, as 
shown by immunofluorescence staining 
in the cerebellar flocculus of rats. (C) 
Quantitative analysis of the number of 
co-localized positive neurons for mGluR1α 
and c-fos. UL, unilateral labyrinthectomy; 
UBC, unipolar brush cells; DHPG, 
mGluR1α agonist; LY367385, mGluR1α 
antagonist. **p < 0.01; ***p < 0.001. Scale 
bar = 50 μm.
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involvement of cerebellar pathways in the initial stage of VC.23,24 
During the acute phase, c-fos and p-ERK exhibited asymmetrical ex-
pression in the two sides of the MVN area. However, this asymmetry 
diminished 1 week later.25–28

Furthermore, we observed that the mGluR1α agonist, DHPG, 
exerted a beneficial effects on VC-related behavioral phenotypes, 
whereas the antagonist LY367385 delayed the recovery of these 
phenotypes. These findings further supported the involvement of 
the mGluR1/IP3/ERK signaling pathway in VC. Inoue et al.,29 by using 
microanalysis, found that glutamate concentration was decreased in 
the injured side of the MVN within 4 h after UL, and gradually re-
turned to normal levels after 12 h. The difference in glutamate con-
centration between the two sides of the MVN was correlated with 
changes in spontaneous nystagmus. Other biochemical alterations 
might be associated with the glutamate release and its impact on 
VC, including the activation/inhibition of second messengers, pro-
tein kinases, and phosphorylation. Notably, a study showed that, in 
P8 mouse pups, mGluR1 signaling played a critical role in the growth 
and survival of Purkinje cells, particularly during early developmen-
tal stages.30 Another study demonstrated that, during later devel-
opmental stages, mGluR1 signaling regulated dendritic expansion in 

small cerebellar slice cultures and treatment with DHPG to induce 
mGluR1 signaling pathway resulted in a significant reduction in Pur-
kinje cell dendritic growth.31

In addition, our study indicated that VC might be associated with 
alterations in the phosphoinositide (PI) and p-ERK1/2 pathways 
mediated by mGluR1α. Teleuca et al.32 utilized in vivo techniques to 
evaluate PI levels and investigated potential impairments in spatial 
learning and memory. Their primary objective was to examine the 
influence of changes in mGluR1 signaling on the PI pathway, as well 
as the MAP kinase and phosphatidylinositol-3-kinase pathways, in 
the hippocampus and prefrontal cortex. Glutamate, a major excit-
atory neurotransmitter, is essential for transmission of excitatory 
input signals from peripheral vestibular receptors to central ves-
tibular neurons and for excitatory synaptic inputs in vestibular 
commissural fibers.33,34 Kolber et al.35 demonstrated that, under 
baseline conditions, mGluR1 expression in the right amygdala ex-
ceeded that in the left, suggesting the lateralization of amygdala 
function was involved in pain processing. They also confirmed the 
mGluR1/ERK1/2 plays a role in the mediation of pain processing 
in the central nucleus of the amygdala. ERKs play a crucial role in 
transducing glutamate signals to the nucleus by phosphorylating 

F I G U R E  4 Effects of mGluR1α agonists and antagonists on vestibular compensation behavior. (A) SN of rats was recorded by 
electrooculography. DHPG reduced SN in rats after UL, with significant effects observed at 4, 8 h, and 1 day. In contrast, LY367385 
increased SN in rats at 3 and 7 days compared to the Saline group. (B) Posture asymmetry of rats was assessed. DHPG reduced posture 
asymmetry in rats at 4, 8 h, 1, and 3 days compared to Saline group, while LY367385 increased posture asymmetry in rats at 3 and 7 days 
compared to Saline group. (C) The head tilt angle of rats was evaluated. The DHPG group suppressed UL-induced SN in rats compared to the 
Saline group, with significant results at 4, 8 h, and 1 day. In contrast, the LY367385 group increased the head tilt of rats at 1, 3, and 7 days 
compared to the Saline group. (D) The tail hanging test score of rats was assessed. DHPG significantly reduced the tail hanging test score 
compared to Saline at 4, 8 h, 1, and 3 days, while no significant difference was observed between LY367385 and Saline at any time points (4, 
8 h, 1, 3, and 7 days). UL, unilateral labyrinthectomy; UBC, unipolar brush cells; DHPG, mGluR1α agonist; LY367385, mGluR1α antagonist; 
Control: UL + saline group; DHPG: UL + DHPG group; LY367385: UL + LY367385 group. ns, indicates no statistical difference; *p < 0.05; 
**p < 0.01; ****p < 0.0001.
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nuclear transcription factors and mediating the transcription of c-
fos. Glutamate-induced elevation of intracellular Ca2+ concentra-
tion in neurons activates the Ras/ERK signaling pathway.36 Based 
on our findings, mGluR1α mediates prolonged depolarization in ON 

UBCs, activating G proteins, PKC, IP3, ERK, leading to increased 
calcium efflux, crucial for VC, we proposed that ON UBCs may 
positively influence the cerebellar flocculus during VC through the 
mGluR1/IP3/ERK signaling pathway (Figure 6).

F I G U R E  5 Effects of drug stimulations on PI/p-ERK1/2 levels at various time points post-UL. (A) DHPG increased while LY367385 
decreased the PI level in the cerebellar flocculus of rats, compared to the UL + Saline group. Two-way ANOVA showed a significant effect 
of drug stimulation (F (8,45) = 5.838, p < 0.0001). Bonferroni post-hoc tests showed significant differences between the UL + Saline and 
UL + DHPG groups at 4, 8 h, 1, and 7 days (4 h, p < 0.0001; 8 h, p < 0.0001; 1 day, p < 0.0001; 7 days, p = 0.0019), but no significant difference 
at 3 days after UL (3 days, p = 0.9808). There were significant differences between the UL + Saline and UL + LY367385 groups at 4 h and 
7 days (4 h, p < 0.0001; 7 days, p = 0.0041), but no significant difference at 8 h, 1, or 3 days after UL (8 h, p = 0.8851; 1 day, p = 0.0741; 3 days, 
p = 0.0629). (B) Compared to the Saline group, the p-ERK1/2 level was increased in the cerebellar flocculus of rats in the DHPG group, 
while it was decreased in the LY367385 group. Two-way ANOVA indicated a significant effect of DHPG drug stimulation (F (8,45) = 4.166, 
p = 0.0009). Bonferroni post-hoc analysis showed significant differences between the UL + Saline group and the UL + DHPG group at 8 h, 
1, and 7 days (8 h, p < 0.0001; 1 day, p = 0.000; 7 days, p = 0.0001), but no significant differences at 4 h and 3 days after UL (4 h, p = 0.0858; 
3 days, p = 0.7964). Significant differences were observed between the UL + Saline group and the UL + LY367385 group at 4 h, 1, 3, and 7 days 
after UL (4 h, p < 0.0001; 1 day, p = 0.0002; 3 days, p = 0.0001, 7 days, p < 0.0005), but not at 8 h after UL (8 h, p = 0.9917). (C) The protein 
levels of ERK and p-ERK in the cerebellar flocculus of rats, ERK were no change and p-ERK were increased in DHPG-injected Rat. (D) The 
quantification of ERK levels (n = 4 rat/group, two-way ANOVA, F (4, 30) = 0.8065, p = 0.538). (E) The quantification of p-ERK levels (n = 4 rat/
group, two-way ANOVA, F (4, 30) = 4.647, p = 0.005). (F) The protein levels of ERK and p-ERK in the cerebellar flocculus of rats, ERK showed 
no change and p-ERK was increased in LY367385-injected Rat. (G) The quantification of ERK levels (n = 4 rat/group, two-way ANOVA, F (4, 
30) = 2.579, p = 0.058). (H) The quantification of p-ERK levels (n = 4 rat/group, two-way ANOVA, F (4, 30) = 74.300, p < 0.0001). UL, unilateral 
labyrinthectomy; UBC, unipolar brush cells; DHPG, mGluR1α agonist; LY367385, mGluR1α antagonist; Control: UL+ Saline group; DHPG: 
UL+ DHPG group; LY367385: UL+ LY367385 group; C: control group; D: DHPG group; L: LY367385 group. ns, indicates no statistical 
difference, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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5  |  CONCLUSION

This study aimed to elucidate the role and underlying mechanism of 
mGluR1α in VC, further revealing that the mGluR1/IP3/ERK signaling 
pathway mediated the effects of mGluR1α on VC. Collectively, these 
findings, from a novel perspective, provided further insight into the 
molecular mechanisms underlying VC, and potential therapeutic tar-
gets for promoting recovery from peripheral vestibular damage.
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