
RESEARCH PAPER

Effect and mechanism of BDNF/TrkB signaling on vestibular compensation
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ABSTRACT
Brain-derived neurotrophic factor (BDNF) regulates neuronal plasticity by targeting the tyrosine 
kinase B receptor (TrkB) receptor, but limited researches concentrate on the role of BDNF/TrkB 
signaling in vestibular compensation. In this study, rats with unilateral vestibular dysfunction were 
established by unilateral labyrinthectomy (UL) and infusion with siBDNF or 7, 8-Dihydroxyflavone 
(7,8-DHF, a TrkB receptor agonist). The behavioral scores of rats with vestibular deficits were 
determined and the rotarod test was performed after UL. BDNF and TrkB levels after UL were 
determined by western blot and quantitative reverse transcription PCR (qRT-PCR). 5-bromo-2ʹ- 
deoxyuridine (BrdU)-positive cells (newly generated cells) and GAD67-positive cells (GABAergic 
neurons) were identified by immunohistochemistry. Glial fibrillary acidic protein (GFAP) (astrocyte 
marker)-positive cells were identified and GABA type A receptor (GABAAR) expression was 
detected by immunofluorescence. We found that after UL, BDNF and TrkB levels were up- 
regulated with a maximum value at 4 h, and then progressively down-regulated during 4 h ~ 7 
d. Blocking BDNF/TrkB signaling inhibited the recovery from vestibular deficits, decreased the 
numbers of newly generated cells and astrocytes in medial vestibular nucleus (MVN), inferior 
vestibular nerve (IVN), superior vestibular nerve (SVN) and lateral vestibular nucleus (LVN), and 
disrupted the balances of GABAergic neurons and GABAAR expressions in the left (lesioned) side 
and right (intact) side of MVN, whereas activation of BDNF/TrkB signaling caused opposite results. 
The current study indicated that BDNF/TrkB signaling avails vestibular compensation, depending 
on the number of newly generated cells and astrocytes, the rebalance of GABAergic neurons, and 
GABAAR expression in bilateral MVN.
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Introduction

The vestibule, as one of the main structures in the 
cerebellum, is closely related to the balance of body 
posture and can coordinate eyeball movement. 
Unilateral vestibular dysfunction or vestibulopathy 
abruptly shuts down the spontaneous resting poten-
tial of vestibular nuclei (VN) neurons on the damaged 
side of the brainstem, leading to an imbalance 
between the damaged side and intact contralateral 
VN neurons [1]. This imbalance causes diverse signs 
and symptoms in different species, such as concussion 
[2] and spontaneous nystagmus [3], which will be 
ameliorated in days or weeks through vestibular com-
pensation [4]. Resting activities of bilateral VN neu-
rons are rebalanced through vestibular compensation. 
However, the mechanism of vestibular compensation 
is complex and has not been fully elucidated.

VN complex mainly consists of four basic neu-
ron nuclei: superior vestibular nucleus (SVN), 
inferior vestibular nucleus (IVN), medial vestibu-
lar nucleus (MVN) and lateral vestibular nucleus 
(LVN). Bilateral MVN is a common target in 
thiamine depletion and is related to acute vestibu-
lar failure [5]. One of the causes of vestibular 
injury may be associated with the degeneration of 
peripheral vestibular receptor hair cells, or the 
changes in the number of neurons in the Scarpa 
ganglion or the brainstem VNC [6]. It has been 
demonstrated that gamma amino butyric acid 
(GABA) is a critical inhibitory neurotransmitter 
in the cerebellovestibular pathway [7] .

Brain-derived neurotrophic factor (BDNF), 
a dimeric protein, is a kind of neurotrophin (NT) 
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that profoundly affects the development of the 
nervous system of vertebrates [7]. Sophie Dutheil 
et al. [1] found that in the early time window after 
unilateral vestibular neurectomy (UVN), a signifi-
cant remodeling of BDNF-dependent excitatory 
markers occurred in the brainstem. This report 
also demonstrated that BDNF, which can regulate 
vestibular function recovery and neurogenesis in 
mammals, and/or KCC2 may represent a new 
therapeutic strategy at the vestibular scale. BDNF 
has a pleiotropic effect in the central nervous sys-
tem. Acute and gradual increases in extracellular 
BDNF concentration cause the transient and con-
tinuous activation of tyrosine kinase B receptor 
(TrkB), a tyrosine protein kinase and its down-
stream signals, respectively, leading to differences 
in molecular and cellular functions [8]. Studies 
have proved that the dysregulation of the BDNF/ 
TrkB pathway is implicated in neurological dis-
eases, such as depression [9], as well as nerve 
damage in retinal degeneration [10].

Based on the research cited above, it was hypothe-
sized that BDNF/TrkB signaling could influence the 
recovery of vestibular compensation. The present 
study aimed to investigate whether BDNF/TrkB sig-
naling impacts the time course of vestibular com-
pensation, the plasticity mechanisms in VN, the 
rebalance of GABAergic neurons and the GABA 
type A receptor (GABAAR) in the left (lesioned) 
side and right (intact) side of MVN after unilateral 
vestibular dysfunction. The goal of this work is to 
shed a new insight into the development of thera-
peutic options to attenuate the vestibular symptoms 
and promote recovery of vestibular function.

Materials and methods

Ethics statement

All the animal experiments were performed in accor-
dance with the guidelines of the China Council on 
Animal Care and Use. The protocol was approved by 
the Committee of Experimental Animals of 
Yongchuan Traditional Chinese Medicine Hospital 
of Chongqing (YTCMHC+20190158). Every 
attempt was made to minimize both pain and dis-
comfort to the animals. The animal experiments 
were performed in Yongchuan Traditional Chinese 
Medicine Hospital of Chongqing.

Animals

Adult male Sprague–Dawley (SD) rats (200 ~ 250 g) 
were obtained from Shanghai SLAC Laboratory 
Animal Co., Ltd. The rats were housed in 
a temperature and humidity-controlled room 
under a normal 12 h light/dark cycle with food 
and water available.

Animal grouping and treatment

To construct a unilateral vestibular dysfunction 
model [11] and determine the expressions of 
BDNF and TrkB at different indicated times (0 h, 
4 h, 1 d, 2 d, 3 d, 5 d, 7 d), rats were divided into 
Sham (n = 4) and Model groups (n = 28). Rats in 
the Model group received unilateral labyrinthect-
omy (UL), while those in the Sham group received 
a sham operation. Four rats were selected from 
each group to assess vestibular deficits through 
behavioral scoring and rotarod test, and the 
remaining 24 rats in the Model group were used 
to determine the expressions of BDNF and TrkB 
by quantitative reverse transcription PCR (qRT- 
PCR) and western blot at different indicated 
times (0 h, 4 h, 1 d, 2 d, 3 d, 5 d, 7 d).

To further explore the functions of BDNF and 
TrkB in the development of vestibular compensa-
tion, rats were divided into five groups as follows: 
Sham (n = 20), Model (n = 20), CSF (n = 20), 7, 
8-DHF (n = 20) and siBDNF (n = 20) groups.

SiBDNF group: the rats underwent complete UL 
and the right lateral ventricles of all rats were 
implanted with an osmotic minipump (Alzet) con-
nected with a cerebral perfusion tube. SiRNAs 
targeting BDNF (siBDNF; ON-TARGETplus, 
Dharmacon; gene, Rat BDNF; GenBank accession 
number, NM 012513) were used to suppress trans-
lation and BDNF protein synthesis. SiBDNF was 
diluted to the required concentrations using artifi-
cial cerebrospinal fluid (CSF) [1]. Subcutaneous 
minipumps (flow rate: 2.5 μL/h) were filled with 
artificial CSF containing siBDNF.

7, 8-DHF group: the rats underwent the same 
operative procedure as the siBDNF group, except 
that the minipumps (flow rate: 2.5 μL/h) were 
filled with artificial CSF containing 7, 
8-Dihydroxyflavone (7,8-DHF; TrkB receptor ago-
nist, 5.06300, Sigma).
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CSF group: the rats underwent the same opera-
tive procedure as the siBDNF group, except that 
the rats were infused with artificial CSF only.

Four rats were selected from each group to 
assess vestibular deficits through behavioral scor-
ing and rotarod test at different indicated times 
(4 h, 1 d, 2 d, 3 d, 5 d, 7 d). The remaining 16 rats 
in each group were selected for the detections of 
5-bromo-2ʹ-deoxyuridine (BrdU)-positive cells on 
MVN by BrdU immunohistochemistry on day 3 
(n = 4 each group), GABAAR expression in the left 
side and right side of MVN by GABAA 
R immunofluorescence on day 3 (n = 4 each 
group), glial fibrillary acidic protein (GFAP) in 
MVN, IVN, SVN and LVN by GAD67 immuno-
histochemistry on day 7 (n = 4 each group), and 
GAD67-positive cells in the left side and right side 
of MVN by GAD67 immunohistochemistry 
on day 7 (n = 4 each group).

Behavioral scoring for vestibular deficits

Postural asymmetry, head roll tilt, and nystagmus 
were assessed to score the vestibular deficits of rats 
with a maximum score of 10. The behavioral scor-
ing for vestibular deficits was performed at 4 h and 
on day(s) 1, 2, 3, 4, 5 and 7 after surgery. The 
scores of postural asymmetry, head roll tilt and 
nystagmus were determined by using a rolling 
barrel, measuring the angle between the jaw and 
the horizontal plane, and visually inspecting, 
respectively. Details of the behavioral scoring 
were described in the published reports by Chang 
et al. [11] and Filip Bergquist et al. [12].

Rotarod test

The locomotor balance of rats was determined by 
rotarod test [11]. In brief, before surgery, rats were 
trained on an automated four-lane rotarod unit 
(EGR FINE with 7-cm-diameter drums; Seoul, 
South Korea) for 10 d. The test was performed 
following the surgery. Rats were placed on 
a drum that was smoothly accelerated from 
12 rpm/min to 16 rpm/min. The staying time of 
each rat on the drum was recorded as the latency 
to fall. After two adaptive learning trials, three 
more trials (T1–T3) were subsequently conducted. 
The rats were trained until their fall latency 

reached a plateau. Then in the test phase after 
surgery, the same protocol as the training phase 
was adopted. The rotarod scores were presented as 
the ratio of the latency to fall in the test phase to 
the longest latency to fall in the training phase.

Quantitative reverse transcription PCR (qRT-PCR)

Brain tissue from one rat was used as one sample 
for qRT-PCR and six samples were obtained at 
each time point from the rats in the surgical 
group. Total RNA was extracted using TRIzol® 
Reagent (15,596,018, ThermoFisher, USA). 
CDNAs were generated using a Takara RNA 
PCR Kit (RR036B, Takara). QPCR was performed 
in the 7500 Fast Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA) using a SYBR 
Green PCR Kit (RR820Q, Takara). GAPDH was 
synthetized by Sangon Biotech and used as an 
internal control. The mRNA levels in surgical 
group rats that were sacrificed at 0 h post opera-
tion were used as controls. The data were analyzed 
using the 2−ΔΔCT method [13]. Primer sequences 
used in this research are listed in Table 1.

Western blot

Brain tissue from one rat was used as one sample 
for western blot and six samples were obtained at 
each time point from the rats in the surgical group. 
Total protein was extracted using RIPA buffer 
(R0010, Solarbio) and the concentration was mea-
sured using a BCA Protein Assay Kit (PC0020, 
Solarbio). The supernatants of the protein were 
separated by 15% SDS-PAGE and then transferred 
onto a PVDF membrane (FFP26, Beyotime, 
China). The membrane was blocked with 5% 
(w/v) skimmed milk for 1 h at 37°C, and then 
incubated with specific primary antibodies (listed 
in Table 2) at 4°C overnight. Subsequently, the 

Table 1. Primer sequences used for quantitative reverse tran-
scription PCR (qRT-PCR).

Genes Primer sequences (5ʹ-3ʹ)
BDNF forward ATCCACTGAGCAAAGCCGAAC

reverse CAGCCTTCATG CAACCGAAGTA
TrkB forward CTGGGGCTTATGCCTGCTG

reverse AGGCTCAGTACACCAAATCCTA
GADPH forward ACCACAGTCCATGCCATCAC

reverse TCCACCACCCTGTTGCTGT
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membrane was treated with HRP-conjugated sec-
ondary antibody (Goat Anti-Rabbit, 1:2000, 
ab205718, Abcam, USA) for 1 h at 37°C, and was 
then washed 3 times at 10-min intervals. The spe-
cific protein signal was detected with an ECL 
detection kit (P0018FS, Beyotime) and imaged 
using Image J software (Image J 1.8.0, National 
Institute of Health).

Immunochemistry

BrdU immunohistochemistry

BrdU incorporated a thymidine analogue into 
newly synthesized DNA, which was used as 
a neurogenesis marker in this study. BrdU immu-
nohistochemistry was performed as previous 
reported [11]. On the 2nd day after surgery, rats 
received intraperitoneal injection of 300 mg/kg 
BrdU (B9285, Sigma). The next day, after being 
deeply anesthetized with 1.5% isoflurane, all rats 
were perfused with 0.9% saline and 4% (v/v) paraf-
ormaldehyde (PFA; A44124401, Sinopharm 
Chemical Reagent Co., Ltd). Brain tissues were 
removed from the skull, fixed in PFA overnight at 
4°C, and then embedded in paraffin for preparing 
paraffin sections. The locations of MVN, IVN, SVN 
and LVN were identified according to the rat brain 
atlas reported by Paxinos et al. [14]. Then the tis-
sues of MVN were cut into sections (5 μm), placed 
on poly-L-lysine-coated glass slides, and fixed with 
formaldehyde. After deparaffinization and antigen 
retrieval using Lab Vision™ PT Module™ 
Deparaffinization and Heat-Induced Epitope 
Retrieval Solutions (100X) (TA-250-PM1X, 
Thermo Scientific) respectively, the slides were 
blocked with 1% H2O2 in methanol for 12 min, 
and then incubated with goat anti-BrdU (Biotin) 
antibody (ab2284, 1:2000, Abcam) at 4°C for 24 h. 
A streptavidin-HRP complex (A0303, 1:200, 
Beyotime, China) and 3,3 N-Diaminobenzidine 

Tertrahydrochloride (DAB, P0202, Beyotime) 
were used for detection, followed by hematoxylin 
staining (C0107, Beyotime). BrdU-positive cells 
were observed under a light microscope (CX31; 
Olympus, Tokyo, Japan). For quantification, the 
relative number of BrdU-positive cells was deter-
mined based on the total number of cells in each 
group. Each optical section resulted from three 
scanning averages.

GAD67 immunohistochemistry

GAD67 was expressed in GABAergic neurons that 
can be labeled by GAD67 immunomarkers. For 
the detection of GAD67-positive cells in the left 
(lesioned) side and right (intact) side of MVN, on 
the 7th day after surgery, all rats that had been 
anesthetized deeply with 1.5% isoflurane were per-
fused with 0.9% saline and 4% (v/v) PFA. The 
brain tissues were removed from the skull, fixed 
in PFA at 4°C overnight, and then embedded in 
paraffin for preparing paraffin sections. The tis-
sues of the left side and right side of MVN were 
cut into sections (5 μm), placed on slides, and 
fixed. The slides were then sequentially incubated 
with the primary Mouse Anti-GAD67 antibody 
(ab26116, 1:2000 Abcam) and the secondary anti-
body HRP-conjugated Goat Anti-Mouse IgG H&L 
(ab205719, Abcam). After incubation in DAB for 
8 min at 37°C, the slides were stained by hematox-
ylin staining at 37°C. GAD67-positive cells were 
observed under a light microscope (CX31; 
Olympus, Tokyo, Japan). For quantification, the 
relative number of GAD67-positive cells was 
determined based on the total number of cells in 
each group.

Immunofluorescence

Glial fibrillary acidic protein (GFAP) 
immunofluorescence

GFAP, a specific type of intermediate filament pro-
tein, was used as an astrocyte marker. GFAP immu-
nofluorescence was performed as previously reported 
[1]. On the 7th day post-surgery, rats were anesthe-
tized deeply with 15% isoflurane, and perfused with 
0.9% saline and 4% (v/v) PFA. After decapitation, the 
brain tissues were removed from the skull, fixed in 

Table 2. List of primary antibodies used for western blots.

Protein Antibody
Catalog 
Number Company

Antibody 
Dilution

BDNF Rabbit Anti-BDNF 
antibody

ab108319 Abcam 1:1000

TrkB Rabbit Anti-TrkB 
antibody

ab18987 Abcam 1:1000

GAPDH Rabbit Anti-GAPDH 
antibody

ab181602 Abcam 1:10,000
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PFA overnight at 4°C, and then embedded in paraffin 
for preparing paraffin sections. The tissues were cut 
into sections (5 μm), placed on slides, and fixed. Slides 
of MVN, IVN, SVN and LVN were incubated with 
the primary monoclonal Rabbit Anti-GFAP antibody 
(ab7260, 1:1000, Abcam) at 4°C overnight, and then 
treated with Goat Anti-Rabbit IgG H&L (Alexa Fluor® 
594) (ab150080, 1:1000, Abcam). For quantification, 
mean intensity measurements of GFAP labeling was 
determined using image J software and relative to 
Sham group.

GABAA Receptor (GABAAR) immunofluorescence

GABAA R immunofluorescence was performed 
as previously reported [1]. On the 3rd day post- 
surgery, rats were anesthetized deeply with 15% 
isoflurane, and perfused with 0.9% saline and 4% 
(v/v) PFA. After decapitation, the brain tissues 
were removed from the skull, fixed in PFA over-
night at 4°C, and then embedded in paraffin for 
preparing paraffin sections. The tissues were cut 
into sections (5 μm), placed on slides, and fixed. 
Slides of the left (lesioned) side and right 
(intact) side of MVN were incubated with 
Mouse Anti-GABAA Receptor alpha 1 antibody 
(ab94585, Abcam) and HRP-conjugated Goat 
Anti-Mouse IgG H&L (ab205719, Abcam) in 
order. Fluorescence images were captured with 
an immunofluorescence laser confocal micro-
scope (Nikon). Mean intensity measurements of 
GABAAR labeling was determined using image 
J software and relative to Sham group.

Statistical analysis

IBM SPSS software version 21.0 (IBM, NY, USA) was 
used for statistical analyses. Comparisons were per-
formed by one-way analysis of variance (ANOVA). 
Tukey’s test was used as post-hoc test. The data were 
shown as mean ± standard deviation (S.D.).

Results

It was postulated that BDNF/TrkB signaling influ-
ences the time course of vestibular compensation. In 
terms of neuronal plasticity, such a signaling helps 
promote vestibular balance in VN. We addressed that 
activation of BDNF/TrkB signaling is crucial to make 

rebalance of homeostasis in bilateral MVN after UL. 
Newly generated cells, astrocytes and GABA were 
required for vestibular compensation. This work 
aimedto provide novel perspectives regarding the 
development of therapeutic options to alleviate the 
vestibular symptoms and favor recovery of vestibular 
function.

The time course of vestibular compensation 
after UL

The Sham group showed no vestibular deficits after 
sham surgery (Figure 1(a-c)). However, rats in the 
Model group showed severe vestibular deficits 
immediately following surgery. In the Model group, 
postural asymmetry was significantly decreased with 
time (Figure 1(a), p < 0.01 or p < 0.001) and reached 
a minimum value close to that in the Sham group 
(Figure 1(a), p < 0.05); head roll tilt was gradually 
improved and reached a maximum value approxi-
mately 7 d after surgery (Figure 1(b)); and nystagmus 
was relieved signally 3 d following surgery and dis-
appeared 5 d following surgery (Figure 1(c)). 
Besides, the rotarod scores of rats in the Model 
group were increased over time following surgery 
(Figure 1(d), p < 0.01 or p < 0.001) and reached 
a maximum value 5 d after surgery (Figure 1(d)), 
while the rotarod scores of rats in the Sham group 
remained constant after surgery. Compared to 0 h, 
the expressions of BDNF and TrkB in rats of the 
Model group were starkly augmented at 4 h after 
surgery (Figure 2(a-e), p < 0.001), but successively 
diminished during 4 h ~ 7 d after surgery and finally 
reached a stable level over time (Figure 2(a-e)).

BDNF/TrkB signaling pathway was required for 
behavioral recovery after UL

To confirm whether the BDNF/TrkB signaling path-
way regulates behavioral recovery of animals follow-
ing UL, we infused artificial CSF, siBDNF, or 
7,8-DHF intracerebroventricularly into rats for long-
itudinal behavioral analyses. The knock-down of 
BDNF and the effect of 7,8-DHF were detected 
using qPCR of BDNF and TrkB, respectively. The 
data revealed that the mRNA level of BDNF was 
prominently down-regulated, while that of TrkB was 
dramatically up-regulated on day 7 (Supplementary 
Fig. 1AB, p < 0.001). Compared to rats in the Model 
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group, the vestibular compensation process in rats of 
CSF group was virtually unaffected (Figure 3). In 
contrast with rats in the CSF group, the recovery of 
rats from vestibular compensation in the siBDNF 
group was remarkably inhibited, as evidenced by the 
repressed recovery from postural asymmetry 
(Figure 3(a), p < 0.05 and p < 0.001), head roll tilt 
(Figure 3(b), p < 0.05 and p < 0.001), nystagmus 
(Figure 3(c), p < 0.001) and locomotor balance 
(Figure 3(d), p < 0.001). However, the recovery of 
rats from vestibular compensation in 7,8-DHF 
group was observably promoted (Figure 3(a-d), 
p < 0.01 or p < 0.001).

BDNF/TrkB signaling pathway influenced cell 
proliferation in VN

The results illustrated that compared with rats in the 
Model group, the number of BrdU-positive cells in 
VN (MVN, IVN, SVN and LVN) of rats in the CSF 
group experienced a moderate influence after UL 
(Figure 4); by contrast, such number of rats in the 

siBDNF group after UL was evidently lessened 
(Figure 4, p < 0.001), while an opposite result in 
IVN, SVN and LVN appeared in the 7,8-DHF group 
(Figure 4, p < 0.001).

BDNF/TrkB signaling pathway influenced the 
numbers of astrocytes in VN

We further determined the influence of the BDNF/ 
TrkB signaling pathway on astrocytes and microglia 
in VN (MVN, IVN, SVN and LVN). Compared to 
rats treated with CSF, the number of GFAP-positive 
cells in rats was overtly decreased by short-term infu-
sion with siBDNF (Figure 5, p < 0.01), but was appre-
ciably elevated by 7, 8-DNF (Figure 5, p < 0.001).

BDNF/TrkB signaling pathway influenced the 
number of GABAergic neurons in the left 
(lesioned) side and right (intact) side of MVN

To examine the impact of the BDNF/TrkB signaling 
pathway on neuromodulator systems in the vestibular 

Figure 1. Time course of vestibular compensation after unilateral labyrinthectomy. Twelve SD rats were divided into two groups: rats 
in the Model group underwent unilateral labyrinthectomy (n = 6) and those in the Sham group underwent a sham operation (n = 6). 
(a) Postural asymmetry scores of rats at 4 h and on day(s) 1, 2, 3, 5, 7 in the Sham and Model groups. (b) Head roll tilt scores of rats 
at 4 h and on day(s) 1, 2, 3, 5, 7 in the Sham and Model groups. (c) Nystagmus scores of rats at 4 h and on day(s) 1, 2, 3, 5, 7 in the 
Sham and Model groups. (d) Rotarod scores of rats at 4 h and on day(s) 1, 2, 3, 5, 7 in the Sham and Model groups. * p < 0.05 or ** 
p < 0.01 or *** p < 0.001 vs Sham. The data were shown as mean ± standard deviation (S.D.).
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compensation process, we applied GAD67 immuno-
marker to label GABAergic neurons in the left 
(lesioned) side and right (intact) side of MVN after 
UL (Figure 6(a,b)). The results showed that the num-
ber of GAD67-positive cells (GABAergic neurons) in 
the left side of rats in the CSF group was conspicu-
ously boosted compared to that in the left side of rats 
in the Sham group (Figure 6(a,b), p < 0.001), indicat-
ing a significant asymmetry between the two sides of 
the MVN complex. There was no significant differ-
ence in the left side and right side of MVN of rats 
between the Model and CSF groups (Figure 6(a,b)). 
When compared with rats in the CSF group, the 
number of GAD67-positive cells in the left and right 
sides of MVN in rats of the siBDNF group was 
observably decreased (Figure 6(a,b), p < 0.01), and 

while the number of GAD67-positive cells in the right 
side of MVN in rats of the siBDNF group was sig-
nificantly lower than that in the left side of MVN in 
rats of the siBDNF group (Figure 6(a,b), p < 0.001). 
However, it’s almost the same on both sides of MVN 
in 7,8-DHF group (Figure 6(a,b). The data implied 
that the BDNF/TrkB signaling pathway restored the 
balance of GABAergic neurons between the lesioned 
side and intact side of MVN after UL.

BDNF/TrkB signaling pathway influenced GABAA 

R expression in the left and right sides of MVN

The results manifested that GABAAR expression was 
pronouncedly up-regulated in both lesioned and 
intact sides of MVN in rats of the Model group as 

Figure 2. Time course of vestibular compensation after unilateral labyrinthectomy. (a and b) The expression of BDNF protein in the 
Model group during 0–7 d following surgery was determined by western blot. (a and c) The expression of TrkB protein in the Model 
group during 0–7 d following surgery was determined by western blot. (d) The expression of BDNF mRNA in the Model group during 
0–7 d following surgery was determined by qRT-PCR. (e) The expression of TrkB mRNA in the Model group during 0–7 d following 
surgery was determined by qRT-PCR. GAPDH was used as an internal control. ** p < 0.01 or *** p < 0.001 vs 0 h. The data were 
shown as mean ± standard deviation (S.D.).

BIOENGINEERED 11829



compared to rats in the Sham group (Figure 6(c,d), 
p < 0.001). GABAAR expression in the left side of 
MVN in rats of the Model and CSF groups was 
considerably up-regulated compared to that in the 
left side of MVN in rats of the Sham group 
(Figure 6(c,d), p < 0.01), indicating a notable asym-
metry between the two sides of the MVN complex. 
Besides, in the siBDNF group, GABAAR expression in 
the right side was signally higher than that in the left 
side (Figure 6(c,d), p < 0.01). However, GABAA 
R expression level was almost the same in both sides 
of MVN in 7,8-DHF group (Figure 6(c,d)). The data 
denoted that 7, 8-DHF infusion effectively restored 
the balance between GABAAR expressions in the 
lesioned side and intact side of MVN (Figure 6(c,d)).

Discussion

Vestibular compensation, which is the behavioral 
recovery from lesions to the peripheral vestibular 
system, is attributed to plasticity of the central 
vestibular system. After binding to the TrkB, 
BDNF can acutely regulate synaptic transmission 
and plasticity in the central nervous system, 
thereby participating in the vestibular compen-
sation process [7]. In the present study, we 
demonstrated that BDNF/TrkB signaling 
enhances vestibular neurogenesis, thereby accel-
erating functional recovery following vestibular 
injury. This novel plasticity mechanism could 
partly explain vestibular compensation process. 

Figure 3. The BDNF/TrkB signaling pathway was required for behavioral recovery after unilateral labyrinthectomy. Thirty SD rats 
were divided into five groups: rats in the Model group underwent unilateral labyrinthectomy (n = 6); rats in the Sham group 
underwent a sham operation (n = 6); rats in the artificial cerebrospinal fluid (CSF) group underwent unilateral labyrinthectomy and 
were infused with CSF (n = 6); rats in the siBDNF group underwent unilateral labyrinthectomy and were infused with siBDNF (n = 6); 
and rats in the 7,8-DHF group underwent unilateral labyrinthectomy and were infused with 7,8-DHF, a TrkB agonist (n = 6). (a) 
Postural asymmetry scores of rats at 4 h and on day(s) 1, 2, 3, 5, 7 in the Sham, Model, CSF, siBDNF and 7, 8-DHF groups. (b) Head 
roll tilt scores of rats at 4 h and on day(s) 1, 2, 3, 5, 7 in the Sham, Model, CSF, siBDNF and 7, 8-DHF groups. (c) Nystagmus scores of 
rats at 4 h and on day(s) 1, 2, 3, 5, 7 d in the Sham, Model, CSF, siBDNF and 7, 8-DHF groups. (d) Rotarod scores of rats at 4 h and 
on day(s) 1, 2, 3, 5, 7 in the Sham, Model, CSF, siBDNF and 7, 8-DHF groups. * p < 0.05 or ** p < 0.01 or *** p < 0.001 vs. Sham; # 

p < 0.05 or ## p < 0.01 or ### p < 0.001 vs. CSF. CSF, cerebrospinal fluid; 7,8-DHF, a TrkB Agonist. The data were shown as mean ± 
standard deviation (S.D.).
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Our findings also shed a new insight into the 
development of therapeutic options to attenuate 
the vestibular symptoms and promote recovery 
of vestibular function.

It has been suggested that BDNF signaling plays 
a key role in vestibular compensation in guinea 
pigs after UL [15,16]. Dutheil et al. [1] proved that 
BDNF signaling is required for behavioral recov-
ery after UVN. BDNF can modulate the synaptic 
transmission and plasticity of inhibitory synapses 
by binding to TrkB [17]. To confirm the effect of 
BDNF/TrkB signaling on vestibular recovery, 
siBDNF or 7, 8-DHF was infused into rats after 
UL. In this study, siBDNF infusion starkly delayed 
the restoration of rat behaviors following UL, 
while 7, 8-DHF infusion markedly accelerated 
such restoration, which was consistent with the 

findings in another report that BDNF infusion 
decreased spontaneous nystagmus in guinea pigs 
after vestibular damage [15]. Thus, local activation 
of BDNF/TrkB signaling seems to expedite the 
time course of vestibular compensation. 
However, the molecular mechanisms underlying 
this process remain to be fully elucidated.

Here, we discovered that continuous 7,8-DHF 
administration into the ventricle after UL pro-
nouncedly enhances the production of newly gen-
erated cells in VN while siBDNF produces 
opposite results, confirming the proneurogenic 
properties of BDNF in vivo. Dutheil et al. [1] 
proposed that continuous BDNF administration 
into the fourth ventricle following UVN facili-
tates the production of newly generated cells [1]. 
Similarly, BDNF infusion into the lateral ventricle 

Figure 4. The BDNF/TrkB signaling pathway influenced the proliferation and survival of new cells in vestibular nucleus (MVN, IVN, 
SVN and LVN). (a) Photomicrographs showing BrdU immunostainings in vestibular nucleus (MVN, IVN, SVN and LVN) 3 d after 
unilateral labyrinthectomy with continuous drug infusion in the fourth ventricle (artificial CSF, siBDNF, or 7, 8-DHF). (b) The relative 
BrdU-positive cell in the vestibular nucleus from each group was determined. CSF, cerebrospinal fluid; 7,8-DHF, a TrkB Agonist. *** 
p < 0.001 vs. counterparts in Sham; ### p < 0.001 vs. counterparts CSF group.
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of the adult rat leads to new neurons in the 
striatum, septum, thalamus, and hypothalamus 
[18]. Astrocytes or GABAergic neurons are dif-
ferentiated from newly generated cells, which 
provide commissural inhibition to contralesional 
VN neurons [19,20]. Abnormal plasticity 
mechanisms are triggered in the local microen-
vironment of VN: newborn cells, such as 
GABAergic neurons, microglia, or astrocytes, sur-
vive and acquire different phenotypes, whereas 
the animal eventually recovered completely from 
the deficits [1]. Astrocytes can protect against and 
repair brain injury by making changes in their 
morphology and proliferation [21]. BDNF 
enhances neuronal survival and differentiation 
in the central nervous system during disease 
development and promotes synaptic modulation 

in adults [22]. BDNF and its receptor TrkB have 
been proved to be crucial to many forms of neu-
ronal plasticity [23]. TrkB, activated by its ligand 
BDNF, has been regarded as a potent modulator 
of plasticity in both development and adulthood 
from neurite pruning and branching events dur-
ing the development of peripheral nervous system 
(PNS) and CNS [24]. Our observations confirmed 
that siBDNF infusion dramatically inhibited the 
production of astrocyte reaction, while 7, 8-DHF 
did the opposite. Our data signified that the acti-
vation of BDNF/TrkB signaling promoted the 
formation of neuronal plasticity after UL, thereby 
accelerating the time course of vestibular 
compensation.

GABAergic neurons are the main inhibitory 
neurons in the CNS, and play critical roles in 

Figure 5. The BDNF/TrkB signaling pathway influenced astrocytes in vestibular nucleus (MVN, IVN, SVN and LVN). (a) 
Photomicrographs showing GFAP immunostainings in MVN, IVN, SVN and LVN 7 d after unilateral labyrinthectomy with continuous 
drug infusion in the fourth ventricle (artificial CSF, siBDNF, or 7, 8-DHF). (b) Histograms showing the GFAP immunostaining in both 
intact and lesioned lateral vestibular nucleus 7d after unilateral labyrinthectomy.
CSF, cerebrospinal fluid; 7,8-DHF, a TrkB Agonist. * p < 0.05 or *** p < 0.001 vs. counterparts in Sham; ## p < 0.01 or ### p < 0.001 vs. 
counterparts CSF group 
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a variety of pathophysiological processes [25]. 
Depolarized GABAergic signaling in subicular 
microcircuit mediates secondary generalized sei-
zure (sGS) in temporal lobe epilepsy [26]. 
A previous study indicated that GABAergic signal-
ing alters post-UVN-associated plasticity mechan-
isms occurring in the VN and can directly impact 
the time course of vestibular compensation [19]. 
Consistent with previous study [1], we confirmed 
that UL exclusively promoted proliferation of 
GABAergic neurons on the lesioned side, which 
was likely conducive to rebalancing the ratio of 
excitation to inhibition between the bilateral 

MVN. Surprisingly, we observed that imbalance 
between the bilateral MVN was still sustained 7 
d after treatment with siBDNF, whereas 7, 8-DHF 
led to a symmetric decrease of GABAergic neurons 
in the bilateral MVN. We also verified that the 
expression of GABAAR was up-regulated in the 
bilateral MVN of rats infused with siBDNF 3 
d after UL, while 7, 8-DHF infusion promoted 
the rebalance. Similarly, Julia et al. [27] put for-
ward that cortistatin-expressing interneurons 
require TrkB signaling to suppress neural hyper- 
excitability. Gu et al. [28] suggested that supplying 
BDNF to the injured epileptogenic brain may 

Figure 6. The BDNF/TrkB signaling pathway influenced the number of GABAergic neurons and GABAAR expression in the left 
(lesioned) side and right (intact) side of MVN. (a) Photomicrographs showing GAD67 immunostaining in the left (lesioned) side and 
right (intact) side of MVN 7 d after unilateral labyrinthectomy with continuous drug infusion in the fourth ventricle (artificial CSF, 
siBDNF, or 7, 8-DHF). (b) The relative GAD67-positive cells for Figure 6a. (c and d) Photomicrographs showing GABAA 

R immunostaining in the left (lesioned) side and right (intact) side of MVN 3 d after unilateral labyrinthectomy with continuous 
drug infusion in the fourth ventricle (artificial CSF, siBDNF, or 7, 8-DHF). CSF, cerebrospinal fluid; 7,8-DHF, a TrkB Agonist. *** 
p < 0.001 vs. counterparts in Sham; ^^ p < 0.01 or ^^^ p < 0.001 vs. left side; # p < 0.01 or ### p < 0.001 vs. counterparts in CSF.
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reverse the structural and functional abnormalities 
in the fast-spiking GABAergic interneurons and 
provide an antiepileptogenic therapy. BDNF over-
expression enhances the preconditioning effect of 
brief episodes of hypoxia, promoting survival of 
GABAergic neurons [29]. Additionally, down- 
regulation of BDNF brings about GABAergic neu-
roplasticity dysfunction and late-life anxiety disor-
der [30]. Brady et al. [31] also corroborated that 
a depolarizing inhibitory GABAAR activity modu-
lates GABAergic synapse plasticity through ERK 
and BDNF signaling [31]. These data imply that 
BDNF/ TrkB signaling and GABA both facilitate 
a return to the homeostasis in the bilateral MVN. 
Our results also highlight a short therapeutic cri-
tical time window between 3 and 7 d after UL 
when some markers of excitability are locally 
changed and during which the effects of pharma-
cological treatments are likely to be more efficient.

In recent years, more and more advanced tech-
nologies have been applied in biomedical research 
and clinical practice, among which RNA sequen-
cing (RNA-seq) experiments have brought new 
ideas and directions for the research of various 
diseases. Luigi Donato et al. [32,33] explored the 
potential role of lncRNAs and genes in the patho-
genesis of retinitis pigmentosa using RNA-seq 
technology and found that some lncRNAs and 
genes might be ideal candidates for novel molecu-
lar markers and therapeutic strategies. Xu et al. 
[34] also reported that lncRNA XIST promotes 
proliferation, migration, and invasion of retino-
blastoma cells by regulating microRNA-191-5p 
and BDNF. Glyoxalase-1 (GLO-1) is known as 
a vital enzyme in removing AGE precursors, and 
its role in neurotrophic signals may be related to 
BDNF [35]. GLO-1 was also found to be asso-
ciated with retinitis pigmentosa lesions [36]. The 
Ras-like protein RalBP1 is known to regulate cell 
viability [37], and is found to be involved in 
pathological processes based on inflammation- 
related neurodegeneration, such as retinitis pig-
mentosa [38]. In line with the relationship 
between BDNF/TrkB and retinal degeneration 
[10], we suspected that BDNF/TrkB signaling 
may also have a certain interaction with GLO-1 
and RalBP1. In addition, cerebral cavernous mal-
formation (CCM), a cluster of capillaries in the 
brain, is associated with brain damage [39–41], 

whereas the roles of BDNF/TrkB signaling and 
CCM-related genes are still unclear. Also, whether 
BDNF/TrkB signaling is related to vestibular 
cavernous hemangioma needs further exploration. 
Therefore, RNA sequencing (RNA-seq) experi-
ments need to be applied in future research to 
more comprehensively study the gene changes in 
vestibular compensation and CCM, as well as the 
changes in the levels of biomarkers related to 
BDNF/TrkB signaling pathway. Also, the addi-
tional potential mechanisms beyond the activation 
of TrkB receptor in the recovery process are 
awaited to be expounded.

However, there is also room for improvement in 
our research. This study only conducted on male 
animals, which may lead to sex bias and limit the 
generalizability of the data in females.

Conclusion

The data indicated that BDNF-TrkB signaling is 
instrumental in vestibular compensation, and its 
activation leads to the acceleration of vestibular 
compensation by promoting the recovery from 
vestibular deficits, increasing the numbers of 
newly generated cells, astrocytes and GABAergic 
neurons, and enhancing GABAAR expression. This 
novel plasticity mechanism could partly explain 
how the system returns to homeostasis between 
the lesioned and intact VN, which was considered 
to be an important process of vestibular compen-
sation. Our findings also shed novel light into the 
development of therapeutic options to attenuate 
the vestibular symptoms and promote recovery of 
vestibular function.
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