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INTRODUCTION

Dental occlusion is one of the main neurophysiological and 
pathological stimulators that leads to the activation of peri-
odontal proprioceptive receptors, which are the peripheral 
processes of the neurons in the trigeminal mesencephalic 
nucleus (Vme) [1] and trigeminal ganglion [2]. Although 

still a controversial topic [3– 5], studies have indicated that 
dental occlusion affects the dynamic stability, and the biome-
chanical and the viscoelastic properties of several muscles, 
including the sternocleidomastoid, erector spinalis, and the 
longissimus and masseter muscles [6]. Occlusion has also 
been reported to have an impact on cervical posture, gait, 
and motor ability. Several malocclusion traits have been 
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Abstract
Occlusion has been proposed to play a role for body posture and balance, both of 
which are mediated mainly by the cerebellum. The dorsomedial part of the princi-
pal sensory trigeminal nucleus (Vpdm) has direct projection to the cerebellum. The 
experimental unilateral anterior crossbite (UAC) has an impact on the motor nuclei 
in the brain stem via trigeminal mesencephalic nucleus (Vme). The current aim was 
to explore whether UAC has an impact on Vpdm- cerebellum circuit. The inferior 
alveolar nerve was injected into cholera toxin B subunit (CTb), the cerebellum was 
injected into fluoro- gold (FG), and the Vpdm was injected into biotinylated dextran 
amine (BDA) to identify the activation of Vpdm- cerebellum circuit by UAC. Data in-
dicated that there were more neuronal nuclei (NeuN)/CTb/FG triple- labelled neurons 
and NeuN/CTb/vesicular glutamate transporter 1(VGLUT1) triple- labelled neurons 
in the Vpdm, and more NeuN/BDA/ VGLUT1 triple- labelled neurons in the cerebel-
lum of rats with UAC than in control rats. The VGLUT1 expression in the Vpdm and 
cerebellum in the UAC group was higher than that in control rats. These findings 
indicate an excitatory impact of UAC on the Vpdm- cerebellum pathway and support 
the role of occlusion for body posture and balance.
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observed to cause changes in muscle pattern and disorders at 
the cranial and cervical level, as well as impairments of body 
balance [6– 9]. Hence, dental occlusion disturbance devices 
negatively impacted the athletic performance of young elite 
rowers [10] and healthy female subjects [7]. Resistance train-
ing with an interocclusal splint improved the lower extremity 
muscle strength and the balance ability of elderly community 
dwellers [11]. Since the cerebellum plays a major role in the 
control and coordination of movement [12], it is interesting 
to explore the impact of dental occlusion on the cerebellum.

Neurons in the dorsomedial part of the principal sensory 
trigeminal nucleus (Vpdm) have been proposed to serve dif-
ferent functions, including relaying and processing sensory 
signals from the head, such as tactility and trigeminal pro-
prioception [13]. The central process of the Vpdm projects 
to the cerebellum [14]. In the granular layer of crus 1, crus 
2, and lobule 9 in the cerebellar cortex, there are projections 
from the dorsal half of the principal sensory trigeminal nu-
cleus [14– 16].

Glutamate is one of the most common excitatory neu-
rotransmitters in the nervous system. Vesicular glutamate 
transporters play a significant role in signal output for extra-
cellular release by aggregating glutamate into vesicular con-
stituents [17]. The number of vesicular glutamate transporter 
molecules per synaptic vesicle is thought to have a major 
impact on the quantal size of glutamatergic neurons, and 
the variation in vesicular glutamate transporter expression 
has been suggested to have a significant impact on synap-
tic transmission [18]. Three isoforms of vesicular glutamate 
transporters have been identified in the central nervous sys-
tem [19]. Vesicular glutamate transporter 1 (VGLUT1) and 
vesicular glutamate transporter 2 (VGLUT2) are considered 
the most reliable markers for glutamatergic neurons [20]. 
VGLUT1 mRNA, but not VGLUT2 mRNA, is expressed in 
the Vme, while VGLUT1 and/or VGLUT2 mRNA are ex-
pressed in the Vpdm [21]. The Vpdm contains a high density 
of differently sized, immunohistochemically heterogeneous 
neurons, many of which are likely to contain glutamate [22], 
constituting most of the Vpdm projection neurons [23]. 
VGLUT- expressing neurons that project from the Vpdm 
to the contralateral ventral posteromedial thalamic nucleus 
express VGLUT1 and/or VGLUT2 [24], while most fibres 
projecting from the Vpdm to the cerebellum only express 
VGLUT1 [14]. Thus, when neurons in the Vpdm are acti-
vated, the VGLUT1 protein expression level in the cerebel-
lum is expected to be increased.

Our recent reports have indicated that neurons in the tri-
geminal mesencephalic nucleus (Vme) of rats are activated 
by an experimental unilateral anterior crossbite (UAC) pros-
thesis [25], which sends excitatory impulses to the trigeminal 
motor nucleus and then leads to masseter injury [26], atrophy 
[27], or osteoarthritic lesions in temporomandibular joints 
[28– 32]. Reports have indicated that there are projections 

from Vme to the trigeminal motor nucleus, facial nerve nu-
cleus, hypoglossal nerve nucleus, nucleus ambiguous, acces-
sory nerve nucleus, and Vpdm [21,33,34]. In UAC treated 
female rats, the VGLUT1 mRNA expression level of Vme 
was upregulated [25] and the VGLUT1 protein expression 
level of trigeminal motor nucleus, facial nerve nucleus, hy-
poglossal nerve nucleus, nucleus ambiguous, and accessory 
nerve nucleus was increased [35]. It is of dental interest to 
determine whether the Vpdm- cerebellum circuit of UAC rats 
is excited.

In this study, we tested the activation of Vpdm- cerebellum 
circuit by injecting cholera toxin B subunit (CTb) into the 
inferior alveolar nerve, fluoro- gold (FG) into the cerebellum, 
and biotinylated dextran amine (BDA) into Vpdm of UAC 
treated rats and untreated control rats. We also compared 
the VGLUT1 expression levels in the Vpdm and cerebellum 
between the UAC treated and age- matched control rats. The 
purpose was to detect whether UAC has an excitatory im-
pact on the Vpdm- cerebellum circuit and, thus, to provide 
supportive evidence for the role of occlusion in body posture 
and balance.

MATERIAL AND METHODS

Animals

This animal study is one of a series of studies on the UAC 
model [26– 32] and was approved by the Laboratory Animal 
Care and Welfare Committee, School of Stomatology, Fourth 
Military Medical University, for animal research (2015- 033). 
All experimental procedures complied with ARRIVE guide-
lines. Ninety- six female Sprague- Dawley rats (weight 160– 
180  g) were provided by the Animal Centre of the Fourth 
Military Medical University. These rats were kept at a tem-
perature of 22– 24°C and a normal 12  h– 12  h diurnal bio-
logical rhythm. All animals could eat and drink freely and 
adequately during the experiment. Our published data indi-
cated that the mandibular condylar cartilage degeneration in 
UAC rats was observed as early as 2 weeks. Autophagy in 
chondrocytes was obvious at 2, 4, and 8 weeks, while apop-
tosis was enhanced from 8 weeks [28]. In the present study, 
we collected samples from the animals at 2, 4, and 8 weeks 
after UAC installation.

Of the 96 rats, 72 were randomly allocated to a UAC 
group and a control group to be sacrificed at 2, 4, or 8 weeks, 
respectively (n  =  12). For each main group and each time 
point, six rats were used for in situ hybridization immunoflu-
orescence histochemistry, and six rats were used for real- time 
polymerase chain reaction (PCR) and Western blot analysis 
(Table 1). The remaining twenty- four rats were randomly 
divided into a UAC group and a control group. Six rats in 
each of the UAC and control groups received injections of 
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CTb into the inferior alveolar nerve and FG into the cerebel-
lum; the other six rats in each of the UAC and control groups 
received injections of BDA into the Vpdm. These rats were 
sacrificed 1 week after the injections.

Details of the animal distribution in the main experimen-
tal groups and subgroups are presented in Table 1.

Unilateral anterior crossbite induction

A unilateral anterior crossbite was induced in experimental 
rats, as previously reported [36]. In brief, a section of metal 
tube with a length of 2.5 mm and an inside diameter of 3 mm 
was bonded onto the rat left maxillary incisor (Figure S1). A 
curved section of metal tube with a length of 4.5 mm and an 
inside diameter of 3.5 mm was adhered to the left mandibular 
incisor. The mandibular tube was bent to form a 135° curved 
and tilted occlusal plate (Figure S1). The tubes were carefully 
checked every other day. The UAC model was maintained 
during the entire experimental period. Control rats had no 
metal tubes adhered.

Cholera toxin B subunit/fluorogold (CTb/
FG) and biotinylated dextran amine 
(BDA) injection

Rats were injected with CTb/FG and BDA one week after 
UAC induction. For CTb/FG injection, the rats were anaes-
thetized by intraperitoneal injection with sodium pentobar-
bital (35 mg/kg of body weight). Then, rats were placed on 
a stereotaxic frame (RWD Life Science). FG was injected 
stereotactically via a glass micropipette (tip- diameter 10– 
15 μm) (Hamilton Robotics) into the cerebellum at the fol-
lowing coordinates: 11.7  mm caudal to Bregma; 4.5  mm 
lateral to the midline; and 4.6 mm in depth from the brain 
surface based on the rat brain atlas. For CTb injection, as 

previously reported [25], a small bone window was drilled 
into the oral and facial mandibular ramus to fully observe 
and expose the inferior alveolar nerve. The nerve was sepa-
rated from the surrounding blood vessels. A glass micropi-
pette with an internal tip diameter of 15– 20 μm, attached 
to a 10  μl Hamilton micro syringe (Hamilton Robotics), 
filled with 6– 8 μl of 1% CTb (Sigma) dissolved in distilled 
water was injected into the inferior alveolar nerve. The dis-
tal segment of the inferior alveolar nerve was ligated after 
the injection. The rats injected with CTb/FG were sampled 
1 week later.

For a single injection of BDA in the Vpdm, the rats 
underwent the same procedure as were used under the FG 
method. The Vpdm was located at the level of the pons, 
from the rostral side of the Vme to the rostral subnucleus 
of the spinal trigeminal nucleus. The Vpdm injection site 
is at the following coordinates: 10.0 mm caudal to Bregma; 
2.8  mm lateral to the midline; and 8.6  mm ventral to the 
brain surface based on the rat brain atlas. The rats were sam-
pled 1 week later. Only data collected from rats in which 
the injection areas were the correct regions were used for 
further analysis.

Sampling

For histology, rats injected with CTb/FG or BDA were eu-
thanized by intraperitoneal injection with an overdose of so-
dium pentobarbital (100 mg/kg of body weight). The blood 
was rinsed with 0.1  mol/L phosphate- buffered saline and 
then with a buffer containing 4% paraformaldehyde; 15% 
saturated picric acid was used in 500  ml phosphate buffer 
(pH 7.2– 7.4) for fixation during perfusion. The brains were 
carefully removed and post- fixed in the same fixative for 
2 h and then placed at 4°C overnight with 0.1 M phosphate 
buffer containing 30% (w/v) sucrose. The brain segments 
containing Vpdm and cerebellum were extracted and sliced 
into 25- μm- thick coronal sections with a Leica cryostat 
(Leica Biosystems). Vpdm tissue located between Bregma 
−9.36 mm and −10.32 mm was collected. Cerebellum tis-
sue located between Bregma −9.6 mm and −13.68 mm was 
collected and divided into three subgroups: rostral (−9.6 mm 
to −10.96  mm), ventral (−10.96  mm to −12.32  mm), and 
caudal (−12.32 mm to −13.68 mm).

In situ hybridization immunofluorescence 
histochemistry

The hybridization procedure was based on the procedure 
described in a previous report [24]. A cDNA fragment 
of VGLUT1 (nucleotides 855– 1788; GenBank acces-
sion number XM_133432.2) was cloned into the vector 

T A B L E  1  Distribution of the experimental rats in the subgroups

2 weeks 4 weeks 8 weeks

UAC Con UAC Con UAC Con

WB and real- 
time PCR

6 6 6 6 6 6

FISH 6 6 6 6 6 6

FG + CTb 6 6

BDA 6 6

Abbreviations: BDA, animals were injected biotinylated dextran amine (BDA) 
into the dorsomedial part of the principal sensory trigeminal nucleus (Vpdm); 
Con, the age matched control group; FG + CTb, animals were injected cholera 
toxin B subunit (CTb) into the inferior alveolar nerve, and fluoro- gold (FG) into 
the cerebellum; FISH, fluorescence in situ hybridization; UAC, the unilateral 
anterior crossbite (UAC) group; WB, Western blot; real- time PCR, real- time 
polymerase chain reaction.
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pBluescriptII SK+ (Stratagene) as follows: sections of the 
Vpdm were hybridized with a VGLUT1 mRNA fluorescent 
tag RNA probe (including 0.5  g/ml) for 20 to 24  h in a 
mixed hybrid buffer at a temperature of 60°C. The hybridi-
zation buffer contained: 5×saline sodium citrate (sodium 
citrate buffer, 1×saline sodium citrate: 0.015  M sodium 
citrate and 0.15  M NaCl, pH  =  7.0); 2% (w/v) blocking 
reagent (Roche Diagnostics); 50% (v/v) formamide; 0.1% 
(w/v) N- lauroylsarcosine; and 0.1% sodium dodecyl sul-
phate. After hybridization, the sections were washed with 
wash buffer 2×saline sodium citrate, 50% (v/v) forma-
mide, and 0.1% N- lauroylsarcosine at 60°C for 20 min and 
then kept at 37°C with RNase A (10 μg/ml) in a mixture 
of 0.5 M sodium chloride, 0.01 M Tris– HCl (pH 8.0), and 
1 mM ethylenediamine tetraacetic acid; finally, they were 
washed in 0.2×saline sodium citrate containing 0.1% (w/v) 
sodium N- lauroylsarcosine for 20  min. Subsequently, the 
sections were incubated overnight with 1:2000- diluted 
alkaline phosphatase conjugated anti- digoxigenin IgG 
Fab fragment (1093274; Roche Diagnostics) in 0.1  M 
Tris– HCl (pH 7.5)- buffered 0.9% (w/v) saline (pH 7.5) 
containing 1% blocking reagent. Then, the sections were 
washed with 0.15 M NaCl, 0.1 M Tris– HCl (pH 7.5), and 
0.05% (v/v) Tween 20 and incubated for 3 h with fluores-
cein isothiocyanate- avidin conjugate (1:1000; Millipore). 
The sections were placed on gelatine- coated glass slides 
and observed under a confocal laser scanning microscope 
(FV1000; Olympus).

Light microscopy immunofluorescence 
histochemistry

For CTb-  and FG- injected rats, sections containing Vpdm 
plane were selected for immunofluorescence staining of 
neuronal nuclei (NeuN)/CTb/FG and NeuN/CTb/VGLUT1, 
respectively. The experimental procedures were as follows: 
(i) rabbit anti- VGLUT1 IgG (1:500; Synaptic System)/rab-
bit anti- FG IgG, mouse anti- NeuN IgG (1:1000; Millipore), 
and goat anti- CTb IgG (1:2000; List Biological) were 
used to incubate slices at room temperature overnight, and 
(ii) Alexa488- conjugated donkey anti- goat IgG (1:500; 
Millipore), Cy3- conjugated donkey anti- rabbit IgG (1:1000; 
Millipore), and Alexa647- conjugated donkey anti- mouse IgG 
(1:500; Millipore) were used to incubate slices for 8 h. The 
diluent used in steps (i) and (ii) was 0.05 mol/L phosphate 
buffer saline (PBS) containing 5% donkey serum, 0.25% car-
rageenan, 0.05% sodium azide, and 0.5% Triton X- 100.

Sections containing cerebellum of BDA- injected rats 
were processed for BDA, VGLUT1, and NeuN triple- 
immunofluorescence staining. The experimental procedures 
were as follows: incubation with mouse anti- NeuN IgG 
(1:1000; Millipore) and rabbit anti- VGLUT1 IgG (1:500; 

Synaptic System) for 16– 18 h at room temperature, followed 
by a mixture of fluorescein isothiocyanate- avidin conjugate 
(1:1000; Millipore), Cy3- conjugated donkey anti- rabbit IgG 
(1:1000; Millipore), and Alexa 647- conjugated donkey anti- 
mouse IgG (1:500; Millipore) for 4 h at room temperature. 
Immunohistochemical controls were performed by omission 
of the primary and the secondary antibody. The digital im-
ages were captured and processed using fv10- asw 1.6 soft-
ware (Olympus).

In the cell counting process, neuronal cell bodies were 
counted on 10 sections throughout the Vpdm and cerebellum 
in a series of 25- μm sections, which would cover the rostral- 
caudal axis of the Vpdm and cerebellum. The selection range 
of Vpdm tissue section count was 9.24  mm to 10.44  mm 
caudal to Bregma and the cerebellum ranged from 9.48 mm 
to 13.68 mm caudal to Bregma. Only immunopositive neu-
rons in Vpdm and cerebellum with clear neuronal morphol-
ogy were counted with the total number summarized. The 
number of neurons was counted on 10 sections from each 
rat, summed individually, and averaged per rat. The images 
obtained were used to document and analyse the ratio dif-
ference of triple- labelled neuron numbers in the UAC and 
control groups. Data were presented as the mean ± standard 
deviation (SD).

RNA extraction and real- time PCR assay

The brainstem was removed after perfusion with 200  ml 
of 5  mM PBS (pH 7.3). Tissue of Vpdm was collected 
from 10 cryosections located between Bregma −9.36  mm 
and −10.32  mm. The cerebellum was collected between 
Bregma −9.7  mm and −13  mm. RNA was isolated using 
TRIzol (Invitrogen) and purified with the RNeasy Mini 
Kit (Qiagen). The Applied Bio systems 7500 Real- time 
PCR machine (Applied Bio Systems) was used to ana-
lyse the gene expression. The primers for VGLUT1 target 
genes are GAGTCACCTGCACTACACCC (forward) and 
TGAGGAACACGTACTGCCAC (reverse; GenBank acces-
sion no. NM_053859.2).

Western blot analysis

According to the standard Western blot protocol, tissues at 
the level of the Vpdm and cerebellum from the brainstem 
were removed carefully. To obtain total protein extracts, 
samples were homogenized in extraction buffer, including 
20 mM Tris– HCl (pH 7.4), 5 mM ethylenediamine tetraacetic 
acid, 140  mM NaCl, 1% Triton X- 100, 1  mM sodium va-
nadate, 1  mM phenylmethylsulfonyl fluoride, 10  mM so-
dium fluoride, and 1  mg/ml aprotininat 4°C. The samples 
were centrifuged at 12,000  g at 4°C for 20  min, and the 
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supernatant was carefully absorbed and placed in precooled 
centrifuge tubes. The supernatant was measured by the Bio- 
Rad Protein Assay kit (Bio- Rad) and denatured at 95°C for 
5 min. After proteins were fractionated by sodium dodecyl 
sulfate- polyacrylamide gel electropheresis, they were trans-
ferred onto an Immobilon- P membrane. The membrane was 
sealed with skim milk for 2 h and incubated overnight at 4°C 
with primary antibodies. The protein from Vpdm/cerebellum 
was incubated with mouse anti- β- actin (1:2000; Santa Cruz 
Biotechnology) and mouse anti- VGLUT1 (1:500; Millipore). 
The blots were detected using a horseradish peroxidase- 
conjugated secondary antibody and chemiluminescence.

Statistical analysis

After a database of the results was set up, the spss 17.0 pack-
age (SPSS) was used to describe and analyse the data. Data 
acquisition and analysis were performed blindly, and data 
are presented as the mean ±standard deviation. Two- way 
analysis of variance (anova) with Bonferroni's multiple 
comparison tests was used for between- group comparisons 
(for example, the analysis of Western blot and real- time 
PCR data with experimental group and time as the main 
effects). The statistical significance level was defined as 
p < 0.05.

RESULTS

Effect of unilateral anterior crossbite on the 
Vpdm- cerebellum pathway

The rats in the UAC and control groups were successfully in-
jected with CTb into the inferior alveolar nerve (Figure 1A,B) 
and with FG into the cerebellum (Figure 1C,D). Many axon 
terminals around the neurons in the Vpdm on the side ipsilat-
eral to the injection were labelled anterogradely with CTb and 
retrogradely with FG (Figure 2A– D). In the UAC group, the 
average number of NeuN/CTb/FG triple- labelled neurons in 
Vpdm was 76.00 ± 4.00, accounting for 23.63 ± 0.90 (%) of 
the number of FG positive neurons; meanwhile, in the control 
group, they amounted to 39.00 ± 2.65 and 16.33 ± 0.69 (%), 
respectively (Figure 2E,F; p < 0.01).

Effect of unilateral anterior crossbite on 
VGLUT1 protein expression in the Vpdm

In the rats injected with CTb into the inferior alveolar nerve, 
some of the CTb- labelled axonal profiles in the Vpdm were 
VGLUT1 immunopositive. Many CTb and VGLUT1 
double- labelled axonal profiles were in close proximity to 
NeuN- immunopositive neuronal profiles, as revealed by triple- 
immunofluorescence staining of CTb, VGLUT1, and NeuN 
(Figure 3A– D). In the UAC group, the average number of 
NeuN/CTb/VGLUT1 triple- labelled neurons in Vpdm was 
175.00 ± 21.00, accounting for 29.10 ± 5.00 (%) of the number 
of CTb positive neurons; meanwhile, in the control group, they 
were 61.67 ± 11.10 and 16.30 ± 0.80 (%), respectively (Figure 
3E,F; p < 0.05). The differences were confirmed by Western 
blot assays, which revealed that the protein expression level of 
VGLUT1 in the Vpdm was higher in the UAC group at all three 
time points (2, 4, and 8 weeks) (Figure 4A,B; p < 0.01).

Effect of unilateral anterior crossbite 
on Vpdm and VGLUT1 expression 
in the cerebellum

The mRNA expression of VGLUT1 in the Vpdm was exam-
ined by in situ hybridization histochemistry using digoxigenin 
(Figure 5A). Quantitative real- time PCR data indicated that 
the expression level of VGLUT1 mRNA in the UAC groups 
was markedly higher than that of the control groups at all 
three time points (2, 4, and 8 weeks) (Figure 5B; p < 0.05).

In BDA- injected rats, many axon terminals in the cerebellum 
on the side ipsilateral to the injection were labelled anterogradely 
with BDA (Figure 6A,B). Some of the BDA- labelled axonal 
profiles in the cerebellum were VGLUT1 immunopositive 
(Figure 6C,D). The BDA and VGLUT1 double- labelled axonal 

F I G U R E  1  Fluorescent photomicrographs observation of the 
injection of cholera toxin B subunit (CTb) and fluoro- gold (FG). 
Representative trigeminal mesencephalic nucleus (Vme) profile 
after injection of CTb in the inferior alveolar nerve (A,B) and FG 
injection site of the lateral cerebellum (C,D). Vmo, the trigeminal 
motor nuclei. Scale bars = 200 μm [Colour figure can be viewed at 
wileyonlinelibrary.com]

(A) (B)

(C) (D)

www.wileyonlinelibrary.com
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profiles were in close apposition to NeuN- immunopositive 
neuronal profiles, as revealed by triple- immunofluorescence 
staining (Figure 6E,F). In the UAC group, the average number 
of NeuN/BDA/VGLUT1 triple- labelled neurons in the cerebel-
lum was 232.33 ± 9.01, accounting for 21.23 ± 1.54 (%) of 
the number of BDA positive neurons; meanwhile, in the control 
group, they were 61.00 ± 5.57 and 8.38 ± 2.67 (%), respec-
tively (Figure 6G,H; p < 0.001). Western blot data indicated 

the increase of VGLUT1 protein expression in the cerebellum 
of UAC rats at 2, 4, and 8  weeks (Figure 7A,B; p  <  0.05). 
Quantitative real- time PCR data indicated that the expression 
of VGLUT1 mRNA in the cerebellum of the UAC groups was 
markedly higher than that of the control groups at 2, 4, and 
8 weeks (Figure 7C; p < 0.01).

F I G U R E  2  Triple- immunofluorescence histochemistry for the 
cholera toxin B subunit (CTb) (green), fluoro- gold (FG) (red), and 
neuronal nuclei (NeuN) (blue) in a transverse section through the 
dorsomedial part of the principal sensory trigeminal nucleus (Vpdm) 
from a rat in which CTb was injected into the inferior alveolar nerve 
and FG into cerebellum of unilateral anterior crossbite (UAC) and 
control (Con) groups. The framed areas in panels (A) and (B) are 
magnified in panels (C) and (D), respectively. White arrows indicate 
neurons dually labelled with FG (red) and NeuN (blue), which 
are merged (pink) and in close apposition to CTb- positive axonal 
profiles (green). (E) FG+CTb (%) indicate the percentage of FG/
CTb double- labelled neurons to total number of FG- labelled neurons; 
(F) FG+CTb+NeuN (%) indicate the percentage of FG/CTb/NeuN 
triple- labelled neurons to total number of FG- labelled neurons. Scale 
bars: 200 μm in images (A) and (B) and 10 μm in images (C) and (D). 
n = 6/group. **p < 0.01, ***p < 0.001 [Colour figure can be viewed 
at wileyonlinelibrary.com]

(A)

(C)

(E) (F)

(D)

(B)

F I G U R E  3  Comparison of vesicular glutamate transporter 1 
(VGLUT1) expression in the dorsomedial part of the principal sensory 
trigeminal nucleus (Vpdm) between the unilateral anterior crossbite 
(UAC) and control (Con) groups. (A– D) Triple- immunofluorescence 
histochemistry for the cholera toxin B subunit (CTb) (green), vesicular 
glutamate transporter 1 (VGLUT1) (red), and neuronal nuclei (NeuN) 
(blue) in a transverse section through the trigeminal mesencephalic 
nucleus (Vme) and Vpdm from a rat in which CTb was injected 
into the inferior alveolar nerve. The framed areas in images (A) 
and (B) are magnified in images (C) and (D), respectively. White 
arrows indicate axonal profiles double- labelled with VGLUT1 and 
CTb, which are merged (yellow) and in close apposition to NeuN. 
(E) CTb+VGLUT1(%) indicate the percentage of CTb+VGLUT1 
double- labelled neurons to total number of CTb- labelled neurons; (F) 
CTb+VGLUT1+NeuN (%) indicate the percentage of CTb/GLUT1/
NeuN triple- labelled neurons to total number of CTb- labelled neurons. 
Scale bars: 200 μm in images (A) and (B) and 10 μm in images (C) 
and (D).  
n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 [Colour figure can 
be viewed at wileyonlinelibrary.com]

(A)

(C) (D)

(B)

(E) (F)
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DISCUSSION

Even though the electrophysiological/calcium imaging study 
is required to determine with certainty the impact of UAC on 
the Vpdm- cerebellum circuit, the present morphological data 
obtained from BDA, CTb, and FG tracing, together with the 
VGLUT1 expression at protein and mRNA levels, indicate 

the activation of the Vpdm- cerebellum pathway by UAC. 
The excitation impact of UAC on the Vpdm- cerebellum 
circuit is supported by the increased VGLUT1 protein and 
mRNA expression in the Vpdm and cerebellum. Our data 
provide evidence that changes in occlusion (such as UAC) 
alter the functional state of cerebellum, which might have an 
impact on body posture balance.

The cerebellum is involved in multiple phases of motor 
control, including planning, execution, and long- term error 
correction [37]. Literature regarding the relationship between 
the stomatognathic system and body posture has grown at a 
fast rate in recent years. Conflicting data has been also re-
ported. Results of recent reviews have been diverse with re-
spect to this clinical correlation [38]. The dental occlusion 
contribution to postural control has been proposed to de-
pend on external disturbances [39,40]. Our published data 
[14,25,35,41] and the present work bring about supportive 
evidence. The existence of an ascending pathway mediating 
proprioception from the periodontal region to the cerebellum 
provides a possible neuroanatomical basis for the trigeminal 
mechanism of somatic movement and balance. These changes 
should be minor during the present experimental period be-
cause we did not notice any obvious mobility problems in the 
animals; however, osteoarthritis, like lesions [29,32], injury 
[26] and atrophy of masseters [27] was significant in UAC 
treated rats.

The pathways sending the excitatory message to Vpdm 
remain unidentified by the current data. It has been indicated 
that, in the proprioceptive pathway of the fifth nerve, there 
are direct projections from neurons of Vme to the Vpdm in 
the rats [13,42,43]. The primary neurons of the Vme form 
a mediolaterally narrow band of neurons located within all 
rostro- caudal levels of the entire midbrain [42]. This makes 
it possible for the projections of neurons in the Vme to target 
many other neurons in the brainstem. The neurons of Vme 
innervate spindles in the jaw- closing muscles and periodon-
tal pressoreceptors [25,35,41,43]. Axons involved in trigem-
inal proprioception from periodontal mechanoreceptors and 
spindles in the jaw- closing muscles directly bypass the tri-
geminal ganglion and leave their cell bodies in all the rostro- 
caudal levels of the entire mesencephalon [44]. Hence, 
Vpdm in UAC rats could be excited via the Vme pathway.

F I G U R E  4  (A) The protein expression of vesicular glutamate transporter 1 (VGLUT1) in the dorsomedial part of the principal sensory 
trigeminal nucleus (Vpdm) as revealed by Western blot assay. (B) Data are presented as the mean ±standard deviation. n = 6/group. **p < 0.01, 
***p < 0.001

F I G U R E  5  Comparison of the mRNA expression level of 
vesicular glutamate transporter 1 (VGLUT1) expressed in the 
dorsomedial part of the principal sensory trigeminal nucleus (Vpdm) 
between the unilateral anterior crossbite (UAC) and control (Con) 
groups. (A) In situ hybridization immunofluorescence of histochemical 
sections showing the hybridization signals in the cell bodies of Vpdm 
neurons. Scale bar = 200 μm. (B) Real- time PCR of the levels of 
VGLUT1 expressed in Vpdm neurons. Data are presented as the mean 
±standard error. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 
[Colour figure can be viewed at wileyonlinelibrary.com]
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There are several limitations and implications of the pres-
ent work. Firstly, female animals were used, as it has been 
done in our serial studies on the UAC model [26– 32]. We 
used female animals to reduce the impact of the complex 
sex factors. Secondly, the neurons in the Vme are not only 

stimulated by the peripheral afferents from proprioception 
receptors of periodontal ligament, but also by the afferents 
from the spindles in jaw muscles [44]. Thirdly, the primary 
afferent neurons of the trigeminal nerve (a group of neural 
crest- derived sensory neurons) are located in the Vme and 

F I G U R E  6  Projection fibres from 
the dorsomedial part of the principal 
sensory trigeminal nucleus (Vpdm) to 
the cerebellum and excitation stimulated 
by unilateral anterior crossbite (UAC). 
Anterograde tracing of projection fibres 
from the Vpdm to the cerebellum with 
biotinylated dextran amine (BDA) in 
the control (Con) group (A) and UAC 
group (B). BDA- positive terminals are 
observable in the cerebellum (C,D). The 
immunoreactivities for vesicular glutamate 
transporter 1 (VGLUT1) (red), BDA 
(green), and neuronal nuclei (NeuN) 
(blue) positive in the cerebellum are 
presented. White arrows indicate axonal 
profiles triple- labelled with VGLUT1 
(red) and BDA (green), which are merged 
(yellow) and in close apposition to NeuN 
(blue). The framed areas in panels (C) 
and (D) are magnified in (E) and (F). (G) 
BDA+VGLUT1 (%) indicate the percentage 
of BDA+VGLUT1 double- labelled neurons 
to total number of BDA- labelled neurons; 
(H) BDA+VGLUT1+NeuN (%) indicate 
the percentage of BDA/VGLUT1/NeuN 
triple- labelled neurons to total number of 
BDA- labelled neurons. Scale bars: 200 μm 
in images (A– D) and 10 μm in images (E) 
and (F). n = 6/group. ***p < 0.001 [Colour 
figure can be viewed at wileyonlinelibrary.
com]

(A) (B)

(C) (D)

(E)

(G) (H)
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in the trigeminal ganglion. The primary afferents from the 
trigeminal ganglions carry somatosensory information from 
mechanoreceptors, thermoreceptors, and nociceptors in 
the face, oral, and nasal cavities [44], while afferents from 
neurons in Vme convey the proprioception. By injection of 
CTb into the inferior alveolar nerve (as done in the present 
study), neurons of the trigeminal ganglions could also be in-
sulted. Hence, presently, both Vme and trigeminal ganglions 
are able to send excitatory messages to Vpdm in UAC rats. 
However, the involvement of the trigeminal ganglion in the 
present UAC model remains an open question.

Overall, these data help to understand a possible neurobi-
ological mechanism involving persistent stimulation by the 
occlusion, which ultimately has an impact on the neuronal 
excitation of the cerebellum through the Vpdm- cerebellum 
circuit and may be a factor in eliciting related symptoms, 
such as body posture imbalance.
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