Features of the Sensorimotor Cortex Altered after Tooth Loss
and Subsequent Implant Placement in the Maxilla of Rats
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Objective: 7o investigate the synergistic changes of the astrocytes and neurons in the sen-
sorimotor cortex during the process of implant osseointegration after insertion.

Methods: A total of 75 rats were allocated into three groups (n = 25): non-operated, extrac-
tion and implant. The rats in the latter two groups underwent extraction surgery of three
maxillary right molars. One month later, the implant group received one titanium implant in
the healed extraction socket. The rats were sacrificed on days 1, 3, 7, 14 and 28 after implant-
ation. The brain sections, including sensory centre SI1 and motor centre M1, were selected for
Sfurther immunofluorescence for measurement of the synergistic morphological and quantita-
tive changes of astrocytes and neurons.

Results: /n layer IV of S1, the number of astrocytes in the implant group showed a descending
trend with time; on days 1, 3, 7 and 14, the number of astrocytes in both the extraction group
and the implant group was significantly higher than that in the non-operated group, and there
was no difference between the extraction group and the implant group; however, on day 28,
the number of astrocytes in the implant group was significantly lower than that in the extrac-
tion group. In layer V of M1, on days 7, 14 and 28, the number of astrocytes in the implant
group was significantly lower than that in the extraction group, on days 14 and 28, the number
of astrocytes in the extraction group was significantly higher than that in the non-operated
group. In layer IV of S1 or layer V of M1, the number of neurons showed no significant changes
between the three groups.

Conclusion: The astrocytes in the face sensorimotor cortex were activated as a reaction to
oral environment changes. This kind of neuroplasticity can be reversed by oral rehabilitation
with dental implants. The motor cortex may be intimately related to osseointegration and
osseoperception.
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The sensory signal pathway of natural teeth starts from
the Ruffini body in the periodontal ligament. After
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tooth loss, the transmission of mechanical sensory sig-
nals from the periodontal ligament disappears, which
affects the deep sensory signals of muscle spindle and
temporomandibular joint proprioceptors and interrupts
the sensory feedback pathway'. Thus, the complete
reconstruction of the same shape, structure, function
and sensory perception as normal natural teeth is con-
sidered the ultimate goal of dental prostheses®. Dental
implants have innovated traditional restoration methods,
offering satisfactory rehabilitation effects approximate
to the appearance of natural teeth®*. In clinical appli-
cation, however, the tactile sensory ability of implant-
supported dentures has been found to be far less than
that of natural teeth, only 1/50 to 1/10 of the latter>.
Consequently, there have been clinical cases of unsuc-
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cessful implants due to excessive bite force, with failure
manifesting itself mainly as mechanical complications
and early excessive vertical bone resorption. Thus, the
question of how to improve the tactile sensory ability of
dental implants has become an urgent issue to be solved
in clinical application.

In the 1990s, Branemark proposed the concept of
osseoperception, which was amended gradually before
a consensus was reached in academic circles in 2005
the sensation arising from mechanical stimulation of
a bone-anchored prosthesis, transduced by mechano-
receptors that may include those located in muscle,
joint, mucosal, cutaneous and periosteal tissues, and a
change in central neural processing in maintaining sen-
sorimotor function. In other words, the osseoperception
of dental implants encompasses not only the informa-
tion from the peripheral nervous system, but also the
perception of the central nervous system, namely the
cerebral cortex’. However, it has not been fully clari-
fied whether this tactile sensation perceived by implants
comes from the establishment of a specific feedback
regulatory pathway from the peripheral to the central
nervous system. The clarification of this pathway will
be of great significance to the strategies and methods
to improve osseoperception; however, so far there has
been little knowledge about the changes in the micro-
structure of the sensory conduction pathway at different
stages of the implant osseointegration process due to a
lack of systematic observation.

Some studies have reported that changes in the oral
environment would cause structural and functional
neuroplasticity in the central cortex, including the
reduction of the number of neurons®?, the change of
synaptic function’, the deformation of astrocytes!? and
the reduction in the volume of the brain area control-
ling the oral and maxillofacial region'!. Many studies
have also shown that when degenerative changes occur
in the oral cavity (such as chronic pain, dysfunction,
noxious stimulus and cancer)!%12, they cause prolif-
eration or activation of astrocytes in the corresponding
sensory cortex. It has been reported that the number of
astrocytes in the hippocampal region of rats increased
significantly after tooth loss'?.

At the same time, some studies have suggested that
implants could partially reverse the neuroplastic chang-
es of the central nervous system caused by tooth loss.
A study using functional magnetic resonance imaging
(fMRI) showed that electrical stimulation of implants
could activate the cortical somatosensory area corre-
sponding to natural teeth and a wide range of bilateral
external areas'?. Some researchers compared the brain
fMRI among three groups of patients who underwent
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rehabilitation of an implant-supported fixed denture,
implant-supported overdenture or mucosal-supported
denture, respectively, and found that the blood oxy-
gen-related signals in the primary sensory centre (S1)/
motor centre (M1) of patients with implant-supported
fixed dentures were significantly higher than those of
the other two groups'®. Another study found that after
extraction of the right maxillary molars in rats, the acti-
vated area of M1 in the cerebral motor cortex decreased
when the anterior abdomen of digastric muscle and
genioglossus muscle contracted'®. After restoration
with implants, the changes in M1 were reversed and
caused the activation of the wider cortical area, which
suggested neuroplastic changes in M113; however, these
studies did not investigate the cellular or molecular
changes in the cortex or observe the synergic linkage
between the osseointegration process and cortical neu-
rons or astrocytes, which would offer the possibility
of explaining how osseointegrated implants develop
osseoperception.

The oromaxillofacial sensory/motor centre (face-S1/
face-M1, hereinafter referred to as S1/M1) plays an im-
portant role in coordinating oromaxillofacial sensory/
motor function!6. Many studies have shown that in sub-
primates and primates, S1 mainly undertakes oral and
maxillofacial sensory function and partly participates
in the control of oral and maxillofacial movement. M1
mainly outputs motor information to brainstem motor
neurons and receives many sensory inputs to assist its
role in motor behaviour!”. Therefore, this study aimed
to establish a time-axis animal model to explore the
changes in the morphology and number of neurons and
astrocytes in S1/M1 region during osseointegration
to understand the difference in neuroplastic changes
between S1 and M1 and the changes' temporal and
spatial linkage with the osseointegration process. This
research also aimed to provide indispensable basic data
to build up some neurogenic strategies to improve osse-
ointegration and osseoperception of dental implants.

Materials and methods

Experimental animals and groups

The animal experiments were approved by the experi-
mental animal welfare ethics committee of Peking Uni-
versity (license no. LA2013-76). Seventy-five 6-week-
old Sprague Dawley male rats weighing 220 + 15 g were
selected and provided by Beijing SPEF Experimental
Animal Technology (experimental animal production
license: SCXK [Beijing] 2019-001]). All specific path-
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ogen free (SPF) rats were fed in the experimental ani-
mal room of Peking University Hospital and School of
Stomatology. The feeding conditions were temperature
22 £ 1°C, humidity 50% =+ 5%, daytime/night 12 hours
alternately, and they consumed a mashed chow diet and
water ad libitum from the adaptation period.

After the 7-day adaptation period, the rats were
randomly divided into three groups: non-operated,
extraction and implant (25 rats per group). The rats in
the extraction and implant groups underwent extraction
of the three right maxillary molars under anaesthesia,
and the masticatory function of the left maxillary and
mandibular teeth was retained. One month after tooth
extraction, the rats in the implant group received one
titanium implant in the healed extraction socket of the
maxillary right first molar. Since osseointegration of
implants in the maxilla of rodents has been confirmed
to complete in around 28 days after implantation'8, the
rats were sacrificed on days 1, 3, 7, 14 and 28 after im-
plantation (taking the day of implantation as baseline,
five rats in each subgroup were sacrificed on day 1, five
on day 3, five on day 7, five on day 14 and five on day
28) (Fig 1).

Surgical protocol

The molar extraction and implant surgery were carried
out under aseptic conditions. The gingival tissue around
three maxillary right molars was detached with a probe
and the teeth were luxated using Ventura forceps (Bele-
vor, Shenzhen, China). One month later, prior to implant
surgery, the extraction sites were evaluated through
gross examination for adequate soft tissue healing. Then,
in the rats in the implant group, the healed edentulous
alveolar crest was surgically exposed with a scalpel,
then a bone cavity was prepared with a low-speed drill
into the healed extraction site of the maxillary right first
molar, and a titanium miniscrew implant (MCTBIO,
Gyeonggi-do, South Korea; 1.2 mm diameter, 3.0 mm
length) was inserted in the cavity (Fig 2). Primary im-
plant stability (a prerequisite for successful bone healing
around dental implants) was confirmed manually. The
implant head remained non-submerged and was occlud-
ed with the mandibular first molar. Bilateral occlusion
was checked to verify the existence of occlusal contacts
between the implant and the opposing tooth, as well as
between the opposing teeth on the contralateral side.
Since an increased occlusal load would interfere with
bone healing around the implants, maxillomandibular
occlusal contact was checked clinically every other day
after insertion to ensure no excessive occlusal loading
occurred on the implants.
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Fig1 Groups of experimental animals. The implant group
(n = 25) underwent both extraction and implant insertion sur-
gery while the extraction group only underwent the former.
Baseline was set as the day of implant placement, and the five
time points for animal euthanasia and sampling were on days
1, 3,7, 14 and 28 after implant surgery. Samp, sample.

The previous literature pointed out that the mesial
root of the maxillary molars in rats was the thickest
and was a suitable site for implant placement!'®. The
recommended diameter of the drill hole was 1.5 mm
and intraosseous length was 2.0 mm!'®. The bone—im-
plant contact rate reached 55.1% = 8.9% 28 days after
implantation, and there was no significant difference
in the osseointegration rate between 28 and 56 days!.

Execution of animals and tissue handling

The rats were sacrificed by intraperitoneal injection of
an excess of 1% sodium pentobarbital solution and then
placed on an ice table. The head skin was quickly peeled
off and the skull was separated. The brain was taken out
intact and put in 4% paraformaldehyde to be fixed for
24 hours, then transferred to 30% sucrose solution for
at least 2 days. After the specimens sank to the bottom,
they were transferred to 0.01 mol/L phosphate-buffered
saline (PBS) solution and placed on the prepared freez-
ing table. After the tissue was frozen, serial frozen slic-
es with a thickness of 40 um were made using Leica
CM1950 Cryostats (Leica, Wetzlar, Germany).

Immunofluorescence

Referring to the rat brain stereotactic map?’, the cor-
onal slices at a distance of 2.0 mm from the anterior
bregma were selected (Fig 3); the first and second of
every three consecutive slices were used for neurons and
astrocytes, and the third slice was discarded. Five slices
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Fig2 Implantation model in rats’ maxilla. (@ and b) Three maxillary right molars were luxated using a modified dental instrument.
(c) A titanium miniscrew implant (1.2 mm diameter, 3.0 mm length) was inserted to restore the maxillary right first molar after 1 month

of healing from extraction.

Face 1 and M1

Neurons

Fig3 Schematic dia-
grams of S1/M1 in coronal
sections. (a and b) S1/M1
in coronal sections of rats’
brain. (c) Staining of neu-
rons in layer IV of S1 and
layer V of M1. (d) Staining of
astrocytes in layer IV of S1
and layer V of M1.

Astrocytes

were obtained for neurons and astrocytes for free-float-
ing immunofluorescence staining. NeuN (1:1000; Pro-
teintech, Rosemont, IL, USA) was used as the marker for
neurons and GFAP (1:1000; Proteintech) was the marker
for astrocytes. Nonspecific antigens were blocked using
goat serum. The sections were placed in the primary
antibody and incubated overnight in a refrigerator at
4°C. The fluorescent secondary antibody corresponding
to the source species of the primary antibody was diluted
with PBS according to the instructions and incubated at
room temperature for 3 hours, then the mounting was
completed using mounting medium with 4’,6-diami-
dino-2-phenylindole (DAPI) to stain the nucleus. The
target proteins were observed with green fluorescence
(fluorescein isothiocyanate, FITC) or red fluorescence
(tetramethylrhodamine, TRITC) and the nucleus with
blue fluorescence (DAPI) (Fig 4).

The neurons and astrocytes could be observed in the
same slice at the same time, then two areas of interest
(AOI) under the 200-fold lens were selected: one was
layer IV of S1 (orofacial sensory centre) and the other
was layer V of M1 (orofacial motor centre). After that,
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two 425 um X 425 um square areas for measurement
were randomly selected in the AOI. The morphology of
neurons and astrocytes was observed, and the number
was calculated using Image-Pro Plus software (version
6.0, Media Cybernetics, Rockville, MD, USA).

Tissue staining around the implant

In the implant group, a specimen block containing 3 to
5 mm thick bone around the implant was separated from
the maxilla and immersed in 10% formalin at 4°C for 24
hours. It was then immersed in 20% ethylenediamine-
tetraacetic acid (EDTA) and decalcified at 37°C for 2
months until the implant could be removed easily from
the specimen with surgical forceps. Continuous coronal
sections with a thickness of 4 um along the central axis
of the implant were prepared after gradient dehydra-
tion and paraffin embedding. Masson staining was used
to observe the bone remodelling around the implant
(Fig 5). The BioQuant Osteo Bone Biology Research
System (Biosan, Brussels, Belgium) was used to meas-
ure the outline of the screw surface on one side of the

Volume 25, Number 3, 2022



XUE et al

100um

Neurons Astrocytes DAPI Merged

Fig4 Images of neurons, astrocytes, DAPI and their merger observed using a laser confocal microscope. Neurons were stained
as irregular circles, separated from each other (red fluorescence); the astrocytes were star-shaped, with many long and branched
protrusions from the cell bodies; DAPI staining showed the nucleus. When neuron staining marked by NeuN and astrocyte staining
marked by GFAP were merged, it showed the protrusions of astrocytes were stretched and filled among the cell bodies of neurons

and their protrusions.

Fig5 Implant osseointe-
gration on days 1, 3, 7, 14
and 28 by Masson staining.

implant and the length of the contacted bone, then the
ratio of the aforementioned two values was calculated
and expressed as the percentage of the bone—implant
outline contact (BIOC) rate in this experiment.

Statistical analyses

All data were expressed as mean + standard deviation.
The differences in the numbers of neurons and astrocytes
were assessed among three groups at the same time point
and among different time points within each group. The
differences in BIOC were also assessed among different
time points in the implant group. First, the homogeneity
of variance was tested using a Bartlett test. [fthe variance
was homogeneous, an analysis of variance (ANOVA)
was performed using SPSS 27.0 (IBM, Armonk, NY,
USA); otherwise, a Kruskal-Wallis (rank-sum) test was
employed. The differences in the variables between two
time points or two groups were tested using the Student-
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Neuman-Keuls method. The level of significance was
setat P <0.05.

Results

Under red fluorescence, the neurons were quasicircular,
separated from each other and had a certain orientation,
and protrusions could be seen in the cell bodies. Under
green fluorescence, the astrocytes were stellate, emit-
ting long and branched processes from the bodies. In
the merged images, the processes of astrocytes extended
and filled between the bodies and processes of neurons,
separating the latter.

In layer IV of S1, there was no significant differ-
ence in the morphology or number of neurons among
the implant group, extraction group and non-operated
group at five different time points (days 1, 3, 7, 14 and
28). The manifestation of astrocytes was significantly
different. Firstly, at the five time points, the morphology
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Fig 6 Staining of astrocytes (green fluorescence) and neu-
rons (red fluorescence) in layer IV of S1 on days 1, 3, 7, 14
and 28.

of astrocytes in the extraction group was different from
that in the non-operated group, with increased volume,
antennae and swelling morphology, and the number was
significantly higher too (P < 0.01). As for the implant
group, the number of astrocytes was also significantly
higher than that of the non-operated group on days 1, 3,
7 and 14 (P < 0.01), but significantly lower than that of
the extraction group on day 28 (P = 0.03). No signifi-
cant difference was found between the implant group
and the non-operated group on day 28 (P > 0.05); the
neurons and astrocytes showed a similar morphology
and swelling was significantly reduced compared with
the extraction group (Figs 6 and 7).

There was no significant difference in the morph-
ology and number of neurons in layer V of M1 among
the three groups at the five time points. The number
of astrocytes in the extraction group was significantly
higher than that in the non-operated group on days 14
and 28, whereas in the implant group it was significant-
ly lower than that of the extraction group on days 7, 14
and 28. Unlike layer IV of S1, the number of astrocytes
in the implant group was even slightly lower than that
of the non-operated group on day 28 (Figs 8 and 9).

In layer IV of S1 and layer V of M1, the number of
astrocytes in the implant group showed a downward
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Fig7 Comparison of the number of astrocytes and neurons
in layer IV of S1 among groups. (a) On days 1, 3, 7 and 14, the
number of astrocytes in both the extraction group and implant
group was significantly higher than that in the non-operated
group; however, on day 28, the number of astrocytes in the
implant group was significantly lower than that in the extraction
group. (b) There was no significant change in the number of
neurons among the three groups. ‘P < 0.01, P < 0.05.

trend with time. In layer IV of S1, the number of astro-
cytes on day 28 was significantly lower than that on
days 1, 3 and 7 (Figs 6 and 7); in layer V of M1, the
number of astrocytes on day 28 was significantly lower
than that on days 1 and 3 (Figs 8 and 9). However, the
BIOC rate showed an obvious upward trend with time,
from 36.52% + 11.17% on day 1 to 85.11% + 4.02%
on day 28. On day 1, the original bone trabeculae were
found to have been destroyed due to implant surgery.
On days 3 and 7, the early stages of bone remodelling,
the inflammatory fibrous tissue began to transform into
cartilage callus until the hard callus formed on day 14,
and finally the bone remodelling matured further on
day 28 (Fig 5). The number of astrocytes in S1 and M1
changed inversely with the BIOC rate (Fig 10).

Volume 25, Number 3, 2022



XUE et al

28d

id 3d 7d 14d
N'm‘l-uparated. . . .

i . . . .

Fig 8 Staining of astrocytes (green fluorescence) and neurons
(red fluorescence) in layer V of M1 on days 1, 3, 7, 14 and 28.

Extraction

Implant

Non-operated

Extraction

Discussion

In this study, a randomised controlled animal model
was established. The synergistic changes of neurons and
astrocytes in the sensory motor cortex were observed
to explore the cortical neuroplasticity in the process of
implant osseointegration. The selected observation areas
were S1 and M1, which were responsible for the regula-
tion of oral and maxillofacial sensation and movement.
The study drilled further down into specific layers: layer
IV of S1, which was the main cortex receiving sensory
input from the thalamic somatosensory nucleus and
some spherical endothelial layers, and layer V of M1,
which was the main output layer, relaying signals to
affect the brainstem motor neurons?!. By analysing the
phenomenon of cortical neuroplasticity, this experiment
hoped to explore the origin of osseoperception and lay
a foundation to promote the tactile sensory ability of
implants in future clinical practice. In addition, the basic
data obtained in this experiment seeks to have guiding
significance for follow-up experiments.

First, the results of this study suggested that tooth
loss caused the neuroplastic changes in S1 and M1,
which were manifested in the morphological and quan-
titative changes of astrocytes. In this study, compared
with the non-operated group, astrocytes in the extrac-
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Fig9 Comparison of the number of astrocytes and neurons
in layer V of M1. (@) On days 7, 14 and 28, the number of astro-
cytes in the implant group was significantly lower than that in
the extraction group, and on days 14 and 28, the number of
astrocytes in the extraction group was significantly higher than
in the non-operated group. (b) There was a lack of an obvious
change in the number of neurons among the three groups.
‘P <0.01, "P <0.05.

tion group showed “activation”?? on days 1, 3, 7, 14
and 28 in layer IV of S1 and on days 14 and 28 in layer
V of M1. Studies have shown that when degenerative
stimuli (such as chronic pain, dysfunction and cancer)
were transmitted into the central nervous system, they
caused the proliferation and activation of astrocytes in
the corresponding sensory cortex, which was regarded
as the defensive change of astrocytes!0-12.23-24. The
astrocytes in the hippocampus increased significantly
following loss of molar teeth in SAMPS mice!?. In the
present study, the functional degeneration caused by
tooth loss was speculated to be the defensive change of
astrocytes to the change of oral environment.

Second, the restoration of masticatory function by
osseointegrated implants can partially reverse the plas-
tic changes of S1 and M1 related to tooth loss. On day
28, there was no significant difference in the number
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Fig 10 Synergistic chang-
es of the number of astro-
cytes in S1/ M1 and BIOC
rate. The number of astro-
cytes in layer V of M1 and
layer IV of S1 showed a
decreasing trend from day 1
to day 28 while the BIOC rate
increased from 36.52% =+
11.17% t0 85.11% + 4.02%.

of astrocytes between the implant group and the non-
operated group in layer IV of S1, and even in layer V of
M1, the number of astrocytes in the implant group was
less than that in the non-operated group.

Compared with the extraction group, the number of
astrocytes in S1 and M1 in the implant group decreased,
and the morphology of cell swelling was reversed. The
results also showed that the osseointegration was com-
pleted on day 28 after implantation, and the implant in
the first maxillary molar area restored the masticatory
function to a certain extent.

In addition, there was a slight difference between
S1 and M1. Although the number of astrocytes in S1
in the implant group was significantly less than that in
the extraction group on day 28 (P = 0.03), the P value
was not as significant as that of M1 (P < 0.01). The
number of astrocytes in M1 was even slightly less than
that of the non-operated group, which showed more
obvious changes in the motor cortex after implantation.
It is speculated that M1 has a closer relationship with
the establishment of implant osseoperception, but the
internal mechanism still needs to be explored further.

Finally, the results suggest that attention should
be paid to the metabolic coupling between neurons
and astrocytes in the cerebral cortex when exploring
osseoperception, which might be related to the estab-
lishment and development of the tactile sensibility
of dental implants. In this experiment, there was no
significant change in the morphology and number of
neurons of S1 and M1 among the three groups. It was
speculated that more microscopic changes might have
taken place in neurons, such as changes in synaptic
structure or number, cell branches or cell size, and this
needs to be confirmed by further research. Previous
studies mentioned that the signal changes in the S1/M1
area of patients’ brain after implant restoration could be
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observed by fMRI!3:14 which means neurons must play
an indispensable role in the changes in haemodynamics
in this area. This study has proved that neuroplasticity
of neurons did not occur in the quantitative level, so it is
particularly important to observe the microstructure of
neurons further. Astrocytes play a key role in the main-
tenance of neuronal function. From the developmental
regulation of synapse formation to the maintenance of
synapses in disease, astrocytes are key participants in
the homeostasis of the central nervous system, they can
act as a doorkeeper for water, ions (such as potassium
and calcium), glutamate and the second messenger
through their channels and receptors on the surface. At
the same time, they can provide energy for neurons,
shuttle lactic acid and amino acids to neurons through
and maintain the energy metabolism of neurons®>. The
close supporting relationship between astrocytes and
neurons may also partly explain the significant changes
of astrocytes and no significant change of neurons in
the present study because astrocytes are more sensi-
tive to environmental changes. It is therefore necessary
to further clarify the molecular mechanism of energy
metabolic coupling between neurons and astrocytes in
the establishment of implant osseoperception.

Conclusion

In conclusion, after tooth loss, the astrocytes in the
face sensorimotor cortex were activated as a reaction to
changes in the oral environment. This kind of neuroplas-
ticity can be reversed to some extent by oral rehabilita-
tion with a dental implant. With regard to the differences
in the response altered by implant placement between
the sensory cortex and motor cortex, the motor cortex
might be more intimately related to osseointegration and
osseoperception of dental implants. Further experiments
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are required to elucidate the inner mechanism of energy
metabolic coupling between neurons and astrocytes in
the establishment of implant osseoperception.
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