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Introduction
Oral health is essential for general health as dental caries and 
periodontitis are able to trigger or exacerbate diseases such as 
endocarditis, diabetes, Alzheimer disease, and other inflamma-
tory diseases (Brennan and Singh 2011; Abe et al. 2012; 
Bozdemir et al. 2016; Yamane-Takeuchi et al. 2016). Therefore, 
considerable attention has been given to the prevention and the 
treatment of these oral diseases. Oral health consists not merely 
of the state of being free from oral diseases; oral functions, 
including mastication and swallowing, are indispensable for 
oral health throughout the course of our lifetime. In particular, 
mastication is necessary not only for food ingestion by forming 
the alimentary bolus and swallowing but also for promoting 
and maintaining the memory function (Le Reverend et al. 
2016). Based on studies of both animals and humans, attention 
has been drawn to the relationship between cognitive and mas-
ticatory functions, which are partly dependent on the number 
of working teeth (Elsig et al. 2015). The majority of the elderly 
has oral disorders such as tooth loss and/or fragility of the mas-
ticatory muscles, which lead to impaired mastication (Stein  
et al. 2007). Masticatory performance in the elderly is well cor-
related with cognitive function (Weijenberg et al. 2015). 
Consistent with this, previous studies have indicated that 
higher brain functions such as memory and learning function 
are significantly impaired by masticatory dysfunction as a 
result of periodontal disease, tooth extraction, or feeding with 
a soft diet (Kornman et al. 1997; Miyake et al. 2012; Hansson 

et al. 2013). These findings suggest that mastication plays a 
crucial role in cognitive function (Ono et al. 2010; Mori et al. 
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Abstract
Mastication is an indispensable oral function related to physical, mental, and social health throughout life. The elderly tend to have a 
masticatory dysfunction due to tooth loss and fragility in the masticatory muscles with aging, potentially resulting in impaired cognitive 
function. Masticatory stimulation has influence on the development of the central nervous system (CNS) as well as the growth of 
maxillofacial tissue in children. Although the relationship between mastication and cognitive function is potentially important in the 
growth period, the cellular and molecular mechanisms have not been sufficiently elucidated. Here, we show that the reduced mastication 
resulted in impaired spatial memory and learning function owing to the morphological change and decreased activity in the hippocampus. 
We used an in vivo model for reduced masticatory stimuli, in which juvenile mice were fed with powder diet and found that masticatory 
stimulation during the growth period positively regulated long-term spatial memory to promote cognitive function. The functional 
linkage between mastication and brain was validated by the decrease in neurons, neurogenesis, neuronal activity, and brain-derived 
neurotrophic factor (BDNF) expression in the hippocampus. These findings taken together provide in vivo evidence for a functional 
linkage between mastication and cognitive function in the growth period, suggesting a need for novel therapeutic strategies in masticatory 
function–related cognitive dysfunction.
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2013). A decline in learning ability in children is implicated in 
decreased frequency of mastication (Rolls 2003). Interestingly, 
it has been shown that masticatory stimulation has more influ-
ence on children than the elderly (Frota de Almeida 2012). 
Previous studies have suggested that soft-diet feeding exerts an 
effect on physical and mental development in mice as well 
(Nose-Ishibashi et al. 2014).

Mastication gives rise to sensory input in the central ner-
vous system (CNS) (Teixeira et al. 2014). The hippocampus, 
located in the medial-temporal lobe, is the major area of the 
brain responsible for memory and learning and is particularly 
closely associated with long-term and spatial memories (Lu 
2003; Whitlock et al. 2006; Sosa et al. 2016). Sensory signals 
from mastication-associated tissues are transmitted to various 
regions of the CNS through the trigeminal nuclei, resulting in 
a significant influence on hippocampal function. Masticatory 
dysfunction reportedly impairs spatial learning with morpho-
logic changes in the hippocampus (Ono et al. 2010). These 
findings point out that masticatory stimulation promotes sen-
sory input to improve the function of the hippocampus.

Brain-derived neurotrophic factor (BDNF) and its receptor, 
tyrosine kinase receptor B (TrkB; encoded by the Ntrk2 gene), 
promote neuronal cell proliferation, differentiation, survival, 
and synapse formation (Vicario-Abejón et al. 2002; Lu 2003). 
Masticatory dysfunction downregulates the BDNF pathway, 
resulting in the reduction in the number of neuronal progenitor 
cells and functional neurons (Smith et al. 2016). These together 
suggest the linkage between BDNF/TrkB signaling and masti-
catory dysfunction. However, the underlying mechanism 
remains largely unclear (Yamazaki et al. 2008; Nose-Ishibashi 
et al. 2014; Okihara et al. 2014).

Here, we report that reduced mastication results in impaired 
spatial memory and learning function owing to morphological 
change and decreased activity in the hippocampus. These find-
ings indicate a linkage between mastication in the growth 
period and cognitive function, suggesting a novel strategy for 
preventing the cognitive impairment resulting from reduced 
masticatory stimuli.

Materials and Methods

Experimental Animals

Three-week-old male C57BL/6J mice were purchased from 
Clea Japan, Inc. These mice were fed with chow pellets (nor-
mal diet [ND]) or with a powder diet (soft diet [SD]) for 11 wk. 
ND and SD contain the same ingredients (MF; Oriental Yeast). 
A total of 63 animals were randomly assigned to ND and SD 
groups (ND: n = 31 and SD: n = 32, respectively). The number 
of mice used in each experiment is described in the corre-
sponding figure legend.

The body weight of the mice was measured once per week. All 
mice were maintained under specific pathogen–free conditions. 
All animal experiments were approved by the Institutional 
Animal Care and Use Committee of Tokyo Medical and Dental 
University (TMDU; approval number 0170317A). All sections 

of this study adhere to the ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) Guidelines.

Analyses of Musculoskeletal Tissues

After the behavioral test, the mice were euthanized. The weights 
of the masseter, temporal, digastric, and soleus muscles were 
measured. Micro–computed tomography (micro-CT) images 
were obtained by a micro-CT system (ScanXmate-D090S105) 
and Xsys software (Comscantecno). Bone morphometric analy-
sis was performed using a 3-dimensional (3D) morphometry 
system (White Rabbit; Ratoc System Engineering). The param-
eters of bone analyses were determined with ImageJ (National 
Institutes of Health) (Schneider et al. 2012).

Passive Avoidance Test

The passive avoidance test was carried out based on a proceed-
ing study with a modification (Tsuji et al. 2003). The passive 
avoidance apparatus consists of a light and a dark compartment 
with a hole, across which mice can pass (Muromachi Kikai). 
Mice were placed in the light compartment, and the latency to 
entry into the dark compartment was measured. An electric 
shock was given to mice in the dark compartment for 3 s as a 
conditioning procedure. After 24 h, the latency of the condi-
tioned mice was measured.

Object Location Test

The object location test was carried out based on a proceeding 
study with a modification (Leger et al. 2013). On the first day, 
mice were placed in an empty open field facing a wall and 
allowed to roam around the field. Four identical objects were 
placed in the open field, and the sniffing time at each object 
was measured 24 h later using a DV-Track Video Tracking 
System and tracking software (Muromachi Kikai). On the last 
day, 2 out of the 4 objects were switched, and the sniffing time 
was measured.

Open Field Test

Mice were placed into an open field (Muromachi Kikai). The 
spontaneous activity was measured for 30 min. The movement 
of the mice was recorded with the DV-Track Video Tracking 
System mentioned above. The time of staying at the central 
zone in the field and the distance traveled were measured using 
the tracking software mentioned above.

Rotarod Test

The rotarod test was carried out based on a previous study 
(Shiotsuki et al. 2010). Briefly, mice were trained to run on a 
rotating rod (Muromachi Kikai). For the training session, the 
rotating speed and the duration was set at 4 rotations per min-
ute (rpm) and 120 s, respectively. Mice were trained 3 times. 
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For the evaluation of locomotive function, rotating speed was 
linearly accelerated from 4 rpm to 40 rpm over 300 s 3 times 
per day for 5 consecutive days. The average latency to fall was 
recorded on each day.

Quantitative Reverse Transcriptase Polymerase 
Chain Reaction Analysis

Total RNA of the hippocampus was isolated using ISOGEN 
(NIPPON GENE) according to the manufacturer’s instruc-
tions. First-strand complementary DNA was synthesized using 
Superscript III reverse transcriptase (Thermo Fisher Scientific). 
Quantitative reverse transcriptase polymerase chain reaction 
(RT-PCR) analysis was performed with a LightCycler appara-
tus (Bio-Rad Laboratories) using SYBR Green Realtime PCR 
Master Mix (TOYOBO). The expression level of messenger 
RNA (mRNA) was normalized with that of Gapdh. The prim-
ers used were as follows: for Gapdh, 5′-ACCCAGAAGAC 
TGTGGATGG-3′ and 5′-CACATTGGGGGTAGGAACAC-3′; 
Bdnf, 5′-TCATACTTCGGTTGCATGAAGG-3′ and 5′-AGA 
CCTCTCGAACCTGCCC-3′; and Ntrk2, 5′-GTTGGCGAG 
ACATTCCAAG-3′ and 5′-GGGGGTTTTCAATGACAGG-3′.

Preparation of Frozen Sections for  
Histological Analyses

The animals received bromodeoxyuridine (BrdU; Sigma-
Aldrich) injections (50 mg/g body weight) intraperitoneally 
twice a day for 3 consecutive days at 14 wk of age. One day 
after the last BrdU injection, mice were given an overdose of 
anesthetic and perfused transcardially with phosphate-buffered 
saline (PBS), then fixed by perfusion with 4% paraformalde-
hyde (PFA). The brains of these mice were further fixed by 
immersion in 4% PFA. After 24 h, the brains were soaked in 
30% sucrose and kept for 3 d. Subsequently, the brains were 
embedded in optimal cutting temperature (O.C.T.) compound 
(Sakura Finetek) and frozen with dry ice. Frozen brain blocks 
were sliced into sections of 20 µm thickness using a VT1000S 
microtome (Leica Microsystems).

Immunohistochemical Staining

For immunohistochemical staining, the compound was 
washed away from the section. The sections were incubated 
with primary antibody solution at 4°C overnight, followed by 
incubation with a secondary antibody solution at room tem-
perature for 1 h. The sections were then mounted with 
VECTASHIELD Mounting Medium (Vector Laboratories). 
Fluorescence was visualized using a confocal fluorescence 
microscope (LSM5DUO; Carl Zeiss). Fluorescence intensity 
was measured with ImageJ.

The antibodies used for immunohistochemical analyses 
were as follows: anti-BrdU (1:200; Sigma-Aldrich), anti–c-Fos 
(1:200; Merck Millipore) and mouse anti-NeuN antibodies 
(1:200; Merck Millipore), anti-PSD95 (1:200; Thermo Fisher 

Scientific), Alexa Fluor 488–conjugated donkey anti-mouse 
IgG (1:200; Thermo Fisher Scientific), and Alexa Fluor 
594–conjugated donkey anti-goat IgG (1:200; Thermo Fisher 
Scientific).

Statistical Analysis

Pearson correlation was used to assess the relation between 
variables. P values were calculated using Student’s t test or 
analysis of variance (ANOVA) with Dunnett’s (for 1-way 
ANOVA) or Tukey’s (for 2-way ANOVA) multiple-comparison 
tests. Differences with a P value of <0.05 were considered sig-
nificant (*P < 0.05, **P < 0.01, ****P < 0.0001; n.s., not sig-
nificant, throughout the article). All data are expressed as the 
mean ± standard error of the mean (SEM). All statistical analy-
ses were performed using GraphPad Prism 6.05 (GraphPad 
Software).

Results

Morphological Changes in Maxillary  
Tissues by Reduced Mastication

To examine the effects of the reduction in masticatory stimuli 
on memory and learning function, mice were fed with a pow-
der diet (SD) for 11 wk starting from the age of 3 wk. There 
was no significant difference between the body weight of mice 
fed with SD and ones with ND (Fig. 1A). Moreover, the weight 
of the soleus muscle and the bone volume of the femur did not 
exhibit any significant difference between the mice fed with 
the SD and ND (Fig. 1B, C), suggesting that the SD does not 
affect food intake and growth of the body. The weight of mas-
ticatory, masseter, and temporal muscles, which are essential 
for jaw closing, was lower in the mice fed with SD than with 
ND (Fig. 1B), whereas the weight of the digastric muscle, a 
muscle for jaw opening, was comparable (Fig. 1B). In the SD 
group, the bone volume of the mandible was lower than in the 
ND group (Fig. 1C). Furthermore, the height (condyle [Co]–
mandibular angle [Ma]), length (Ma–menton [Me]), and sur-
face area of the mandible were smaller in the mice fed with SD 
compared with ND (Fig. 1D). These results indicate that 
reduced mastication impairs the growth of maxillofacial tissue 
but not the whole body.

Impairment of Cognitive Function Caused  
by Reduced Mastication

Previous studies have shown that mastication can affect cogni-
tive function (Tsutsui et al. 2007; Yamada et al. 2013; Okihara 
et al. 2014). We therefore first examined long-term memory in 
reduced mastication. Long-term memory, depicted by the 
latency to enter the dark compartment after electric shock con-
ditioning, was lower in the mice fed with SD than ND (Fig. 
2A). We further examined spatial memory by object location 
test (Fig. 2B). The frequency to sniff the moved object was 
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lower in the mice fed with SD than ND, suggesting impaired 
spatial memory caused by reduced masticatory stimuli. To 
examine if the impairment was due to anxiety caused by 
reduced mastication, we conducted the open field test. There 
was no significant difference in the activity of mice and total 
time spent in the center of the arena (Appendix Fig. 1A–C), 
suggesting that the difference in memory function was not 
related to anxiety. Thus, memory and learning function is 
impaired by reduced mastication.

Decrease of Neuronal Progenitor Cells  
by Reduced Mastication

To investigate the neuronal basis for the impaired brain func-
tion in mice with reduced mastication, we focused on the hip-
pocampus, the major portion of the brain involved in memory 
formation. Because previous studies showed that the number 
of neuronal progenitor cells in the hippocampus is closely 
related to memory and learning disability (Zhao et al. 2008), 
the neurons in the hippocampus were analyzed (Fig. 3A). 
NeuN-positive neuronal progenitor cells in the Cornu Ammonis 

(CA) 1 and CA3 regions of the hippocampus were quantified 
by their fluorescence intensity, which was lower in mice fed 
with SD than ND (Fig. 3B–D). Such a reduction was not 
observed in other regions of the brain such as the primary 
somatosensory cortex barrel field (S1BF), primary motor cor-
tex (M1), and primary visual cortex (V1) (Fig. 3B–D). Exercise 
and sensory from the whole body may maintain the number of 
neuronal cells in these regions.

We then examined whether the reduction of NeuN-positive 
cells in the CA1 and CA3 regions was due to the impairment of 
neurogenesis. Notably, the number of BrdU-positive neurons 
in the dentate gyrus (DG) region was significantly lower in the 
mice fed with SD than ND (Fig. 3E). The intensity of NeuN-
positive cells in the CA1 region and the number of BrdU-
positive neurons showed a positive correlation (Fig. 3F), 
suggesting that the reduction of neurogenesis in DG is influen-
tial on the maintenance of the number of neurons in other 
regions of the hippocampus.

BDNF is recognized as the major regulatory molecule that 
increases the number of neuronal stem cells. We therefore mea-
sured the expression of BDNF in the hippocampus and found 

Figure 1. Morphological changes induced by reduced mastication. (A) Whole-body weight throughout the experimental period. (B) Weight of the 
muscles. (C) The bone volume of the femur and the mandible. The yellow lines indicate the coronal sections of the mandibular bone. Scale bar: 1 mm. 
(D) Measurement of the mandibular bone. The height (condyle [Co]–Ma), width (Ma–menton [Me]), and surface area were measured (n = 31–32 per 
group). Error bars denote the mean ± standard error of the mean. **P < 0.01, ****P < 0.0001; n.s. not significant.

http://journals.sagepub.com/doi/suppl/10.1177/0022034517708771
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that its expression was downregulated in mice fed with SD 
compared with ND (Fig. 3G). The receptor of BDNF, TrkB 
(encoded by Ntrk2), did not exhibit any significant difference 
between the 2 groups. Taken together, it is indicated that 
reduced mastication decreases the neurons in the hippocampus 
with impaired neurogenesis and reduced expression of BDNF.

Neuronal Dysfunction in Mice Fed a Soft Diet

BDNF can affect the neuronal activity and synapse formation 
as well. Therefore, we next measured the number of activated 
neurons after behavioral tests. The immediate early gene c-Fos 
is transcribed in neurons within minutes after stimulation by 
depolarization and subsequent neurotropic intercellular signals 
(Brennan et al. 1992; Yasoshima et al. 2006). The number of 
c-Fos–positive neurons was significantly lower in the CA3 
region in mice fed with SD than ND (Fig. 4A). Interestingly, 
there was a significant reduction of c-Fos–positive cells also in 

the ventromedial portion of the M1 region, 
which corresponds to the orofacial area 
(Fig. 4A) (Penfield 1965; Tal et al. 2017). 
To examine if this is owing to the change 
in the motor function of the whole body or 
maxillary tissue, we carried out a rotarod 
test. There was no significant difference 
between the ND and the SD groups 
(Appendix Fig. 2A, B), indicating that the 
change in M1 activity is not due to the 
change in motor function of the whole 
body. The correlation between the number 
of c-Fos–positive cells and the latency in 
the passive avoidance test at 24 h in CA3 
and M1 shows that the impairment of 
memory and learning function is because 
of reduced neuronal activity (Fig. 4B, C).

Because memory function is associated 
with synapses, the number of which is 
affected by BDNF expression, we evalu-
ated synapses in the hippocampus. The 
fluorescence intensity of postsynaptic den-
sity–95 (PSD-95) in CA1, CA2, and CA3 
regions of mice fed with SD was signifi-
cantly decreased compared with that with 
ND (Fig. 4D). Collectively, reduced masti-
cation was shown to result in neuronal 
dysfunction, reducing neuronal activity 
and synapse formation.

Discussion
Recently, a number of studies have 
reported on the linkage between mastica-
tion and brain function. However, the 
mechanism by which mastication regu-
lates cognitive function in the growth 
period is not fully understood (Nose-

Ishibashi et al. 2014). In this study, we used a reduced mastica-
tion model to examine how mastication during the growth 
period affects cognitive function. Reduced mastication was 
found to lead to a decline in memory and learning function, 
with decreased neurogenesis, neuronal activity, and synapse 
formation, all of which are related to BDNF (Appendix Fig. 3).

Although many previous studies have used a mouse model 
of reduced mastication, it was unclear if these mice exhibit 
growth retardation. Because growth retardation can affect 
brain function, we examined if reduced masticatory stimula-
tion is influential on the development of mice. We found that 
the growth of the mandible but not the whole body was mark-
edly impaired in mice with reduced mastication (Fig. 1C, D). 
Locomotive activity was normal in these mice as well 
(Appendix Fig. 1). Together, in this model, the effects of 
reduced mastication are limited to the maxillofacial region. In 
addition, this model is free from bacterial infection and inflam-
mation induced in other animal models, including the 

Figure 2. Evaluation of memory and learning function. (A) Passive avoidance test. Latency to 
enter the dark compartment before and after conditioning was measured. The cutoff latency 
was set at 300 s. (B) Object location test. Discrimination time indicates the ratio of the sniffing 
time of the switched objects to the total sniffing time. Zero and 24 h indicate the training session 
and experimental session, respectively (n = 28–29 per group). Error bars denote the mean ± 
standard error of the mean. *P < 0.05; n.s. not significant.

http://journals.sagepub.com/doi/suppl/10.1177/0022034517708771
http://journals.sagepub.com/doi/suppl/10.1177/0022034517708771
http://journals.sagepub.com/doi/suppl/10.1177/0022034517708771
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Figure 3. Decrease in neurons resulting from reduced mastication. (A) Immunohistochemical staining of NeuN-positive cells in the hippocampus 
(DG, dentate gyrus; CA, Cornu Ammonis) and cerebral cortex (S1BF, primary somatosensory cortex barrel field; M1, primary motor cortex; V1, 
primary visual cortex). (B) NeuN-positive cells in the CA1 region. (C) NeuN-positive cells in the CA3 region. (D) Measurement of fluorescence 
intensity of NeuN-positive cells (n = 8 per group). (E) BrdU-positive cells in the DG region. The yellow arrowheads show BrdU-positive cells. The 
insets show higher magnification images of BrdU-positive cells, which were magnified to triple (n = 6 per group). (F) The correlation between the 
number of NeuN-positive cells in the CA1 region and the number of BrdU-positive cells in the DG region (n = 3 per group). (G) Bdnf, Ntrk2 gene 
expression in the hippocampus analyzed by quantitative real-time polymerase chain reaction (n = 8 per group). Error bars denote the mean ± standard 
error of the mean. *P < 0.05; n.s., not significant. Scale bar: 500 µm (A–C) and 50 µm (E), respectively.
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Figure 4. Neuronal dysfunction in mice fed a soft diet. (A) c-Fos–positive neurons in the hippocampus and cerebral cortex (n = 6 per group). (B) The 
correlation between the neuronal activity (percentage of c-Fos–positive neurons) in the CA3 region and memory function (latency of passive avoidance 
[P/A] test at 24 h) (n = 4 per group). (C) The correlation between the neuronal activity in the M1 region and the memory function (n = 4 per group). 
(D) Measurement of the fluorescence intensity of postsynaptic density–95 (PSD-95)–positive synapses in the hippocampus (n = 8 per group). The 
insets show higher magnification images of c-Fos–positive cells, which were magnified to triple. CA, Cornu Ammonis; M1, primary motor cortex; S1BF, 
primary somatosensory cortex barrel field; V1, primary visual cortex. Error bars denote the mean ± standard error of the mean. *P < 0.05, **P < 0.01;  
n.s., not significant. Scale bar: 50 µm.
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periodontal disease model and tooth extraction model. Thus, it 
is a proper animal model for analyses of the linkage between 
mastication and brain function.

Using this model, we found that reduced mastication 
induces micrognathia. Micrognathia can lead to malocclusion, 
which can cause further reduction in masticatory stimuli, 
establishing a negative cycle in the growth period. Therefore, it 
suggested that orthodontic treatment for malocclusion in chil-
dren is of considerable importance.

The hippocampus is the major brain region responsible for 
memory formation. Studies have shown that neurogenesis in 
the DG positively correlates with memory function (Bruel-
Jungerman et al. 2005; Zhao et al. 2008). Neurogenesis in the 
DG supplies neurons for the CA3 and CA1 regions (Leuner and 
Gould 2010). Remarkably, we found that in the CA1 and CA3 
regions, the number of neurons was decreased by reduced mas-
ticatory stimuli, which may have been caused by the suppres-
sion of neurogenesis in DG (Fig. 3E). This suggests that the 
impairment of memory and learning function induced by 
reduced mastication is due to the decreased neurogenesis in the 
DG region of the hippocampus (Appendix Fig. 3). Unexpectedly, 
the number of neurons in the DG region was not affected in 
mice with reduced masticatory stimuli (Fig. 3D). This is possi-
bly because the DG region contains a main pool of neurons for 
neuronal stem cells such that a decrease in neurons by reduced 
mastication has only a minimal effect. In addition, multiple 
input and output signals in this region may protect the neurons 
from apoptosis (Zhao et al. 2008; Padurariu et al. 2012).

Neuronal activity can be affected by changes in masticatory 
stimuli. There was a decrease in neuronal activity in the CA3 
but not in other regions of the hippocampus as result of reduced 
masticatory stimuli (Fig. 4A). This is possibly because the 
CA3 region is the first region in the hippocampus to receive 
signals from the dentate gyrus and therefore is sensitive to any 
changes (Andersen et al. 1971). Intriguingly, we found that 
neuronal activity of the M1 region also showed a decrease, 
which appears to be related to a change in the activity of the 
motor neurons regulating the masticatory muscles, not the 
whole body (Appendix Fig. 2).

We also found that the reduction of masticatory stimuli 
markedly decreased synapse formation in the hippocampus. 
Because it is well accepted that neuronal activity is strongly 
related to synapse formation, the decrease in synapses in mice 
with reduced masticatory stimuli is likely to be due to the 
decreased neuronal activity (Appendix Fig. 3).

BDNF/TrkB signaling is crucial for the CNS because it regu-
lates neurogenesis, neuronal activity, and synaptic plasticity (Lu 
2003). We found that a decrease of masticatory stimuli triggered 
a significant decrease in BDNF (Fig. 3G), suggesting that BDNF 
mediates the linkage between mastication and neurogenesis/
function (Appendix Fig. 3). A recent finding suggests that 
cathepsin B (CtsB) is induced in skeletal muscles by exercise 
and is positively associated with memory and learning function 
via enhanced BDNF expression (Kindy et al. 2012; Moon et al. 
2016). Therefore, we expected that the expression level of CtsB 
in masticatory muscles would decrease by reduced mastication. 
However, there was not such a decrease (data not shown). The 

regulatory mechanism of BDNF induction in the hippocampus 
through mastication needs to be examined in future studies.

In conclusion, changes in masticatory stimuli can modulate 
neurogenesis and neuronal activity in the hippocampus, func-
tionally contributing to cognitive function in the growth period.
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