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Abstract.
Background: Tooth loss is closely associated with Alzheimer’s disease (AD). Previously, we reported that tooth loss induced
memory impairment in amyloid precursor protein knock-in mice by decreasing neuronal activity and synaptic protein levels
and increasing glial activation, neuroinflammation, and pyramidal neuronal cell loss without altering amyloid-� levels in the
hippocampus. However, the effects of tooth loss in young wild-type mice have not been explored yet.
Objective: We investigated the effects of tooth loss on memory impairment, neuronal activity, synaptic protein levels, glial
activation, and pyramidal neuronal cell loss in young wild-type mice.
Methods: Two-month-old wild-type mice were randomly divided into control and tooth loss groups. In the tooth loss group,
maxillary molar teeth on both sides were extracted, whereas no teeth were extracted in the control group. Two months
after tooth extraction, we performed a novel object recognition test to evaluate memory function. Glial activation, neuronal
activity, synaptic protein levels, and the number of pyramidal neurons were evaluated using immunofluorescence staining,
immunohistochemistry, and western blotting.
Results: The tooth loss group exhibited memory impairment and decreased neuronal activity and the levels of synaptic
proteins in both the hippocampus and cortex. Moreover, tooth loss increased the activation of phosphorylated c-Jun N-
terminal kinase (JNK), heat shock protein 90 (HSP90), and glial activation and reduced the number of pyramidal neurons in
the hippocampus.
Conclusion: Tooth loss in the young wild-type mice will attenuate neuronal activity, decrease synaptic protein levels, and
induce pyramidal neuronal loss, and eventually lead to memory impairment.
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INTRODUCTION

Alzheimer’s disease (AD), the most common form
of dementia, is associated with aging and has become
a prominent health concern. The causes of AD are
still unclear, and discovering the factors that acceler-
ate AD prognosis is necessary for the development
of effective treatments [1]. AD is a slow, irreversible,
and progressive neurodegenerative disease that is
pathologically characterized by the cardinal features
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of intracellular neurofibrillary tangles and extracellu-
lar amyloid plaques [2]. Additionally, various other
factors, such as oxidative stress and neuroinflamma-
tion, are associated with AD [3, 4].

Tooth loss is a prevalent condition in the global
population [5] and can negatively affect the quality
of life by reducing functionality and causing aes-
thetic and social challenges [6, 7]. Dental caries
(also known as tooth decay) and periodontitis can
cause or exacerbate numerous disorders, such as dia-
betes, endocarditis, inflammatory diseases, and AD
[8]. Several studies have shown that the most com-
mon cause of tooth loss among adults is dental caries,
which affects 5–10 teeth per person [9–11]. Chronic
periodontitis is the most prevalent cause of tooth loss
in the elderly and is associated with a higher risk of
impaired cognitive performance [12]. Other causes of
tooth loss include planned orthodontic treatment, fail-
ure of endodontic treatment, fracture, and prosthetic
treatment [13].

Human and animal research has uncovered a
substantial link between mastication and cognitive
function, with the number of functioning teeth likely
to be relevant [14]. Masticatory dysfunction is caused
by tooth loss and decreases hippocampal neuro-
genesis, resulting in hippocampal-dependent spatial
memory and learning deficiencies [15, 16]. Mastica-
tion sends a large amount of sensory information to
the brain, which aids in the hippocampus’s learning
and memory processes [17]. In contrast, masticatory
dysfunction and long-term deafferentation following
tooth loss may impair cerebral blood circulation and
neurotransmitter production, potentially leading to
neurodegeneration [18].

Glial cell activation is a typical pathogenic charac-
teristic in AD. In the AD brain, activated microglia
and astrocytes are found around amyloid-� (A�)
plaques and play beneficial and detrimental roles
in disease progression [19, 20]. An increase in
pro-inflammatory cytokines released from activated
astrocytes and microglia ultimately leads to severe
synaptic and neuronal losses [21, 22]. Masticatory
impairment caused by tooth loss is a major source
of chronic stress that may activate microglia [23],
causing hippocampus-dependent cognitive impair-
ment [24, 25].

Previously, we reported that tooth loss induces
memory impairment in AppNL−G−F mice, which
overexpress humanized A� with amyloid pre-
cursor protein (APP) mutations [Swedish (NL),
Beyreuther/Iberian (F), and Arctic (G)], by activat-
ing stress-activated protein kinases and glial cells,

decreasing synaptic protein levels and neuronal activ-
ity, and inducing pyramidal neuron loss without
the altering of A� levels [26]. The main finding
of this study was that tooth loss in AppNL−G−F

mice activated glial cells, leading to an increase in
pro-inflammatory cytokines, such as interleukin-6
(IL-6), IL-1�, and tumor necrosis factor-� (TNF-
�). However, whether tooth loss can induce memory
impairment and exacerbate AD-like pathologies in
nonpathological conditions is still unclear. Further-
more, the extent to which tooth loss affects young
animals remains unclear. Therefore, we investigated
whether tooth loss in young wild-type (WT) mice
affects cognitive function, neuronal activity, synaptic
loss, glial activation, and expression of the stress-
inducible proteins phosphorylated c-Jun N-terminal
kinase (JNK), heat shock protein 90 (HSP90).

In this study, we extracted maxillary molar teeth
from both sides of two-month-old WT mice. Two
months after tooth extraction, we found that tooth loss
in WT mice induced memory impairment and glial
activation, attenuating neuronal activity, decreasing
synaptic protein levels, and reducing the number of
pyramidal neurons in the hippocampus.

MATERIALS AND METHODS

Experimental animals

Two-month-old C57BL/6J mice were obtained
from Japan SLC, Inc. (Hamamatsu, Japan). The
mice were divided into control (n = 7) and tooth loss
(n = 7) groups. Under general anesthesia (5 mg/kg
butorphanol, 4 mg/kg midazolam, 0.3 mg/kg medeto-
midine), maxillary molar teeth on both sides were
removed in the tooth loss group. The maxillary
molars on both sides were unaltered in the con-
trol group. All mice were given a powder diet after
tooth extraction and housed in a 12-h light/dark
cycle and had free access to food and water. Ani-
mal experiments and protocols were approved by
the Animal Experiments of the Animal Experi-
mentation Committee of Nagoya City University
(21-029).

Novel object recognition test

The experimental procedure previously described
[26], with some modifications, was used to conduct a
novel object recognition test two months after tooth
extraction to measure short-term memory. This test
is based on the principle that mice have instinct
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to explore new objects. The experimental installa-
tion was made up three objects (A, B, and C), of
which A was same to B, while the object of C
was obviously diverse from A and B. The testing
paradigm of the novel object recognition test con-
sisted of three sessions: habituation, training, and
retention. Each mouse was allowed to explore an
empty box individually (40 cm×40 cm×40 cm) for
three days (habituation session). On the fourth day,
mice explore two familial objects (A and B) that
were placed at opposite sides of the box and each
mouse was placed midway between the two objects
and allowed it to explore for 5 min (training ses-
sion). Twenty four hours later, one (B) of the familial
objects was replaced with a novel one (C) in the
same position, and the mouse placed back to the box
and allowed to explore for 5 min (retention session).
The amount of time spent exploring each object was
recorded. A discrimination index was calculated to
represent the time spent exploring the novel object
compared to the familiar objects as a proportion of
the total exploration time of each mouse.

Immunohistochemistry

Following behavioral testing, the mice were put
under anesthesia, perfused with cold phosphate-
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,
8.1 mM Na2HPO4, and 1.5 mM KH2PO4; pH 7.4)
transcardially, and had their brains removed imme-
diately. One hemisphere of each brain was postfixed
overnight at 4◦C with 4% paraformaldehyde solu-
tion in PBS and the fixed brains were cryoprotected
with increasing concentrations of sucrose (20% and
30%) in 0.1 M phosphate buffer at 4◦C for 2–3 days.
Serial sagittal sections (40 �m thickness) were cut
using a vibratome (Leica Microsystems) and stored
at –20◦C until histological analysis. Immunofluores-
cence staining was performed as previously described
[26]. Sections were washed in PBS and blocked
in 5% normal goat serum in PBS-T (0.25% Tri-
ton X in PBS) for 1 h at room temperature (RT)
following antigen retrieval. Brain sections were incu-
bated with primary antibodies overnight at 4◦C.
The primary antibodies used were rabbit polyclonal
anti-Iba1 (1/100, Wako Pure Chemical Industries,
Osaka, Japan), mouse monoclonal anti-GFAP (1/100,
Sigma-Aldrich, St. Louis, MO, USA), mouse mon-
oclonal anti-c-Fos (1/100, EnCor Biotechnology,
Gainesville, FL, USA), and mouse monoclonal anti-
NeuN (1/100, Sigma-Aldrich). After washing with
PBS-T, the sections were incubated for 1 h at RT

with secondary antibodies. The secondary antibodies
used were goat anti-rabbit Alexa Fluor 555 anti-
body (1/2,000, Thermo Fisher Scientific, Rockford,
IL, USA) and goat anti-mouse Alexa Fluor 488 anti-
body (1/2,000, Thermo Fisher Scientific). Nuclei
were stained with DAPI (Vector Laboratories Inc,
Burlingame, CA, USA). Fluorescence signals were
detected with A SpinSR10 confocal fluorescence
microscope (Olympus, Southall, UK). Quantification
of fluorescence signal in brain sample images was
carried out using ImageJ software (NIH, Bethesda,
MD, USA). To quantify Iba1-, GFAP-, and c-Fos-
positive cells, we randomly quantified 2 fields (1
mm2 area per field) of the hippocampus and 4 fields
(1 mm2 area per field) of the cortex and the means
were used for statistical analysis. Measurements were
taken from sections from each mouse and immunos-
taining analysis was performed blinded.

Western blot analysis

For biochemical analysis, cortical and hippocam-
pal tissues from the other hemisphere of each
brain were dissected, frozen in liquid nitrogen, and
stored at –80◦C. Hippocampal and cortical tissues
(n = 7 per group) were homogenized in RIPA buffer
(50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-
40, 0.5% sodium deoxycholate, 0.1% SDS; pH
7.6) containing protease and phosphatase inhibitor
cocktails (Wako Pure Chemical Industries). The
resulting lysates were incubated for 30 min on ice
and centrifuged at 12,000 rpm for 30 min at 4◦C.
The protein concentration was determined using
a BCA protein assay kit (Thermo Fisher Scien-
tific). The same amounts of protein were subjected
to SDS polyacrylamide gel electrophoresis (SDS-
PAGE) and separated proteins were immunoblotted
on polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA), followed by incu-
bation with primary antibodies overnight at 4◦C after
blocking with 5% skim milk in tris-HCl-buffered
saline with 0.1% Tween 20 (TBS-T) at RT for 1 h.
The primary antibodies used were anti-Iba1 (1/1000,
Wako Pure Chemical Industries), anti-GFAP (1/1000,
Sigma-Aldrich), anti-synaptophysin (SYP, 1/20,000,
Abcam, Cambridge, UK), anti-PSD95 (1/1000, Cell
Signaling, Danvers, MA, USA), anti-phospho (p)
JNK [p-SAPK/JNK (T183/Y185), 1/1,000, Cell
Signaling], anti-JNK (1/1,000, SAPK/JNK, Cell
Signaling), anti-HSP90 (1/1,000, Cell Signaling),
and anti-actin (Proteintech Group, Tokyo, Japan).
The membranes were the washed with TBS-T
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Fig. 1. Effect of tooth loss on memory impairment in wild-type mice. a) In the training session, both control and tooth loss mice exhibited the
same exploratory time between the two familiar objects (A and B). b) In the retention session, the control mice spent a longer time exploring
the novel object (C) than the familiar object (A), whereas tooth loss mice spent the same amount of time exploring the familiar object (A)
and the novel object (C). c) Discrimination index (DI) of the novel object recognition test. Data are represented as the mean ± SD. n = 7 per
group. n.s., no significant difference; *p < 0.05, **p < 0.01 versus control group, as determined using Student’s t-test.

and incubated with secondary antibodies conju-
gated to horseradish peroxidase. ImmunoStar Zeta
or ImmunoStar LD (Wako Pure Chemical Industries)
was used to visualize immunoreactive bands, which
were analyzed with an Amersham Imager 680 (GE
Healthcare Life Science, Marlborough, MA, USA).
Signal intensity was quantified using ImageJ program
(Bethesda, MD, USA).

Statistical analysis

Statistical analysis was carried out using Graph-
Pad Prism software (GraphPad Software, San Diego,
CA, USA). Data are presented as the mean ± standard
deviation (SD). Significant differences between
groups were assessed by a two-tailed unpaired Stu-
dent’s t-test. Data were considered significant at
p < 0.05.

RESULTS

Tooth loss induces memory impairment

Tooth loss has been identified as a risk factor for
AD. To evaluate the effect of tooth loss on visual
recognition skills and short-term memory, we sub-
jected WT mice to the novel object recognition test
after extracting their upper molar teeth (the tooth loss
group). WT mice with all teeth intact were used as
the control group. During the training session, control
and tooth loss mice spent almost the same amount
of time exploring two familiar objects (Fig. 1a),

suggesting that both groups had equal degrees of
curiosity, motivation, and interest in exploring famil-
iar objects. During the retention session, however,
tooth loss mice spent similar amounts of time explor-
ing both the familiar and novel objects, whereas
control mice spent significantly more time explor-
ing the novel object compared to the familiar object
(Fig. 1b). Moreover, the discrimination index was
higher in the control group than in the tooth loss group
(Fig. 1c). This result indicates that tooth loss in WT
mice induces visual recognition memory impairment,
which is consistent with the results of our previous
study in AppNL−G−F mice [26].

Tooth loss decreases neuronal activity in the
hippocampus and cortex

The relationships between oral health, masticatory
function, and cognitive function have been studied
in animals and humans. During mastication, several
regions of the central nervous system (CNS) are stim-
ulated or activated. Previous studies have reported a
clear correlation between lower neural activity and
synapse formation as a result of diminished mastica-
tion [15]. Therefore, the number of activated neurons
in the hippocampus and cortex of WT mice was mea-
sured via immunostaining of sagittal brain sections
using the anti-c-Fos antibody as a neuronal activity
marker. We found that the number of c-Fos+ neurons
was significantly lower in the hippocampal dentate
gyrus (DG), cornu ammonis (CA) 1, and CA3 regions
(Fig. 2a) and cortex (Fig. 2b) of tooth loss mice than
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Fig. 2. Tooth loss decreases neuronal activity in the hippocampus and cortex. c-Fos immunostaining in the hippocampus (CA1, CA3, and DG
regions) (a) and cortex (b). Sagittal brain sections were stained with an anti-c-Fos antibody (red) and DAPI nuclear counter stain (blue). The
number of c-Fos+ cells in CA1, CA3, and DG in (a) and in the cortex in (b). CA, cornu ammonis; DG, dentate gyrus. Data are represented
as the mean ± SD. n = 6 per group. **p < 0.01 versus control group, as determined using Student’s t-test. Scale bars in (a): 500 �m and in
(b): 100 �m.

those in the control mice. Previously, it was reported
that masticatory dysfunction is linked to a reduction
in neural activity, which leads to a decrease in synap-
tic density [27]. Therefore, we quantified synaptic

protein levels in the hippocampus and cortex using
western blot analysis. Our results showed that the
protein levels of synaptophysin (SYP, presynaptic
protein) and postsynaptic density protein 95 (PSD95)
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Fig. 3. Tooth loss decreases synaptic protein levels in the hippocampus and cortex. Western blot analysis of synaptophysin (SYP), PSD95,
and actin in the hippocampus (a) and cortex (b). Protein levels were quantified by densitometry, normalized to the actin level, and expressed
as the relative protein level. Data are represented as the mean ± SD. n = 7 per group. **p < 0.01, ***p < 0.001 versus control group, as
determined using Student’s t-test.

were significantly decreased in the hippocampus and
cortex of tooth loss mice compared to that of the con-
trol mice (Fig. 3a, b). These results indicate that tooth
loss decreases neuronal activity and may contribute
to synaptic dysfunction.

Tooth loss increases protein levels of pJNK and
HSP90 in the hippocampus

Masticatory dysfunction can also lead to chronic
stress. A previous study showed that chronic stress
caused by tooth loss impairs memory and learning
functions [24]. Some proteins, such as heat shock
protein 90 (HSP90) and the protein kinase JNK, are
activated by chronic stress [28, 29]. Therefore, we
measured the protein levels of HSP90 and phos-
phorylated JNK in the hippocampus and the cortex.
Our western blot results showed that the levels of
both proteins were significantly increased in the hip-
pocampus, but not in the cortex, of tooth loss mice

compared to that of the control mice (Fig. 4a, b). This
result indicates that tooth loss induces chronic stress
in the hippocampus.

Tooth loss activates glial cells in the
hippocampus

Chronic stress can alter the morphology and
density of microglia [30]. Reactive microglia and
astrocytes are involved in the progression of AD
through the release of pro-inflammatory cytokines,
which leads to neuronal cell death. To determine the
effect of tooth loss on glia in WT mice, we investi-
gated the levels of activated microglia and astrocytes
in the brain. Western blotting was used to quantify the
protein levels of Iba1, a microglia marker, and GFAP,
an astrocyte marker, in hippocampal and cortical tis-
sues. We found that the levels of both Iba1 and GFAP
were higher in the hippocampus of tooth loss mice
than in that of control mice (Fig. 4a). No significant
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Fig. 4. Tooth loss increases the protein levels of GFAP, Iba1, phosphorylated JNK, and HSP90 in the hippocampus. Western blot analysis of
GFAP, Iba1, phosphorylated (p-) JNK, total (t-) JNK, HSP90, and actin in the hippocampus (a) and cortex (b). Protein levels were quantified
by densitometry. GFAP and Iba1 protein levels were normalized to actin. p-JNK protein levels were normalized to t-JNK protein levels and
expressed as values relative to the control. Data are represented as the mean ± SD. n = 7 per group. n.s., no significant difference; *p < 0.05,
**p < 0.01, ***p < 0.001 versus control group, as determined using Student’s t-test.
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difference between treatment groups was observed
for either marker in the cortex (Fig. 4b). Next, we per-
formed immunofluorescence staining using anti-Iba1
and anti-GFAP antibodies to confirm the results of our
western blot analysis. As expected, we observed a sig-
nificant increase in the number of Iba1+ (Fig. 5a) and
GFAP+ cells (Fig. 6a) in the hippocampus of tooth
loss mice compared to that in the control mice. Con-
sistent with the western blotting results, the number of
Iba1+ and GFAP+ cells was not significantly differ-
ent in the cortex between treatment groups; however,
we did note a tendency for both markers to be more
abundant in tooth loss mice than that in the control
mice (Fig. 5b, 6b). These data indicate that tooth loss
in WT mice may activate astrocytes and microglia in
the hippocampus.

The number of pyramidal neurons in the
hippocampus is reduced as a result of tooth loss

Previous studies have suggested that tooth loss and
microglial activation induce pyramidal neuronal loss.
Indeed, our previous findings showed that tooth loss
in AppNL−G−F mice induced pyramidal neuronal
loss in the CA1 and CA3 regions of the hippocampus.
Therefore, we investigated the number of pyramidal
neurons in CA1 and CA3 regions of the hippocam-
pus following tooth loss in WT mice. Sagittal brain
sections were immunostained with an anti-NeuN
antibody to mark neuronal cells and the fluores-
cence intensity of NeuN+ cells was quantified. In the
CA1 and CA3 regions of the hippocampus, fluores-
cence intensity was significantly lower in tooth loss
mice than in control mice (Fig. 7); no difference was
observed in the cortex between treatment groups (data
not shown). These findings suggest that tooth loss in
WT mice may induce pyramidal neuronal loss in the
CA1 and CA3 regions of the hippocampus through
tooth loss-induced glial activation.

DISCUSSION

Recently, several studies by our group and others
have shown that tooth extraction in elderly ani-
mals and AD-like mouse models aggravates AD-like
pathologies, which eventually lead to the impairment
of learning and memory functions [24, 26, 31–33].
In this study, we aimed to expand on the findings of
these previous studies by investigating the effects of
tooth loss in young WT mice. This work discovered
that tooth loss attenuated neuronal activity, decreased
synaptic protein levels, and induced pyramidal neu-

ronal loss even in young WT mice, ultimately leading
to memory impairment.

Several clinical and animal studies have demon-
strated that masticatory stimulation or chewing plays
an important role in transferring sensory informa-
tion to many areas of the CNS and preserving
hippocampus-dependent cognitive function [17]. c-
Fos, an immediate early gene, is activated in response
to neuronal activity and modulates synaptic plasticity,
and its expression is positively correlated with cog-
nitive function [34]. We speculate that the reduced
neuronal activity (as indicated by the number of c-
Fos+ neurons) observed in the hippocampal CA1 and
CA3 regions and cortex of molarless mice may be
related to changes in the motor neuron activity that
controls the masticatory muscles [35]. These find-
ings are consistent with our previous findings that
tooth loss in AppNL−G−F mice reduces the num-
ber of c-Fos+ cells in the hippocampus and cortex.
Furthermore, this reduction in neuronal activity may
explain the reduction in synaptic proteins observed
following tooth loss. Neuronal activity is important
for the regulation of synaptic strength and plasticity
[36, 37]. Synaptic dysfunction and impaired synaptic
plasticity are implicated in several neurodegenera-
tive diseases, including the early stages of AD [38].
In AD, soluble A� oligomers can bind to synaptic
proteins, resulting in synaptic dysfunction associated
with cognitive decline [39]. Furthermore, impaired
mastication caused by tooth loss reduces sensory
input from sensory receptors, which in turn reduces
synaptic density in the cerebral cortex [40]. Thus,
we speculate that the reduced expression of pre- and
postsynaptic proteins in the hippocampus and cortex
following tooth loss in WT mice is a direct result
of the decreased neuronal activity observed in these
regions.

Glial activation is involved in several neurodegen-
erative diseases, including AD. It has been reported
that cooperative activity between glial cells and neu-
rons results in the modulation of cognitive function
[41]. Recent studies have demonstrated that early
synaptic and neuronal losses occur due to the release
of neuroinflammatory cytokines by reactive glial
cells [42–44]. Indeed, we observed an increase in
the number of activated Iba1+ and GFAP+ glial
cells in the hippocampus following tooth loss, which
coincided with the loss of pyramidal neurons in
this region. Thus, we hypothesize that tooth loss-
activated glial cells in the hippocampus may secrete
proinflammatory cytokines, which cause pyrami-
dal neuron cell death. However, we were unable
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Fig. 5. Tooth loss enhances microglial activation in the hippocampus. Sagittal brain sections of mice were immunostained with the anti-Iba1
antibody (red) and cell nuclei were stained with DAPI (blue). Representative images of Iba1+ cells in the hippocampus (a) and cortex (b) are
shown. Numbers of Iba1+ cells in the hippocampus (a, right panel) and cortex (b, right panel) are presented. Boxed regions in the left panel
images are magnified in the right panels. Data are represented as the mean ± SD. n = 6 per group. n.s., no significant difference; **p < 0.01
versus control group, as determined using Student’s t-test. Scale bars: 100 �m.



672 F. Taslima et al. / Tooth Loss Induces Memory Impairment

Fig. 6. Tooth loss enhances astrocyte activation in the hippocampus. Sagittal brain sections of mice were immunostained with the anti-GFAP
antibody (red) and cell nuclei were stained with DAPI (blue). Representative images of GFAP+ cells in the hippocampus (a) and cortex (b)
are shown. Numbers of GFAP+ cells in the hippocampus (a, right panel) and cortex (b, right panel) are presented. Boxed regions in the
left panel images are magnified in the right panels. Data are represented as the mean ± SD. n = 6 per group. n.s., no significant difference;
**p < 0.01 versus control group, as determined using Student’s t-test. Scale bars: 100 �m.
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Fig. 7. Tooth loss induces pyramidal neuronal loss in the hippocampus. Sagittal brain sections of mice were immunostained with the anti-
NeuN antibody. Representative images of NeuN fluorescence staining in the CA1 (a) and CA3 (b) regions of the hippocampus are shown,
along with quantification of the fluorescence intensity of NeuN+ cells. Data are represented as the mean ± SD. n = 6 per group. *p < 0.05,
**p < 0.01 versus control group, as determined using Student’s t-test. Scale bars: 50 �m.

to measure the mRNA levels of proinflammatory
and anti-inflammatory cytokines due to limited brain
samples; thus, further studies are required to measure
these cytokine levels to fully elucidate the underlying
mechanisms.

Chronic stress is widely recognized as a predispos-
ing and promoting factor for some neurodegenerative
diseases, including AD [45]. Chronic stress activates
the hypothalamic-pituitary-adrenal axis, resulting in
an increase in glucocorticoid hormones released from
the adrenal cortex, which reduces neuronal activ-
ity and increases microglial activation [46]. Occlusal
disharmony and reduced mastication due to tooth loss
act as chronic stressors that impair learning and mem-
ory function [24, 27]. Moreover, occlusal disharmony
increases plasma glucocorticoid levels, leading to a
decrease in the number of neurons in the hippocam-
pus, further contributing to memory impairment [47].

Interestingly, we found that tooth loss elevated the
levels of the stress biomarkers, pJNK and HSP90, in
the hippocampus but not in the cortex. This result
is consistent with the increase in glial activation
we observed in the hippocampus, suggesting that
chronic stress caused by reduced mastication may
be responsible for this glial phenotype. However, it
is unclear why tooth loss induces chronic stress in
the hippocampus but not in the cortex. One possi-
ble explanation is that the hippocampus is one of
the first brain regions that is functionally and struc-
turally modified by stress [48]. Further work will be
required to understand the different stress responses
of the hippocampus and cortex to tooth loss. Taken
together, tooth loss in WT mice induces chronic stress
in the hippocampus, leading to glial activation, which
may eventually contribute to memory impairment in
young WT mice.
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Consistent with our previous finding that tooth loss
in AppNL−G−F mice induced memory impairment
and exacerbated AD-related pathologies, similar
detrimental effects were also exerted in young
mice by tooth loss, as demonstrated by memory
impairment, attenuating neuronal activity, decreasing
synaptic protein levels, and reducing the number of
pyramidal neurons in the hippocampus. Thus, obser-
vations in the present study suggest that treating
diseased teeth, orthodontic treatment and preserving
them from a young age are very important for the
acquisition of memory and learning ability.

Conclusion

In the present study, we investigated the effects of
tooth loss on cognitive function, neuronal activity,
synaptic protein levels, glial activation, and pyra-
midal neuronal cell loss in in young WT mice. We
found that tooth loss induced memory impairment
by reducing neuronal activity and synaptic density
and increasing pJNK and HSP90 levels, which in
turn increased glial activation in the hippocampus.
From our study and others, it is becoming increas-
ingly apparent that oral health is linked to general
health status. Our study also suggests that treating
diseased teeth and preserving them from a young age
may lower the risk of future memory impairment.
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