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Tooth loss inhibits neurogenesis in the dentate gyrus 
of adult mice
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Introduction
A relationship between tooth loss and memory decline has 
become increasingly accepted. Epidemiological investiga-
tions have demonstrated that tooth loss increases the risk 
of senile dementia (Nakata, 1998). Animal studies have 
confirmed that a restrictive relationship exists between the 
teeth and memory. In mice, a large loss in the number of 
teeth reduces their learning and memory (Kato et al., 1997; 
Bergdahl et al., 2007). The hippocampus is a key region for 
higher neural activities such as emotion, behavior, learning, 
and memory. In particular, neurons in the dentate gyrus of 
animals and humans play a significant role in learning and 
memory, and their structure, number, and regeneration are 
strongly associated with cognitive function (Eichenbaum, 
1999). 

In the present study, we performed double immunoflu-
orescence staining with a marker of newly born neurons, 
doublecortin, and a marker of neuronal maturation, neuro-
nal nuclear antigen, in the dentate gyrus of adult mice with 
tooth loss. Results from these experiments showed neuro-
genesis in this brain region of these mice.

Materials and Methods
Animals
A total of 60 healthy adult male CD1 mice aged 3 or 4 
months and weighing 20–30 g were provided by the Experi-

mental Animal Center, Lanzhou University, China. All mice 
were housed in a standard cage placed in a quiet room (away 
from the sun and noise). Mice were kept at 22–23°C with 
a relative humidity of 45–50%, and under a 12-hour light/
dark cycle. The protocols were approved by the Animal Eth-
ics Committee, Second Hospital, Lanzhou University, China.

Experimental groups and model establishment 
All mice were equally and randomly divided into either the 
tooth loss group or the normal control group. Mice in the 
tooth loss group were intraperitoneally injected with 10% 
chloral hydrate 4 mL/kg and then fixed in the supine posi-
tion. The left maxillary and mandibular molars were then 
extracted 2 days later, thus establishing the tooth loss model. 
The normal control group did not receive any intervention. 

Preparation of tissue sections
All mice were anesthetized with chloral hydrate 4 weeks after 
model establishment. After the heart was exposed, a punc-
ture was made through the cardiac apex until it reached the 
ascending aorta. The right auricle was then cut with a pair of 
eye scissors. Physiological saline (150 mL) was used for wash-
ing until the lip and tongue became white. The blood vessels of 
the heart were fully fixed with 250 mL 4% paraformaldehyde in 
phosphate-buffered saline (PBS; 0.01 mol/L, pH 7.4, 150 mL). 
After craniotomy, brain tissue was fixed (overnight at 4°C) 
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with 4% paraformaldehyde in PBS. Brain tissues were sliced 
into coronal sections (thickness of 5 μm) from the superior 
colliculus to the optic chiasm and from the cephalic side to 
caudal side. Three serial sections were obtained at intervals 
of 50 μm and placed on poly-lysine-coated slides for further 
staining. 

Double immunofluorescence staining for doublecortin 
and neuronal nuclear antigen 
Sections were dehydrated and permeabilized at room tem-
perature (20°C) (Rohr et al., 2001). Antigen was retrieved 
with citric acid by exposing the sections in the microwave 
oven for 120 minutes. Sections were then treated with a 
mixture of hydrogen peroxide and methanol (1:50) at room 
temperature for 30 minutes to deactivate endogenous per-
oxidase. Sections were washed (5 minutes × 3) with 0.01 mol/L 
PBS, These sections were blocked with normal goat serum 
for 20 minutes, then incubated (overnight at 4°C) with the 
primary antibodies, donkey anti-doublecortin (1:1,000; San-
ta Cruz Biotechnology, Santa Cruz, CA, USA) and mouse 
anti-neuronal nuclear antigen (1:1,000; Chemicon, Hofheim, 
Germany). After washing (5 minutes × 3) with 0.01 mol/L 
PBS, sections were incubated (for 10 minutes at 37°C) with 
the secondary antibodies, goat anti-mouse IgG, Alexa 555 
(1:300; Molecular Probes Gotingen, Germany) and goat 
anti-donkey IgG, Alexa 488 (1:300; Molecular Probes, Gotin-
gen). All sections were subsequently washed (5 minutes × 3) 
with PBS 0.01 mol/L and then immersed in water, followed 

by dehydration using a graded alcohol series. The sections 
were placed in each alcohol grade for 2 minutes and then 
finally immersed in xylene, and moved in a fume cupboard 
where they were mounted with neutral resin.

Data analysis
Newborn neurons and the newborn granule cell layer in the 
dentate gyrus were observed with a confocal laser scanning 
microscope (LSM 510; Zeiss, Germany). The distribution, 
density, and absorbance values of newborn neurons were 
compared. Doublecortin-labeled newborn neurons in the 
dentate gyrus were quantified with a confocal laser scan-
ning microscopy. The number (n) of newborn neurons in 
the granular cell layer and subgranular zone in each sec-
tion was calculated. The area of the granular cell layer and 
subgranular zone in the dentate gyrus was also calculated, 
and the number (n/mm2) of doublecortin-positive cells in 
a unit area of the dentate gyrus was calculated by the grid 
test method (Zhu et al., 2009). Absorbance values of dou-
blecortin- and neuronal nuclear antigen-labeled cells were 
obtained from both groups, as previously described (Zhou 
et al., 1995). 

Statistical analysis 
Data were expressed as the mean ± SD and were analyzed by 
the two-sample t-test, which was performed using SPSS 13.0 
software (SPSS, Chicago, IL, USA). A value of P < 0.05 was 
considered statistically significant. 

Figure 1 Effects of tooth loss on the distribution and morphology of newborn neurons in the mouse dentate gyrus (immunofluorescence staining).
Immunofluorescence staining of DCX-positive cells (A, B) (green fluorescence) and NeuN-positive cells (C, D) (red fluorescence) in the subgran-
ular zone of the dentate gyrus in the tooth loss group and normal control group. Compared with the normal control group (B, D), the number of 
DCX- and NeuN-positive cells was lower in the tooth loss group (A, C) 4 weeks after model establishment. DCX: Doublecortin; NeuN: neuronal 
nuclear antigen. Scale bars: 1 μm. 

A CB D

Table 1 Effects of tooth loss on the distribution  of newborn neurons in the mouse dentate gyrus

DCX NeuN

Group Density of positive cells (n/mm2) Absorbance Density of positive cells (n/mm2) Absorbance 

Tooth loss 7.7±11.0* 286.3±18.9* 52.8±4.6* 1,257±29.6*
Normal control 22.5±13.0 579.6±27.1 124.9±7.8 1,982±25.3

Data are expressed as the mean ± SD, n = 30, two-sample t-test was used. Absorbance reflects the antigen activity of labeled cells and the number 
of positive cells. More positive cells indicate a higher absorbance value. *P < 0.05, vs. normal control group. DCX: Doublecortin; NeuN: neuronal 
nuclear antigen.
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Results
Distribution and morphology of newborn neurons in the 
dentate gyrus of mice with tooth loss 
The numbers of both doublecortin and neuronal nuclear 
antigen-labeled newly born neurons were high in the normal 
control group, but low in the tooth loss group. 

Doublecortin-labeled cells were detected in the granular 
cell layer and subgranular zone in both groups 4 weeks af-
ter model establishment. Dendrites vertically crossed the 
lamellar structure and were distributed two-cell widths 
between the granular cell layer and gate region. A few dou-
blecortin-positive cells migrated to the granular cell layer. 
Doublecortin-positive cells in the gate region were scattered. 
Neuronal nuclear antigen-labeled cells were visible in the 
molecular layer, granular layer and subgranular zone, espe-
cially in the subgranular zone (Figure 1). 

In the normal control group, the number of doublecor-
tin-positive cells was high in the subgranular zone of dentate 
gyrus. These doublecortin-positive cells were arranged in a 
cluster, and the synapse was long and continuous (Figure 
1B). In the tooth loss group, the number of doublecor-
tin-positive cells was low in the subgranular zone of the 
dentate gyrus. These doublecortin-positive cells were single 
(with a few in a cluster) and scattered, and the synapse was 
short and discontinuous (Figure 1A). In neuronal nuclear 
antigen-labeled images, neuronal nuclear antigen-positive 
granule cells in the normal control group were visible in the 
dentate gyrus, and most of them were mature and densely 
distributed (about 7–9 layers) with a spherical or elliptical 
shape (Figure 1D). In the tooth loss group, the number of 
neuronal nuclear antigen-positive cells was less in the den-
tate gyrus (Figure 1C). 

Effect of tooth loss on neurogenesis in the dentate gyrus 
Both the density and absorbance values of doublecortin- 
and neuronal nuclear antigen-positive cells were significantly 
(P < 0.05) lower in the tooth loss group compared with the 
normal control group (Table 1). 

Discussion
Neurogenesis mainly occurs in the subependymal layer and 
in the dentate gyrus of adult mammals. More specifically, 
neurogenesis occurs in the subgranular cell zone of the den-
tate gyrus, and involves neural stem cells/progenitor cells 
(Altman and Das, 1965; Eriksson et al., 1998). Neural stem 
cells in the dentate gyrus are located in the subgranule cell 
layer in hippocampus. Neurogenesis in the infragranular 
layer consists of three stages: (1) neural stem cell division, 
(2) gradual migration to the granule cell layer in which 
newborn cells are semi-mature, and (3) newborn cells inte-
grated in the granule cell layer, with most cells differentiated 
into mature neural cells (Oyanagi et al., 2001; Leuner et al., 
2010). The infragranular layer of the dentate gyrus is consid-
ered to be a region for neural stem cell proliferation, with its 
effects continuing into adulthood. Neural stem cells in the 
infragranular layer of adult mice constantly proliferate and 
migrate to the granule cell layer. Moreover, neural stem cells 

gradually transform into mature cells during migration, and 
finally differentiated into neurons in the granule cell layer 
(Corbo et al., 2002).  Dentate gyrus is a key region in the 
brain in which neurogenesis occurs all through life (Nacher 
et al., 2001). Thus newborn cells may be strongly correlated 
with learning and memory. A previous study has confirmed 
that newborn cells in the granule cell layer are strongly asso-
ciated with memory formation, and disruption of neural cell 
proliferation in the dentate gyrus affects learning and mem-
ory (Macklis, 2001). 

The present study may indicate that tooth loss plays a 
role in learning and memory impairment in mice, by ob-
serving neuronal regeneration in the dentate gyrus using 
double immunofluorescence staining for doublecortin 
and neuronal nuclear antigen. Our results verified that 
Doublecortin could be used to analyze neuronal regener-
ation in the dentate gyrus under different conditions such 
as environmental change, mature, illness or injury (Jin et 
al., 2002). 

Doublecortin is a microtubule-associated protein that is 
extensively expressed in the developing nervous system of 
mammas. Furthermore, doublecortin is necessary for neuro-
nal migration and differentiation and can label the first and 
second stages of neurogenesis in the infragranular layer of 
the dentate gyrus (Sska et al., 2000). Doublecortin is mainly 
expressed in neuronal cell bodies and plays a major role in 
migration and axonal differentiation (Gleeson et al., 1999; 
Friocourt et al., 2003). Our results from the high-powered 
confocal laser scanning microscope revealed that doublecor-
tin-positive cells were mainly located in the infragranular 
layer of dentate gyrus. The number of doublecortin-labeled 
newly born neurons was high in the normal control group, 
but low in the tooth loss group. Neuronal nuclear antigen la-
bels the first and second stages of neurogenesis in the infra-
granular layer of the dentate gyrus, and is mainly expressed 
in mature neurons. Our staining results demonstrated that 
the number of neuronal nuclear antigen-positive cells was 
high in the normal control group, but low in the tooth loss 
group. This study showed that the number and density of 
newly born neural cells were lower in the tooth loss group 
compared with the normal control group. Antigen activi-
ty and number of positive cells were higher in the normal 
control group than in the tooth loss group. These results 
therefore suggest that the neurogenic capacity in the hippo-
campus is lower in the tooth loss group than in the normal 
control group. 

Our results from the immunofluorescence study demon-
strated that tooth loss impaired the distribution, structure, 
and neurogenic capacity of neurons in the mouse dentate 
gyrus. These effects may have a negative impact on learning 
and memory. The alteration in neurotransmitter content, a 
decrease in cerebral blood flow and oxygen levels after tooth 
loss (Hu et al., 2003), and poor chewing-induced nutritional 
deficiencies may also result in injury to the brain structure 
and neuronal regeneration at different degrees (Chen et al., 
2007). Nevertheless, the impact of tooth loss on learning and 
memory in mice requires further investigation.
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