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Systemic administration of low dosage of tetanus toxin decreases
cell proliferation and neuroblast differentiation in the mouse
hippocampal dentate gyrus
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In the present study, we investigated the effect of Tetaus toxin (TeT) on cell proliferation and neuroblast
differentiation using specific markers: 5-bromo-2-deoxyuridine (BrdU) as an exogenous marker for cell
proliferation, Ki-67 as an endogenous marker for cell proliferation and doublecortin (DCX) as a marker
for neuroblasts in the mouse hippocampal dentate gyrus (DG) after TeT treatment. Mice were
intraperitoneally administered 2.5 and 10 ng/kg TeT and sacrificed 15 days after the treatment. In both
the TeT-treated groups, no neuronal death occurred in any layers of the DG using neuronal nuclei (NeuN,
a neuron nuclei maker) and Fluoro-Jade B (F-J B, a high-affinity fluorescent marker for the localization of
neuronal degeneration). In addition, no significant change in glial activation in both the 2.5 and 10 ng/kg
TeT-treated-groups was found by GFAP (a marker for astrocytes) and Iba-1 (a marker for microglia)
immunohistochemistry. However, in the 2.5 ng/kg TeT-treated-group, the mean number of BrdU, Ki-67
and DCX immunoreactive cells, respectively, were apparently decreased compared to the control group,
and the mean number of each in the 10 ng/kg TeT-treated-group was much more decreased. In addition,
processes of DCX-immunoreactive cells, which projected into the molecular layer, were short compared
to those in the control group. In brief, our present results show that low dosage (10 ng/kg) TeT treatment
apparently decreased cell proliferation and neuroblast differentiation in the mouse hippocampal DG
without distinct gliosis as well as any loss of adult neurons.
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Effect of tetanus toxin on the neurogenesis

It has been reported that specific regions, such as the
subgranular zone (SGZ) of the dentate gyrus (DG) and
the subventricular zone (SVZ) of the lateral ventricle, in
the brain exhibit self-renewal activity throughout the
animal’s life span [1-4]. It is well known that brain
disorders and environmental factors can affect neurogenesis
and gliogenesis in some neurogenic regions such as the
hippocampus [5-8]. The hippocampus, which is involved
in cognitive processes such as learning and memory, is
susceptible to neurological disorders such as Alzheimer’s
disease [9,10].

Cells newly generated in the hippocampus, which are
mainly located in the SGZ of the DG, can migrate into
the granule cell layer of the DG where they mature into
new neurons and make functional synaptic connections
with the hippocampal circuitry [11-13].

Tetanus toxin (TeT), one of the most toxic substances
to humans, can cause tetanus [14]. TeT is an A-B type
of toxin with a molecular mass of 150 kDa, including a
light chain (50 kDa) and heavy chain (100 kDa) subunit
[15-18]. Basically, the light chain subunit exits from the
endosome and undergoes retrograde transport via the
nerve axon to the spinal cord. The heavy chain subunit
mediates the inhibition of the release of neurotransmitters
(e.g., glycine and GABA) from the inhibitory interneurons
into the synaptic cleft resulting in the inability of
contracted muscles to relax [17,19]. It has been known
that adult rats treated with TeT show spatial learning
deficits [20].

It has been suggested that the loss of hippocampal
neurons produces deficits in learning and memory [21-
23]. In addition, injection of high dosage (1000 mouse
minimum lethal doses) of TeT into the rat hippocampus
induces neuronal loss in the granule cells of the rat DG
[24]. However, there are no studies regarding changes of
cell proliferation and neuroblast differentiation in the
hippocampal DG after systemic administration of TeT.
In the present study, therefore, we investigated neuronal
damage and glial changes in the mouse DG after
systemic administration of TeT using neuronal nuclei
(NeuN, a neuron nuclei maker), Fluoro-Jade B (F-J B, a
high affinity fluorescent marker for the localization of
neuronal degeneration), glial fibrillary acidic protein
(GFAP, a marker for astrocytes) and ionized calcium-
binding adapter molecule (Iba-1, a marker for microglia).
We also examined effects of TeT treatment on cell
proliferation and neuroblast differentiation in the mouse
DG using 5-bromo-2-deoxyuridine (BrdU, an exogenous
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marker for cell proliferation), Ki-67 (an endogenous
marker for cell proliferation) and doublecortin (DCX, a
marker for neuroblasts).

Materials and Methods

Experimental animals

The present study used the progeny of male ICR mice
(B.W.,, 25-30 g; 8 weeks of age) which were purchased
from the Jackson Laboratory (Maine, ME). The animals
were housed in a conventional state under adequate
temperature (23+3°C) and relative humidity (55+5%)
control with a 12-h light/12-h dark cycle, and provided
with free access to food and water. All animal care and
experimental procedures conformed to the NIH guidelines
(NIH Guide for the Care and Use of Laboratory
Animals, NIH Publication No. 85-23, 1985); the animal
protocol used in the present study was reviewed and
approved based on ethical procedures and scientific care
by the Kangwon National University-Institutional Animal
Care and Use Committee (KIACUC-12-0018). All
efforts were made to minimize animal suffering, as well
as, the number of the animals used.

Treatment of TeT and BrdU labeling.

The mice (total 42 mice) was intraperitoneally injected
once with 2.5 (n=14) or 10 ng/kg (n=14) of TeT, and the
control animals (n=14) were injected with the same
volume of saline (pH 7.4). The mice were then killed at
15 days after TeT-treatment.

On the other hand, after Tet-treatment, all the animals
were treated immediately with 50 mg/kg BrdU (Sigma,
St. Louis, MO) by intraperitoneal injection: BrdU was
administrated 3 times at 8 h intervals.

Tissue processing for histology

For the histological analysis, animals (total 21 animals,
n=7 in each group) were anesthetized with sodium
pentobarbital and perfused transcardially with 0.1 M
phosphate-buffered saline (PBS, pH 7.4) followed by
4% paraformaldehyde in 0.1 M phosphate-buffer (PB,
pH 7.4). The brains were removed and postfixed in the
same fixative for 6 h. The brain tissues were cryoprotected
by infiltration with 30% sucrose overnight. Thereafter
frozen tissues were serially sectioned on a cryostat
(Leica, Wetzlar, Germany) into 30-um coronal sections,
and they were then collected into six-well plates
containing PBS.
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F-J B histofluorescence

To confirm the neuronal death in the hippocampus
after TeT treatment, control- and TeT-treated animals
were used for Fluoro-Jade B (F-J B, a high affinity
fluorescent marker for the localization of neuronal
degeneration) histofluorescence under the same conditions.
F-J B histofluorescence staining procedures were
conducted according to the method by previous study.
[25]. In brief, the sections were first immersed in a
solution containing 1% sodium hydroxide in 80%
alcohol, and followed in 70% alcohol. They were then
transferred to a solution of 0.06% potassium permanganate,
and transferred to a 0.0004% F-J B (Histochem,
Jefferson, AR, USA) staining solution. After washing,
the sections were placed on a slide warmer (approximately
50°C), and then examined using an epifluorescent
microscope (Carl Zeiss, Germany) with blue (450-490
nm) excitation light and a barrier filter. With this method
neurons that undergo degeneration brightly fluoresce in
comparison to the background [26].

Immunohistochemistry for NeuN, GFAP, Iba-1, BrdU,
Ki-67 and DCX

To obtain the accurate data for immunohistochemistry,
the sections from control- and TeT-treated-animals were
used under the same conditions. Firstly, DNA denaturation
was conducted, and the sections were incubated in 2N
HCI and in boric acid (only for BrdU staining). The
sections were sequentially treated with 0.3% hydrogen
peroxide (H202) in PBS for 30 min and 10% normal
goat serum in 0.05 M PBS for 30 min. They were diluted
mouse anti-NeuN (1:1000, Chemicon) to detect the
neuron nuclei, mouse anti-GFAP (1:800, Chemicon) to
detect the astrocytes, mouse anti-BrdU (1:200, Chemicon
International), rabbit anti-Iba-1 (1:500, Wako) to detect
the microglia, rabbit anti-Ki-67 (1:100, Wako) to detect
the cell proliferation, goat-anti-DCX (1:100, santa cruz)
to detect the neuroblast differentiation overnight at 4°C
and subsequently exposed to biotinylated goat anti-
mouse, rabbit, rabbit anti- goat IgG and streptavidin
peroxidase complex (diluted 1:200, Vector, Burlingame,
CA). They were then visualized by reacting to 3,3'-
diaminobenzidine tetrachloride (Sigma) in 0.1 M Tris-
HCI buffer (pH 7.2) and mounted on gelatin-coated
slides. After dehydration the sections were mounted in
canada balsam (Kanto Chemical, Japan). In order to
establish the specificity of the immunostaining, a
negative control test was carried out with pre-immune
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serum instead of primary antibody. The negative control
resulted in the absence of immunoreactivity in all
structures. To elucidate the effects of TeT on cell
proliferation and neuroblast differentiation in mice, total
number of BrdU, Ki-67 and DCX positive cells in all the
groups were counted in the DG in 15 sections/each
animal using an image analyzing system equipped with
a computer-based CCD camera (software: Optimas 6.5,
CyberMetrics, Scottsdale, AZ). Cell counts were obtained
by averaging the counts from the sections taken from
each animal.

Western blot analysis

To obtain the accurate data for change in DCX levels
in the hippocampus after TeT treatment, control- and
TeT-treated-animals (total 21 animals, #»=7 in each
group) were used for western blot analysis. After
sacrificing them and removing the brain, it was serially
and transversely cut into a thickness of 400 um on a
vibratome (Leica), and the hippocampal DG region was
then dissected with a surgical blade. The tissues were
homogenized in 50 mM PBS (pH 7.4) containing 0.1
mM ethylene glycol bis (2-aminoethyl Ether)-N,N,N',N'
tetraacetic acid (EGTA) (pH 8.0), 0.2% Nonidet P-40, 10
mM ethylendiamine tetraacetic acid (EDTA) (pH 8.0),
15mM sodium pyrophosphate, 100 mM B-glycero-
phosphate, 50 mM NaF, 150 mM NaCl, 2 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride
(PMSF) and 1 mM dithiothreitol (DTT). After centrifugation,
the protein level in the supernatants was determined
using a Micro BCA protein assay kit with bovine serum
albumin as a standard (Pierce Chemical, Rockford, IL).
Aliquots containing 50 pig of total protein were boiled in
loading buffer containing 150 mM Tris (pH 6.8), 3 mM
DTT, 6% SDS, 0.3% bromophenol blue and 30%
glycerol. The aliquots were then loaded onto a 5%
polyacrylamide gel. After electrophoresis, the gels were
transferred to nitrocellulose membranes (Pall Crop, East
Hills, NY). To reduce background staining, the membranes
were incubated with 5% non-fat dry milk in PBS
containing 0.1% Tween 20 for 45 min, followed by
incubation with goat-anti-DCX (1:200, santa cruz),
peroxidase-conjugated rabbit anti-goat IgG (Sigma) and
an ECL kit (Pierce Chemical). The result of western blot
analysis was scanned, and densitometric analysis for the
quantification of the bands was done using Scion Image
software (Scion Corp., Frederick, MD), which was used
to count relative optical density (ROD): A ratio of the



Effect of tetanus toxin on the neurogenesis 151

ROD was calibrated as %, with sham-group designated
as 100 %.

Statistical analysis

The data shown here represent the means+SEM.
Differences among the means were statistically analyzed
by Student #-test in order to elucidate the changes of cell
proliferation and neuroblast in the control and TeT-
treated groups. In addition, differences of the mean
number among the groups were statistically analyzed by
analysis of variance (ANOVA) followed by Post Hoc test
in order to elucidate the differences among experimental
groups. Statistical significance was considered at P<0.05.

Results

Neuronal damage

NeuN-immunoreactive cells: Neuronal distribution
in the mouse DG after TeT treatment was examined by
NeuN immunohistochemistry (Figure 1A-1C). In the
control group, NeuN-immunoreactive cells were well
detected in all the layers of the DG (Figure 1A). In both
the 2.5 and 10ngkg TeT-treated-groups, NeuN-
immunoreactive cells were similar to those of the control
group (Figure 1B, 1C).

F-J B-positive cells: Neuronal damage in the DG after
TeT treatment was examined by F-J B histofluorescence
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(Figure 1D-1F). In both the control- and TeT-treated-
groups, F-J B positive cells were hardly detected in any
layers of the DG (Figure 1D-1F).

Gliosis

Gliosis in the DG after TeT treatment was observed by
GFAP and Iba-1 immunohistochemistry (Figure 1G-1L).
No obvious changes in GFAP-immunoreactive astrocytes
in both the control and TeT-treated-groups (Figure 1G-
1) were detected; in the 10 ng/kg TeT-treated group,
microglia were slightly activated near the granule cell
layer compared to that in the control group (Figure 1J-
1L).

Cell proliferation

BrdU-immunoreactive cells: BrdU-immunoreactive
cells were mainly detected in the SGZ of the DG. In the
control group, many BrdU-immunoreactive cells were
observed (Figure 2A, 2D): the mean number of BrdU-
immunoreactive cells was 19.25+1.7 per section of the
DG (Figure 2G). However, in the 2.5 ng/kg TeT-treated-
group, BrdU-immunoreactive cells were decreased
compared to the control group (Figure 2B, 2E); the mean
number of them was 11.5£2.1 per section of the DG
(Figure 1G). BrdU-immunoreactive cells were much
more decreased in the 10 ng/kg group than the 2.5 TeT-
treated-group (Figure 2C, 2F); the mean number of them
was 4.75+1.7 per section of the DG (Figure 1G).

’ : ‘
b
9

Figure 1. NeuN immunohistochemistry (A-C), F-J B histofluorescence (D-F), GFAP immunohistochemistry (G-l) and Iba-1
immunohistochemistry (J-L) in the mouse DG of the control-, 2.5 and 10 ng/kg TeT-treated-groups. The distribution of NeuN-
immunoreactive cells in the TeT-treated-groups is similar to that in the control group. F-J B-positive cells are hardly detected in the
DG of all the experimental groups. Microglia are slightly activated (arrows) in the 10 ng/kg TeT-treated-group. ML, molecular layer;
GCL, granule cell layer; PL, polymorphic layer; SGZ, subgranular zone. Scale bar=100 um.
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Figure 2. BrdU immunohistochemistry in the mouse DG in the
control- (A and D), 2.5 ng/kg TeT- (B and E) and 10 ng/kg TeT
(D and F)-treated-groups. BrdU-positive (*) cells (arrows) are
distinctively decreased in the 10 ng/kg TeT-treated-group. ML,
molecular later; GCL, granule cell layer; PL, polymorphic layer;
SGZ, subgranular zone. Scale bar=50 im. G: The mean
number of BrdU* cells per section in the control- and TeT-
treated-groups (n=7 per group; F=62.14; *P<0.05: significantly
different from the control group, *P<0.05, significantly different
from the preceding group). The bars indicate the means+SEM.

Ki-67-immunoreactive cells: Ki-67-immunoreactive
cells were also mainly detected in the SGZ of the DG
In the control group, Ki-67-immunoreactive cells were
easily observed (Figure 3A, 3D); the mean number of
Ki-67-immunoreactive cells was 32.75+3.3 per section
(Figure 3G). However, Ki-67-immunoreactive cells in
the 2.5 and 10ngkg TeT-treated-groups gradually
decreased with TeT dosage (Figure 3B, 3C, 3E, 3F); the
mean number of Ki-67-immunoreactive cells were
1742.1 and 12.25+2.2 per section, respectively (Figure
3G).
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Figure 3. Ki-67 immunohistochemistry in the mouse DG of the
control- (A and D), 2.5 ng/kg TeT (B and E)- and 10 ng/kg TeT
(C and F)-treated-groups. Ki-67-immunoreactive (*) cells
(arrows) are apparently decreased in the 10 ng/kg TeT-treated-
group. ML, molecular later; GCL, granule cell layer; PL,
polymorphic layer; SGZ, subgranular zone. Scale bar=50 im.
G: The mean number of Ki-67" cells per section in the control-
and TeT-treated-groups (n=7 per group; F=67.40; *P<0.05:
significantly ~ different from the control group, *P<0.05,
significantly different from the preceding group). The bars
indicate the means+SEM.

Neuroblast differentiation

In the control group, DCX-immunoreactive neuroblasts
were easily observed in the DG (Figure 4A, 4D); their
cell bodies were located in the SGZ and their processes
projected into the molecular layer of the DG. In this
group, the mean number of DCX-immunoreactive
neuroblasts was 69.25+5.8 per section of the DG
(Figure 4G). In the 2.5 ng/kg TeT-treated-group, DCX-
immunoreactive cells were decreased in number and
their processes became very short (Figure 4B,4E), and
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Figure 4. DCX immunohistochemistry in the mouse DG of the
control- (A and D), 2.5 ng/kg TeT (B and E)- and 10 ng/kg TeT
(C and F)-treated-groups. DCX-immunoreactive (*) cells
(arrows) are significantly decreased in the 10 ng/kg TeT-
treated-group. ML, molecular later; GCL, granule cell layer; PL,
polymorphic layer; SGZ, subgranular zone. Scale bar=50 im.
G: The mean number of DCX" cells per section in the control-
and TeT-treated-groups (n=7 per group; F=112.44; *P<0.05:
significantly  different from the control group, *P<0.05,
significantly different from the preceding group *P<0.05,
significantly different from the w/o tertiary dendrites group). The
bars indicate the means+SEM.

the number of them was 40.5+2.6 per section of the DG
(Figure 3G). In the 10ng/kg TeT-treated-group, the
mean number of DCX-immunoreactive cells was 22+4.3
per section of the DG, and their processes were much
shorter and fewer in number than those in the 2.5 ng/kg
TeT-treated-group (Figure 4C, 4F, 4G).

DCX protein levels

Western blot analysis showed that the levels of DCX
were distinctively changed in the mouse hippocampal
DG after 2.5 ng/kg and 10 ng/kg TeT treatment (Figure
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Figure 5. Western blot analysis of DCX in the mouse DG
derived from the control-, 2.5 and 10 ng/kg TeT-treated-groups
(n=7 in each group). The relative optical density (ROD) of
immunoblot bands are demonstrated as percent values
(*P<0.05, significantly different from the control group, #P<0.05,
significantly different from the preceding group). The bars
indicate the means+SEM.

5). In the 2.5 ng/kg TeT-treated-group, DCX protein
level was decreased to about 50% of the control group.
DCX protein level in the 10 ng/kg TeT-treated-group
was much more decreased (about 30% of the control

group).
Discussion

The hippocampus is an area vulnerable to neuronal
damage induced by neurodegenerative disorders, and
shows morphological and functional changes as well as
some neuropathological and neurochemical alterations
[27-29].

It was reported that TeT reduces monosynaptic
inhibitory and excitatory synaptic transmission in mouse
spinal cord neurons in culture [30]. In addition, TeT
blocked the excitatory transmission that is primarily
transported via sensory neurons [31]. Furthermore, it is
well known that that TeT induces seizures and easily
causes microglial activation in the hippocampus [32,33].

It was reported that there was a loss of granule cells in
the rat hippocampal DG 7 days after high dosage (1000
mouse minimum lethal doses) of TeT injection using
cresyl fast violet staining [24,34,35]. In the present study,
however, we did not detect any neuronal loss or damage
in the mouse DG until 15 days after low dosage (2.5 or
10 ng/kg) of TeT treatment using NeuN immunohisto-
chemistry and F-J B histofluorescence. We also
examined for significant changes in glial activation but

Lab Anim Res | September, 2013 | Vol. 29, No. 3
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these were not found in the DG after of TeT treatment.
These results are supported by a previous study which
showed that injection of 2ng of TeT into the CA3
subfield of the infant rat hippocampus proper did not
cause any hippocampal neuronal death until 3 months
later, although the density of hematoxylin and eosin-
stained neurons was significantly decreased in the
stratum pyramidale [36].

The hippocampus is involved in learning and memory,
and the generation of new hippocampal neurons has
been suggested to be a new form of plasticity implicated
in these processes [37,38]. It has been indicated that the
acquisition of spatial memory requires hippocampal
neurogenesis, especially in the DG [39,40]. Lee et al.
(2001) reported that rats treated with 2 ng of TeT were
markedly deficient in learning using the Morris water
maze task [36]. Later, some researchers showed that
impaired recognition memory is closely related to
reduced hippocampal neurogenesis [38,41].

In the present study, we observed cell proliferation in
the DG using BrdU and Ki-67 and neuroblast differentiation
using DCX. We found that they were markedly reduced
in the 10 ng/kg TeT-treated-group than in the 2.5 ng/kg
TeT-treated-group; that is, cell proliferation and
neuroblast differentiation were gradually decreased in a
dose-dependent manner with increasing doses of TeT.
This finding is similar to the results of previous studies
which showed that lipopolysaccharide (LPS), a typical
endotoxin, could easily induce brain inflammation and
caused reduced neurogenesis in the adult brain [42,43].

In brief, our present findings demonstrate that a low
dosage of TeT treatment apparently decreases cell
proliferation and neuroblast differentiation in the mouse
hippocampal DG without distinct gliosis as well as any
neuronal loss/damage.
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