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Introduction 
Adult neurogenesis occurs in 2 regions in the brain, i.e., the 

hippocampal dentate gyrus and olfactory bulb [1,2]. In adult 
neurogenesis, proliferation and differentiation of neural stem/
progenitor cells are enhanced for replacing the cells damaged/lost 
following neural injury with new neuronal and glial cells. For instance, 
brain ischemia enhances neurogenesis in the sub granular zone (SGZ) 
of the dentate gyrus and the subventricular zone of lateral ventricle [3]. 
Ischemia-induced neurogenesis is considered as being a compensatory 
mechanism in response to neuronal damage in the brain. Therefore, 
treatment that enhances the neurogenesis process has been thought 
to be a beneficial therapy for neuronal injury or neurodegenerative 
disorders. 

Our previous studies demonstrated that a single systemic treatment 
of mice with trimethyltin chloride (TMT) causes neuronal loss in 
restricted brain regions, including the dentate gyrus, olfactory bulb, 
anterior olfactory nucleus, and frontal cerebral cortex [4,5]. Following 
TMT-induced neuronal loss in the dentate gyrus and olfactory bulb, 
neurogenesis was enhanced through proliferation of the neural stem/
progenitor cells and neuronal precursor cells in each of these brain 
regions [6,7]. These findings indicate that the TMT-treated mouse is a 
very attractive model for studies of neuronal self-repair (regeneration) 
following neuronal loss in the dentate gyrus.

Melatonin mediates its effects through 2 subtypes of receptor 
including MT1 and MT2 [8], and regulates antioxidant enzymes 
[9] by switching on/off intracellular signaling cascades [10], as well 
as by scavenging oxygen free radical [11]. In addition, melatonin 
promotes neurogenesis under diverse conditions, such as ovariectomy, 
pinealectomy, aging or circadian disruption [12]. However, it has 
been not evaluated if melatonin affects neurogenesis following crucial 
neuronal loss in the hippocampal dentate gyrus. Therefore, the present 
study was designed to elucidate the effect of melatonin on neuronal 
regeneration following neuronal loss in the dentate gyrus in the TMT-
treated mouse.

Materials and methods
The protocol used here met the guidelines of The Japanese Society 

for Pharmacology and was approved by the Committee for Ethical Use 
of Experimental Animals at Setsunan University. Adult male Std-ddY 
mice at 5-6 weeks of age were intraperitoneally injected with TMT (2.9 
mg/kg) dissolved in phosphate-buffered saline (PBS) for preparing 
the mouse model of loss/self-repair in the hippocampal dentate gyrus. 
Melatonin (50 mg/kg) was dissolved in PBS and intraperitoneally 
injected into the mice once a day for the desired number of days, 
starting on day 2 post-TMT treatment. To label mitotic cells, mice were 
administrated a single series of two consecutive injections of BrdU (50 
mg/kg, i.p., dissolved in PBS) at a 12-hr interval on day 2 post-TMT 
treatment. These mice were then returned to their home cages until the 
time of decapitation.

We divided the animals into 4 different groups for the experiments, 
PBS and vehicle for melatonin-treated group (naïve/vehicle), PBS and 
melatonin-treated group (naïve/melatonin), TMT and vehicle for 
melatonin-treated group (TMT/vehicle), TMT and melatonin-treated 
group (TMT/melatonin). To examine the effect of chronic treatment 
with melatonin on the proliferation/survival and differentiation of 
neural progenitor cells generated following TMT-induced neuronal 
loss in the dentate gyrus, we carried out animals were administrated 
either melatonin or vehicle daily on days 2-15 post-treatment with PBS 
or TMT and then decapitated on day 30 post-treatment with PBS or 
TMT (Figure 1).

Histological determination of 5-bromo-2’-deoxyuridine (BrdU)-
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BrdU-incorporated cells in there of TMT-treated animals. In naïve 
animals, however, melatonin was ineffective in affecting the number of 
BrdU-incorporated cells in these regions.

Effect of melatonin on differentiation of BrdU(+) cells 
generated following neuronal loss in the dentate gyrus

To assess the fate of newly-generated cells in the dentate gyrus 
following neuronal loss, we carried out double-labeling of BrdU and 
NeuN on day 30 post-treatment with PBS (naïve) or TMT (Figure 3). 
Comparing cells positive for both NeuN and BrdU between the naïve 
and TMT-treated animals, no significant change in the numbers of 
those cells was observed in the granule cell layer and SGZ of animals 
treated with vehicle alone. Expectedly, treatment with melatonin 
markedly decreased the number of NeuN-positive BrdU-incorporated 
cells (newly-generated neurons) in these resions of TMT-treated 
animals. However, melatonin had no effect on the number of NeuN-
positive BrdU-incorporated cells in there of the naïve animals.

Effect of melatonin on the expression of Iba1 there following 
neuronal loss in the dentate gyrus.

Adult neurogenesis is regulated by numerous endogenous factors 
produced during neurodegeneration [15].  Neurogenesis following 
neurodegeneration are known to be enhanced by activated microglia 
through regulation of proliferation and survival of neural stem/
progenitor cells by releasing various soluble factors [16,17]. Here, we 
examined the effect of melatonin on expression of Iba1 in the dentate 
gyrus on days 3 and 5 post-TMT treatment (Figure 4). Melatonin had 
the ability to significantly decrease the expression level of Iba1 in the 
dentate gyrus on day 5 post-TMT treatment.

Discussion
The main finding of this study was that chronic melatonin 

treatment dramatically suppressed neuronal differentiation following 
neuronal loss probably through abolished activation of microglia in the 
dentate gyrus. The process of adult neurogenesis in the hippocampus is 
accomplished in at least 3 steps including the proliferation, migration, 
and survival/differentiation of neural stem/progenitor celss. To address 

incorporated cells and NeuN-positive cells, immunostaining was 
performed using each antibody against BrdU (Abcam, Cambridge, 
MA, USA) and NeuN (Chemicon, Temecula, CA, USA) in sagittal 
sections of paraffin- embedded brain as described previously [13]. 
For immunoblot analysis, protein samples were prepared from the 
hippocampal dentate gyrus of each animals according to the method 
described in the previous report [14]. Immunoblot assays were carried 
out by using primary antibodies against ionized calcium-binding 
adapter molecule 1 (Iba1, Wako Pure Chemical Industries Ldt., Osaka, 
Japan) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 
Santa Cruz Biotechnology Inc., Santa Cruz., CA, USA) as described 
previously [14]. The statistical significance was determined by use 
of the two-tailed Student t-test, one-way ANOVA with Bonferroni/
Dunnett post hoc test, or two-way repeated measure ANOVA.

Results
Effect of melatonin on proliferation/survival of cells generated 
following neuronal loss in the dentate gyrus

To evaluate the effect of melatonin on proliferation and survival 
of newly-generated cells in the dentate gyrus, we determined the 
number of BrdU-incorporated cells in the dentate granule cell layer 
and subgranular zone of naïve or TMT-treated animals treated with 
melatonin for 14 days (Figure 2). In animals treated with vehicle 
alone, the number of BrdU-incorporated cells in these regions were 
dramatically increased in TMT-treated animals compared with naïve 
animals. Melatonin completely abolished to increase the number of 

Figure 1. Experimental schedule.

Animals were given either PBS (“Naïve”) or TMT (2.9 mg/kg, i. p., “TMT”) and then were 
given BrdU (50 mg/kg, i. p.) on day 2 post-TMT treatment and then decapitated on day 
30 post-TMT treatment for preparation of sagittal hippocampal sections, which were then 
stained with antibodies BrdU.  The graph shows the number of BrdU-incorporated cells 
in the granule cell layer and subgranular zone of 4 animal groups (naïve/vehicle, naïve/
melatonin, TMT/vehicle, TMT/melatonin).  Values are expressed as the mean ± S.E.M. 
calculated from 4 separate experiments.  **P<0.01, significantly different from each value 
obtained for the naïve animals.  #P<0.05, significant difference the values obtained between 
animals treated with vehicle and melatonin.

Figure 2. Effect of melatonin on neuronal proliferation/survival of cells generated 
followingneuronal loss in the dentate gyrus.

Animals were given either PBS (“Naïve”) or TMT (2.9 mg/kg, i. p., “TMT”) and then 
were given BrdU (50 mg/kg, i. p.) on day 2 post-TMT treatment and then decapitated on 
day 30 post-TMT treatment for preparation of sagittal hippocampal sections, which were 
stained with antibodies NeuN and BrdU.  (a) Typical micrographs show NeuN-positive 
cells (green) and BrdU-incorporated cells (red) in the dentate gyrus of the 4 animal groups.  
NeuN-positive BrdU-incorporated cells are denoted as yellow color.  (b) The graph shows 
the number of NeuN-positive BrdU-incorporated cells in the GCL and SGZ of the 4 animal 
groups.  Values are expressed as the mean ± S.E.M. calculated from 4 separate experiments.  
##P<0.01, significant difference the values obtained between animals treated with vehicle 
and melatonin.
Figure 3. Effect of melatonin on neuronal differentiation of cells generated following 
neuronal loss in the dentate gyrus.
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the fate of newly generated cells on day 30 following neuronal loss in 
the dentate gyrus, we evaluated the effect of the chronic treatment with 
melatonin on the BrdU-incorporating cells positive for NeuN. The 
current data show that the chronic treatment with melatonin suppressed 
neuronal differentiation of the newly-generated cells in the dentate 
gyrus in TMT-produced the dentate neuronal loss/repair model. These 
newly-generated neuronal cells were located predominantly in the 
granule cell layer, but not in the molecular layer and hilus of the dentate 
gyrus. These data are possible that melatonin suppressed these newly-
generated cells to be survival and/or to differentiate into neuronal cells. 
The finding that melatonin had no significant effect on the dentate 
newly-generated neuronal cells in naïve animals leads to propose that 
the melatonin-induced suppression of hippocampal neurogenesis is 
selective in affecting only the impaired dentate gyrus.

How does melatonin suppressed neurogenesis in the injured 
dentate gyrus? One possibility is that melatonin suppresses activation 
of microglia in the injured dentate gyrus. Indeed, the present study 
showed that melatonin reduced the level of Iba1, which is a marker 
of microglia, in the dentate gyrus following dentate neuronal loss 
in TMT-treated animals. Although the mechanisms underlying 
suppression by melatonin of microglia activation are not fully 
established, a previous study demonstrated that melatonin modulates 
some transcription factors in microglia and then decreases the release 
of pro-inflammatory cytokines by these cells [18]. Further evidence 
for involvement of microglia in neurogenesis comes from a previous 
report that suppression of microglia activation with minocycline 
reduces neurogenesis after middle cerebral artery occlusion [19]. These 
previous findings support the proposition that melatonin suppresses 
survival and/or differentiation of newly-generated cells into neuronal 
cells probably through inactivation of microglia in the hippocampal 
dentate gyrus.

Conclusion
We provided evidence for the ability of melatonin to prevent 

proliferation, survival and/or neuronal differentiation of neural stem/
progenitor cells newly-generated in the dentate gyrus following dentate 
neuronal loss caused by treatment with TMT. The melatonin-induced 
events are probably derived from abolishment of microglia activation 
following neuronal injury. Hence, it is possible that the suppression by 
melatonin receptor antagonists or inhibitors for melatonin synthesis of 

melatonin signals is capable of facilitating neurogenesis after neuronal 
damage in the dentate gyrus.
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