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Abstract: Melatonin, the main product synthesized by the pineal gland, acts as a regulator of the
generation of new neurons in the dentate gyrus (DG). Newborn neurons buffer the deleterious effects
of stress and are involved in learning and memory processes. Furthermore, melatonin, through the
regulation of the cytoskeleton, favors dendrite maturation of newborn neurons. Moreover, newborn
neurons send their axons via the mossy fiber tract to Cornu Ammonis 3 (CA3) region to form synapses
with pyramidal neurons. Thus, axons of newborn cells contribute to the mossy fiber projection and
their plasticity correlates with better performance in several behavioral tasks. Thus, in this study,
we analyzed the impact of exogenous melatonin (8 mg/kg) administered daily for one- or six-months
on the structural plasticity of infrapyramidal- and suprapyramidal mossy fiber projection of granule
cells in the DG in male Balb/C mice. We analyzed the mossy fiber projection through the staining
of calbindin, that is a calcium-binding protein localized in dendrites and axons. We first found an
increase in the number of calbindin-positive cells in the granular cell layer in the DG (11%, 33%) after
treatment. Futhermore, we found an increase in the volume of suprapyramidal (>135%, 59%) and
infrapyramidal (>128%, 36%) mossy fiber projection of granule neurons in the DG after treatment.
We also found an increase in the volume of CA3 region (>146%, 33%) after treatment, suggesting that
melatonin modulates the structural plasticity of the mossy fiber projection to establish functional
synapses in the hippocampus. Together, the data suggest that, in addition to the previously reported
effects of melatonin on the generation of new neurons and its antidepressant like effects, melatonin
also modulates the structural plasticity of axons in granule cells in the DG.
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1. Introduction

Melatonin is synthesized and released by the pineal gland [1,2]. The indole acts through
membrane receptors [1,2]. Melatonin shows antioxidant properties and interacts with intracellular
proteins [3-8] including, but not limited to, calcium-binding proteins such as the alpha-isoform
of protein kinase C (PKCw), and calmodulin (CaM) [3-6,9,10] presumably to induce changes in
cytoskeleton organization [6,9,11,12]. In this regard, it is possible that, through the activation of
intracellular proteins, melatonin promotes the accumulation of microtubule-associated protein 2
(MAP2) of cells in the hilar zone in the dentate gyrus (DG) in rodents [13,14]. It is also known
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that melatonin maintains calcium-binding calretinin-positive neurons in the DG during aging [15].
This protein is essential for murine hippocampal neurogenesis [16,17] and its expression declines
during aging [18-20]. Interestingly, the generation of new neurons in the DG decline during aging [21].
However, melatonin promotes cell survival, enhances dendrite maturation of new neurons, and the
indole delays the decline of adult hippocampal neurogenesis [13-15,22-25]. In this regard, it has been
suggested that some neuropsychiatric disorders occur with alterations of the hippocampal neurogenic
process [26]. Reduced plasma melatonin levels are also altered in several neuropsychiatric disorders
including, but not limited to, Alzheimer’s disease, schizophrenia, obsessive-compulsive disorder.
This process also occurs as we age [21,27,28].

Moreover, in the course of adult dentate gyrus hippocampal neurogenesis, newborn neurons
send their axons via the mossy fiber tract to the location of Cornu Ammonis 3 (CA3), in which they
form functional synapses with pyramidal neurons (i.e., [29]). The mossy fiber subfields comprise the
suprapyramidal and the infrapyramidal mossy fiber projections. Interestingly, the structural plasticity
of the infrapyramidal mossy fiber projection is influenced by increased neurogenesis and the axons of
newborn neurons contribute to form the infrapyramidal projection [30]. Moreover, it has been reported
that the infrapyramidal projection correlates with performance in several behavioral tests such as
swimming, navigation, and spatial learning [31-33].

Considering the above, in addition to the modulation of a generation of new neurons and the
dendrite complexity of doublecortin-associated cells in the DG [13-15,22-25], we hypothesized that
melatonin could regulate the structural plasticity and the distribution of mossy fibers which are formed
by both the axons of newborn neurons, and mature granule cells in the DG of adult mice [30].

In our study, we demonstrated that chronic administration of melatonin increases the number of
calbindin-positive cells and affects the structural plasticity of both suprapyramidal and infrapyramidal
mossy fiber projections also identified with calbindin, the main calcium-buffering protein in mossy
fibers [34], after one- or six-months of treatment in male Balb/C mice. Thus, our data suggest that, as
part of the regulation caused by melatonin in the dentate gyrus through the generation of newborn
neurons [13-15,22-25], the indole also contributes to the modifications of structural plasticity of the
mossy fibers in the dentate gyrus, an effect that may also have implications on the formation of a
connection between the dentate gyrus and CA3 [30].

2. Results

2.1. Distribution of Calbindin in the Dentate Gyrus in Male Balb/c Mice

Firstly, we studied calbindin distribution along the dentate gyrus (Figure 1a). Calbindin labels a
well-stained mossy fiber projection reaching the CA3 region in the hippocampus [34,35]. Calbindin
is located in axonal boutons and dendritic spines [34,35]. Moreover, calbindin is located at the
granular cell layer (Figure 1a) [30,35]. The antibody used for immunohistochemistry but tested in
whole protein extracts of hippocampus by immunoblotting, showed a protein band of ~28 kDa,
which corresponded to the expected molecular weight of calbindin (Figure 1b). Moreover, functional
protein association network obtained from the String database (https://string-db.org, accessed on 10
September 2018) indicates that calbindin is involved in biological process including the regulation of
actin cytoskeleton organization (G0:0032956), the regulation of long-term neuronal synaptic plasticity
(GO:0048169), the regulation of synapse structure or activity (GO:0050803) (protein-protein interaction
(PPI) enrichment, p = 0.00093; Figure 1c). Thus, the PPI analysis indicated that calbindin is a protein
involved in key biological process related to the structure of synapses, including axonal growth.
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Figure 1. Calbindin distribution along the dentate gyrus. (a) Mossy fiber projections were visualized
with an anti-calbindin antibody. Bright fields also show the granule cell layer (GCL), subgranular
zone (SGZ), hilus (H), molecular layer (ML), suprapyramidal (SPMFPs), infrapyramidal-mossy fiber
projections (IPMFPs), and Cornu Ammonis 3 (CA3), respectively. Scale bar in (a) = 150 pm. (b) Western
blot analysis of whole hippocampus protein lysates to identify calbindin within a 28 kDa of molecular
weight. (c) Functional protein association network obtained from String database (https://string-db.
org) is shown. The map shows the interaction of calbindin (Calb1l) with Spna2 (fodrin) and Obscn
(obscurin) that establishes the interaction with Ras proteins (Hras1, Kras), protein tyrosine kinase
(Ptk2), and neural cell adhesion molecule (Ncam).

2.2. Melatonin Modulates Plasticity of Axons in Granule Cells in the Dentate Gyrus in Male Balb/c Mice

Considering that previous studies have indicated that melatonin (8 mg/kg) induced neurogenesis
occurs in male Balb/C mice [24], and that new neurons send their axons through the mossy fiber
projection [30], we analyzed whether chronic administration of melatonin for one- or six-months
(Figure 2) increased the number of calbindin-labeled cells in the granular cell layer in the dentate
gyrus (Figure 3). We found that melatonin induced an increased number of calbindin-positive cells
in the dentate gyrus after one- or six-months of treatment (11%, 33%; p = 0.041; respectively). Thus,
the significant main effect in the number of calbindin-positive cells in the granular cell layer was caused
by treatment with melatonin (F1,19 = 5.22, p = 0.041) (Figure 3b). Two-way ANOVA interaction between
factor A (treatment) and factor B (time) yielded the following values: F1,19 = 0.376, non-significant (n.s).
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Figure 2. Experimental design. Melatonin was administered for one- or six-months. At the end of the
treatment, the final ages of the mice were 3 or 8 months, respectively. Melatonin was prepared in a
concentration to yield a dose of 8 mg/kg of body weight (b.w.) per day during the treatment. Five male

Balb/C mice were included per group.
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Group Number of calbindin cells p value
Vehicle 1 month 6.33x10% +536x 104
0.041*
Melatonin 1 month 727 x10° +3.40x 104
Vehicle 6 months 539x10° +8.34 x 104
0.041*

Melatonin 6 months

7.02x10° +4.13x 104

Figure 3. Number of calbindin-positive cells in the granular cell layer. (a) Representative pictures
show calbindin expression in the granular cell layer (GCL). Images also show the molecular layer (ML),
hilus (H), and the initial part of the mossy fiber projection (MFPs). The image in A.1 corresponds to a
bright field and the image in A.2 is the inverted picture displayed in A.1. The dashed line indicates
the GCL. Scale bar = 150 um. (b) Calbindin-positive cells were quantified in the granular cell layer in
the dentate gyrus. Two-way ANOVA yielded the following values: Factor A (treatment): F1,19 = 5.22,
p =0.041. Factor B (time): F1,19 = 1.13, non-significant (n.s.) Interaction AxB: F1,19 = 0.376, n.s.
However, the significant main effect in the number of calbindin-positive cells was caused by treatment

with melatonin (¥).
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Thus, we analyzed whether chronic administration of melatonin for one- or six-months increased
the volume of the mossy fibers (Figures 4 and 5). Quantification of volume in the suprapyramidal
mossy fiber projection showed significant differences among the groups after one- or six-months of
treatment with melatonin (135%, 59%; p < 0.001; respectively) compared to the vehicle groups. Again,
the significant main effect in the volume in the suprapyramidal mossy fiber projection was caused by
treatment (F1,19 = 32.84, p < 0.001) (Figures 4 and 5a. Two-way ANOVA interaction between factor A
(treatment) and factor B (time) yielded the following values: F1,19 = 1.20, n.s.
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Figure 4. Expression of calbindin in the dentate gyrus after treatment with melatonin for one- or six-months
in male Balb/C mice. (a.1-a.4) Representative images of coronal sections of mice treated with vehicle or
melatonin (8 mg/kg, body weight; b.w;) sections are shown. Images of melatonin-treated mice show
increased labeling of calbindin than that found in vehicle treated mice. Scale bar = 150 pm. The bright
field also shows the granule cell layer (GCL), hilus (H), molecular layer (ML), suprapyramidal
(SPMFPs) and infrapyramidal-mossy fiber projections IPMFPs), and the Cornu Ammonis 3 (CA3)

regions, respectively.
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Figure 5. Volumes of mossy fiber tracts were increased by melatonin in male Balb/C mice. (a) Volume
determination in the suprapyramidal mossy fiber projection indicates that melatonin significantly
increased the volume in this subfield of the mossy fibers in the dentate gyrus. Error bars represent
S.EM. *** p < 0.0001. (b) Volume in the infrapyramidal mossy fiber projection indicates that one-month
of treatment with melatonin significantly increased the volume in this subfield of the mossy fiber in the
dentate gyrus compared to the vehicle (VEH). Error bars represent S.E.M. ** p = 0.002. (c) However,
the total volume of the mossy fiber projection was significantly increased by melatonin in both time
points. Error bars represent S.E.M. *** p < 0.0001. (d) Moreover, volume determination in the Cornu
Ammonis 3 (CA3) region of the hippocampus shows that one-month of treatment with melatonin
significantly increased the volume in this subfield of the hippocampus. Error bars represent S.E.M.
*p =0.028. (e) Finally, volume in the hilus was not significantly modified by melatonin. Error bars
represent S.E.M. In all cases, a two-way ANOVA followed by Student Newman Keuls post hoc test
was applied. Asterisks correspond to the main effect of treatment.
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Similarly, quantification of volume in the infrapyramidal mossy fiber projection revealed
significant difference after one-month of treatment with melatonin (128%) compared to the vehicle
group (p = 0.002). However, mice treated with melatonin during a six-month period showed an
increased trend in the volume of the infrapyramidal mossy fiber projection (p = 0.12). However,
the significant main effect in the volume in the infrapyramidal mossy fiber projection was caused by
treatment (F1,19 = 13.91, p = 0.002) (Figures 4 and 5b). Two-way ANOVA interaction between factor
A (treatment) and factor B (time) yielded the following values: F1,19 = 2.05, n.s. However, the total
volume of the mossy fiber projection (suprapyramidal plus infrapyramidal) was significantly increased
in melatonin treated mice (132%, 49.90%, p < 0.001; respectively) compared to the vehicle groups.
Again, the significant main effect in the total volume of the mossy fiber projection was caused by
treatment with melatonin (F1,19 = 23.86, p < 0.001) (Figures 4 and 5c). Two-way ANOVA interaction
between factor A (treatment) and factor B (time) yielded the following values: F1,19 = 1.63, n.s.

Moreover, quantification of CA3 volume revealed significant difference after one-month of
treatment with melatonin (146%) compared to the vehicle group (p = 0.028). Again, mice treated
with melatonin for six-months showed an increased trend in the volume of CA3 (p = 0.17). However,
the significant main effect in the CA3 volume was caused by treatment with melatonin (F1,19=5.45,
p = 0.028) (Figures 4 and 5d). Two-way ANOVA interaction between factor A (treatment) and factor B
(time) yielded the following values: F1,19 = 2.98, n.s. Although, there are no differences among the
groups were found regarding the volume of the hilus (Figures 4 and 5e).

Finally, the results indicate that the effects of melatonin do not depend on the treatment duration.
Also, the results indicate that the volumes of the mossy fiber projection (suprapyramidal and
infrapyramidal) and CA3 region were regulated by melatonin.

3. Discussion

In the present study, we analyzed the effects of melatonin on the structural plasticity in the
mossy fiber projection in the dentate gyrus after chronic treatment with melatonin in male Balb/C
mice for one- or six-months. Here, mossy fiber projection was identified by staining with calbindin,
which is the main calcium-buffering protein in mossy fibers [34]. Melatonin increased the volumes of
mossy fiber projection at different time points after treatment, suggesting that the indole contributes to
the structural modifications of axons of granule cells in the dentate gyrus. Interestingly, melatonin
increased the number of calbindin-positive cells in the dentate gyrus of Balb/C mice (Figure 6).
This strain of mice was chosen because they show medium to low levels of baseline adult hippocampal
neurogenesis but high relative numbers of surviving newborn cells in comparison to CD1 mice [36] and,
at least in one study, were observed to have a large sensitivity to activity-induced regulation [37]. Also,
our previous work has shown that melatonin exerts strong effects on cell proliferation, the survival
of newborn neurons, and on the intermediate stages of neuronal development in the DG in Balb/C
mice [24,25]. Interestingly, the effects of melatonin on neurogenesis could be strain-dependent. In this
sense, exogenous melatonin positively increased cell proliferation, survival, and dendrite maturation
in Balb/C- and C57Bl6-mice (i.e., [24,25]), which produce low levels of the indole [38,39]. However,
exogenous melatonin did not favor cell proliferation or survival of newborn cells in the DG [40] of
melatonin-proficient C3H/HeN mice [39]. Therefore, it is possible that the high endogenous levels
of melatonin in C3H/HeN [40] does not allow to explore the effects of exogenous melatonin on
hippocampal neurogenesis as is found in Balb/C- and C57Bl6-mice (i.e., [24,25]).

Melatonin acts through several mechanisms involving the activation of membrane receptors [1,2],
as a scavenger of free oxygen radicals, and as a modulator of cytoskeletal rearrangements [12,41,42].
Interestingly, melatonin favors some events in the neuronal development process in the adult dentate
gyrus [14,43]. The neurogenic process involves several biological events, including cell proliferation,
migration, survival, and differentiation [44].
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Melatonin influences plasticity of the mossy fibers projection in the dentate gyrus
a) Control b) Melatonin

Figure 6. Schematic representation of the effects caused by melatonin on the volumes of mossy fiber
projection. (a—d) After chronic administration of melatonin (8 mg/kg) for one- or six-months an
increase in the mossy fiber projection was found in male Balb/C mice (b,d) compared to the vehicle
treated group (a,c). Thus, the results suggest that melatonin plays a significant role in the plasticity
of the mossy fibers projections that are also formed by axons of newborn- and mature-neurons in the
dentate gyrus of the hippocampus.

Moreover, melatonin stimulates dendrite maturation and increases the complexity of newborn
neurons after fourteen days of treatment in C57B1/6 mice [24]. This effect may be related to its
capability to modulate microtubule polymerization [11] that is important for both dendrite maturation
and axon differentiation [45]. In this sense, it is in the dentate gyrus that newborn neurons send
their axons to the CA3 region via the mossy fiber tract to form functional synapses with pyramidal
neurons [29]. The axons of newborn neurons also contribute to the formation of the infrapyramidal
mossy fiber projections [30]. Here, melatonin increased the volume of the infrapyramidal mossy fiber
projection and the volume of the suprapyramidal mossy fiber projection in male Balb/C mice after
one- or six-months of treatment. Regarding the melatonin-induced increases in the volumes of mossy
fibers subfields here identified by staining with calbindin, the effects of the indole may be related
to its capability to activate membrane receptors that underlie increased expression of calbindin in
isolated neurons [46]. Thus, the indole might also favor the outgrowth of axons from newborn neurons
to contribute to the formation of the infrapyramidal mossy fiber projection, as observed in adult
mice exposed to another pro-neurogenic modulator, such as an enriched environment [30]. However,
melatonin also increased the volume of the suprapyramidal mossy fiber projections, suggesting
that the indole also affects the structural plasticity of axons in mature granule cells in male Balb/C
mice. Moreover, melatonin increased the volume of CA3 subfield, suggesting that the indole also
promotes the formation of functional synapses with CA3 granule cells [29]. When considering the
above, the evidence is suggestive of a possible mechanism by which melatonin increases the volume of
mossy fibers and CA3 through the increase expression of calbindin, which is the main calcium-buffering
protein in mossy fibers, as a consequence of the activation of the melatonin membrane receptors [31-33].
However, this hypothesis must be addressed in a specific and more complex study.

Interestingly, the structural plasticity of mossy fiber projections coincides with better performance
on several behavioral tests related to learning and memory [31-33]. However, the correlation between
the increased neurogenesis and volumes of mossy fiber projections in the dentate gyrus with the
antidepressant like effects of melatonin is not known [23,25,47-50]. Nevertheless, the antidepressant
like effects of melatonin might be related to its effects on different stages of neuronal development,
including the pro-survival effect, maturation of dendrites, axon outgrowth of newborn neurons,
the structural plasticity of axons in mature granule cells, and with specific molecular mechanisms.
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However, this hypothesis must be addressed in a specific study, which is currently being conducted,
in which adult hippocampal neurogenesis is diminished.

Regarding the molecular mechanism involved in the melatonin-induced formation or modification
of axons, a recent study provided evidence for the participation of protein kinase B, also known Akt,
in the pathway stimulating axonogenesis and synaptic transmission in central neurons [51]. In addition,
cytoskeletal rearrangements caused by melatonin may involve the activation or participation of
intracellular targets such as PKCax and CaM [3-6,11,13], which are proteins with the capability to bind
calcium via their EF-hand domains. Thus, based on the activation of calcium-dependent proteins, on its
effects to regulate the generation of new neurons in mice, and on the expression of calretinin, another
calcium-binding protein that is essential for neurogenesis [3-6,11,13,52-54], melatonin is considered as
a molecule that connects calcium signaling and neuronal development [55].

Our results are based on the staining pattern for calbindin, a marker expressed by mature granule
cells [30]. Calbindin is a calcium-binding protein that functions as a calcium buffer but may also act
as a calcium sensor [34]. This protein is important for neuronal survival and is required for plasticity
and information processing [56] In this study we confirmed that calbindin, similar to calretinin [15],
stained the nucleus within cells with oval and round somas, but the protein was also located in the
dendrites of newborn granular cells in the dentate gyrus [16], allowing us to visualize the complete
mossy fiber projection [30].

Moreover, melatonin increased the volumes of mossy fiber projection in male Balb/C mice after
six-months of treatment. This time point is relevant because during aging melatonin exerted the
most significant positive effects on neurogenesis in the dentate gyrus of young mice treated for six
months. The generation of new neurons decreases significantly in the dentate gyrus at this time
point [24]. Thus, melatonin may promote and maintain neurogenesis and structural plasticity in the
axons forming mossy fiber projection in a critical period in which the generation of new neurons
decreases in the dentate gyrus of male Balb/C mice [24]. Therefore, exogenous melatonin may be a
relevant treatment for some neuropsychiatric disorders and neurodegenerative diseases that progress
with a decrease in the plasma levels of melatonin, such as Alzheimer’s disease, other forms of senile
dementia, schizophrenia, and obsessive-compulsive disorder. Decreased plasma melatonin levels have
also been observed under stressful conditions and during aging [28,57-65]. The decrease in plasma
melatonin levels may follow the deterioration of the suprachiasmatic nucleus (SCN), which acts as the
circadian pacemaker [66-70].

Finally, our study provides support for melatonin as an important endogenous modulatory factor
that promotes plasticity, as evidenced by increased volumes of the mossy fiber projection that are
formed by axon bundles of newborn and mature neurons in the dentate gyrus. In this case, the effects
of melatonin on mossy fibers, as identified by calbindin staining, suggest that the indole is an important
modulator of several events of the neuronal development process. In addition, our results for calbindin
staining support the hypothesis that melatonin may be a molecule connecting calcium signaling to
neuronal development [55].

4. Materials and Methods

4.1. Animals and Melatonin Treatment

For the analysis of the effects of melatonin on the structural plasticity of mossy fibers, we used
material form our previous study [15] in which the handling mice was in accordance with the
institutional and legal regulations regarding animal ethics (IACUC SIC092025, 20 September 2011 by
the Ethics committee of the National Institute of Psychiatry). Twenty-male Balb/C mice were obtained
from Harlan (Tlalpan, Mexico City, México). They were housed in standard laboratory cages under
12-h light/12-h dark cycles at a temperature of 23 £ 1 °C in the animal facilities of the National Institute
of Psychiatry “Ramon de la Fuente Mufiiz”. Mice were exposed to food and water ad libitum. Mice of
8 weeks old were treated with melatonin or vehicle as control. Melatonin was provided in the drinking
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water. Following this, the animals were treated with melatonin in concentrations to yield a dose of
8 mg/kg of body weight per day for one or six months. The estimated daily melatonin intake for each
mouse was based on average daily water consumption. Thus, the concentration of melatonin was
adjusted in accordance to the body weight changes along the time of treatment considering an average
daily water consumption rate of 5 mL per day. Melatonin was freshly prepared every third day and
dissolved in a minimum volume of ethanol (0.15%) plus tap water and provided in feeding bottles
that were protected from light [71]. Mice in the control groups received water containing minimum
volume of ethanol plus tap water. The water consumption was similar for all groups. The dose of
administered melatonin was chosen considering our previous research on the effects of melatonin
on adult hippocampal neurogenesis that had strong effects in C57Bl6 mice [24,52] and in Balb/C
mice [24,52].

To study the effects of melatonin on the structural plasticity of mossy fibers, rodents of 8 weeks
old were treated during one- or six-months and at the end of treatment, mice were 3 or 8 months old,
respectively (Figure 2). The time points included in this study were chosen in accordance with our
previous study in which melatonin showed a time-window for causing the most significant positive
effects on neurogenesis in the DG in mice of 8 weeks old treated with melatonin during six-months [24].

4.2. Tissue Processing, Immunohistochemistry, Total Number of Calbindin-Labeled Cells in the Granular Cell
Layer in the Dentate Gyrus, and Morphometric Analysis

Brain coronal sections of 40 pm thick were stained using free-floating immunohistochemistry [72]
to determine the volume of mossy fiber projection in the DG in series of every 6th tissue section
from the DG in all animals as described elsewhere [23]. Mossy fibers were identified with a rabbit
anti-calbindin antibody (1:5000, Swant, Switzerland). Secondary biotinylated anti-rabbit antibody was
from Jackson Immunoresearch (West Grove, PA, USA) [23,25]. Mossy fibers were analyzed throughout
the rostro-caudal extent of the granule cell layer (GCL).

The total mossy fiber projection volume was estimated with the Cavalieri principle and the
absolute number of of calbindin-positive cells in the granular cell layer in the dentate gyrus was
determined in coronal 40 pm sections, 240 pm apart, covering the complete dentate gyrus in its
rostro-caudal extension [36] in melatonin- or vehicle-treated mice using Image Pro Plus software (Media
Cybernetics, Warrendale, PA, USA) driving a motorized stage on a BH2 Olympus microscope with a
4 x objective. We also assessed the volume of the hilus, the suprapyramidal- and infrapyramidal-mossy
fiber projections, and CA3. Areas sizes of the mossy fibers subfields were determined in 10 to 11
coronal sections per animal containing the DG. To obtain the volume of the mossy fibers subfields,
the sum of areas measured was multiplied by the inverse of the sampling fraction (6) and 40 (the
section thickness in micrometer) and the total number of calbindin-positive cells (N) was estimated
using the following formula: Estimate = N/asf X tsf x ssf where N is the number of cells counted,
“asf” is the area sampling fraction, “tsf” is the thickness sampling fractions and “ssf” stands for the
section sampling fraction. Images showing the granule cell layer were captured with a 10x Plan
objective (numeric aperture, NA, 0.22) on a DM500 Leica microscope equipped with a video camera
ICC50 (Leica, Buffalo Grove, IL, USA). The total area covered was 1.289 x 10° squared um. Images
showing calbindin staining in the DG were converted to 8 bits to adjust brightness and contrast in the
Image] software (NIH, Bethesda, MD, USA). Following this, granule cells in fields within the granule
cell layer were counted within the cell counter plugin and the area of the DG was determined in the
Image] software.

4.3. Immunoblotting

The specificity of the anti-calbindin antibody used to identify mossy fibers was corroborated
by western blot [23] using dissected hippocampus of adult mice. Membranes were incubated with
rabbit anti-calbindin antibody (1:1000; Swant, Germany). Proteins were visualized with the enhanced
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chemiluminescence detection system (Millipore, México City, México) in a ChemidocTM touch System
(Bio-Rad, México City, México).

4.4. Statistics

Analysis was performed using SigmaStat 3.1 software (Systat Software, San Jose, CA, USA).
Results are presented as mean =+ standard error of the mean. Mean differences between groups were
analyzed with a two-way ANOVA followed by Student-Newman Keuls test (factor A: Treatment,
factor B: Time). Differences were considered statistically significant at p < 0.05.

Author Contributions: Conceptualization: G.B.R.-R.; Methodology: G.B.R.-R., S.O.-H. and L.O.-L.; Formal
Analysis: 5.0.-H., NM.V.-R. and L.O.-L.; Writing—Original Draft Preparation: G.B.R.-R. and N.M.V.-R.; Project
Administration: G.B.R.-R.; Funding Acquisition: G.B.R.-R.

Funding: This research was funded by CONACYT grant number 262307 FOSISS to GBRR and by INPRFM grant
number 2000 to GBRR.

Acknowledgments: S.0.H. was supported by INPRF-Programa Igualdad entre hombres y mujeres y Coordinado
por INMujeres, SHCP y Camara de Diputados, LXIL

Conflicts of Interest: The authors have no conflicts of interest.

Abbreviations

DG Dentate gyrus
CA Cornus ammonis
VEH Vehicle

PKC Protein kinase C
CaM Calmodulin

Akt Protein kinase B
References

1. Dubocovich, M.L. Melatonin receptors: Role on sleep and circadian rhythm regulation. Sleep Med. 2007, 8
(Suppl. 3), 34-42. [CrossRef] [PubMed]

2. Dubocovich, M.L.; Markowska, M. Functional MT1 and MT2 melatonin receptors in mammals. Endocrine
2005, 27,101-110. [CrossRef]

3.  Benitez-King, G.; Anton-Tay, F. Calmodulin mediates melatonin cytoskeletal effects. Experientia 1993, 49,
635-641. [CrossRef] [PubMed]

4. Benitez-King, G.; Hernandez, M.E.; Tovar, R.; Ramirez, G. Melatonin activates PKC-alpha but not
PKC-epsilon in N1E-115 cells. Neurochem. Int. 2001, 39, 95-102. [CrossRef]

5. Benitez-King, G.; Huerto-Delgadillo, L.; Anton-Tay, F. Binding of 3H-melatonin to calmodulin. Life Sci. 1993,
53,201-207. [CrossRef]

6.  Huerto-Delgadillo, L.; Anton-Tay, F.; Benitez-King, G. Effects of melatonin on microtubule assembly depend
on hormone concentration: Role of melatonin as a calmodulin antagonist. J. Pineal Res. 1994, 17, 55-62.
[CrossRef] [PubMed]

7.  Soto-Vega, E.; Meza, I.; Ramirez-Rodriguez, G.; Benitez-King, G. Melatonin stimulates calmodulin
phosphorylation by protein kinase C. J. Pineal Res. 2004, 37, 98-106. [CrossRef] [PubMed]

8. Romero, M.P,; Garcia-Perganeda, A.; Guerrero, ].M.; Osuna, C. Membrane-bound calmodulin in Xenopus
laevis oocytes as a novel binding site for melatonin. FASEB J. 1998, 12, 1401-1408. [CrossRef] [PubMed]

9.  Benitez-King, G.; Huerto-Delgadillo, L.; Anton-Tay, F. Melatonin effects on the cytoskeletal organization of
MDCK and neuroblastoma N1E-115 cells. J. Pineal Res. 1990, 9, 209-220. [CrossRef] [PubMed]

10. Zeng, L.; Webster, S.V.; Newton, PM. The biology of protein kinase C. Adv. Exp. Med. Biol. 2012, 740, 639-661.

11. Bellon, A.; Ortiz-Lopez, L.; Ramirez-Rodriguez, G.; Anton-Tay, F.; Benitez-King, G. Melatonin induces
neuritogenesis at early stages in N1E-115 cells through actin rearrangements via activation of protein kinase
C and Rho-associated kinase. J. Pineal Res. 2007, 42, 214-221. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.sleep.2007.10.007
http://www.ncbi.nlm.nih.gov/pubmed/18032103
http://dx.doi.org/10.1385/ENDO:27:2:101
http://dx.doi.org/10.1007/BF01923944
http://www.ncbi.nlm.nih.gov/pubmed/8359270
http://dx.doi.org/10.1016/S0197-0186(01)00021-3
http://dx.doi.org/10.1016/0024-3205(93)90670-X
http://dx.doi.org/10.1111/j.1600-079X.1994.tb00114.x
http://www.ncbi.nlm.nih.gov/pubmed/7869228
http://dx.doi.org/10.1111/j.1600-079X.2004.00141.x
http://www.ncbi.nlm.nih.gov/pubmed/15298668
http://dx.doi.org/10.1096/fasebj.12.13.1401
http://www.ncbi.nlm.nih.gov/pubmed/9761784
http://dx.doi.org/10.1111/j.1600-079X.1990.tb00709.x
http://www.ncbi.nlm.nih.gov/pubmed/2082008
http://dx.doi.org/10.1111/j.1600-079X.2006.00408.x
http://www.ncbi.nlm.nih.gov/pubmed/17349018

Int. ]. Mol. Sci. 2019, 20, 73 12 0f 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Benitez-King, G. Melatonin as a cytoskeletal modulator: Implications for cell physiology and disease.
J. Pineal Res. 2006, 40, 1-9. [CrossRef] [PubMed]

Dominguez-Alonso, A.; Ramirez-Rodriguez, G.; Benitez-King, G. Melatonin increases dendritogenesis in the
hilus of hippocampal organotypic cultures. J. Pineal Res. 2012, 52, 427-436. [CrossRef] [PubMed]
Ramirez-Rodriguez, G.; Ortiz-Lopez, L.; Dominguez-Alonso, A.; Benitez-King, G.A.; Kempermann, G.
Chronic treatment with melatonin stimulates dendrite maturation and complexity in adult hippocampal
neurogenesis of mice. J. Pineal Res. 2011, 50, 29-37. [CrossRef] [PubMed]

Ramirez-Rodriguez, G.; Gomez-Sanchez, A.; Ortiz-Lopez, L. Melatonin maintains calcium-binding
calretinin-positive neurons in the dentate gyrus during aging of Balb/C mice. Exp. Gerontol. 2014, 60,
147-152. [CrossRef] [PubMed]

Brandt, M.D.; Jessberger, S.; Steiner, B.; Kronenberg, G.; Reuter, K.; Bick-Sander, A.; von der Behrens, W.;
Kempermann, G. Transient calretinin expression defines early postmitotic step of neuronal differentiation in
adult hippocampal neurogenesis of mice. Mol. Cell. Neurosci. 2003, 24, 603—613. [CrossRef]

Todkar, K.; Scotti, A.L.; Schwaller, B. Absence of the calcium-binding protein calretinin, not of calbindin
D-28k, causes a permanent impairment of murine adult hippocampal neurogenesis. Front. Mol. Neurosci.
2012, 5, 56. [CrossRef]

Bu, J.; Sathyendra, V.; Nagykery, N.; Geula, C. Age-related changes in calbindin-D28k, calretinin, and
parvalbumin-immunoreactive neurons in the human cerebral cortex. Exp. Neurol. 2003, 182, 220-231.
[CrossRef]

Lee, C.H.; Hwang, LK,; Choi, ].H.; Yoo, K.Y.; Park, O.K.; Huh, S.O.; Lee, Y.L.; Shin, H.C.; Won, M.H.
Age-dependent changes in calretinin immunoreactivity and its protein level in the gerbil hippocampus.
Neurochem. Res. 2010, 35, 122-129. [CrossRef] [PubMed]

Mirochnic, S.; Wolf, S.; Staufenbiel, M.; Kempermann, G. Age effects on the regulation of adult hippocampal
neurogenesis by physical activity and environmental enrichment in the APP23 mouse model of Alzheimer
disease. Hippocampus 2009, 19, 1008-1018. [CrossRef]

Jinno, S. Decline in adult neurogenesis during aging follows a topographic pattern in the mouse hippocampus.
J. Comp. Neurol. 2011, 519, 451-466. [CrossRef] [PubMed]

Ortiz-Lopez, L.; Perez-Beltran, C.; Ramirez-Rodriguez, G. Chronic administration of a melatonin membrane
receptor antagonist, luzindole, affects hippocampal neurogenesis without changes in hopelessness-like
behavior in adult mice. Neuropharmacology 2016, 103, 211-221. [CrossRef] [PubMed]

Ramirez-Rodriguez, G.; Klempin, E; Babu, H.; Benitez-King, G.; Kempermann, G. Melatonin modulates cell
survival of new neurons in the hippocampus of adult mice. Neuropsychopharmacology 2009, 34, 2180-2191.
[CrossRef] [PubMed]

Ramirez-Rodriguez, G.; Vega-Rivera, N.M.; Benitez-King, G.; Castro-Garcia, M.; Ortiz-Lopez, L. Melatonin
supplementation delays the decline of adult hippocampal neurogenesis during normal aging of mice.
Neurosci. Lett. 2012, 530, 53-58. [CrossRef] [PubMed]

Ramirez-Rodriguez, G.; Vega-Rivera, N.M.; Oikawa-Sala, J.; Gomez-Sanchez, A.; Ortiz-Lopez, L.;
Estrada-Camarena, E. Melatonin synergizes with citalopram to induce antidepressant-like behavior and to
promote hippocampal neurogenesis in adult mice. J. Pineal Res. 2014, 56, 450—461. [CrossRef]
Kempermann, G.; Krebs, J.; Fabel, K. The contribution of failing adult hippocampal neurogenesis to
psychiatric disorders. Curr. Opin. Psychiatry 2008, 21, 290-295. [CrossRef]

Couillard-Despres, S.; Wuertinger, C.; Kandasamy, M.; Caioni, M.; Stadler, K.; Aigner, R.; Bogdahn, U.;
Aigner, L. Ageing abolishes the effects of fluoxetine on neurogenesis. Mol. Psychiatry 2009, 14, 856-864.
[CrossRef] [PubMed]

Brusco, L.I; Marquez, M.; Cardinali, D.P. Melatonin treatment stabilizes chronobiologic and cognitive
symptoms in Alzheimer’s disease. Neuro Endocrinol. Lett. 2000, 21, 39—-42. [PubMed]

Toni, N.; Laplagne, D.A.; Zhao, C.; Lombardi, G.; Ribak, C.E.; Gage, EH.; Schinder, A.F. Neurons born in the
adult dentate gyrus form functional synapses with target cells. Nat. Neurosci. 2008, 11, 901-907. [CrossRef]
Romer, B.; Krebs, J.; Overall, R.W.; Fabel, K.; Babu, H.; Overstreet-Wadiche, L.; Brandt, M.; Williams, R.W.;
Jessberger, S.; Kempermann, G. Adult hippocampal neurogenesis and plasticity in the infrapyramidal bundle
of the mossy fiber projection: I. Co-regulation by activity. Front. Neurosci. 2011, 5, 107. [CrossRef]


http://dx.doi.org/10.1111/j.1600-079X.2005.00282.x
http://www.ncbi.nlm.nih.gov/pubmed/16313492
http://dx.doi.org/10.1111/j.1600-079X.2011.00957.x
http://www.ncbi.nlm.nih.gov/pubmed/22257024
http://dx.doi.org/10.1111/j.1600-079X.2010.00802.x
http://www.ncbi.nlm.nih.gov/pubmed/20880317
http://dx.doi.org/10.1016/j.exger.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25446980
http://dx.doi.org/10.1016/S1044-7431(03)00207-0
http://dx.doi.org/10.3389/fnmol.2012.00056
http://dx.doi.org/10.1016/S0014-4886(03)00094-3
http://dx.doi.org/10.1007/s11064-009-0037-2
http://www.ncbi.nlm.nih.gov/pubmed/19641991
http://dx.doi.org/10.1002/hipo.20560
http://dx.doi.org/10.1002/cne.22527
http://www.ncbi.nlm.nih.gov/pubmed/21192078
http://dx.doi.org/10.1016/j.neuropharm.2015.11.030
http://www.ncbi.nlm.nih.gov/pubmed/26686389
http://dx.doi.org/10.1038/npp.2009.46
http://www.ncbi.nlm.nih.gov/pubmed/19421166
http://dx.doi.org/10.1016/j.neulet.2012.09.045
http://www.ncbi.nlm.nih.gov/pubmed/23043890
http://dx.doi.org/10.1111/jpi.12136
http://dx.doi.org/10.1097/YCO.0b013e3282fad375
http://dx.doi.org/10.1038/mp.2008.147
http://www.ncbi.nlm.nih.gov/pubmed/19139747
http://www.ncbi.nlm.nih.gov/pubmed/11455329
http://dx.doi.org/10.1038/nn.2156
http://dx.doi.org/10.3389/fnins.2011.00107

Int. ]. Mol. Sci. 2019, 20, 73 13 0f 15

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Crusio, W.E.; Schwegler, H. Hippocampal mossy fiber distribution covaries with open-field habituation in
the mouse. Behav. Brain Res. 1987, 26, 153-158. [CrossRef]

Schwegler, H.; Crusio, W.E.; Brust, I. Hippocampal mossy fibers and radial-maze learning in the mouse:
A correlation with spatial working memory but not with non-spatial reference memory. Neuroscience 1990,
34, 293-298. [CrossRef]

Schopke, R.; Wolfer, D.P; Lipp, H.P,; Leisinger-Trigona, M.C. Swimming navigation and structural variations
of the infrapyramidal mossy fibers in the hippocampus of the mouse. Hippocampus 1991, 1, 315-328.
[CrossRef] [PubMed]

Berggard, T.; Miron, S.; Onnerfjord, P; Thulin, E.; Akerfeldt, K.S.; Enghild, J.].; Akke, M.; Linse, S. Calbindin
D28k exhibits properties characteristic of a Ca?* sensor. . Biol. Chem. 2002, 277, 16662-16672. [CrossRef]
[PubMed]

Sloviter, R.S. Calcium-binding protein (calbindin-D28k) and parvalbumin immunocytochemistry:
Localization in the rat hippocampus with specific reference to the selective vulnerability of hippocampal
neurons to seizure activity. J. Comp. Neurol. 1989, 280, 183-196. [CrossRef] [PubMed]

Kempermann, G.; Kuhn, H.G.; Gage, FH. Genetic influence on neurogenesis in the dentate gyrus of adult
mice. Proc. Natl. Acad. Sci. USA 1997, 94, 10409-10414. [CrossRef] [PubMed]

Clark, PJ.; Kohman, R.A.; Miller, D.S.; Bhattacharya, T.K.; Brzezinska, W.].; Rhodes, ].S. Genetic influences
on exercise-induced adult hippocampal neurogenesis across 12 divergent mouse strains. Genes Brain Behav.
2011, 10, 345-353. [CrossRef]

Gomez-Corvera, A.; Cerrillo, I; Molinero, P.; Naranjo, M.C.; Lardone, PJ.; Sanchez-Hidalgo, M.;
Carrascosa-Salmoral, M.P.; Medrano-Campillo, P.; Guerrero, ].M.; Rubio, A. Evidence of immune system
melatonin production by two pineal melatonin deficient mice, C57BL/6 and Swiss strains. . Pineal Res. 2009,
47,15-22. [CrossRef]

Vivien-Roels, B.; Malan, A.; Rettori, M.C.; Delagrange, P.; Jeanniot, ].P.; Pevet, P. Daily variations in pineal
melatonin concentrations in inbred and outbred mice. J. Biol. Rhythms. 1998, 13, 403—409. [CrossRef]

Liu, J.; Somera-Molina, K.C.; Hudson, R.L.; Dubocovich, M.L. Melatonin potentiates running wheel-induced
neurogenesis in the dentate gyrus of adult C3H/HeN mice hippocampus. J. Pineal Res. 2013, 54, 222-231.
[CrossRef]

Reiter, R.J. Melatonin, active oxygen species and neurological damage. Drug News Perspect. 1998, 11, 291-296.
[CrossRef] [PubMed]

Tan, D.X.; Manchester, L.C.; Reiter, R.J.; Qi, W.; Kim, S.]J.; El-Sokkary, G.H. Melatonin protects hippocampal
neurons in vivo against kainic acid-induced damage in mice. J. Neurosci. Res. 1998, 54, 382-389. [CrossRef]
Rennie, K.; De Butte, M.; Pappas, B.A. Melatonin promotes neurogenesis in dentate gyrus in the pinealectomized
rat. J. Pineal Res. 2009, 47, 313-317. [CrossRef] [PubMed]

Kempermann, G.; Jessberger, S.; Steiner, B.; Kronenberg, G. Milestones of neuronal development in the adult
hippocampus. Trends Neurosci. 2004, 27, 447-452. [CrossRef] [PubMed]

Hoogenraad, C.C.; Bradke, F. Control of neuronal polarity and plasticity—A renaissance for microtubules?
Trends Cell Biol. 2009, 19, 669—-676. [CrossRef] [PubMed]

Das, A.; Wallace Gt Reiter, R.].; Varma, A.K.; Ray, S.K.; Banik, N.L. Overexpression of melatonin membrane
receptors increases calcium-binding proteins and protects VSC4.1 motoneurons from glutamate toxicity
through multiple mechanisms. J. Pineal Res. 2013, 54, 58-68. [CrossRef] [PubMed]

Cardinali, D.P,; Srinivasan, V.; Brzezinski, A.; Brown, G.M. Melatonin and its analogs in insomnia and
depression. J. Pineal Res. 2012, 52, 365-375. [CrossRef]

Carvalho, L.A.; Gorenstein, C.; Moreno, R.; Pariante, C.; Markus, R.P. Effect of antidepressants on melatonin
metabolite in depressed patients. J. Psychopharmacol. 2009, 23, 315-321. [CrossRef]

Crupi, R.;; Mazzon, E.; Marino, A.; La Spada, G.; Bramanti, P.; Cuzzocrea, S.; Spina, E. Melatonin treatment
mimics the antidepressant action in chronic corticosterone-treated mice. J. Pineal Res. 2010, 49, 123-129.
[CrossRef]

Crupi, R.; Mazzon, E.; Marino, A.; La Spada, G.; Bramanti, P.; Spina, E.; Cuzzocrea, S. Melatonin’s stimulatory
effect on adult hippocampal neurogenesis in mice persists after ovariectomy. J. Pineal Res. 2011, 51, 353-360.
[CrossRef]


http://dx.doi.org/10.1016/0166-4328(87)90163-X
http://dx.doi.org/10.1016/0306-4522(90)90139-U
http://dx.doi.org/10.1002/hipo.450010322
http://www.ncbi.nlm.nih.gov/pubmed/1669312
http://dx.doi.org/10.1074/jbc.M200415200
http://www.ncbi.nlm.nih.gov/pubmed/11872749
http://dx.doi.org/10.1002/cne.902800203
http://www.ncbi.nlm.nih.gov/pubmed/2925892
http://dx.doi.org/10.1073/pnas.94.19.10409
http://www.ncbi.nlm.nih.gov/pubmed/9294224
http://dx.doi.org/10.1111/j.1601-183X.2010.00674.x
http://dx.doi.org/10.1111/j.1600-079X.2009.00683.x
http://dx.doi.org/10.1177/074873098129000228
http://dx.doi.org/10.1111/jpi.12023
http://dx.doi.org/10.1358/dnp.1998.11.5.863675
http://www.ncbi.nlm.nih.gov/pubmed/15616649
http://dx.doi.org/10.1002/(SICI)1097-4547(19981101)54:3&lt;382::AID-JNR9&gt;3.0.CO;2-Y
http://dx.doi.org/10.1111/j.1600-079X.2009.00716.x
http://www.ncbi.nlm.nih.gov/pubmed/19796045
http://dx.doi.org/10.1016/j.tins.2004.05.013
http://www.ncbi.nlm.nih.gov/pubmed/15271491
http://dx.doi.org/10.1016/j.tcb.2009.08.006
http://www.ncbi.nlm.nih.gov/pubmed/19801190
http://dx.doi.org/10.1111/j.1600-079X.2012.01022.x
http://www.ncbi.nlm.nih.gov/pubmed/22823500
http://dx.doi.org/10.1111/j.1600-079X.2011.00962.x
http://dx.doi.org/10.1177/0269881108089871
http://dx.doi.org/10.1111/j.1600-079X.2010.00775.x
http://dx.doi.org/10.1111/j.1600-079X.2011.00897.x

Int. ]. Mol. Sci. 2019, 20, 73 14 0f 15

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Liu, D.; Wei, N.; Man, H.Y; Lu, Y,; Zhu, L.Q.; Wang, ].Z. The MT2 receptor stimulates axonogenesis and
enhances synaptic transmission by activating Akt signaling. Cell Death Differ. 2015, 22, 583-596. [CrossRef]
Corrales, A.; Vidal, R.; Garcia, S.; Vidal, V.; Martinez, P, Garcia, E.; Florez, J.; Sanchez-Barceld, E.J.;
Martinez-Cué, C.; Rueda, N. Chronic melatonin treatment rescues electrophysiological and neuromorphological
deficits in a mouse model of Down syndrome. J. Pineal Res. 2014, 56, 51-61. [CrossRef] [PubMed]
Schwaller, B. Calretinin: From a “simple” Ca buffer to a multifunctional protein implicated in many biological
processes. Front. Neuroanat. 2014, 8, 3. [CrossRef]

Kuznicki, ].; Isaacs, K.R.; Jacobowitz, D.M. The expression of calretinin in transfected PC12 cells provides no
protection against Ca?*-overload or trophic factor deprivation. Biochim. Biophys. Acta 1996, 1313, 194-200.
[CrossRef]

De Faria Poloni, J.; Feltes, B.C.; Bonatto, D. Melatonin as a central molecule connecting neural development
and calcium signaling. Funct. Integr. Genom. 2011, 11, 383-388. [CrossRef]

Schmidt, H. Three functional facets of calbindin D-28k. Front. Mol. Neurosci. 2012, 5, 25. [CrossRef] [PubMed]
Waldhauser, F.; Ehrhart, B.; Forster, E. Clinical aspects of the melatonin action: Impact of development, aging,
and puberty, involvement of melatonin in psychiatric disease and importance of neuroimmunoendocrine
interactions. Experientia 1993, 49, 671-681. [CrossRef] [PubMed]

Waldhauser, F.; Kovacs, J.; Reiter, E. Age-related changes in melatonin levels in humans and its potential
consequences for sleep disorders. Exp. Gerontol. 1998, 33, 759-772. [CrossRef]

Waldhauser, F.; Steger, H. Changes in melatonin secretion with age and pubescence. J. Neural Transm. Suppl.
1986, 21, 183-197.

Waldhauser, E; Weiszenbacher, G.; Tatzer, E.; Gisinger, B.; Waldhauser, M.; Schemper, M.; Frisch, H.
Alterations in nocturnal serum melatonin levels in humans with growth and aging. J. Clin. Endocrinol. Metab.
1988, 66, 648-652. [CrossRef]

Catapano, F.; Monteleone, P.; Fuschino, A.; Maj, M.; Kemali, D. Melatonin and cortisol secretion in patients
with primary obsessive-compulsive disorder. Psychiatry Res. 1992, 44, 217-225. [CrossRef]

Ferrari, E.; Fioravanti, M.; Magri, F.; Solerte, S.B. Variability of interactions between neuroendocrine and
immunological functions in physiological aging and dementia of the Alzheimer’s type. Ann. N. Y. Acad. Sci.
2000, 917, 582-596. [CrossRef] [PubMed]

Monteleone, P.; Maj, M.; Fusco, M.; Kemali, D.; Reiter, R.J]. Depressed nocturnal plasma melatonin levels in
drug-free paranoid schizophrenics. Schizophr. Res. 1992, 7, 77-84. [CrossRef]

Ohashi, Y.; Okamoto, N.; Uchida, K.; Iyo, M.; Mori, N.; Morita, Y. Daily rhythm of serum melatonin levels
and effect of light exposure in patients with dementia of the Alzheimer’s type. Biol. Psychiatry 1999, 45,
1646-1652. [CrossRef]

Shigeta, H.; Yasui, A.; Nimura, Y.; Machida, N.; Kageyama, M.O.; Miura, M.; Menjo, M.; Ikeda, K.
Postoperative delirium and melatonin levels in elderly patients. Am. J. Surg. 2001, 182, 449-454. [CrossRef]
Nakamura, T.J.; Nakamura, W.; Yamazaki, S.; Kudo, T.; Cutler, T.; Colwell, C.S.; Block, G.D. Age-related
decline in circadian output. J. Neurosci. 2011, 31, 10201-10205. [CrossRef]

Skene, D.J.; Vivien-Roels, B.; Sparks, D.L.; Hunsaker, ].C.; Pevet, P.; Ravid, D.; Swaab, D.F. Daily variation
in the concentration of melatonin and 5-methoxytryptophol in the human pineal gland: Effect of age and
Alzheimer’s disease. Brain Res. 1990, 528, 170-174. [CrossRef]

Skene, D.J.; Swaab, D.E. Melatonin rhythmicity: Effect of age and Alzheimer’s disease. Exp. Gerontol. 2003,
38, 199-206. [CrossRef]

Wu, YH.; Zhou, J.N.; Van Heerikhuize, J.; Jockers, R.; Swaab, D.F. Decreased MT1 melatonin receptor
expression in the suprachiasmatic nucleus in aging and Alzheimer’s disease. Neurobiol. Aging 2007, 28,
1239-1247. [CrossRef]

Wu, Y.H.; Swaab, D.E Disturbance and strategies for reactivation of the circadian rhythm system in aging
and Alzheimer’s disease. Sleep Med. 2007, 8, 623-636. [CrossRef]


http://dx.doi.org/10.1038/cdd.2014.195
http://dx.doi.org/10.1111/jpi.12097
http://www.ncbi.nlm.nih.gov/pubmed/24147912
http://dx.doi.org/10.3389/fnana.2014.00003
http://dx.doi.org/10.1016/0167-4889(96)00089-4
http://dx.doi.org/10.1007/s10142-011-0221-8
http://dx.doi.org/10.3389/fnmol.2012.00025
http://www.ncbi.nlm.nih.gov/pubmed/22435048
http://dx.doi.org/10.1007/BF01923949
http://www.ncbi.nlm.nih.gov/pubmed/8359273
http://dx.doi.org/10.1016/S0531-5565(98)00054-0
http://dx.doi.org/10.1210/jcem-66-3-648
http://dx.doi.org/10.1016/0165-1781(92)90025-X
http://dx.doi.org/10.1111/j.1749-6632.2000.tb05424.x
http://www.ncbi.nlm.nih.gov/pubmed/11268387
http://dx.doi.org/10.1016/0920-9964(92)90077-I
http://dx.doi.org/10.1016/S0006-3223(98)00255-8
http://dx.doi.org/10.1016/S0002-9610(01)00761-9
http://dx.doi.org/10.1523/JNEUROSCI.0451-11.2011
http://dx.doi.org/10.1016/0006-8993(90)90214-V
http://dx.doi.org/10.1016/S0531-5565(02)00198-5
http://dx.doi.org/10.1016/j.neurobiolaging.2006.06.002
http://dx.doi.org/10.1016/j.sleep.2006.11.010

Int. J. Mol. Sci. 2019, 20, 73 150f 15

71. Caballero, B.; Vega-Naredo, I.; Sierra, V.; Huidobro-Fernandez, C.; Soria-Valles, C.; De Gonzalo-Calvo, D.;
Tolivia, D.; Pallds, M.; Camins, A.; Rodriguez-Colunga, M.].; et al. Melatonin alters cell death processes in
response to age-related oxidative stress in the brain of senescence-accelerated mice. J. Pineal Res. 2009, 46,
106-114. [CrossRef] [PubMed]

72.  Kempermann, G.; Gast, D.; Kronenberg, G.; Yamaguchi, M.; Gage, F.H. Early determination and long-term
persistence of adult-generated new neurons in the hippocampus of mice. Development 2003, 130, 391-399.
[CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1111/j.1600-079X.2008.00637.x
http://www.ncbi.nlm.nih.gov/pubmed/19090913
http://dx.doi.org/10.1242/dev.00203
http://www.ncbi.nlm.nih.gov/pubmed/12466205
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Distribution of Calbindin in the Dentate Gyrus in Male Balb/c Mice 
	Melatonin Modulates Plasticity of Axons in Granule Cells in the Dentate Gyrus in Male Balb/c Mice 

	Discussion 
	Materials and Methods 
	Animals and Melatonin Treatment 
	Tissue Processing, Immunohistochemistry, Total Number of Calbindin-Labeled Cells in the Granular Cell Layer in the Dentate Gyrus, and Morphometric Analysis 
	Immunoblotting 
	Statistics 

	References

