
Introduction
Neurogenesis is the process of formation of functional
neurons from progenitor cells.[1] The phenomenon, which
is known as only occuring in embryonic and perinatal peri-
ods, was shown in the hippocampal dentate granular cells
of postnatal rats by Altman et al.[2] Then, the newly born
cells were shown to entegrate the local parts in the central
nervous sytem.[3,4] Under normal conditions, neurogenesis

continues in the adult brain in the subgranular zone (SGZ)
of hippocampal dentate gyrus (DG) and subventricular
zone (SVZ) of lateral ventricles named as neurogenic
regions.[5,6] And, it is known that the level of neurogenesis
is decreased by aging.[2] Neurogenesis shows some similar-
ities and differences in embryonic and adult periods. The
most important difference is that the process occurs slow-
er in adults when compared to the embryonic period.[7,8] 
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Abstract

Objectives: Neurogenesis is the formation process of functional neurons from progenitor cells which continues during life-
time. Alterations in neurogenesis is associated with neurodegenerative disorders (ND). Different mechanisms underlie the ND
in males and females which may be related to neurogenesis. In this study, we aimed to investigate the developmental process
of neurogenesis in the hippocampus of male and female rats at different ages and shed light on the effect of gender dif-
ference on ND. 

Methods: Brains were obtained from 7, 14, 21 days and 3-month-old male and female Wistar rats following intracardiac per-
fusion and processed for immunohistochemical and immunoflorescence staining. Doublecortin protein (DCX) was used as a
marker of newly-born neuroblasts to determine neurogenesis. 

Results: DCX immunoreactive (-ir) cells were dispersed throughout the granular and subgranular layers of DG in 7-days-old
group in both genders. However, in the 14 and 21 days old groups, DCX-ir cells were observed only in the subgranular zone in
the sections labelled with both immunohistochemistry (IHC) and immunoflourescent (IF) methods. In all age groups, female rats
had a tendency to increase in DCX immunoreactivity when compared to that of male Wistar rats.

Conclusion: DCX-ir cells may be localized in different parts of DG during development. The number of newly born neurons
showed a tendency to increase in female rats in all groups. Further studies are needed to understand the reason for differ-
ences in the normal developmental neurogenesis process between two genders.
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Doublecortin protein (DCX) is a microtubule-associat-
ed protein which has an important role in the migration of
neurons. It is needed for the stabilization and organization
of microtubules. It is generally secreted by the migrating
neurons of peripheral and central nervous system during
embryonic and postnatal developmen.[9,10] DCX is
expressed by newly formed neuroblasts, thus, it is com-
monly used as a marker for determination of neurogenesis.
In rodent nervous system, DCX is represented by the fast
dividing progenitor cells during 30 days and ends up with
neuronal maturation.[11]

In recent studies, gender differences attracted the
attention not only as an effective factor on several brain
regions and functions (emotion, memory, learning, navi-
gation, levels of neurotransmitters etc.), but also on neu-
rological disorders that have different mechanisms and
incidences depending on the gender.[12–15] Animal studies
also have shown that immune system[16] and prenatal and
sex hormones[17–19] have roles on brain development. For
example, in male rats, acute stress suppresses adult neuro-
genesis, but not in female rats.[20,21]

Hippocampus is sexually dimorphic and directly relat-
ed with learning and memory functions which are affected
by the sex hormones.[22] Neuroimaging studies have shown
that the hippocampus is proportionally bigger in females
in comparison to that inmales.[23] Besides, in animal studies,
a number of microscopical differences such as the struc-
ture of pyramidal cells in CA1 and the increased density of
neurons in DG of males were observed.[24] It is known that
sex hormones such as estrogen have an effect on the
excitability of hippocampal cells[25] and the formation of
dendritic structures.[26]

There is a gap in the literature examining the effects of
gender differences on neurogenesis developmentally.
Although the effects of gender in the CNS is known, most
neuroscience studies are performed in male animals.
Moreover, it has not been totally revealed how the sex hor-
mones affect brain anatomy and cell morphology. To be
able to make contribution to these issues, we aimed to
examine the neurogenesis during developmental process
by using 7, 14, 21-day-old and 3-month old male and
female rats and determine the effects of gender on these
processes by using two different methods at the light
microscopic level.

Materials and Methods
Seven, 14, 21 days and 3 months old male and female
Wistar rats (n=5, each; non-breeding) obtained from
Experimental Animal Research and Implementation
Center of Marmara University (DEHAMER) were used in
the study. The animals were housed in a temperature-con-

trolled room (20±3°C) with a 12-h light/dark cycle and fed
on a standard diet. Full approval of the experimental pro-
cedures was obtained from the Animal Care and Use
Committee of Marmara University (66.2017.mar,
11.09.2017). 

Animals were deeply anesthetized with ketamine (100
mg/kg) and xylazine hydrochloride (10 mg/kg) and then
euthanized by intracardiac perfusion with 4%
paraformaldehyde in 0.1 M HEPES buffer, pH 7.4. The
entire brains were removed and left overnight in the same
fixative at 4°C. All brain tissues underwent routine histolog-
ical assesment. Briefly, brain tissues were dehydrated in
ascending series of ethanol (70, 90, 96, 100%), cleared by
xylene and embedded in paraffin. The brains were sectioned
by a rotary microtome (Leica RM2125RT, Leica
Biosystems, Nussloch, Germany) and labelled for DCX by
both immunohistochemical and immunofluorescence
methods. First, the sections were deparaffinized and then
blocked with 0.06% H2O2 solution. For the IHC labelling,
blocked sections were incubated in 10% goat serum and
0.1% Triton X-100 solution in PBS buffer for 1 hr and
labelled with anti-DCX antibody (ab18723, Abcam,
Cambridge, UK). Following washing with PBS, sections
were incubated in a biotinylated secondary antibody
(ab80437, Abcam, Cambridge, UK) for 30 min in room
temperature. For light microscopic imaging, 3,3’-
diaminobenzidine (DAB) was used as a chromogen, where-
as DyLight-550 conjugated secondary antibody
(ThermoFisher Scientific, Waltham, MA, USA) was used
for fluorescence microscopical imaging. Stained sections
were examined by a brightfield and flourescence microscope
(BX-51, Olympus Lifescience, Tokyo, Japan) attached to a
CCD camera (DP72, Olympus Lifescience, Tokyo, Japan).

For quantitative analysis, hippocampal regions of brain
tissues were evalauted in each section. DCX immunoreac-
tive (DCX-ir) cell counting was performed on the micro-
graphs which were taken randomly from 5 similar areas of
each section at ×40 magnification.[27] We also measured the
granular cell layer (GCL) thickness of all experimental
groups with ImageJ program (NIH). In each section, the
thickness of the GCL was measured from 3 different
regions and the mean values were used to perform statisti-
cal analyses. Statistical analyses were done by using
GraphPad Prism 6 (v.6.07, San Diego, CA, USA). Data
were analysed using one-way ANOVA and Tukey tests.

Results
Hippocampal regions of brain sections were observed in
coherent morphology during developmental time courses. 

In the 7, 14 and 21-day old groups, there was no differ-
ence in the total brain weights of female and male rats,
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whereas, in the 3-month old group male brains were heav-
ier (p<0.0005) when compared to female brains (Figure 1). 

Because of morphological examination of the sections
by light microscopy, DCX-ir cells were dispersed
throughout the granular and subgranular layers of the hip-
pocampal dentate gyri in 7 days old group in both female
and male rats. However, in 14 and 21-day-old groups,
DCX-ir cells were observed only in the subgranular zone
in the sections labelled both with the two different types of
staining methods. In accordance with the previous studies,
DCX-ir cells were localized mostly in the subgranular
layer in adult 3-month-old groups (Figures 2 and 3). 

Additionally, morphological features were similar in
the hippocampal cells in 7, 14, 21-day-old, and 3-month-
old groups of female and male rats. With further morpho-
logical analyses, dentate granular cell layer were observed
to be thicker in 3-month-old groups in comparison with
the other age groups of both female and male rats, howev-
er, this difference was not statistically significant.

To compare the DCX-ir levels of female and male
groups in different ages, a semiquantitative scoring
method was applied to all sections. The result of this eval-
uation showed that the difference of the DCX-ir levels
between the experimental groups was not statistically sig-
nificant. However, it was perceived that DCX-ir cell num-
bers had a tendency to increase in female rats of all age
groups. Furthermore, the lowest neurogenesis levels were
observed in the 3-month-old groups of both female and
male rats (Figure 4). 

The data obtained from the GCL thickness measure-
ments showed that in all experimental groups the thickness
of the GCL increased when compared to that in females.
However, this increase was statistically significant (p<0.05)
in only the 3-month-old group (Figure 5).

Discussion
In the present study, we aimed to evaluate not only the
developmental neurogenesis process, but also the effect of
gender differences on this process at the light microscop-
ic level. 

Although the brain weights were not different in the
7, 14 and 21-day-old groups of female and male rats, in
the 3-month-old groups male rats brains were signifi-
cantly heavier than that of female rats. The relation
between age, sex, maternal factors and brain weight was
shown in previous studies. After reaching the sexual
maturity, the weight of the brain strongly correlates with
the body weight.[28] Thus, it is an expected situation that
adult male rats would have increased brain weights while
there is no significant difference during developmental
stages.

Figure 1. Comparative analysis of total brain weights of all experimen-
tal groups. d: day; m: month; F: female; M: male. *p<0.0005.

Figure 2. Micrographs of all experimental groups which were labelled
for anti-DCX antibody immunohistochemically. Brown stained areas indi-
cate DCX-ir cells. Bars: 50 μm.

Female

7-
d

ay
-o

ld
14

-d
ay

-o
ld

21
-d

ay
-o

ld
3-

m
o

n
th

-o
ld

Male



We observed that the granular cell layer was thicker
in male dentate gyrus than that of the females in all
groups however; the difference was statistically signifi-

cant in only 3-months-old group. In a previous study,
similar results were found that the volume of the cell
layers within the dentate gyrus (hilus and granule cell
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Figure 3. Immunoflorescence labelled micrographs for DCX immunoreactivity. Red staining indicates DCX-ir cells and blue staining indicates cell
nuclei. Bars: 100 μm.  
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Figure 4. Semiquantitative analysis of DCX-ir cell number of all experi-
mental groups. d: day; m: month; F: female; M: male.

Figure 5. Statistical analyses of the granular cell layer (GCL) thickness in
all experimental groups. d: day; m: month; F: female; M: male.*p<0.05.



layer) was significantly larger in males than that of the
females.[29]

According to the data from this study, DCX-ir cells are
localized in different parts of the dentate gyrus during
developmental process in both female and male rats. It was
shown in previous studies that early immature granule
cells expressed DCX as a marker of migration and den-
dritic growth, but the releasing turned off before neurons
reach maturity.[30] Since DCX is secreted by different
migrating cell populations during development,[9] it is nor-
mal to see DCX-ir at different regions of the DG. In a
recent study, less differentiated DCX-ir cells were located
closer to the subgranular zone, whereas more differentiat-
ed cells were located deeper within the granule cell layer
and displayed morphological characteristics related to
more mature granule cells.[31] Further studies are needed in
order to understand the mechanism by which the cells at
the different levels of the granular layer in 7-day-old rats
end up to be localized at the subgranular layer in later
stages of development.

In a previous study which was done using wild-caught
meadow voles, it was shown that the cell proliferation and
cell death within the hippocampus were greater in non-
breeding than in breeding voles.[29] In the present study, we
used non-breeding rats to eleminate this difference in the
neurogenesis levels. 

It is a known reality that neurogenesis decreases with
aging.[2,7,8] Consistent with previous studies, in the present
study, the lowest number of DCX-ir neurons were
observed in the 3-month-old groups of both genders. 

As a result of assesments of both IHC and IF staining
methods, although a significant difference in the level of
DCX immunoreactivity was not distinguished, it is a
remarkable result that the DCX-ir cell numbers had a
tendency to increase in female rats of all age groups. In
the study of Spritzer et al., although male voles had larg-
er hippocampal volumes than that of the females, the
density of pHisH3-labeled cells (newly born cells) was
found in greater amounts in the females compared to
that in the males.[29] In the same study, four different
markers were used for showing the proliferative cells,
including DCX. But the increase in the DCX-ir cell
numbers of female voles was not statistically significant
in comparison with that of the males, which is in consis-
tent with our results in the present study. The results of
another study suggest that male Wistar rats have more
immature neurons (DCX-ir), compared to that of the
females in adulthood.[21] This study is also in line with our
results, showing that there was no significant difference
in the levels of DCX immunoreactivity between adut
male and female rats.

Conclusion
The results suggested by the present study will contribute
to the lack of data in this area and constitute the basis for
both clinicians and researchers. We think that our study
will form a ground for the further studies in the related
area. However, the underlying mechanisms of develop-
mental neurogenesis process in different genders is com-
plex and require further clarifications. 
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