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Maternal dexamethasone [(DEX); a glucocorticoid receptor agonist] exposure delays
pubertal onset and alters reproductive behavior in the adult offspring. However, little is
known whether maternal DEX exposure affects the offspring’s reproductive function by
disrupting the gonadotropin-releasing hormone (GnRH) neuronal function in the brain.
Therefore, this study determined the exposure of maternal DEX on the GnRH neuronal
spine development and synaptic cluster inputs to GnRH neurons using transgenic rats
expressing enhanced green fluorescent protein (EGFP) under the control of GnRH promoter. Pregnant females were administered with DEX (0.1 mg/kg) or vehicle (VEH, water)
daily during gestation day 13–20. Confocal imaging was used to examine the spine
density of EGFP–GnRH neurons by three-dimensional rendering and synaptic cluster
inputs to EGFP–GnRH neurons by synapsin I immunohistochemistry on postnatal day 0
(P0) males. The spine morphology and number on GnRH neurons did not change
between the P0 males following maternal DEX and VEH treatment. The number of
synaptic clusters within the organum vasculosum of the lamina terminalis (OVLT) was
decreased by maternal DEX exposure in P0 males. Furthermore, the number and levels
of synaptic cluster inputs in close apposition with GnRH neurons was decreased following maternal DEX exposure in the OVLT region of P0 males. In addition, the postsynaptic
marker molecule, postsynaptic density 95, was observed in GnRH neurons following
both DEX and VEH treatment. These results suggest that maternal DEX exposure alters
neural afferent inputs to GnRH neurons during early postnatal stage, which could lead to
reproductive dysfunction during adulthood.
Keywords: glucocorticoid, GnRH neuron, preoptic area, synapsin I, reproduction

INTRODUCTION
Gonadotropin-releasing hormone (GnRH) neurons regulate fertility in the vertebrates by stimulating the secretion of pituitary gonadotropins, thereby promoting gonadal hormone secretion
and function. The unique developmental origin of GnRH neurons in the nasal region and the
characteristic migration of GnRH neurons to the forebrain are well conserved across vertebrates
(1–3). Within the rat hypothalamus, GnRH neurons are distributed along the medial septum (MS),
diagonal band of Broca, preoptic area (POA), organum vasculosum of the lamina terminalis (OVLT),
and anterior hypothalamic area (AHA), with fibers projecting to the OVLT and median eminence
(4, 5). Approximately 1000–1300 GnRH neurons were found in the postnatal and adult rat brain
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(6, 7). However, abnormal migration and development of GnRH
neurons in the brain during early stages is linked with hypogonadism and reproductive dysfunction or Kallmann syndrome
in human (8, 9).
Morphological plasticity of GnRH neurons and synaptic inputs
from various neuropeptides and neurotransmitters to GnRH
neurons are modulated by the developmental stage, gender, hormonal, and environmental cues (10, 11). Immunohistochemical
studies have identified morphologically smooth and spiny subtypes of GnRH neurons in the brain, and number of spiny GnRH
neurons increase with pubertal maturation in male and female
rats (12). Biocytin-filled GnRH neurons expressing GFP in mice
show increased spine density on GnRH soma and dendrite in
adult stages, indicating increased afferent inputs to GnRH neurons during pubertal maturation (13). Increase in somatic and
dendritic spine density in subpopulation of GFP–GnRH neurons
expressing cFos protein during preovulatory luteinizing hormone
(LH) surge further implicates the role of gonadal steroids in
modulating spine plasticity of GnRH neurons (14). In addition,
changes in γ-amino butyric acid (GABA)-ergic and glutamatergic
synaptic terminal appositions contacting GnRH neurons in rats
are demonstrated during estradiol-induced LH surge and reproductive aging (15, 16).
Based on ultrastructural characterization, GnRH neurons
receive few synaptic inputs on the soma and dendrites (17, 18);
however, the presence of numerous spines along the extension
of dendritic profiles in biocytin-filled GFP–GnRH neurons suggests that GnRH neurons receive substantially more neural inputs
than previously known (19). Electrophysiological recordings of
GnRH neurons in young and adult rats demonstrated that GnRH
neuronal soma and dendrites are electrically active to initiate
action potentials in the presence of voltage-gated channels
(20, 21). Furthermore, GnRH neurons exhibit persistent tonic
inhibition current, mediated by the activation of extrasynaptic
GABAA receptor δ subunit, important for the regulation of GnRH
neuronal excitability (22). Taken together, integration of multiple
internal and external cues is important for the proper synaptic
network of GnRH neurons to modulate GnRH function.
Maternal exposure to stress and elevated glucocorticoid
levels has deleterious effects on the brain development, neuronal
function, and behavior of the offspring (23, 24). Gestational
stress alters the dendritic length and branching of neurons in
the sexually dimorphic medial POA of adult males, suggesting possible modification of the neuronal activity and sexual
behavior during adulthood (25). Exposure to the glucocorticoid
receptor agonist, dexamethasone (DEX), during fetal stages
reduce plasma testosterone levels, alter sexual maturation and
reproductive behavior in male rat offpring (26–28), as well as
delay pubertal onset with irregular estrous cycle in female rodent
offspring (29, 30). Taken together, these changes are attributed
to the effect of glucocorticoid exposure during fetal stages along
the hypothalamic–pituitary–gonadal axis during development.
In rodents, a subpopulation of GnRH neurons co-expresses
the glucocorticoid receptor (31, 32), implicating that glucocorticoids have a direct effect on GnRH neurons and function within
the hypothalamus. DEX exposure during early life reduces hypothalamic GnRH levels in male rats (26) and GnRH expression
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in female mice (30). Decreased GnRH gene expression and
migratory capacity of GnRH cells by DEX occurs in vitro (32–34).
Furthermore, maternal DEX exposure decreases the number of
GnRH neurons and their branched dendritic morphology within
the OVLT of early postnatal transgenic male rats expressing the
enhanced green fluorescent protein (EGFP) under the control of
GnRH promoter (35). This confirms the effect of DEX exposure
on GnRH neuronal development in early-life stages.
We hypothesize that maternal DEX exposure may have
an effect on the plasticity of GnRH neurons and the afferents
interacting with GnRH neurons during early developmental
stage, which may lead to reproductive dysfunction and sexual
behavioral changes in adulthood. Therefore, this study aims to
determine the effect of maternally administered DEX during late
gestational stages on the spine development and synaptic input
of early postnatal EGFP–GnRH neurons in the male offspring
using confocal imaging on spine density along with a presynaptic
marker, synapsin I (syn I), and a postsynaptic marker, postsynaptic density 95 (PSD-95), immunohistochemistry.

MATERIALS AND METHODS
Animals

The transgenic Wistar rats expressing EGFP under the control
of 3.0-kb rat GnRH promoter were used throughout this study
(a gift from Masakatsu Kato and Yasuo Sakuma from University
of Tokyo Health Sciences, Japan). The GnRH expression in the
EGFP cells of these transgenic rats has been characterized (20,
36, 37). All rats were housed under constant temperature of 22°C
and maintained on 12-h light:12-h dark cycle with access to food
and water ad libitum. All procedures were conducted according
to the Guidelines of the Animal Ethics Committee of Monash
University (ethics approval number MARP/2011/064).

Maternal DEX Administration

Adult female EGFP–GnRH transgenic rats were time-bred and
designated as embryonic day 0 (E0) with presence of spermatozoa
in the vaginal smear. DEX-21-phosphate disodium salt (DEX;
Sigma, USA) was suspended in sterile distilled water and administered via subcutaneous injection at a dose of 0.1 mg/kg body
weight (27) daily from gestation day 13–20. The control group
(VEH) received an equivalent volume of distilled water. The day
of birth was designated as postnatal day 0 (P0), and litters of
eight or more pups were included in this study. P0 male offspring
of maternally VEH- (VEH-P0, n = 6) and DEX-administered
(DEX-P0, n = 6) group were taken from two different litters for
each group. Sex determination of the P0 pups was confirmed by
expression of the male-specific sex-determining region-Y (Sry)
gene as previously described (35).

Tissue Preparation

The P0 male pups of maternally VEH- and DEX-administered
were anesthetized with Zoletil–Ketamine–Xylazine (13.5 mg/kg)
and transcardially perfused with 0.1M phosphate buffer (PB)
saline (PBS, pH 7.4) containing 1% heparin, followed by cold
4% paraformaldehyde (PFA) dissolved in 0.1M PB. The brains
were processed as described (35) and rapidly frozen in powdered
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dry ice to be stored at −80°C. The brain tissues were sectioned
sequentially into four series in the coronal plane at 60 μm thickness from the MS to the anterior hypothalamus region (Bregma
+1.56 to −1.44 mm) (38) using a cryostat. The sections were
further processed for spine density analysis, syn I, and PSD-95
immunohistochemistry.

Spine density along the secondary dendrite of GnRH neurons
with bipolar or complex morphology was not analyzed. GnRH
neurons with bipolar morphology display shorter (<50 μm)
secondary dendrites, and their active regions with higher number
of spines and synapses are located proximally along the primary
dendrites (13). The number of spines and filopodia emerging
from each GnRH soma and dendrite was combined to provide the
mean value of spine and filopodia number per GnRH neuron for
each VEH-P0 and DEX-P0 males. The grand mean values for the
spine and filopodia number per GnRH neuron were compared
between the VEH-P0 and DEX-P0 group, respectively. The investigator was blinded to the treatment group for binary processing
and analysis of spine and filopodia on the GnRH neurons.

Spine Density Imaging

Two alternate series of brain sections from each VEH-P0 and DEXP0 males were processed for spine density analysis of the EGFP–
GnRH neurons. The brain sections were washed in 0.1M PBS and
pasted onto 3-aminopropylsilane-coated slides (SuperFrost Plus,
Fisher Scientific, USA), and coverslips were applied with mounting medium (Vectashield, Vector Laboratories, USA).
The EGFP–GnRH transgenic rats expressing high levels of
EGFP allows visualization of fine details of the GnRH neuronal
morphology that are not apparent after GnRH and GFP immunohistochemistry (37). GFP immunostaining of EGFP–GnRH
neurons of P0 stages show weak staining and localization to the
nucleus compared to GFP staining in the soma and dendrites of
adult stages (35). Therefore, confocal imaging of the EGFP–GnRH
neurons allows direct visualization of protrusions emerging from
the GnRH neuronal soma and dendrites in P0 males.
The total number of EGFP–GnRH neurons acquired from each
VEH-P0 and DEX-P0 male pups was approximately 25–30 cells
from 1 to 2 sections of the MS, OVLT, and AHA (n = 6/group)
regions, respectively. All the visible EGFP–GnRH neurons with
soma and dendrites present within the tissue section were analyzed. Individual GnRH neurons were scanned using the laser
scanning confocal microscope (C1si, Nikon, Japan) equipped
with NIS elements AR software version 4.0 (Nikon, Japan), at
488 nm excitation wavelength for detection of EGFP. Each GnRH
neuron was scanned using the 60× Plan Apo water immersion
objective lens (numerical aperture 1.2) and 4× digital zoom. The
EGFP–GnRH neurons for spine density analysis were captured at
a higher laser power compared to that of syn I-ir images to detect
the spines and filopodia on the cell body and dendrites. The frame
size for each GnRH neuron captured was set to 1024 × 1024 pixels
and comprised of 80–150 stacks of serial images taken at 0.2 μm
intervals through the entire depth of each neuron. The cell body
containing the initial portion of the proximal dendrites were
captured for each EGFP–GnRH neuron.

Synapsin I and PSD-95
Immunofluorescence

Two series of brain sections from each VEH-P0 and DEX-P0
male were processed for syn I and PSD-95 free-floating immunocytochemistry. The brain sections covering the entire POA
area (N = 13–14 sections/sample) were washed in 0.1M PBS,
incubated in blocking solution (0.1% Triton-X and 2.0% NGS in
PBS) for 1 h, followed by incubation in rabbit polyclonal synapsin
I antibody (1:500; AB1543P, Chemicon, USA) for 48 h at 4°C or
rabbit polyclonal PSD-95 antibody (1:1000; AB18258, Abcam,
UK) for 24 h at 4°C. The sections were then incubated with
biotinylated goat anti-rabbit IgG (1:200; Vectastain ABC Elite
kit, Vector Laboratories, USA), followed by avidin-biotinylated
horseradish peroxidase complex (20 μl/ml) and streptavidin
coupled to AlexaFluor 594 (1:300, Molecular Probes, USA) and
processed as previously described (35) for analysis.

Antibody Characterization

The rabbit polyclonal anti-synapsin I antiserum was raised
against a mixture of synapsin Ia and Ib purified from bovine
brain, which recognizes two bands of 77 and 80 kDa on Western
blot analyses. Immunolabelling is also blocked by preadsorption
of the antibody with synapsin I according to the manufacturer’s
technical information. The syn I immunoreactive (syn I-ir)
punctae staining in this study was similar to the staining using
other syn I antibodies (39, 40). Controls for the syn I and PSD-95
staining involved the omission of primary antibody in the initial
step, which resulted in the absence of punctae staining on brain
sections from each group.

Spine Density Analysis

For the analysis of spine density, the images of each EGFP–GnRH
neuron were subjected to binary threshold settings using the Nikon
NIS elements AR software, such that the spines and filopodia
emerging from the cell body and proximal dendrites were included
in the binary images. The same threshold values were applied to
all images of EGFP–GnRH neurons analyzed. The binary images
were converted into three-dimensional (3-D) images and further
processed into video images with rotation at the Y-axis. Using the
3-D video, number of spines and filopodia were counted on the
soma and along the initial 20–30 μm length of primary dendrites
for each GnRH neuron. Spines were identified as protrusions of
length <5 μm extending from the soma or dendrites, while protrusions of >5 μm were classified as filopodia (13).
Frontiers in Endocrinology | www.frontiersin.org

Synapsin I and PSD-95 Confocal Imaging

The EGFP-expressing GnRH neurons located within the MS,
OVLT, and AHA were captured to determine the number of close
apposition of syn I-ir punctae cluster on the GnRH neurons for
each group. The total number of EGFP–GnRH neurons acquired
from each VEH-P0 and DEX-P0 male pups were approximately
25–30 cells from 1 to 2 sections of the MS, OVLT, and AHA (n = 6/
each group) regions, respectively. Every visible EGFP–GnRH
neuron with soma and dendrites present within tissue sections
of the MS, OVLT, and AHA was analyzed for the syn I-ir cluster
apposition on the GnRH neurons. Therefore, discrepancy in the
total number of GnRH neurons analyzed for the VEH-P0 and
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DEX-P0 males in the OVLT and AHA was not due to random
sampling or bias. Concurrently, the EGFP–GnRH neurons within
the OVLT area were observed for the localization of PSD-95-ir
punctae cluster. Approximately five visible EGFP–GnRH neurons
with presence of soma and dendrites were analyzed for the PSD95-ir punctae staining from 1 to 2 sections of the OVLT and AHA
region of VEX-P0 and DEX-P0 males (n = 3/each group).
The individual GnRH neurons were scanned using laser scanning confocal microscope (C1si, Nikon) at 488 and 543 nm excitation wavelengths for detection of EGFP–GnRH and syn I-ir or
PSD-95-ir puncta, respectively. Each GnRH neuron was scanned
using the 60× Plan Apo water immersion objective lens (numerical aperture 1.2) with 4× digital zoom. Scans at each wavelength
were performed sequentially across the optical sectioning to
avoid bleed-through between the channels. The frame size of each
EGFP–GnRH neurons captured was set to 1024 × 1024 pixels,
comprised of 50–80 stacks of serial images taken at 0.2 μm intervals through the entire depth of each neuron. Images containing
the cell body with initial portion of the proximal dendrites were
captured for each EGFP–GnRH neuron from each group.

the 3-D orthogonal view of single optical section (0.2 μm) on
the NIS Elements AR software were captured and saved as tiff
file (RGB mode). The size of each syn I-ir synaptic cluster along
the X–Y, Y–Z, and X–Y axes of the single optical section were
measured using Image Pro-Plus version 6.0 (Media Cybernetics
Incorporation, USA). The red channel to detect the syn I-ir signal
was selected with a constant range of intensity threshold value
to determine the number of pixels corresponding to the syn I-ir
cluster area in close contact with GnRH soma and dendrite. These
values were combined to provide mean number of syn I-ir pixel
per cluster for each GnRH neuron within individual animals in
a treatment group, and the grand mean values were compared
between the VEH-P0 and DEX-P0 group.
For each GnRH neuron analyzed, the z-series of confocal
images were converted into projected stacks and saved as tiff
files (RGB mode). The images of each GnRH neuron were used
to quantify the number of syn I-ir clusters in areas adjacent to
the GnRH neurons, but not directly opposed to them, using the
Image Pro-Plus. The red channel representing the syn I-ir punctae cluster was selected with constant range of intensity threshold
value and size of syn I-ir cluster for each image analyzed. The total
number of syn I-ir punctae clusters in each image was determined
by taking the average number of syn I-ir clusters counted from
two 400 μm2 square boxes in apposite areas adjacent to the GnRH
neurons and expressed as number of syn I-ir cluster/400 μm2. The
values were combined to provide the mean number of syn I-ir
cluster for each animal, and the grand mean values were compared between the VEH-P0 and DEX-P0 group.

Synapsin I and PSD-95 Punctae
Cluster Analysis

The syn I-ir and PSD-95-ir punctae clusters exhibiting close
apposition with EGFP–GnRH cell body or primary dendrite
were manually determined by scanning through the individual
z-slices using the NIS elements AR software. syn I-ir and PSD95-ir punctae clusters were defined as being in contact with the
EGFP–GnRH neurons if there were no pixel visible between the
green and red fluorescence (39, 41). The length of the primary
dendrite of EGFP–GnRH neurons captured within the frame size
was less than 40 μm from the soma, depending on the orientation
of neurons, morphological subtypes, and EGFP expression along
the dendrites. Therefore, the number of syn I-ir and PSD-95-ir
appositions was counted on the soma and along initial 20–30 μm
length of primary dendrite, as the primary dendrite was defined
as dendritic projections having the greatest diameter exiting the
cell body (13). For GnRH neurons exhibiting bipolar or complex
morphology, the syn I-ir and PSD-95-ir contacts along the secondary dendrite were not included. Close appositions of the syn
I-ir and PSD-95-ir punctae cluster on GnRH soma and primary
dendrite were confirmed by 3-D rotation of the cells using the
NIS elements AR software. The investigator was unaware of the
particular treatment when analyzing the GnRH neurons. The
number of syn I-ir and PSD-95-ir contacts on the soma and primary dendrites of each GnRH neuron was combined to provide
the mean values to form the total number of syn I-ir and PSD95-ir appositions per animal for each group. The grand mean
values for syn I-ir and PSD-95-ir contacts on GnRH neuronal
soma and primary dendrites were compared between the VEHP0 and DEX-P0 group, respectively.
The size of syn I-ir punctae cluster in close apposition with the
GnRH soma and dendrites was further measured to determine
whether levels of syn I cluster contacting the GnRH neurons in
the OVLT and AHA region differ between VEH-P0 and DEXP0 males. Images of each syn I-ir punctae cluster showing close
apposition with the GnRH soma and primary dendrites from
Frontiers in Endocrinology | www.frontiersin.org

Statistical Analysis

All data are represented as mean ± SEM, and statistical analysis
were carried out using the PASW Statistic 18 (SPSS Inc., Chicago,
IL, USA). Statistical differences in the number of spine and filopodia
emerging from EGFP–GnRH neurons and PSD-95-ir on GnRH
neurons between VEH-P0 and DEX-P0 males were tested using
unpaired Student’s t-test for each region. Statistical significance
was determined using two-way analysis of variance (ANOVA) for
the total number of syn I-ir contacts per GnRH neurons and syn
I-ir cluster in areas adjacent to the GnRH neurons using region and
treatment as factors. The significant main effects or interactions
from two-way ANOVA were further analyzed using unpaired
Student’s t-tests. The number of syn I-ir punctae cluster exhibiting
close apposition with each GnRH soma and dendrite and the number of syn I-ir pixel per cluster in contact with each GnRH neuron
of the VEH-P0 and DEX-P0 group were tested using unpaired
Student’s t-test. P < 0.05 was considered as significant difference.

RESULTS
Analysis of Spine Density in EGFP–GnRH
Neurons

Confocal imaging of the EGFP–GnRH neurons without amplification of GFP signal enabled direct visualization of protrusions
emerging from the GnRH soma and dendrites in P0 males
(Figures 1A,C). Binary processing and 3-D video rotation of
the confocal images were used for quantitative analysis of spines
on the VEH-P0 and DEX-P0 GnRH neurons (Figures 1B,D).
4
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FIGURE 1 | Spine density analysis of enhanced green fluorescent protein (EGFP)-expressing gonadotropin-releasing hormone (GnRH) neurons from
P0 males of maternally vehicle (VEH-P0)- and dexamethasone-treated (DEX-P0).
(Continued)
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FIGURE 1 | Continued
Projected confocal images and binary processing for three-dimensional rendering of EGFP–GnRH neurons of (A,B) VEH-P0 and (C,D) DEX-P0 males showing
spines (white arrow) and filopodia (white arrowhead) on the GnRH neuronal soma and along the primary dendrite. The number of spines emerging from the soma
and primary dendrite of GnRH neurons in the MS (E), OVLT (G), and AHA (I) did not differ between VEH-P0 and DEX-P0 males (n = 6/group). Small increase in the
number of filopodia on the GnRH neuronal soma was found in the MS (F) of DEX-P0 males. However, the number of filopodia emerging from the soma and primary
dendrite of GnRH neurons in the OVLT (H) and AHA (J) region did not differ between VEH-P0 and DEX-P0 males. MS, medial septum; OVLT, organum vasculosum
of the lamina terminalis; AHA, anterior hypothalamic area. Data are represented by the mean ± SEM for each group. ***P < 0.05 compared to VEH-P0 group. Scale
bar = 10 μm (A,C), 5 μm, and 20 μm (B,D).

and along the primary dendrites in the MS (Figures 3A,B), OVLT
(Figures 3C,D), and the AHA (Figures 3E,F) region of VEH-P0
and DEX-P0 males. Close apposition of syn I-ir inputs on the
GnRH soma and primary dendrites was also demonstrated from
the orthogonal projections (X–Z axis) of the corresponding single
optical sections (0.20 μm) from the confocal stacks of the VEHP0 and DEX-P0 EGFP–GnRH neurons.
Quantitative analysis of the total number of syn I-ir appositions on the GnRH neurons were combined from the number of
syn I-ir punctae cluster on the GnRH neuronal soma and primary
dendrite (Figure 4A) of the VEH-P0 and DEX-P0 males (n = 6/
group) in the MS (VEH-P0, n = 44 cells; DEX-P0, n = 47 cells),
OVLT (VEH-P0, n = 85 cells; DEX-P0, n = 72 cells), and AHA
region (VEH-P0, n = 48 cells; DEX-P0, n = 35 cells). Two-way
ANOVA analysis (treatment × region factor) revealed a significant effect of maternal DEX exposure [F (1, 30) = 8.34, P < 0.01]
on the total number of syn I-ir appositions per GnRH neuron. No
significant region or interaction effect was found on total number
of syn I-ir inputs per GnRH neuron. Maternal DEX exposure
significantly decreased the total number of synaptic inputs on
GnRH neurons located within the OVLT (VEH-P0: 6.0 ± 0.4,
DEX-P0: 4.3 ± 0.6; P < 0.05). In contrast, the synaptic inputs in
close apposition with the GnRH neurons within the MS and AHA
region were not affected by maternal DEX exposure.
The number of synaptic cluster inputs on GnRH neuronal
soma and primary dendrite, respectively, was compared between
the VEH-P0 and DEX-P0 group in the MS, OVLT, and AHA
region (Figures 4B–D). Maternal DEX treatment decreased the
number of syn I-ir cluster apposition along the GnRH primary
dendrites (VEH-P0: 3.3 ± 0.2, DEX-P0: 2.3 ± 0.3; P < 0.05)
within the OVLT region, but not the GnRH neuronal soma
(VEH-P0: 2.7 ± 0.3, DEX-P0: 1.9 ± 0.2; P = 0.055). Within the
AHA region, maternal DEX exposure decreased the number of
syn I-ir cluster apposition along the primary dendrites (VEH-P0:
2.9 ± 0.4, DEX-P0: 1.5 ± 0.3; P < 0.05). However, the number
of synaptic inputs on the soma and along the primary dendrites
of GnRH neurons in the MS region was not altered by maternal
DEX exposure.
As the total number of syn I-ir punctae cluster in close apposition with the GnRH neurons was decreased within the OVLT
region (Figure 4A), we determined whether the levels of syn I-ir
cluster contacting the GnRH neurons was affected by maternal
DEX exposure (Figures 5A,B). The number of syn I-ir pixel
for each cluster in contact with the GnRH neuronal soma and
primary dendrite was analyzed along the X–Y, Y–Z, and X–Z
axes using single optical sections of the 3-D orthogonal view. The
number of syn I-ir pixel per cluster of GnRH neurons measured at

The EGFP–GnRH neurons from VEH-P0 and DEX-P0 males
were observed to exhibit spines and filopodia extending from the
soma and along the primary dendrites.
Quantitative analysis of spine and filopodia numbers were performed on GnRH neurons of VEH-P0 and DEX-P0 males (n = 6/
group) located within the MS (VEH-P0, n = 39 cells; DEX-P0,
n = 42 cells), OVLT (VEH-P0, n = 78 cells; DEX-P0, n = 83 cells),
and AHA (VEH-P0, n = 34 cells; DEX-P0, n = 38 cells) region
(Figures 1E–J). The number of spines, identified as protrusions
less than 5 μm in length, emerging from the GnRH neuronal
soma and along the primary dendrite, respectively, did not differ in the MS (Figure 1E), OVLT (Figure 1G), and the AHA
(Figure 1I) region of VEH-P0 and DEX-P0 males. The number
of filopodia, emerging from the GnRH neuronal soma within
the MS region (Figure 1F), was higher in the DEX-P0 males
(VEH-P0: 0.03 ± 0.03, DEX-P0: 0.30 ± 0.07; P < 0.05), but not
along the primary dendrite. However, the number of filopodia
emerging from the GnRH neuronal soma and primary dendrite
in the OVLT (Figure 1H) and AHA (Figure 1J) did not differ
between the VEH-P0 and DEX-P0 males.

Synapsin I Immunofluorescence
in EGFP–GnRH Neurons

Immunofluorescence of syn I-ir inputs revealed punctae cluster
in close apposition to the EGFP–GnRH neurons as well as in
areas surrounding the EGFP–GnRH neurons within the MS
(Figures 2A,B), OVLT (Figures 2C,D), and AHA (Figures 2E,F)
of VEH-P0 and DEX-P0 males. The number of syn I-ir punctae
was assessed in areas adjacent to the GnRH neurons to examine
the synaptic clusters in the vicinity of GnRH neurons within
the MS, OVLT, and AHA region of VEH-P0 and DEX-P0 males
(Figure 2G). Two-way ANOVA analysis (treatment × region factor) showed that maternal DEX treatment had a significant effect
[F (1, 30) = 5.84; P < 0.05] on the average number of synaptic
cluster inputs surrounding the GnRH neurons. No significant
region or interaction effects were found for the number of syn
I-ir inputs surrounding the GnRH neurons. Maternal DEX
exposure significantly decreased the average number of synaptic
inputs surrounding the GnRH neurons within the OVLT region
(VEH-P0: 10.6 ± 1.9, DEX-P0: 5.5 ± 0.9; P < 0.05). However,
the number of synapses in areas adjacent to the GnRH neurons
located within the MS and AHA region was not altered by maternal DEX exposure.
Analysis of individual GnRH neurons using high magnification confocal images demonstrated numerous close appositions
of syn I-ir punctae cluster on the EGFP–GnRH neuronal soma

Frontiers in Endocrinology | www.frontiersin.org
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FIGURE 2 | Quantification of synapsin I-immunoreactive punctae cluster (syn I-ir, red) in areas adjacent to the EGFP–GnRH neurons (green).
Representative photomicrographs for the quantification of average number of syn I-ir punctae from two 400 μm2 areas (white box) placed at both sides of each
neuron, depending on each neuronal orientation in the image plane, for each VEH-P0 and DEX-P0 GnRH neurons analyzed in the MS (A,B), OVLT (C,D), and AHA
(E,F). The average number of syn I-ir punctae cluster (G) was decreased in the OVLT region of DEX-P0 compared to the VEH-P0 males. Data are represented by
the mean ± SEM for each group. *P < 0.05 compared to VEH-P0 group. Scale bar = 10 μm (A–F).
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FIGURE 3 | Photomicrographs of syn I-ir punctae cluster (red) on the EGFP–GnRH (green) neuronal soma and primary dendrite of the VEH-P0 and
DEX-P0 males in MS (A,B), OVLT (C,D), and AHA (E,F) region. Boxed region (white) of syn I-ir cluster was taken along the X–Z axis from the orthogonal view of
single optical sections (0.2 μm) with specific syn I-ir inputs identified by the numbers (white arrowhead) to illustrate the close appositions of the syn I-ir punctae
cluster (white arrow) on the EGFP–GnRH neurons. Scale bar = 10 μm (A–F).
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FIGURE 4 | Continued
(A) Total number of syn I-ir punctae cluster on the EGFP–GnRH neurons was
decreased in the OVLT region of DEX-P0 males. Numbers of syn I-ir punctae
on soma and along primary dendrite of EGFP–GnRH neurons, respectively,
were shown for GnRH neurons in the MS (B), OVLT (C), and AHA (D) region.
Number of syn I-ir punctae cluster was decreased along the primary dendrite
of EGFP–GnRH neurons in the OVLT and AHA region of DEX-P0 males. Data
are represented by the mean ± SEM for each group. *P < 0.05 compared to
VEH-P0 group.

FIGURE 5 | Levels of syn I-ir punctae cluster in close apposition with
the EGFP–GnRH neurons located in the OVLT (A) and AHA (B) region
of VEH-P0 and DEX-P0 males. The number of syn I-ir pixel per cluster of
the EGFP–GnRH neurons, measured along the X–Y axis from single laser
confocal optical sections, was lower in DEX-P0 males located within the
OVLT region. *P < 0.05 compared to VEH-P0 group.

the X–Y axis was decreased in the OVLT region of DEX-P0 males
(VEH-P0: 26.4 ± 1.2, DEX-P0: 22.8 ± 1.0; P < 0.05). However, the
number of syn I-ir pixel per cluster of GnRH neurons at the X–Z
axis and Y–Z axis did not differ between the VEH-P0 and DEX-P0
males. In the AHA region, the number of syn I-ir pixel per cluster
of GnRH neurons measured at the X–Y, X–Z, and Y–Z axes did
not differ between the VEH-P0 and DEX-P0 males. We further
observed the PSD-95 immunofluorescence in close apposition
with the GnRH neurons in the OVLT (Figure 6A). The number
of the PSD-95-ir punctae on the EGFP–GnRH neurons did not

FIGURE 4 | Number of syn I-ir punctae cluster in close apposition with
the EGFP–GnRH neurons of VEH-P0 and DEX-P0 males (n = 6/group).
(Continued)
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FIGURE 6 | Photomicrographs of PSD-95-ir (red) on the EGFP–GnRH (green) neuronal soma and primary dendrite of the VEH-P0 and DEX-P0
males in the OVLT (A). Boxed region (white) of PSD-95-ir was taken along the X–Z axis from the orthogonal view of single optical sections (0.2 μm) with specific
PSD-95-ir inputs identified by the numbers (white arrowhead) to illustrate the close appositions of the PSD-95-ir (white arrow) on the EGFP–GnRH neurons.
Numbers of PSD-95-ir inputs on soma and along primary dendrite of EGFP–GnRH neurons, respectively, were shown for GnRH neurons in the OVLT and AHA
region (B). Scale bar = 10 μm.

Maternal DEX Exposure on Spine Density
of GnRH Neurons

differ significantly between the VEH-P0 and DEX-P0 males in
the OVLT (VEH-P0: 4.7 ± 1.8, DEX-P0: 3.3 ± 1.0) and in the
AHA (VEH-P0: 2.16 ± 0.65, DEX-P0: 2.65 ± 0.51) (Figure 6B).

Filopodia protrusions are known to be involved in the formation of mature spines, synapses, and dendritic branching and
growth during early developmental stage in the brain (42, 43). A
small increase in the number of filopodia on the soma of GnRH
neurons was observed by maternal DEX treatment in the MS,
but it was not seen in the OVLT and AHA in the P0 males.
Therefore, development of the filopodia protrusions in GnRH
neurons may be influenced by glucocorticoid in site-specific
manner during developmental stage. Different subpopulations
of GnRH neurons within the hypothalamus have been identified to understand the functional positioning of these neurons
in relation to reproduction, and how they are differentially
regulated by various factors and neurotransmitters (10, 11).
Furthermore, a subpopulation of GnRH neurons (10–20%) in
rats and mice co-expresses the glucocorticoid receptor (31, 32),
suggesting a possible differential effect of glucocorticoid on

DISCUSSION
This study examines the effect of maternal DEX exposure on
the GnRH neuronal spine number and alterations of synaptic
inputs to the GnRH neurons in P0 male offspring. Maternal
DEX exposure does not alter the spine number on GnRH neurons in the MS, OVLT, and AHA region of P0 males. Maternal
DEX exposure decreases the number of syn I-ir cluster in areas
adjacent to the GnRH neurons within the OVLT region and the
number and levels of syn I-ir punctae cluster in close contact
with the GnRH neurons within the OVLT of P0 males. These
results suggest that the synaptic inputs to GnRH neurons within
the OVLT region are altered by DEX exposure during early
developmental stage.
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the GnRH neuronal function within different regions of the
hypothalamus.
Studies have also shown the role of gonadal steroids in the
regulation of neuronal spine density within the hippocampus and
hypothalamus (44–46). Increase in the number of spiny GnRH
neurons with multiple spine-like protrusions, as well as increase
in the number of spines emerging from GnRH neurons during
pubertal stage suggest modulation of the GnRH neuronal plasticity
and function by the high levels of testosterone (12, 13). However,
the number of spines on the soma and along the dendrites of GnRH
neurons did not differ between the VEH-P0 and DEX-P0 males
in the MS, OVLT, and AHA region. Although gestational stress
and fetal DEX exposure is known to abolish testosterone surge in
fetal and newborn males (26, 47, 48) and alter sexual maturation
and behavior in the adult males (27, 28), spine development of
early postnatal GnRH neurons may be sustained without the
influence of gonadal steroid and glucocorticoid. Previous observation using GnRH immunofluorescence has shown that 10–20%
of the total GnRH immunostained neurons co-expresses EGFP in
P0 rats, and the total number of EGFP-expressing GnRH neurons
was not altered by the maternal DEX treatment in P0 males (35).
The low numbers of EGFP-expressing GnRH neurons observed
in the fetal and postnatal stages of these transgenic rats suggest
a lower gene transcriptional activity during early developmental
stages (35). Therefore, no difference observed in the spine density
of GnRH neurons between the VEH-P0 and DEX-P0 males could
possibly be attributed to the lack of glucocorticoid effect on the
GnRH promoter activity on the EGFP-expressing GnRH neurons
during early developmental stage.
Furthermore, there was no difference observed in the number
of PSD-95-ir clusters in close apposition with the EGFP–GnRH
neurons of VEH- and DEX-treated P0 males in the OVLT and
AHA. PSD-95 is major scaffolding protein in glutamatergic excitatory synapses (49) and dopamine-related synaptic plasticity (50).
This probably suggests that maternal DEX exposure may affect
the spine plasticity at the presynaptic levels of GnRH neurons.

results in the loss of synaptic clusters within the OVLT region by
maternal DEX exposure.
The synaptic inputs of neural afferents to the GnRH neurons
decreases within the OVLT and AHA region, but not in the rostral MS region, suggesting that only a subpopulation of GnRH
neurons are affected by maternal DEX exposure depending on
their location in the brain. A higher number of synaptic inputs are
observed in GnRH neurons located in the OVLT/POA compared
to the MS in rats (56) and primates (57), implicating regional difference in synaptic inputs to the GnRH neurons. GnRH neurons
located in the OVLT/POA region are important for the preovulatory LH surge (58–60). The spread of GnRH dendritic trees into
the OVLT suggest the possible regulation of the GnRH neurons
by other peripheral circulating factors (61). Furthermore, the
medial subpopulation of GnRH neurons predominantly expresses
N-methyl-d-aspartate (NMDAR1) receptors, implicating direct
glutamatergic signaling on GnRH neurons in the OVLT/POA
region (62). Thus, a decrease in synaptic inputs to GnRH neurons in the OVLT and AHA region suggest that maternal DEX
exposure affects the development of GnRH neurons during the
early postnatal stage.
The average number of syn I-ir clusters detected in close
proximity to GnRH neurons in P0 males (4–6 clusters per neuron) corroborates with other studies reporting the numbers of
synaptic terminal using synaptic marker synaptophysin, syn I,
vesicular GABA transporter (vGAT), and vGLUT2 in adult rat
(13, 15, 56). Indeed, electron microscopic studies have shown
that GnRH neurons receive relatively sparse synaptic inputs on
the cell soma (1–3 synaptic inputs per cell) and dendritic profiles
(2–3 synaptic inputs per profile) in the adult rat, in comparison
with other neuronal cell types within the POA (17, 63).
However, the identity of altered synaptic neural afferents to
the GnRH neurons is unknown, as the use of presynaptic marker
syn I does not allow us to discriminate among the inhibitory
and excitatory synapses in direct apposition with the neurons
(64). The neurotransmitters that are most likely involved in the
regulation of GnRH neurons are GABA and glutamate (65),
since changes in their synaptic terminals and receptor subunits
on GnRH neurons have been demonstrated across development
and in response to gonadal steroids (15, 16, 66). Furthermore,
male rat offspring, subjected to prenatal stress, have higher
expression of presynaptic marker for GABA than glutamate (67),
suggesting increased GABAergic inhibition in the hypothalamus.
Decrease in the synaptic cluster inputs to the GnRH neurons by
maternal DEX exposure could be mediated by GABA and glutamate synaptic transmission directly on the GnRH neurons, as
both vGAT and vGLUT2 synaptic terminals are colocalized with
syn I clusters on GnRH neurons (15). Furthermore, the absence
of a difference in number of spines on GnRH neurons between
DEX-P0 and VEH-P0 males suggests that spine development is
not affected by maternal DEX exposure probably due to the lack
of excitatory signals (67).
Other neural afferents with close apposition to the GnRH
neurons modulating GnRH neuronal development and function
could be affected by maternal DEX exposure. Embryonic development of catecholamine and serotonin (5-hydroxytryptamine,
5-HT) systems (68–70) modulate GnRH neuronal migration and

Maternal DEX Exposure on Synaptic
Inputs to GnRH Neurons

The number of synaptic clusters in areas surrounding the GnRH
neurons decreases in the OVLT of DEX-P0 males, indicating possible synaptic loss by maternal DEX exposure. Fetal
glucocorticoid exposure has been shown to cause synaptic loss
and function in the forebrain due to altered synaptic gene and
protein expression affecting synapse formation (51–53). High
density of glutamatergic synaptic terminals, vesicular glutamate
transporter-2 (vGLUT2), has been observed within the OVLT/
POA compared to the MS and AHA in rats (54). Indeed, high
density of vGLUT2 immunoreactive puncta is colocalized with
the GnRH axon terminals in the OVLT of adult male rats (55).
Our previous study has demonstrated that maternal DEX exposure significantly decreases the number of EGFP–GnRH neurons
in the OVLT/POA of P0 males (35), which possibly explain the
reduced number of synapsin clusters within the OVLT region.
This may, in part, reflect that the lower density of neurons within
the OVLT that can be contacted by the neural afferents further
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development in rat fetus (71, 72). Close apposition of 5-HT and
catecholaminergic fibers and synaptic contacts on GnRH neurons
have also been demonstrated (73–75). Prenatal glucocorticoid
exposure alters development of serotonergic and catecholaminergic systems (76) and decreases 5-HT and dopamine turnover in
the offspring (77), suggesting that decrease in synaptic inputs to
GnRH neurons could be due to modifications of neurotransmitter
afferents to GnRH neurons by DEX in early stages. Additionally,
early-life DEX treatment increases gonadotropin-inhibitory
hormone (GnIH) mRNA and cell numbers in the hypothalamus,
which could increase the inhibitory regulation of GnRH neurons
through GnIH fiber contacts (30, 78). From these, it is apparent
that GnRH neurons have relatively few synaptic inputs during the
early stages, which continue to develop with increasing number
of primary neural afferents leading to the maturation of GnRH
neurons for pubertal development. Changes in afferent inputs
of neurotransmitters and neuropeptides on GnRH neurons, as a
consequence of maternal DEX exposure, remain to be determined
across pubertal development using additional synaptic markers.
Synaptic transmission for the regulation of GnRH secretion is demonstrated through the firing of GnRH neurons by
electrophysiological approaches (20, 22). Synaptic and extrasynaptic GABAA receptors on GnRH neurons are regulated by
neurosteroids and androgen, to suppress the downstream firing
of GnRH neurons (79, 80). Thus, the decrease in synaptic inputs
by prenatal DEX exposure could affect synaptic transmission to
GnRH neurons in the adult stages.
In summary, maternal DEX exposure during the late gestational
stages did not alter the spine development of GnRH neurons in

the P0 males. However, a decrease in synaptic cluster inputs was
observed within the OVLT region, and those in close contact with
GnRH neurons in P0 males suggest altered neural afferent inputs
to the GnRH neurons in the early developmental stage. Therefore,
early-life DEX exposure could lead to the modification of GnRH
neuronal activity and maturation across development, thereby
reproductive dysfunction in adulthood.

REFERENCES

10. Herbison AE. Physiology of the gonadotropin-releasing hormone neuronal network. 3rd ed. In: Neill JD, editor. Knobil and Neill’s Physiology of
Reproduction. San Diego: Academic Press (2006). p. 1415–82.
11. Campbell RE. Defining the gonadotrophin-releasing hormone neuronal network: transgenic approaches to understanding neurocircuitry.
J Neuroendocrinol (2007) 19:561–73. doi:10.1111/j.1365-2826.2007.01561.x
12. Wray S, Hoffman G. Postnatal morphological changes in rat LHRH neurons
correlated with sexual maturation. Neuroendocrinology (1986) 43:93–7.
doi:10.1159/000124516
13. Cottrell EC, Campbell RE, Han SK, Herbison AE. Postnatal remodeling of
dendritic structure and spine density in gonadotropin-releasing hormone
neurons. Endocrinology (2006) 147:3652–61. doi:10.1210/en.2006-0296
14. Chan H, Prescott M, Ong Z, Herde MK, Herbison AE, Campbell RE. Dendritic
spine plasticity in gonadatropin-releasing hormone (GnRH) neurons activated
at the time of the preovulatory surge. Endocrinology (2011) 152(12):4906–14.
doi:10.1210/en.2011-1522
15. Ottem EN, Godwin JG, Krishnan S, Petersen SL. Dual-phenotype GABA/
glutamate neurons in adult preoptic area: sexual dimorphism and function.
J Neurosci (2004) 24:8097–105. doi:10.1523/JNEUROSCI.2267-04.2004
16. Khan M, De Sevilla L, Mahesh VB, Brann DW. Enhanced glutamatergic and
decreased GABAergic synaptic appositions to GnRH neurons on proestrus in
the rat: modulatory effect of aging. PLoS One (2010) 5:e10172. doi:10.1371/
journal.pone.0010172
17. Chen WP, Witkin JW, Silverman AJ. Sexual dimorphism in the synaptic
input to gonadotropin releasing hormone neurons. Endocrinology (1990)
126:695–702. doi:10.1210/endo-126-2-695
18. Witkin JW, O’sullivan H, Silverman AJ. Novel associations among
gonadotropin-releasing hormone neurons. Endocrinology (1995) 136:4323–
30. doi:10.1210/en.136.10.4323
19. Campbell RE, Han SK, Herbison AE. Biocytin filling of adult gonadotropin-
releasing hormone neurons in situ reveals extensive, spiny, dendritic
processes. Endocrinology (2005) 146:1163–9. doi:10.1210/en.2004-1369

AUTHOR CONTRIBUTIONS
Dr. WL conducted all the experiments, analyzed data, and
wrote the manuscript. Ms. MI and Mr. FK conducted PSD-95
immunohistochemistry and analyzed data. Dr. TS designed the
experiments, analyzed data together with Dr. WL, and edited
the manuscript. Prof. IP designed the experiment with Dr. TS,
discussed about all results, and edited the manuscript.

ACKNOWLEDGMENTS
We thank Professors M. Kato and Y. Sakuma in University of
Tokyo Health Sciences, Japan for providing the transgenic rats.

FUNDING
This work was supported by grants from Monash University
Malaysia, TS-10-01, MM-08-07, MM-07-08 (to TS, IP),
Fundamental Research Grant Scheme (FRGS/1/2011/ST/
MUSM/02/1), Ministry of Higher Education, Malaysia (to TS,
IP), and MAKNA Cancer Research Award 2008 (to WL, IP).

1. Schwanzel-Fukuda M, Pfaff DW. Origin of luteinizing hormone-releasing
hormone neurons. Nature (1989) 338:161–4. doi:10.1038/338161a0
2. Wray S, Grant P, Gainer H. Evidence that cells expressing luteinizing hormone-releasing hormone mRNA in the mouse are derived from progenitor
cells in the olfactory placode. Proc Natl Acad Sci U S A (1989) 86:8132–6.
doi:10.1073/pnas.86.20.8132
3. Parhar IS. Cell migration and evolutionary significance of GnRH subtypes.
Prog Brain Res (2002) 141:3–17. doi:10.1016/S0079-6123(02)41080-1
4. King JC, Tobet SA, Snavely FL, Arimura AA. LHRH immunopositive cells
and their projections to the median eminence and organum vasculosum
of the lamina terminalis. J Comp Neurol (1982) 209:287–300. doi:10.1002/
cne.902090307
5. Witkin JW, Paden CM, Silverman AJ. The luteinizing hormone-releasing hormone (LHRH) systems in the rat brain. Neuroendocrinology (1982) 35:429–38.
doi:10.1159/000123419
6. Merchenthaler I, Gorcs T, Setalo G, Petrusz P, Flerko B. Gonadotropinreleasing hormone (GnRH) neurons and pathways in the rat brain. Cell Tissue
Res (1984) 237:15–29. doi:10.1007/BF00229195
7. Wray S, Hoffman G. A developmental study of the quantitative distribution
of LHRH neurons within the central nervous system of postnatal male
and female rats. J Comp Neurol (1986) 252:522–31. doi:10.1002/cne.
902520408
8. Schwanzel-Fukuda M, Bick D, Pfaff DW. Luteinizing hormone-releasing
hormone (LHRH)-expressing cells do not migrate normally in an inherited
hypogonadal (Kallmann) syndrome. Brain Res Mol Brain Res (1989) 6:311–26.
doi:10.1016/0169-328X(89)90076-4
9. Wierman ME, Kiseljak-Vassiliades K, Tobet S. Gonadotropin-releasing
hormone (GnRH) neuron migration: initiation, maintenance and cessation as
critical steps to ensure normal reproductive function. Front Neuroendocrinol
(2011) 32:43–52. doi:10.1016/j.yfrne.2010.07.005

Frontiers in Endocrinology | www.frontiersin.org

12

August 2016 | Volume 7 | Article 117

Lim et al.

Maternal DEX Affects GnRH Inputs

20. Kato M, Ui-Tei K, Watanabe M, Sakuma Y. Characterization of voltage-gated
calcium currents in gonadotropin-releasing hormone neurons tagged
with green fluorescent protein in rats. Endocrinology (2003) 144:5118–25.
doi:10.1210/en.2003-0213
21. Roberts CB, Campbell RE, Herbison AE, Suter KJ. Dendritic action potential initiation in hypothalamic gonadotropin-releasing hormone neurons.
Endocrinology (2008) 149:3355–60. doi:10.1210/en.2008-0152
22. Bhattarai JP, Park SA, Park JB, Lee SY, Herbison AE, Ryu PD, et al. Tonic
extrasynaptic GABA(A) receptor currents control gonadotropin-releasing
hormone neuron excitability in the mouse. Endocrinology (2011) 152:1551–61.
doi:10.1210/en.2010-1191
23. Cottrell EC, Seckl JR. Prenatal stress, glucocorticoids and the programming of
adult disease. Front Behav Neurosci (2009) 3:19. doi:10.3389/neuro.08.019.2009
24. Lupien SJ, Mcewen BS, Gunnar MR, Heim C. Effects of stress throughout
the lifespan on the brain, behaviour and cognition. Nat Rev Neurosci (2009)
10:434–45. doi:10.1038/nrn2639
25. Gerecke KM, Kishore R, Jasnow A, Quadros-Menella P, Parker S, Kozub FJ,
et al. Alterations of sex-typical microanatomy: prenatal stress modifies the
structure of medial preoptic area neurons in rats. Dev Psychobiol (2011)
54:16–27. doi:10.1002/dev.20570
26. Lalau JD, Aubert ML, Carmignac DF, Gregoire I, Dupouy JP. Reduction
in testicular function in rats. II. Reduction by dexamethasone in fetal and
neonatal rats. Neuroendocrinology (1990) 51:289–93. doi:10.1159/000125352
27. Holson RR, Gough B, Sullivan P, Badger T, Sheehan DM. Prenatal dexamethasone or stress but not ACTH or corticosterone alter sexual behavior in male rats.
Neurotoxicol Teratol (1995) 17:393–401. doi:10.1016/0892-0362(94)00074-N
28. Page KC, Sottas CM, Hardy MP. Prenatal exposure to dexamethasone alters
Leydig cell steroidogenic capacity in immature and adult rats. J Androl (2001)
22:973–80. doi:10.1002/j.1939-4640.2001.tb03438.x
29. Smith JT, Waddell BJ. Increased fetal glucocorticoid exposure delays puberty
onset in postnatal life. Endocrinology (2000) 141:2422–8. doi:10.1210/
endo.141.7.7541
30. Soga T, Dalpatadu SL, Wong DW, Parhar IS. Neonatal dexamethasone exposure down-regulates GnRH expression through the GnIH pathway in female
mice. Neuroscience (2012) 218:56–64. doi:10.1016/j.neuroscience.2012.05.023
31. Ahima RS, Harlan RE. Glucocorticoid receptors in LHRH neurons.
Neuroendocrinology (1992) 56:845–50. doi:10.1159/000126315
32. Dondi D, Piccolella M, Messi E, Demissie M, Cariboni A, Selleri S, et al.
Expression and differential effects of the activation of glucocorticoid receptors
in mouse gonadotropin-releasing hormone neurons. Neuroendocrinology
(2005) 82:151–63. doi:10.1159/000091693
33. Chandran UR, Attardi B, Friedman R, Dong KW, Roberts JL, Defranco DB.
Glucocorticoid receptor-mediated repression of gonadotropin-releasing
hormone promoter activity in GT1 hypothalamic cell lines. Endocrinology
(1994) 134:1467–74. doi:10.1210/en.134.3.1467
34. Attardi B, Tsujii T, Friedman R, Zeng Z, Roberts JL, Dellovade T, et al.
Glucocorticoid repression of gonadotropin-releasing hormone gene expression and secretion in morphologically distinct subpopulations of GT1-7 cells.
Mol Cell Endocrinol (1997) 131:241–55. doi:10.1016/S0303-7207(97)00102-0
35. Lim WL, Soga T, Parhar IS. Maternal dexamethasone exposure during
pregnancy in rats disrupts gonadotropin-releasing hormone neuronal
development in the offspring. Cell Tissue Res (2014) 355:409–23. doi:10.1007/
s00441-013-1765-9
36. Fujioka H, Suzuki M, Yamanouchi K, Ohta A, Nagashima H, Kato M, et al.
Generation of transgenic rats expressing enhanced green fluorescent protein
in gonadotropin-releasing hormone neurons. J Reprod Dev (2003) 49:523–9.
doi:10.1262/jrd.49.523
37. Soga T, Ogawa S, Millar RP, Sakuma Y, Parhar IS. Localization of the three
GnRH types and GnRH receptors in the brain of a cichlid fish: insights into
their neuroendocrine and neuromodulator functions. J Comp Neurol (2005)
487:28–41. doi:10.1002/cne.20519
38. Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. San Diego:
Elsevier Academic Press (2005).
39. Adams VL, Goodman RL, Salm AK, Coolen LM, Karsch FJ, Lehman MN.
Morphological plasticity in the neural circuitry responsible for seasonal
breeding in the ewe. Endocrinology (2006) 147:4843–51. doi:10.1210/
en.2006-0408
40. Jansen HT, Hershey J, Mytinger A, Foster DL, Padmanabhan V. Developmental
programming: reproductive endocrinopathies in the adult female sheep after

Frontiers in Endocrinology | www.frontiersin.org

41.

42.
43.
44.
45.
46.

47.
48.

49.
50.

51.

52.

53.

54.

55.
56.

57.

58.
59.

13

prenatal testosterone treatment are reflected in altered ontogeny of GnRH
afferents. Endocrinology (2011) 152:4288–97. doi:10.1210/en.2011-0117
Jansen HT, Cutter C, Hardy S, Lehman MN, Goodman RL. Seasonal plasticity
within the gonadotropin-releasing hormone (GnRH) system of the ewe:
changes in identified GnRH inputs and glial association. Endocrinology (2003)
144:3663–76. doi:10.1210/en.2002-0188
Ziv NE, Smith SJ. Evidence for a role of dendritic filopodia in synaptogenesis and spine formation. Neuron (1996) 17:91–102. doi:10.1016/
S0896-6273(00)80283-4
Fiala JC, Spacek J, Harris KM. Dendritic spine pathology: cause or consequence of neurological disorders? Brain Res Brain Res Rev (2002) 39:29–54.
doi:10.1016/S0165-0173(02)00158-3
Calizo LH, Flanagan-Cato LM. Estrogen selectively regulates spine density
within the dendritic arbor of rat ventromedial hypothalamic neurons.
J Neurosci (2000) 20:1589–96.
Cooke BM, Woolley CS. Gonadal hormone modulation of dendrites in the
mammalian CNS. J Neurobiol (2005) 64:34–46. doi:10.1002/neu.20143
Schwarz JM, Liang SL, Thompson SM, Mccarthy MM. Estradiol induces
hypothalamic dendritic spines by enhancing glutamate release: a mechanism
for organizational sex differences. Neuron (2008) 58:584–98. doi:10.1016/j.
neuron.2008.03.008
Ward IL, Weisz J. Maternal stress alters plasma testosterone in fetal males.
Science (1980) 207:328–9. doi:10.1126/science.7188648
Gerardin DC, Pereira OC, Kempinas WG, Florio JC, Moreira EG,
Bernardi MM. Sexual behavior, neuroendocrine, and neurochemical aspects
in male rats exposed prenatally to stress. Physiol Behav (2005) 84:97–104.
doi:10.1016/j.physbeh.2004.10.014
Niethammer M, Kim E, Sheng M. Interaction between the C terminus of
NMDA receptor subunits and multiple members of the PSD-95 family of
membrane-associated guanylate kinases. J Neurosci (1996) 16:2157–63.
Yao WD, Gainetdinov RR, Arbuckle MI, Sotnikova TD, Cyr M, Beaulieu JM,
et al. Identification of PSD-95 as a regulator of dopamine-mediated
synaptic and behavioral plasticity. Neuron (2004) 41:625–38. doi:10.1016/
S0896-6273(04)00048-0
Antonow-Schlorke I, Schwab M, Li C, Nathanielsz PW. Glucocorticoid exposure at the dose used clinically alters cytoskeletal proteins and presynaptic
terminals in the fetal baboon brain. J Physiol (2003) 547:117–23. doi:10.1113/
jphysiol.2002.025700
Kreider ML, Tate CA, Cousins MM, Oliver CA, Seidler FJ, Slotkin TA.
Lasting effects of developmental dexamethasone treatment on neural cell
number and size, synaptic activity, and cell signaling: critical periods of
vulnerability, dose-effect relationships, regional targets, and sex selectivity.
Neuropsychopharmacology (2006) 31:12–35. doi:10.1038/sj.npp.1300783
Biala YN, Bogoch Y, Bejar C, Linial M, Weinstock M. Prenatal stress diminishes gender differences in behavior and in expression of hippocampal synaptic genes and proteins in rats. Hippocampus (2011) 21:1114–25. doi:10.1002/
hipo.20825
Lin W, Mckinney K, Liu L, Lakhlani S, Jennes L. Distribution of vesicular
glutamate transporter-2 messenger ribonucleic acid and protein in the septum-hypothalamus of the rat. Endocrinology (2003) 144:662–70. doi:10.1210/
en.2002-220908
Hrabovszky E, Turi GF, Kallo I, Liposits Z. Expression of vesicular glutamate
transporter-2 in gonadotropin-releasing hormone neurons of the adult male
rat. Endocrinology (2004) 145:4018–21. doi:10.1210/en.2004-0589
Rajendren G, Gibson MJ. A confocal microscopic study of synaptic inputs
to gonadotropin-releasing hormone cells in mouse brain: regional differences and enhancement by estrogen. Neuroendocrinology (2001) 73:84–90.
doi:10.1159/000054624
Witkin JW, Ferin M, Popilskis SJ, Silverman AJ. Effects of gonadal steroids
on the ultrastructure of GnRH neurons in the rhesus monkey: synaptic
input and glial apposition. Endocrinology (1991) 129:1083–92. doi:10.1210/
endo-129-2-1083
Lee WS, Smith MS, Hoffman GE. Luteinizing hormone-releasing hormone
neurons express Fos protein during the proestrous surge of luteinizing hormone. Proc Natl Acad Sci U S A (1990) 87:5163–7. doi:10.1073/pnas.87.13.5163
Hiatt ES, Brunetta PG, Seiler GR, Barney SA, Selles WD, Wooledge KH, et al.
Subgroups of luteinizing hormone-releasing hormone perikarya defined by
computer analyses in the basal forebrain of intact female rats. Endocrinology
(1992) 130:1030–43. doi:10.1210/en.130.2.1030

August 2016 | Volume 7 | Article 117

Lim et al.

Maternal DEX Affects GnRH Inputs

60. Porkka-Heiskanen T, Urban JH, Turek FW, Levine JE. Gene expression in a
subpopulation of luteinizing hormone-releasing hormone (LHRH) neurons
prior to the preovulatory gonadotropin surge. J Neurosci (1994) 14:5548–58.
61. Herde MK, Geist K, Campbell RE, Herbison AE. Gonadotropin-releasing
hormone neurons extend complex highly branched dendritic trees outside
the blood-brain barrier. Endocrinology (2011) 152(10):3832–41. doi:10.1210/
en.2011-1228
62. Ottem EN, Godwin JG, Petersen SL. Glutamatergic signaling through the
N-methyl-d-aspartate receptor directly activates medial subpopulations of
luteinizing hormone-releasing hormone (LHRH) neurons, but does not appear
to mediate the effects of estradiol on LHRH gene expression. Endocrinology
(2002) 143:4837–45. doi:10.1210/en.2002-220707
63. Witkin JW, Silverman AJ. Synaptology of luteinizing hormone-releasing
hormone neurons in rat preoptic area. Peptides (1985) 6:263–71. doi:10.1016/
0196-9781(85)90050-6
64. Micheva KD, Busse B, Weiler NC, O’rourke N, Smith SJ. Single-synapse analysis of a diverse synapse population: proteomic imaging methods and markers.
Neuron (2010) 68:639–53. doi:10.1016/j.neuron.2010.09.024
65. Clarkson J, Herbison AE. Development of GABA and glutamate signaling
at the GnRH neuron in relation to puberty. Mol Cell Endocrinol (2006)
25(4–255):32–8. doi:10.1016/j.mce.2006.04.036
66. Pape JR, Skynner MJ, Sim JA, Herbison AE. Profiling gamma-aminobutyric
acid (GABA(A)) receptor subunit mRNA expression in postnatal gonadotropin-releasing hormone (GnRH) neurons of the male mouse with single cell
RT-PCR. Neuroendocrinology (2001) 74:300–8. doi:10.1159/000054697
67. Viltart O, Mairesse J, Darnaudery M, Louvart H, Vanbesien-Mailliot C,
Catalani A, et al. Prenatal stress alters Fos protein expression in hippocampus
and locus coeruleus stress-related brain structures. Psychoneuroendocrinology
(2006) 31:769–80. doi:10.1016/j.psyneuen.2006.02.007
68. Specht LA, Pickel VM, Joh TH, Reis DJ. Light-microscopic immunocytochemical localization of tyrosine hydroxylase in prenatal rat brain. I. Early
ontogeny. J Comp Neurol (1981) 199:233–53. doi:10.1002/cne.901990207
69. Lidov HG, Molliver ME. Immunohistochemical study of the development
of serotonergic neurons in the rat CNS. Brain Res Bull (1982) 9:559–604.
doi:10.1016/0361-9230(82)90164-2
70. Herlenius E, Lagercrantz H. Development of neurotransmitter systems
during critical periods. Exp Neurol (2004) 190(Suppl 1):S8–21. doi:10.1016/j.
expneurol.2004.03.027
71. Pronina T, Ugrumov M, Adamskaya E, Kuznetsova T, Shishkina I, Babichev V,
et al. Influence of serotonin on the development and migration of gonadotropin-releasing hormone neurones in rat foetuses. J Neuroendocrinol (2003)
15:549–58. doi:10.1046/j.1365-2826.2003.01029.x
72. Izvolskaia M, Duittoz AH, Tillet Y, Ugrumov MV. The influence of catecholamine on the migration of gonadotropin-releasing hormone-producing

Frontiers in Endocrinology | www.frontiersin.org

73.

74.

75.

76.
77.
78.

79.

80.

neurons in the rat foetuses. Brain Struct Funct (2009) 213:289–300. doi:10.1007/
s00429-008-0197-x
Jennes L, Beckman WC, Stumpf WE, Grzanna R. Anatomical relationships
of serotoninergic and noradrenalinergic projections with the GnRH system
in septum and hypothalamus. Exp Brain Res (1982) 46:331–8. doi:10.1007/
BF00238628
Kiss J, Halasz B. Demonstration of serotoninergic axons terminating on
luteinizing hormone-releasing hormone neurons in the preoptic area of the
rat using a combination of immunocytochemistry and high resolution autoradiography. Neuroscience (1985) 14:69–78. doi:10.1016/0306-4522(85)90164-2
Leranth C, Maclusky NJ, Shanabrough M, Naftolin F. Catecholaminergic
innervation of luteinizing hormone-releasing hormone and glutamic acid
decarboxylase immunopositive neurons in the rat medial preoptic area.
An electron-microscopic double immunostaining and degeneration study.
Neuroendocrinology (1988) 48:591–602. doi:10.1159/000125068
Wyrwoll CS, Holmes MC. Prenatal excess glucocorticoid exposure and adult
affective disorders: a role for serotonergic and catecholamine pathways.
Neuroendocrinology (2012) 95:47–55. doi:10.1159/000331345
Muneoka K, Mikuni M, Ogawa T, Kitera K, Kamei K, Takigawa M, et al.
Prenatal dexamethasone exposure alters brain monoamine metabolism and
adrenocortical response in rat offspring. Am J Physiol (1997) 273:R1669–75.
Kriegsfeld LJ, Mei DF, Bentley GE, Ubuka T, Mason AO, Inoue K, et al.
Identification and characterization of a gonadotropin-inhibitory system in the
brains of mammals. Proc Natl Acad Sci U S A (2006) 103:2410–5. doi:10.1073/
pnas.0511003103
Sullivan SD, Moenter SM. Neurosteroids alter gamma-aminobutyric acid
postsynaptic currents in gonadotropin-releasing hormone neurons: a possible
mechanism for direct steroidal control. Endocrinology (2003) 144:4366–75.
doi:10.1210/en.2003-0634
Penatti CA, Davis MC, Porter DM, Henderson LP. Altered GABAA receptormediated synaptic transmission disrupts the firing of gonadotropin-releasing
hormone neurons in male mice under conditions that mimic steroid abuse.
J Neurosci (2010) 30:6497–506. doi:10.1523/JNEUROSCI.5383-09.2010

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2016 Lim, Idris, Kevin, Soga and Parhar. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

14

August 2016 | Volume 7 | Article 117

