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Abstract
The roles GABAergic and glutamatergic inputs in regulating the activity of the 
gonadotrophin-releasing hormone (GnRH) neurons at the time of the preovulatory 
surge remain unclear. We used expansion microscopy to compare the density of 
GABAergic and glutamatergic synapses on the GnRH neuron cell body and proximal 
dendrite in dioestrous and pro-oestrous female mice. An evaluation of all synapses 
immunoreactive for synaptophysin revealed that the highest density of inputs to ros-
tral preoptic area GnRH neurons occurred within the first 45 µm of the primary den-
drite (approximately 0.19 synapses µm-1) with relatively few synapses on the GnRH 
neuron soma or beyond 45  µm of the dendrite (0.05-0.08 synapses  µm-1). Triple 
immunofluorescence labelling demonstrated a predominance of glutamatergic sig-
nalling with twice as many vesicular glutamate transporter 2 synapses detected com-
pared to vesicular GABA transporter. Co-labelling with the GABAA receptor scaffold 
protein gephyrin and the glutamate receptor postsynaptic density marker Homer1 
confirmed these observations, as well as the different spatial distribution of GABA 
and glutamate inputs along the dendrite. Quantitative assessments revealed no dif-
ferences in synaptophysin, GABA or glutamate synapses at the proximal dendrite and 
soma of GnRH neurons between dioestrous and pro-oestrous mice. Taken together, 
these studies demonstrate that the GnRH neuron receives twice as many glutamater-
gic synapses compared to GABAergic synapses and that these inputs preferentially 
target the first 45 µm of the GnRH neuron proximal dendrite. These inputs appear to 
be structurally stable before the onset of pro-oestrous GnRH surge.
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1  | INTRODUC TION

The gonadotrophin-releasing hormone (GnRH) neurons represent 
the final output cells of the neural network controlling fertility in 
mammals. Driven by pulse and surge generators, GnRH neurons 
release GnRH into the median eminence in an episodic manner 
to create pulsatile or surge profiles of circulating gonadotrophin 
hormones.1 The surge generator is only usually found in female 
mammals with the mid-cycle GnRH surge generating a luteinising 
hormone (LH) surge that triggers ovulation.2

Precisely how the GnRH neurons become suddenly and intensely 
activated to create the massive outpouring of GnRH that occurs at 
the surge remains unclear.3,4 There is little doubt that sustained high 
levels of circulating oestradiol are obligatory for the GnRH surge in 
spontaneously ovulating mammals5 and this is relayed to the GnRH 
neurons by afferent inputs that express the key oestrogen receptor, 
ESR1.6-8 These neurons very likely target the GnRH neuron cell body 
and proximal dendrites to trigger the intense neuronal activation re-
quired for the surge.9,10

The prime candidate for triggering the surge is presently the 
ESR1-expressing kisspeptin neurons of the rostral periventricu-
lar area of the third ventricle (RP3V) that directly innervate the 
GnRH neuron cell body and dendrites.11,12 However, there has 
been a long-standing interest and focus on the role of GABAergic 
and glutamatergic inputs to the GnRH neuron in surge genera-
tion.3,4,13 For example, the deletion of ESR1 from all GABAergic or 
vesicular glutamate transporter 2 (VGLUT2)-glutamatergic neu-
rons abolishes the LH surge likely independent of kisspeptin.14 
Electrophysiological studies have also reported that GABAA and 
glutamate receptor transmission at the GnRH neuron can change 
at the time of the LH surge,15,16 although this depends on the 
animal model used.17,18 Hence, it remains possible that steroid-
induced plasticity in GABA and glutamate signalling to the GnRH 
neuron cell body may play a role in the generation of the GnRH/
LH surge.

There is considerable evidence for gonadal steroids to evoke 
structural plasticity within the brain.19 As such, the elevated 
follicular-phase levels of oestradiol may result in morphological re-
arrangements in GABAergic and glutamatergic inputs to the GnRH 
neuron cell body and proximal dendrites. Prior investigations have 
shown that GnRH neuron dendritic spine density increases at the 
time of the surge20 although it remains unclear whether this involves 
GABA and glutamatergic inputs. Moore et al21 recently examined 
this issue in an ovariectomised, oestradiol-treated mouse model and, 
surprisingly, found little change in the numbers of vesicular GABA 
transporter (VGAT) or VGLUT2-immunoreactive terminals opposing 
the GnRH neuron cell body and proximal dendrites around the time 
of the LH surge.

In the present study, we have taken advantage of recent devel-
opments in super-resolution microscopy to re-examine the issue of 
structural GABA and glutamate synaptic plasticity in relation to the 
GnRH neurons at the onset of the GnRH surge and done so in intact 
female mice. Expansion microscopy (ExM) utilises isotropic tissue 

swelling to expand the sample so that regular confocal imaging can 
achieve the necessary resolution required to identify bona fide syn-
apses in the brain.22

2  | MATERIAL S AND METHODS

2.1 | Mice

Female C57BL/6 GnRH-green fluorescent protein (GFP) mice23 
aged between 2 and 4  months old were used for immunohisto-
chemistry and ExM. The mice were maintained under a 12:12-hour 
light/dark photocycle (lights off 6.00 pm) with access to food and 
water available ad lib. Experimental procedures were undertaken 
in accordance with the University of Otago Animal Welfare and 
Ethics Committee. Female GnRH-GFP mice exhibiting at least 
3 regular oestrous cycles were killed for experiments between 
2.00 pm and 4.00 pm on dioestrus (N = 4) or pro-oestrus (N = 4). The 
pro-oestrous LH surge commences at 5.00 pm (1 hour before lights 
off) in this mouse colony.24

2.2 | Immunohistochemistry

Mice received a fatal dose of pentobarbital (2 mg kg-1 body weight) 
and were perfused transcardially with 4% paraformaldehyde in 0.1 m 
phosphate-buffered saline (Sigma-Aldrich, St Louis, MO, USA; pH 
7.6). Coronal brain sections of 50 μm thickness were cut using a vi-
bratome and sections stored in cryoprotectant until used. Sections 
were pre-treated with 0.1% sodium borohydrate (Sigma-Aldrich) 
in Tris-buffered saline (TBS) for 15 min at room temperature and 
then further treated with 0.1% Triton-X-100 (Sigma-Aldrich) and 
2% goat serum in TBS overnight at 4℃. Sections were then washed 
in TBS and incubated for 72 h at 4℃ with different combinations 
of primary antisera added to the incubation solution containing 
TBS, 0.25% Triton-X-100, 0.3% bovine serum albumin and 2% goat 
serum. Antibodies for presynaptic markers were guinea pig anti-
synaptophysin 1 (dilution 1:800; Synaptic Systems, Goettingen, 
Germany), rabbit anti-VGLUT2 (dilution 1:800; Synaptic Systems) 
and VGAT (dilution 1:800; Synaptic Systems). Guinea pig anti-
gephyrin (dilution 1:800; Synaptic Systems) and guinea-pig anti-
Homer1 (dilution 1:800; Synaptic Systems) were used for labelling 
postsynaptic markers. The specificity of the antibodies in mouse 
brain has been reported previously.25-28 Controls were performed 
in the absence of one or both primary antibodies. Reabsorption of 
the Homer1 antisera was undertaken by incubation with Homer1 
peptide for 48  h at 4℃. After washing, the sections were incu-
bated with biotinylated anti-guinea pig immunoglobulins (IgG; 
Vector Laboratories, Burlingame, CA, USA) combined with Alexa 
488-conjugated goat anti-chicken (Molecular Probes, Eugene, OR, 
USA) and ATTO 647-conjugated goat anti-rabbit (Sigma-Aldrich) 
secondary antibodies for 15 hours at 4℃. A full list of antisera used 
is provided in Table 1.
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2.3 | Expansion microscopy

The ExM was carried out as previously reported in detail.10 After 
washing, sections were stained with 1:1000 Hoechst dye (Life 
Technologies, Carlsbad, CA, USA) for 15  min to label cell nuclei. 
Sections underwent linking with anchoring agent (methacrylic acid 
N-hydroxysuccinimide ester; 2 mm) for 1.5 hours and then incuba-
tion with monomer solution on ice for 45 minutes. Sections were 
then immersed in gelling solution within the gelation chamber at 
37℃ for 2 hours. The gelling solution is made from a combination 
of monomer solution, 0.01% 4-hydroxy TEMPO, 0.2% tetramethyl-
ethylenediamine and 0.2% ammonium persulfate in defined propor-
tions. Next, the gel-embedded sections were trimmed and digested 
overnight with proteinase K at 37℃. The samples were incubated 
with strepavidin-568 (dilution 1:1500) at 37℃ for 3  hours. The 
568-fluorophore was not compatible with the gelation process; 
therefore, it was added after the gelation step. Increasing the in-
cubation temperature improved the diffusion of streptavidin mol-
ecules in the gel. Finally, expansion was undertaken by adding water 
every 20 minutes, up to 5 times. Expanded samples were placed in 
an imaging chamber and cover slipped using #1.5 (0.17 mm) glass.

2.4 | Image analysis

The definition of a synapse with ExM relies on the detection of suf-
ficient overlap between the fluorescent labels of the pre- and post-
synaptic markers.10 Although the tissue expansion increases the 
apparent final resolution of ExM into the superresolution realm, the 
confocal microscopy used for imaging the specimen is still diffraction-
limited. This means that pre- and postsynaptic structures divided by 
a synaptic cleft even with this technique show some overlap of their 
image intensity profiles. Using VGAT and gephyrin immunofluores-
cence to define GABA synapses on GnRH-GFP neurons, we have 
previously calculated that, with our microscope (see details below), 
the overlap between a presynaptic marker and cytoplasmic GFP in 
a GnRH-GFP neuron must be > 0.95 μm (0.23 μm pre-expansion) in 
the “side-on” fluorescence profile view to be considered a synapse10 
(ie, every VGAT-gephyrin synapse has an overlap between VGAT and 
GnRH-GFP fluorescence greater than 0.95 μm). Not all synapses can 
be rotated to provide a side-on view and, in those cases, a “z-stack/
face-view” profile of multiple imaged synapses is required and with 
this orientation, the fluorescence needs to overlap by >  1.75  μm 
(0.42 μm pre-expansion) to account for decreased resolution along 
this imaging axis and to be considered a synapse.10 To determine the 
degree of tissue swelling, the diameter of the nuclei of individual 
GnRH neurons were measured before and after gelation.

All imaging was performed using an A1R upright confocal mi-
croscope (Nikon, Tokyo, Japan) with images captured using a water-
immersion lens (25× NA 1.1; working distance 2 mm). Alexa Fluor 
488, Alexa Fluor 568 (BD Biosciences, Frankin Lakes, NJ, USA) and 
ATTO 647 (ATTO-TEC, Siegen, Germany) were excited with 488, 
561 and 640 nm laser lines and emission was collected in the ranges 

500-550 nm, 580-620 nm and 620-660 nm bandpass emission fil-
ters, respectively. All images were captured using sequential scan-
ning mode and image stacks (frames: 102.51 × 51.25 µm, 1024 × 512 
pixels) were collected with focus intervals of 0.6 μm. Images were 
analysed using ImageJ (NIH, Bethesda, MD, USA) and GnRH neurons 
were selected at random from three rostral preoptic area sections in 
each mouse. In total, 250 μm (60 μm pre-expansion) of continuous 
primary dendrite extending from the GnRH cell body was imaged se-
quentially. Synaptophysin/VGLUT2/VGAT boutons that were more 
than 0.4 μm in diameter and in apparent close contact with a GnRH-
GFP soma or proximal dendrite were selected for the line scan or 
z-stack analysis. A line scan was performed and the relative intensity 
of the Alexa Fluor 488 and Alexa Fluor 568 or ATTTO 647 was mea-
sured and plotted in Excel (Microsoft Corp., Redmond, WA, USA). 
For the z-stack face view orientation, a 2 µm × 2 µm (width × length) 
box was drawn over the bouton to measure the average intensity 
of each channel in z-stack through the scan. Appositions meeting 
the criteria noted above were counted as synapses. The distribu-
tion of synaptophysin, glutamatergic and GABAergic synapses were 
mapped to the entire soma and four 15 μm-lengths of the proximal 
dendrite: 0-15 μm, 16-30 μm, 31-45 μm and 46-60 μm to maintain 
consistency with previous studies.20,21 Three-dimensional recon-
structions of GnRH proximal dendrites displaying synaptophysin 
appositions were performed with an Open Source visualisation and 
analysis software suite, Vaa3D.29

2.5 | Statistical analysis

Statistical analyses were performed using Prism (GraphPad Software 
Inc., San Diego, CA, USA). Two-way ANOVA with repeated-measures 
was applied to compare the mean number of synapses on soma and 
on dendrite segments every 15 µm between pro-oestrous and dioes-
trous animals. Full statistical details for each analysis are provided 
in Table 2.

3  | RESULTS

By assessing the size of the GnRH neuron nuclei before and after 
expansion, we determined that the ExM procedure enlarged brain 
sections by a factor of 4.17 ± 0.01 (n = 43).

3.1 | Distribution of synaptic inputs along the GnRH 
neuron soma and proximal dendrite

We first assessed the distribution of all synapses along the GnRH 
neuron using synaptophysin as a general presynaptic marker.21,30 
All mice exhibited GnRH neurons surrounded by typical punctate 
synaptophysin immunoreactivity (Figure  1) that was completely 
absent when the primary antibody was omitted from the immuno-
histochemistry (not shown). Many close appositions were detected 
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between synaptophysin boutons and GnRH neurons but only some 
satisfied the criteria for a synapse. Figure  1 shows examples of 
bona fide synapses in the z-stack face-on view (Figure 1i) and side-
on view (Figure 1ii) and a close apposition that is not forming a 
direct synapse (Figure 1iii). Quantitative analysis revealed that the 
average density of synapses peaked in the 0-45  µm segment of 
the proximal dendrite (0.19 ±  0.01 synapses  µm-1) compared to 
the soma (0.08 ± 0.01 synapses µm-1) and beyond 45 µm on the 
dendrite (0.05  ±  0.01 synapses  µm-1) (Figure  2 and Table  3). No 
significant differences in the numbers of synaptophysin-defined 
synapses were detected between dioestrous (24 neurons, N = 4) 
and pro-oestrous mice (24 neurons, N =  4) (two-way repeated-
measures ANOVA, P  =  0.27) (Figure  2C). The average synaptic 
densities across the soma and first 60  µm of proximal dendrite 
were 0.17 ± 0.01 synapses µm-1 at dioestrous and 0.16 ± 0.01 syn-
apses µm-1 at pro-oestrous.

3.2 | Distribution of GABAergic and glutamatergic 
inputs along the GnRH neuron soma and 
proximal dendrite

We assessed glutamatergic and GABAergic inputs to the GnRH neu-
ron by labelling for synaptophysin and GFP combined with the pr-
esynaptic markers VGAT or VGLUT2. The specificity of VGAT and 
VGLUT2 antibodies have been described previously.25,26 The ab-
sence of primary antibodies in the present experiments resulted in 
no detectable immunofluorescence (not shown).

Glutamatergic synapses were defined as being boutons that 
contained both synaptophysin and VGLUT2 immunofluorescence 
that formed a sufficient ExM overlap with the cytoplasmic GFP of 
the GnRH neuron (Figure 3A). Spatial analysis revealed a distribu-
tion of VGLUT2 synaptic density that was similar to that of synapto-
physin with relatively high densities in the 0-45-µm segment of the 

F I G U R E  1  Expansion microscopy 
image showing multiple synaptophysin 
boutons (Alexa Fluor 568, red) 
surrounding the proximal dendrite 
of a green fluorescent protein (GFP)-
expressing gonadotrophin-releasing 
hormone (GnRH) neuron (Alexa Fluor 488, 
green) in a female GnRH-GFP mouse. 
A three-dimensional reconstruction of 
the dendrite is provided below in which 
three appositions (i-iii) are analysed using 
linear or square regions of interest (ROIs) 
(bottom) to determine the proximity 
of each synaptophysin bouton to the 
dendrite. Apposition (i) is analysed in the 
face-view (z-axis, square ROI), whereas 
(ii) and (iii) are analysed in the side-on 
view (linear ROI). Appositions (i) and (ii) 
represent synapses with an overlap in 
synaptophysin fluorescence and GnRH-
GFP fluorescence that is > 1.75 μm 
(0.42 μm pre-expansion) in the face-view 
(i) and > 0.95 μm (0.23 μm pre-expansion) 
in the side-on view (ii). Apposition iii does 
not represent a synapse. Scale bars give 
pre-expansion values with the post-
expansion scale in brackets
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proximal dendrite (approximately 0.09 synapses μm-1) (Figure 3B) 
compared to the soma or more distal on the dendrite (approximately 
0.03 synapses μm-1) (Table 3). No significant differences were de-
tected between dioestrous (16 neurons, N = 4) and pro-oestrous 
mice (16 neurons, N =  4) (two-way repeated-measures ANOVA, 

P = 0.23). Overall synaptic densities for the proximal dendrite (0-
60 µm) were 0.08 ± 0.01 μm-1 in dioestrus and 0.07 ± 0.01 μm-1 in 
pro-oestrus and 0.03 ± 0.01 μm-1 for the soma in both stages of 
the cycle (Figure 3B). The densities per 15-µm segment are given 
in Table 3.

GABAergic synapses were similarly defined as locations where 
boutons containing both synaptophysin and VGAT formed a suf-
ficient overlap with cytoplasmic GFP (Figure  3C). In this case, we 
found that GABAergic synapses were clustered predominantly in the 
16-45-µm segment of the proximal dendrite (approximately 0.06 syn-
apses μm-1) with very few synapses detected elsewhere (Figure 3D 
and Table  3). Again, no differences were detected between dio-
estrous (16 cells, N = 4) and pro-oestrous mice (16 cells, N = 4) with 
overall dendritic (0-60 μm) synaptic densities being 0.04 ± 0.01 μm-1 
and 0.03 ± 0.01 μm-1, respectively, and 0.01 ± 0.01 μm on the soma 
for both dioestrus and pro-oestrus (two-way repeated-measures 
ANOVA, P = 0.69) (Figure 3B). The densities per 15-µm segment are 
given in Table 3.

An alternative and potentially more definitive method for de-
termining glutamatergic and GABAergic synapses is to combine the 
presynaptic markers VGLUT2 and VGAT with postsynaptic markers 
for glutamatergic and GABAergic synapses. Practically, choices for 
the latter are restricted to proteins that have antisera well char-
acterised to work in mouse brain tissue. We used Homer1, a scaf-
fold protein at glutamatergic synapses31 and gephyrin that clusters 
GABAA receptors to synapses.32 Synapses were defined as loca-
tions where Homer1/gephyrin immunoreactivity within the GFP-
tagged cytoplasm overlapped with the presynaptic VGLUT2/VGAT 
immunofluorescence as defined above (Figure  4). The specificity 
of the gephyrin antibody has been validated previously.27Homer1 
antisera preadsorbed with Homer1 control peptide eliminated all 
labelling.

For glutamate, VGLUT2-Homer1 synapses were detected with 
increasing density along the primary dendrite to peak at the 31-
45-μm segment with an abrupt decline thereafter (Figure  5). The 
average density of this segment in dioestrous mice is 0.08 ± 0.02 
synapses μm-1 and 0.07 ± 0.02 synapses μm-1 in pro-oestrous mice. 
Very few VGLUT2-Homer1 synapses were detected on the soma 
(Figure  5C). No differences were detected between dioestrous 
(13 cells, N = 4) and pro-oestrous mice (12 cells, N = 4) (two-way 
repeated-measures ANOVA, P  =  0.98). Average synaptic densities 
along the 0-60  μm of the dendrite were 0.03  ±  0.01  μm-1 in dio-
estrous and pro-oestrous mice (Figure 5C). Densities per 15-µm seg-
ment are given in Table 3.

For GABA inputs, a low density of VGAT-gephyrin synapses was 
detected along the dendrite with very few (0-0.01 synapses μm-1) 
on the soma (Figure 6 and Table 3). Peak density on the primary 
dendrite was observed in the 16-45-μm segment, at 0.03 ± 0.07 
synapses μm-1. No significant differences were detected between 
GnRH neurons from dioestrous (10 cells, N = 4) and pro-oestrous 
mice (12 cells, N  =  4) (two-way repeated-measures ANOVA, 
P = 0.98) (Figure 6C).

F I G U R E  2   Distribution of synaptophysin synapses on 
gonadotrophin-releasing hormone (GnRH) neuron cell bodies and 
proximal dendrites. A and B, Expansion microscopy images showing 
multiple synaptophysin boutons apposing green fluorescent protein 
(GFP)-filled GnRH proximal dendrites within a 9-μm segment 
(pre-expansion) in dioestrous (A) and pro-oestrous (B) mice. C, 
Histogram showing the mean ± SEM number of synaptophysin 
synapses identified on the GnRH neuron soma and sequential 15-
μm segments of the proximal dendrite in dioestrous (black bars, 24 
neurons from 4 mice) and pro-oestrous (open bars, 24 neurons from 
4 mice) mice killed just prior to the onset of the luteinising hormone 
(LH) surge. No significant differences were detected. Scale bars 
give pre-expansion values with the post-expansion scale in brackets
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4  | DISCUSSION

In the present study, we report the density and spatial distribution of 
synaptic inputs to the mouse GnRH neuron cell body and proximal 
dendrite using ExM. This methodology has gained rapid popularity 
in neuroscience because of its ability to overcome the inadequate 
resolution afforded by conventional confocal microscopy to define a 
synapse.22 Serial ultrastructural reconstructions have demonstrated 
that only approximately 10% of axons apposed to a dendritic spine 
actually form a synapse, raising caution when interpreting confocal 
apposition data.33 Accordingly, we note that the densities of syn-
aptophysin, VGAT and VGLUT2 synapses reported here on GnRH 
neurons are 4- to 5-fold lower than the numbers of appositions 
detected with regular confocal analysis in a similar mouse model.21 

Nevertheless, ExM remains dependent upon immunohistochemical 
detection and the degree to which synapses are under-represented 
with this approach is unclear. The density of spines on mouse GnRH 
neurons,20,34 which would reasonably be assumed to represent sites 
of synaptic input, is approximately double that reported here for 
synaptophysin-defined synapses with ExM.

One of the most striking observations in the present study was 
that synaptic inputs to the GnRH neuron were differentially clus-
tered into the first 45  µm of proximal dendrite with many fewer 
inputs to the cell body or beyond 45 µm. The low density of syn-
aptic inputs to the cell body is reminiscent of early electron micro-
scopic analyses that found very few, if any, synapses on the cell 
body of GnRH neurons.35 The more extensive analysis of the GnRH 
neuron dendrites afforded by dye-filling GnRH neurons in situ has 

TA B L E  3   Densities of synaptic inputs on the gonadotrophin-releasing hormone neuron soma and sequential 15 micrometer segments of 
their proximal dendrites (density of synapses/µm, mean ± SEM)

Synaptophysin Dioestrus (n = 24 cells) Pro-oestrus (n = 24 cells)

Soma 0.08 ± 0.01 0.09 ± 0.01

0-15 µm 0.17 ± 0.01 0.16 ± 0.01

16-30 µm 0.20 ± 0.01 0.19 ± 0.01

31-45 µm 0.16 ± 0.01 0.18 ± 0.01

46-60 µm 0.05 ± 0.01 0.05 ± 0.01

VGLUT2-synaptophysin Dioestrus (n = 16 cells) Pro-oestrus (n = 16 cells)

Soma 0.03 ± 0.01 0.03 ± 0.01

0-15 µm 0.07 ± 0.01 0.06 ± 0.01

16-30 µm 0.10 ± 0.01 0.08 ± 0.01

31-45 µm 0.11 ± 0.01 0.10 ± 0.01

46-60 µm 0.02 ± 0.01 0.04 ± 0.01

VGAT-synaptophysin Dioestrus (n = 16 cells) Pro-oestrus (n = 16 cells)

Soma 0.01 ± 0.01 0.01 ± 0.01

0-15 µm 0.02 ± 0.01 0.01 ± 0.01

16-30 µm 0.05 ± 0.01 0.04 ± 0.01

31-45 µm 0.06 ± 0.01 0.05 ± 0.01

46-60 µm 0.01 ± 0.01 0.02 ± 0.01

VGLUT2-Homer1 Dioestrus (n = 13 cells) Pro-oestrus (n = 12 cells)

Soma 0.01 ± 0.01 0.01 ± 0.01

0-15 µm 0.02 ± 0.01 0.02 ± 0.01

16-30 µm 0.06 ± 0.01 0.05 ± 0.02

31-45 µm 0.08 ± 0.02 0.07 ± 0.02

46-60 µm 0.02 ± 0.01 0.01 ± 0.01

VGAT-gephyrin Dioestrus (n = 10 cells) Pro-oestrus (n = 12 cells)

Soma 0 0.01 ± 0.01

0-15 µm 0.01 ± 0.01 0.01 ± 0.01

16-30 µm 0.02 ± 0.01 0.02 ± 0.01

31-45 µm 0.03 ± 0.02 0.03 ± 0.01

46-60 µm 0.01 ± 0.01 0.01 ± 0.01

Abbreviations: VGAT, vesicular GABA transporter; VGLUT2, vesicular glutamate transporter 2.
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similarly shown that the highest density of spines occurs with the 
first 50 µm of dendrite with values halving beyond this.34 We have 
recently reported that the highest density of synaptic inputs to the 
GnRH neuron occurs at its distal-most projections, the dendrons, 
just before they pass into the median eminence.10 This indicates 

that GnRH neurons have two sites of high density synaptic input; 
one in the proximal dendrite near the cell body and the other at the 
distal dendrons.

We find here that GABA and glutamate inputs within this dendritic 
“hot spot” have distinct spatial distributions. As reflected in both the 

F I G U R E  3  Distribution of GABA and glutamate synapses on gonadotrophin-releasing hormone (GnRH) neuron cell bodies and proximal 
dendrites. A, Expansion microscopy image showing vesicular glutamate transporter 2 (VGLUT2)-colocalised synaptophysin boutons apposing 
a green fluorescent protein (GFP)-expressing GnRH neuron proximal dendrite in a dioestrous female GnRH-GFP mouse. These boutons 
(i-ii) are analysed using square regions of interest (ROIs) in the face-view (z-axis) showing an overlap of > 1.75 μm (0.42 μm pre-expansion) 
between VGLUT2-colocalised synaptophysin fluorescence (VGLUT2 - ATTO 647, yellow; synaptophysin - Alexa Fluor 568, red) and GnRH-
GFP fluorescence (Alexa Fluor 488, green). B, Histogram displaying the mean ± SEM number of VGLUT2-colabelled synaptophysin boutons 
found on GnRH soma and consecutive 15-μm segments of the proximal dendrite in dioestrous (black bars, 16 neurons from 4 mice) and pro-
oestrous mice (open bars, 16 neurons from 4 mice). No significant differences were found. C, Expansion microscopy image demonstrating a 
vesicular GABA transporter (VGAT)-colocalised synaptophysin bouton on a GFP-filled GnRH proximal dendrite of a pro-oestrous GnRH-GFP 
mouse. (i) (below), Line ROI analysis of the VGAT-colabelled synaptophysin bouton displaying an overlap of at least 0.95 μm (side-view plane) 
between VGAT+synaptophysin fluorescence (VGAT - ATTO 647, cyan; synaptophysin - Alexa Fluor 568, red) and GnRH-GFP fluorescence 
(Alexa Fluor 488; green). D, Histogram showing the mean ± SEM number of VGAT-colocalised synaptophysin boutons found on GnRH soma 
and sequential 15-μm segments of the proximal dendrite. There were no significant differences between dioestrous (black bars, 16 neurons 
from 4 mice) and pro-oestrous mice (open bars, 16 neurons from 4 mice). Scale bars indicate pre-expansion values with the post-expansion 
scale in brackets
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VGLUT2-synaptophysin and VGLUT2-homer analyses, the density 
of glutamatergic inputs increased gradually along the dendrite until 
dropping precipitously after 45 µm. By contrast, GABAergic inputs, 
again seen in both VGAT-synaptophysin and VGAT-gephyrin experi-
ments, were evenly concentrated in just the 16 - 45-µm segment of 
the dendrite. These data demonstrate that this 30-µm compartment 
of the dendrite receives abundant glutamatergic and GABAergic 

excitatory drive, suggesting that it may be involved in action po-
tential initiation for the surge. Interestingly, analysis with electro-
physiology and ankyrin-G immunohistochemistry demonstrates 
that the approximately 30-µm long action potential initiation site of 
GnRH neurons is typically located around 100 µm out on one of the 
dendrites.36,37 It was not possible to include an ankyrin-G label in 
the present studies, but the present observations suggest that the 

F I G U R E  4  Glutamate-Homer and GABAA receptor synapses on gonadotrophin-releasing hormone (GnRH) neuron cell bodies and 
proximal dendrites. A, Expansion microscopy image showing vesicular glutamate transporter 2 (VGLUT2)-Homer1 synapses on a green 
fluorescent protein (GFP)-expressing GnRH neuron proximal dendrite in a dioestrous female GnRH-GFP mouse. (i-iii), Individual VGLUT2-
Homer1 synapses analysed in the side-on view using line regions of interest (ROIs), demonstrating an overlap of at least 0.95 μm between 
VGLUT2 fluorescence (ATTO 647, yellow) and GnRH-GFP fluorescence (Alexa Fluor 488, green), with the presence of postsynaptic Homer1 
(Alexa Fluor 568, magenta) within the GnRH neuron proximal dendrite. B, Expansion microscopy image showing a GABAA (vesicular GABA 
transporter [VGAT]-gephyrin) synapse on the proximal dendrite of a dioestrous GnRH-GFP neuron. (i), Line ROI analysis of the VGAT-
gephyrin synapse displaying an overlap of at least 0.95 μm (side-view plane) between the VGAT fluorescence (ATTO 647; cyan) and GnRH-
GFP fluorescence (Alexa Fluor 488; green) and the presence of postsynaptic gephyrin (Alexa Fluor 568, red) within the GnRH proximal 
dendrite. Scale bars show pre-expansion values with the post-expansion scale in brackets
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excitatory “hot-spot” on the dendrite is proximal to, rather than at, 
the action potential initiation site.

Although we cannot necessarily assume equal efficiencies of 
our vGLUT2 and VGAT immunohistochemistry, it appears that there 
are twice as many glutamatergic as GABAergic inputs to the GnRH 
neuron cell soma and proximal dendrite. This has not been detected 
previously. Although the frequency of GABAA receptor-mediated 
postsynaptic currents recorded from the GnRH neuron cell body 
is typically much higher than that of AMPA receptor-mediated 
events,4,38 it is important to consider that these events reflect 

spontaneous release rates as much as the numbers of synapses 
present.39 The predominance of glutamatergic inputs to the GnRH 
neuron proximal dendrite may be compatible with long-standing13 
and more recent14 evidence for an important role of glutamate trans-
mission in the generation of the LH surge.

For the most part, the combined density of glutamatergic and 
GABAergic synapses approximates the total density of synapto-
physin synapses. However, there may be up to 25% of synapses on 
the soma and initial proximal dendrite that use neither amino acid 
transmitter. Large scale gene profiling of individual neurons indicates 

F I G U R E  5  Distribution of vesicular glutamate transporter 2 (VGLUT2)-Homer1 synapses on gonadotrophin-releasing hormone (GnRH) 
neuron cell bodies and proximal dendrites. A, Expansion microscopy images stitched together to delineate the spatial distribution of 
VGLUT2-Homer1 synapses (indicated by white triangles) on GnRH neural soma and proximal dendrite in a dioestrous female GnRH-green 
fluorescent protein (GFP) mouse. B (i-iii), Higher magnification images of the selected regions showing side-views of VGLUT2-Homer1 
synapses on the GFP-filled GnRH neuron proximal dendrite with an overlap of > 0.95 μm (0.23 μm pre-expansion) in VGLUT2 fluorescence 
(ATTO 647, yellow) and GnRH-GFP fluorescence (Alexa Fluor 488, green). C, Histogram showing the mean ± SEM number of VGLUT2-
Homer1 synapses found on the GnRH neuron soma and consecutive 15-μm segments of the proximal dendrite in dioestrous (black bars, 
13 neurons from 4 mice) and pro-oestrous mice (open bars, 12 neurons from 4 mice). No significant differences were observed. Scale bars 
indicate pre-expansion values with the post-expansion scale in brackets

F I G U R E  6   Distribution of vesicular 
GABA transporter (VGAT)-gephyrin 
synapses on gonadotrophin-releasing 
hormone (GnRH) neuron cell bodies 
and proximal dendrites. A, Expansion 
microscopy images demonstrating the 
relatively sparse distribution of VGAT-
gephyrin synapses (indicated with white 
triangles) on the GnRH neuron proximal 
dendrite of a pro-oestrous female GnRH-
green fluorescent protein (GFP) mouse. 
B, Higher magnification image of a region 
displaying VGAT-gephyrin synapses on a 
GFP-tagged GnRH proximal dendrite in 
side-view (i) with an overlap of > 0.95 μm 
(0.23 μm pre-expansion) and in face-view 
(ii) with an overlap of > 1.75 μm (0.42 μm 
pre-expansion) in VGAT fluorescence 
(ATTO 647, cyan) and GnRH-GFP 
fluorescence (Alexa Fluor 488, green). 
C, Histogram showing the mean ± SEM 
number of VGAT-gephyrin synapses found 
on the GnRH neuron soma and sequential 
15-μm segments of the proximal dendrite. 
No significant differences were identified 
in dioestrous (black bars, 10 neurons from 
4 mice) and pro-oestrous mice (open bars, 
12 neurons from 4 mice). Scale bars show 
pre-expansion values with the post-
expansion scale in brackets
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that all forebrain neurons, including those in the hypothalamus, are 
either glutamatergic or GABAergic.40 As such, the few non-GABA, 
non-glutamate synapses identified on the soma and proximal den-
drite may represent technical false negatives or rare inputs that do 
not use amino acid transmitters.

Evidence for synaptic plasticity at the GnRH neuron cell body and 
proximal dendrite in relation to the LH surge is inconsistent and, very 
likely, dependent on the animal model used. Electrophysiological stud-
ies using an ovariectomised, oestrogen-treated, daily cycling animal 
model have clearly demonstrated changes in GABAA receptor signalling 
at the GnRH neuron at the time of the surge.15 However, these same 
changes were not identified when using a more conventional ovariec-
tomised, oestrogen-treated model or pro-oestrous mice.17,18 In terms 
of morphology, the most striking observation has been an increase in 
cell body and proximal dendrite spine density in surging cFos-positive 
GnRH neurons in conventional ovariectomised, oestrogen-treated 
mice.20 However, later studies in the same mouse model were unable 
to document any changes in the numbers of synaptophysin appositions 
detected on surging GnRH neurons; the only difference was in VGAT 
appositions on the cell body of non-surging GnRH neurons.21 Thus, 
there appears to be a curious and presently unexplained disassocia-
tion between changes in spine density and synaptic density on GnRH 
neuron proximal dendrites.41 It would be of great interest to be able 
to examine synaptic plasticity across time in individual surging GnRH 
neurons, but this is not yet technically feasible.

Mice killed just prior to the onset of the pro-oestrous LH surge 
and at the same time on dioestrus were found here to have equal 
densities of synaptophysin, VGAT and VGLUT2 synapses on the 
cell body and proximal dendrite of preoptic area GnRH neurons. 
These results are very similar to those observed in ovariecto-
mised, oestrogen-treated mice killed at the peak of the LH surge.21 
This suggests that neither the pro-oestrous, nor ovariectomised, 
oestrogen-evoked LH surge is associated with morphological 
changes in GABAergic or glutamatergic inputs to the GnRH neuron. 
This is consistent with the electrophysiological findings and, taken 
together, this indicates a lack of any robust synaptic plasticity at the 
GnRH neuron cell body and proximal dendrite immediately prior to 
or during the pro-oestrous GnRH/LH surge in mice.

Although synapse density may not change, it nevertheless re-
mains likely that presynaptic transmitter release and postsynaptic 
receptor dynamics and at the GnRH neuron are altered at the time of 
the surge. For example, the subunit composition of AMPA receptors 
expressed by GnRH neurons has been reported to change at the time 
of the LH surge in rats.16 The primary driver of the abrupt increase in 
GnRH secretion at the surge is considered to arise from presynaptic 
changes in electrical transmission driven by ESR1-modulated primary 
afferents. Precisely which combination of neurochemical inputs is re-
quired for GnRH neuron activation remains unclear. Although much 
evidence supports an important role for RP3V kisspeptin neurons,42 
a recent study generating an approximately 60% knockdown of ESR1 
in RP3V kisspeptin neurons found only blunted LH surges and no ef-
fect on oestrous cyclicity.12 A similar situation exists for GABA; de-
spite GABAA receptor transmission being very important for GnRH 

neuron firing in vivo,43 a 90% knockdown in GnRH neuron GABAA 
receptor expression had no effect on the LH surge mechanism44 and 
a functional role for RP3V GABA neuron transmission in surge gen-
eration has not been identified.11 At present, the ability to examine 
kisspeptin, GABAergic or glutamatergic transmission specifically at 
the GnRH neuron in vivo remains a significant technical challenge.

In summary, we have used ExM to assess the distribution of 
synapses on proximal elements of the GnRH neuron. We find that 
a “hot-spot” of excitatory GABAergic and glutamatergic innervation 
occurs 15-45 µm down the proximal dendrite with very few synapses 
on the cell body or distal to this region. No changes in the density 
of all synapses or GABAergic or glutamatergic synapses were found 
when comparing dioestrous and pro-oestrous mice. This suggests an 
absence of significant synaptic plasticity at the soma and dendrite of 
the GnRH neuron prior to the onset of GnRH surge in mice.
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