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Abstract

Glucagon-like peptide-1 (GLP-1) regulates reproduction centrally, although, the neuroanatomical basis of the process is
unknown. Therefore, the putative networking of the central GLP-1 and gonadotropin-releasing hormone (GnRH) systems was
addressed in male mice using whole mount immunocytochemistry and optogenetics. Enhanced antibody penetration and opti-
cal clearing procedures applied to 500—1000 pm thick basal forebrain slices allowed the simultaneous visualization of the two
distinct systems in the basal forebrain. Beaded GLP-1-IR axons innervated about a quarter of GnRH neurons (23.2 +1.4%)
forming either single or multiple contacts. GnRH dendrites received a more intense GLP-1 innervation (64.6 +0.03%) than
perikarya (35.4+0.03%). The physiological significance of the innervation was examined by optogenetic activation of chan-
nelrhodopsin-2 (ChR2)-expressing axons of preproglucagon (GCG) neurons upon the firing of GnRH neurons by patch clamp
electrophysiology in acute brain slices of triple transgenic mice (Gcg-cre/ChR2/GFP-GnRH). High-frequency laser beam
stimulation (20 Hz, 10 ms pulse width, 3 mW laser power) of ChR2-expressing GCG axons in the mPOA increased the firing
rate of GnRH neurons (by 75 +£17.3%, p=0.0007). Application of the GLP-1 receptor antagonist, Exendin-3-(9-39) (1 pM),
prior to the photo-stimulation, abolished the facilitatory effect. In contrast, low-frequency trains of laser pulses (0.2 Hz, 60
pulses) had no effect on the spontaneous postsynaptic currents of GnRH neurons. The findings indicate a direct wiring of
GLP-1 neurons with GnRH cells which route is excitatory for the GnRH system. The pathway may relay metabolic signals
to GnRH neurons and synchronize metabolism with reproduction.
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and different nuclei of hindbrain (Trapp and Cork 2015).
Accordingly, its G-protein-coupled receptor (GLP-1R) is
also widely expressed in the brain including centers regulat-
ing homeostasis (Goke et al. 1995; Scrocchi et al. 1996; Wei
and Mojsov 1995; Cork et al. 2015; Li et al. 2003; Richard
et al. 2014; Richards et al. 2014; Sandoval and Sisley 2015;
Sandoval et al. 2008). In a recent report, the chemogenetic
activation of preproglucagon (GCG) synthesizing neurons
of the NTS has been shown to reduce food intake and body
weight via their communication with downstream homeo-
static regulatory centers (Gaykema et al. 2017).

GLP-1 has also been identified as a modulator of the
hypothalamo-pituitary-gonadal (HPG) axis. A previous
study (Beak et al. 1998) has explored that GLP-1 admin-
istration evokes a concentration-dependent increase in
gonadotropin-releasing hormone (GnRH) release from the
immortalized GnRH-producing GT1-7 neurons (Wetsel
et al. 1992; Mellon et al. 1990) and its intracerebroventricu-
lar injection increases the plasma luteinizing hormone (LH)
level of male rats (Beak et al. 1998). Furthermore, knock-
ing out the GLP-1 receptor (GLP-1R) in mice resulted in
reduced gonadal weights in males and a slight delay in the
onset of puberty in females (MacLusky et al. 2000). Previous
in vivo studies have elucidated the role of GLP-1 in increas-
ing the amplitude of the preovulatory LH surge, regulat-
ing estradiol and progesterone levels and augmenting the
number of Graafian follicles and corpora lutea (Outeirino-
Iglesias et al. 2015). We have recently addressed the effects
of GLP-1 receptor activation on the electrophysiological
properties of GnRH neurons in acute brain slice prepara-
tions (Farkas et al. 2016). These studies elucidated that the
potent GLP-1 receptor agonist, Exendin 4, elevated the firing
rate of GnRH neurons and increased the frequency of min-
iature GABAergic postsynaptic currents (mPSCs) in GnRH
cells. Regarding the downstream molecular cascades, the
activation of GLP-1R facilitates the nitric oxide (NO) and
suppresses the endocannabinoid retrograde signaling path-
ways, both mechanisms are known to target the excitatory,
presynaptic GABA-ergic terminals (Farkas et al. 2010, 2016;
Moenter and DeFazio 2005). GLP-1 receptors expressed in
GnRH neurons (Farkas et al. 2016) may receive the hormo-
nal signal from two distinct anatomical sources, the gut and
the brain. The regulatory actions of brain-derived GLP-1
on GnRH neurons presume the networking of the central
GCG neuronal system with GnRH neurons. However, the
fine structural details, the intensity and the physiological
significance of networking have not been elucidated yet.

The present study was undertaken to shed light on the
structural characteristics of communication between the
central GLP-1 and GnRH neuron systems and explore its
physiological role. The simultaneous immunofluorescent
detection of GLP-1 and GnRH immunoreactive (IR) ele-
ments in combination with the recently invented 3DISCO
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(3-Dimensional Imaging of Solvent-Cleared Organs)
technique (Erturk et al. 2012) allowed the visualization,
3-dimensional (3D) reconstruction and quantitative analysis
of the interacting neuronal systems in thick (500-1000 mm)
brain slices. Optogenetics and patch clamp electrophysiol-
ogy—performed on acute basal forebrain slices from a triple
transgenic mouse line—were used to address the functional
correlates of the explored networking. The results collec-
tively indicate that a subset of GnRH neurons receives a
substantial GLP-1-IR innervation arising from the medulla
oblongata and optogenetic stimulation of these specific affer-
ents evokes GLP-1 release that, in turn, modifies the firing
pattern of GnRH neurons.

Materials and methods
Ethics statement

All animal studies were carried out with permissions from
the Animal Welfare Committee of the Institute of Experi-
mental Medicine (Permission Number: A5769-01) and in
accordance with legal requirements of the European Com-
munity (Directive 2010/63/EU). All animal experimentation
described was conducted in accord with accepted standards
of humane animal care and all efforts were made to mini-
mize suffering.

Animals

Adult, male transgenic mice on the C57B1/6 J or BI6Fx back-
ground were used from local colonies bred at the Medical
Gene Technology Unit of the Institute of Experimental Med-
icine (IEM). Three transgenic mouse lines were used as fol-
lows: Mouse line 1. GnRH-GFP mouse: green fluorescence
protein (GFP) reporter was genetically targeted to GnRH
neurons (Suter et al. 2000b). Mouse line 2. GCG-ChR2
mouse: Gcg-Cre) mice (Gaykema et al. 2017) were crossed
with channelrhodopsin 2 (ChR2) reporter mice { Ai32[RCL-
ChR2(H134R)/EYFP]} (Madisen et al. 2012). Mouse line
3. GCG-ChR2-GnRH-GFP mice: mouse line 2 - expressing
ChR2 in GCG neurons of the NTS and reticular nucleus of
the brain stem—were crossed with GnRH-GFP mice. For
anatomical studies, the GnRH-GFP and GCG-ChR2 mouse
lines were used. The GCG-ChR2-GnRH-GFP mouse line
was invented for the purpose of optogenetic studies address-
ing the regulatory role of neuronal GLP-1 upon the electro-
physiological activity of GnRH neurons.

All animals were housed in light (12:12 light—dark cycle,
lights on at 06:00 h)—and temperature (22 +2 °C) con-
trolled environment, with free access to standard food and
tap water.
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Characterization of the transgenic mouse strains
The GnRH-GFP mouse line

The GnRH-GFP transgenic mouse line was generated to
facilitate the study of hypothalamic GnRH neurons in which
the green fluorescent protein (GFP) is genetically targeted
to these cells (Suter et al. 2000a). The expression of GFP
was detected in 84-94% of GnRH immune-positive neurons.
This mouse line was used in studies aimed at electrophysio-
logical characterization (Suter et al. 2000b; Pielecka-Fortuna
et al. 2008; Christian et al. 2005; Farkas et al. 2010, 2016)
and cell type-specific (or singe-cell) genomic analysis of the
GnRH neurons (Vastagh et al. 2015, 2016).

The Gcg-Cre mouse line

To develop a better understanding of GCG neuron function,
a transgenic mouse line expressing Cre recombinase from
the Gceg locus of a bacterial artificial chromosome (BAC)
was developed (Gaykema et al. 2017) (Department of
Pharmacology, University of Virginia School of Medicine,
Charlottesville, Virginia, USA). The line was rederived at
the Medical Gene Technology Unit of the IEM, Hungary
according to a protocol published earlier (Van Keuren and
Saunders 2004). Briefly, fertilized eggs for embryo transfer
were obtained by mating super-ovulated egg donor C57B16
females with Gcg-Cre males. Offspring of the F1 generation
were genotyped with a real-time PCR system using primers
Cre + 5'-GTGAAACAGCATTGCTGTCAC-3', Cre—5'-
TGCTTCTGTCCGTTTGCCGGT-3'. Males homozygous
for the Cre transgene (Cre*™") were used in further cross-
breeding procedures.

The GCG-ChR2 mouse line

Gcg-Cre male mice were crossed with channelrhodopsin-2
(ChR2) reporter mice [Ai32(RCL-ChR2(H134R)/EYFP)]
(Madisen et al. 2012) to characterize the expression pattern
of the transgene. Offspring were genotyped for both Cre
and enhanced yellow fluorescent protein (eyfp) transgenes to
measure the copy number of the transgenes using YFP refer-
ence gene assay mix. Animals homozygous for Cre and eyfp
were selected for morphological experiments, as well as for
crossbreeding with the GnRH-GFP mouse line. The GCG
neuron-specific expression of ChR2 was validated with dou-
ble immunofluorescence against GLP-1 peptide and e YFP.

The GCG-ChR2-GnRH-GFP mouse line
The triple-transgenic, GCG-ChR2-GnRH-GFP mouse line

was established for the purpose of an optogenetic study
using in vitro slice electrophysiology. In this experimental

design, blue laser light stimulation of the ChR2-expressing
axons of GCG neurons distributed in the medial preoptic
area and whole cell patch recording from GFP-expressing
GnRH neurons were performed simultaneously. To accom-
plish this goal, homozygous male GCG-ChR2 mice were
crossed with female GnRH-GFP mice. Presence of GnRH-
GFP transgene in the offspring of the first generation was
validated using real-time qPCR: the relative copy number
of the gfp transgene (3 vs 2) was still distinguishable using
this method.

Double and triple label fluorescent
immunocytochemistry

Adult, double and triple transgenic mice were deeply
anesthetized with a mixture of ketamine (25 mg/kg body
weight) and Xylavet (5 mg/kg body weight) injected intra-
peritoneally, then were perfused transcardially with 4% para-
formaldehyde (pH=7.6, in PBS) for 10 min at a flow rate
of 4 ml/min. Brains were removed rapidly from the skulls
and post-fixed in the same fixative overnight at 4 °C. On the
next day, brains were sectioned in the coronal plane at 25 pm
thickness using a Vibratome (Leica Inc, Vetzlar, Germany).
Sections containing the medial preoptic area (mPOA) and
the nucleus tractus solitarii (NTS) were processed for heat
antigen retrieval in 0.01 M sodium-citrate buffer (pH 6.0)
at 80 °C for 30 min, then were pre-treated with 0.5% H,0,
and permeabilized with 0.5% Triton X-100 for 20 min. The
following primary antisera were used: anti-GnRH [raised in
guinea pig #1018, diluted in 1:10.000 (gift from E. Hrabovs-
zky)], anti-GFP (raised in goat, Abcam #5450, diluted in
1:10.000, commercially available) and anti GLP-1 (raised
in rabbit, Peninsula Labs #T-4363, diluted in 1:5000) for
18 h. Secondary antisera (Alexa 488 conjugated anti guinea-
pig IgG; Cy3 conjugated anti-goat IgG, biotin conjugated
anti-rabbit IgG; [Jackson ImmunoResearch Europe Ltd,
UK]) were all diluted at 1:500 in serum diluent (2% NHS
in PBS). Cy5 conjugated streptavidin was applied in 1:1000
(Jackson).

Tissue processing for 3DISCO-based double
fluorescent immunocytochemistry

In this study, the 3DISCO protocol (Erturk et al. 2012) was
applied with minor modifications.

Animals were handled and perfused as described above.
Brains were either sliced at 1 mm placed in mouse brain
matrix or sectioned at 500 um thickness using a vibratome
(Leica VT1000S, Leica Biosystems, Wetzlar, Germany) in
coronal and sagittal planes (Supplementary Fig. 1). Slices
were rinsed several times in PBS, then were permeabilized
with PBS-GT (PBS containing 0.5% Triton-X100 in PBS
containing 0.1% gelatin (GT) and 0.05% merthiolate) for
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3 days at room temperature (RT) under constant agitation.
For fluorescent immunocytochemical double labeling, brain
slices were incubated with the primary antibodies [anti-
GLP-1 (rabbit; #T-4057 Peninsula Labs, 1:2000) and anti-
GnRH (guinea-pig; 1:5000)] diluted in PBS-GT, for 7 days
at RT. Several washes (6 X 60 min) in PBS-GT were followed
by the incubation with secondary antibodies (1:500; Cy3
anti-rabbit IgG and Cy5 anti-guinea pig IgG; Jackson Immu-
noResearch Europe Ltd., Cambridge House, UK) for 7 days
at RT. Specificity of the primary antibodies were validated
elsewhere (Farkas et al. 2016).

Slices were then rinsed in PBS-GT 6 X 60 min and then
in PBS for 30 min. For dehydration and lipid removal steps,
series of increasing tetrahydrofuran (THF, Sigma-Aldrich)
were used (50% THF overnight at 4 °C, 80% and 3 x 100%
THF for 30 min at RT). For optical clearing, slices were
immersed in dibenzyl-ether (DBE, Sigma-Aldrich) for at
least 15 min, then were kept either in DBE for storage, or
covered using a glass slide with custom-made plastic sup-
porting frame adjusted for the actual specimen thickness.
The specimen was cover-slipped with DBE.

Evaluation of double-labelled specimens

Stack of images was acquired with a LSM780 laser scanning
confocal system equipped with an Axio Imager 2 micro-
scope (Carl Zeiss Microscopy GmbH, Jena, Germany) at 10x
(Plan-Apochromat 10x/0.45) 20x (Plan-Apochromat 20x/
NA 0.8) or 40x (LD C-Apochromat 40x/1.1 W) objective
magnifications. To maximize the emitted signal intensity,
sequential scanning mode was set in the software (ZEN v.
2.3; Carl Zeiss). For Cy3-coupled labeling, an argon laser
(514 nm), MBS 458/514 beam splitter and a 538—680 nm
excitation filter were used. At the same time, to detect Cy5
emission, a HeNe laser (633 nm), MBS 488/561/633 beam
splitter and 638-759 nm BP excitation filter were applied.

Quantitative analysis, statistics

For quantitative analysis, the 20 X objective was used at
1024 x 1024-pixel xy image resolution. During scanning pro-
cess, the pinhole diameter was set to 1 AU (Airy unit) in the
acquisition software. The size of the optical thickness was
2 um. The optical sectioning was adjusted to match pinhole
(z-step interval 0.98 um). The scanning area was positioned
over the medial septum-diagonal band of Broca-medial pre-
optic area where the majority of hypophysiotropic GnRH
neurons resides.

All GnRH-IR perikarya were counted in the z-stacks
of scanned areas. GnRH-IR neurons receiving GLP-1-IR
axonal appositions were also counted using the orthogonal
view of the z-stacks. The ratio of GnRH-IR perikarya tar-
geted by GLP-1 axons was calculated. The ratio of all
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GnRH-IR dendrites and those contacted by GLP-1-IR axons
was estimated similarly. Student’s #-test was used to test the
significance of the differences in the morphological data and
considered as significant at p < 0.05.

Acute brain slice preparation for electrophysiology

Triple-transgenic (GCG-ChR2-GnRH-GFP) adult, male
mice were deeply anesthetized using Isoflurane inhalation.
The brain was removed rapidly and immersed in ice cold
low-sodium artificial cerebrospinal fluid (low-Na aCSF)
bubbled with a mixture of 95% O, and 5% CO,. The solu-
tion contained the following (in mM): saccharose 205, KCl
2.5, NaHCO; 26, MgCl, 5, NaH,PO, 1.25, CaCl, 1, glu-
cose 10. Parasagittal acute brain slices of 250 pm thickness
containing GnRH-GFP neurons next to the median plane
were prepared with a Leica VT-1000S vibratome (Leica
Microsystems, Wetzlar, Germany) in the ice-cold oxygen-
ated low-Na aCSF. The slices were equilibrated in normal
aCSF (in mM): NaCl 130, KC1 3.5, NaHCO; 26, MgSO, 1.2,
NaH,PO, 1.25, CaCl, 2.5, glucose 10, saturated with O,/
CO, for 1 h. Initial temperature of aCSF was 33 °C which
was left to cool to room temperature during equilibration.
Recordings were carried out in oxygenated aCSF at 33 °C.
Axopatch-200B patch-clamp amplifier, Digidata-1322A data
acquisition system, and pCLAMP 10.4 software (Molecu-
lar Devices Co., Silicon Valley, California, US) were used
for recording. Cells were visualized with a BX51WI IR-
DIC microscope (Olympus Co., Tokyo, Japan) located on
a S’Table antivibration table (Supertech Inc., Hungary-
Switzerland). The patch electrodes (OD = 1.5 mm, thin wall,
WPI Inc., Sarasota, FL) were pulled with a Flaming-Brown
P-97 puller (Sutter Instrument Co., Novato, CA, US). The
head-stage of the amplifier was fitted to an MHW-3 micro-
manipulator (Narishige Inc., Tokyo, Japan). Hypothalamic
GnRH-GFP neurons were identified by brief illumination
at 470 nm using an epifluorescent filter set, based on their
green fluorescence, typical fusiform shape and characteristic
topography.

Whole-cell patch-clamp experiments, optogenetic
stimulation, data analysis

Exit of the glass fiber of the 473 nm emission wavelength
IKE-473-100-OP laser (IkeCool Inc., Los Angeles, Califor-
nia, US) was set onto the surface of the brain slice. Then a
GnRH-GFP neuron was patch clamped in the close vicinity
(in 200-300 um) of the end of the glass fiber. Whole-cell
patch clamp measurements were carried out to record post-
synaptic currents (PSCs) in voltage-clamp or action poten-
tials (APs) in current-clamp mode. Pipette resistance was
1-2 MQ, resistance of giga-seal was 2—3 GQ. The pipette
solution contained (in mM): HEPES 10, KCI1 140, EGTA 5,
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CaCl, 0.1, Mg-ATP 4, Na-GTP 0.4 (pH="7.3 with NaOH).
Osmolarity was adjusted to 295-300 mOsm with sorbitol.
Whole-cell patch clamp measurements were carried out to
record PSCs and APs. The neurons were voltage clamped at
a pipette holding potential — 70 mV (for PSCs) and current
clamped at O pA (for APs). Duration of a laser pulse was
10 ms with 3 mW power.

Low-frequency train of laser pulses was applied at 0.2 Hz
(60 pulses totally) for PSCs and then records of the PSC
responses to 60 pulses were averaged (10 neurons from 5
mice).

Measurement of the firing rate was carried out at higher
laser shooting frequency (5—40 Hz, 10 ms pulse width,
3 mW laser power), starting with a 30 s long recording with
no laser (for control purposes) and with a subsequent 30 s
long laser shooting period. Analysis of firing rate change
was carried out on the percentage data calculated by divid-
ing the firing rate of the second half minute period with
that of the first one, on 10 recorded cells from 5 animals.
After the recording, the GLP-1 receptor (GLP-1R) antago-
nist Exendin-3(9-39) (1 pM) was added to the aCSF and
10 min later the measurement was repeated in the presence
of the antagonist.

Recordings were stored and analyzed off-line using the
Clampfit module of the PClamp 10.4 software (Molecular
Devices Co.). Statistical significance was analyzed by Stu-
dent’s #-test on the percentage data and considered as sig-
nificant at p <0.05.

Results

Networking of the central GLP-1 neuron
system with GnRH neurons of mice:
neuroanatomical evidence

Characterization of the GCG-ChR2 mouse line
Rederivation and genotyping of the Gcg-Cre mice

The performed real-time PCR tests verified the expected
copy number of the cre transgene after selective crossing of
heterozygous (Cre/+) parents from the F1 generation of the
rederived gcg-cre mouse line (Supplementary Table 1). Only
mice homozygous for the transgene (Cre*'™) were used in
further crossbreeding processes to create double and triple
transgenic lines.

Geno-and phenotyping of the GCG-ChR2 mouse line

Homozygous Gcg-Cre male mice were crossbred with Ai32
reporter female mice through several generations to get

JA

Fig. 1 Colocalization of GLP-1 and ChR2-eYFP in GCG neu-
rons and their projecting axons. Co-expression of GLP-1 (red) and
ChR2-eYFP (green) in neuronal perikarya of the nucleus tractus soli-
tarii (NTS) (A, C, E, arrowheads) and axons in the medial preoptic
area (mPOA) (B, D, F) revealed by immunofluorescence. (G) GLP-1
peptide is localized in the cytoplasm (red) of ChR2-eYFP neuron of
the NTS whose cell membrane expresses channelrhodopsin (green,
arrowheads). Area delineated on F (white rectangle) is represented on
H, at a higher power of magnification. (H) GLP-1 and eYFP colocal-
ize in axon varicosities (yellow, arrows) within the MPOA. Scale bar:
50 um (A-F), 5 um (G, H)

@ Springer



110

Brain Structure and Function (2021) 226:105-120

double homozygous male and female offspring and maintain
a new mouse line for morphological characterization of the
GCG-cre mouse. Double fluorescent immunocytochemistry
revealed that the GLP-1 peptide colocalizes with the ChR2-
eYFP fusion protein in the territory of the nucleus tractus
solitarii (NTS) (Fig. 1a, c, e) showing no ectopic expression
in this region which indicates a specific ChR2-eGFP ‘tag-
ging’ of the GCG neurons in the NTS. The GLP-1 peptide
accumulated in the perinuclear cytoplasm, while the fusion
protein ChR2-eYFP was localized in plasma membrane.
(Fig. 1g). In the medial preoptic area (mPOA), ChR2-eYFP
and GLP-1 immunoreactivity overlapped in axons (Fig. 1b,
d, f). An uneven distribution pattern of the two immunofluo-
rescent signals within the same axonal profile was observed.
While ChR2-eYFP showed a continuous expression in the

Fig.2 Immunofluorescent
detection of GnRH and GLP1
immunoreactivities by confo-
cal z-stack imaging method in
thick, 3DISCO sections of the
mouse brain. A characteristic
distribution of GnRH neurons in
a 1 mm thick, paramedian-sag-
ittal slice. The 3D reconstruc-
tion was generated from 185
confocal images, 1 micrometer
thick each. Distribution of
GnRH neurons (arrowheads,

B) and GLP-1 immunoreactive
axons (arrows, C) in the same
500 micrometer thick coronal
section. (D) Merged image of B
and C. E: 3D reconstruction of
GnRH cells and GLP-1 axons
in a 60 um thick image stack.
Scalebar: 500 um (A), 50 pm
(B-D), 20 um (E). ac: anterior
commissure; aoa: anterior olfac-
tory area; dbb: diagonal band
of Broca; oc: optic tract; ovlt:
organum vasculosum laminae
terminals

@ Springer

axolemma, GLP-1 peptide was more prominent in axon vari-
cosities (Fig. 1h).

3DISCO-based double immunocytochemistry
reveals the innervation of a subset of GnRH neurons
by GLP-1 axons in the mouse forebrain

The 3DISCO-based immunocytochemistry ensured a novel
approach to visualize and analyze a thick tissue block
(500-1000 pm) compared to traditional immunocytochemi-
cal methods. With the aid of this protocol, the characteris-
tic rostro-caudal distribution pattern of the GnRH neurons
and the arborization of their processes were demonstrated
by reconstructing series of optical slices (Fig. 2a). It was
also verified that GnRH neurons and GLP-1-IR axons were
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distributed in the same territory of the OVLT-mPOA in
z-projected image stacks (Fig. 2b—e). The GLP-1-IR axons
formed bouton-like appositions on the surface of the GnRH
neurons. The orthogonal view analysis of the stacks made
possible the identification of individual contacts on the sur-
face of cell bodies (Fig. 3a—a2) and dendrites (Fig. 3b-b2) of
GnRH neurons. 3D reconstruction of image stacks revealed

Fig.3 Innervation of GnRH
neurons by GLP-1 immu-
noreactive axons shown in
orthogonal views. Arrowheads
point to communication sites
between GLP-1 axons (gold)
and GnRH neurons (turquoise).
The orthogonal views indicate
the juxtaposition of GLP-1
axons to the cell bodies (A;
Al: xz and A2 in the yz plane)
and dendrite (B; B1: xz, B2: yz
plane) of GnRH neurons. Scale
bar: 5 um

Fig.4 High power visualiza-
tion of communication/contact
sites between the GLP-1 and
GnRH neuronal systems by
3D reconstruction of confocal
image stacks. The reconstruc-
tion was performed by the
ImageJ 3D Viewer plug-in.
Arrowheads point to juxtaposi-
tions of GLP-1 axons to den-
drites (A, B, C) and perikaryon
of (D) of GnRH neurons. GnRH
cells receive both single (A,

B) and multiple (C, D) GLP-1
axonal inputs. Scale bars: 10 um
(A.B) 5 um (C), 2 um (D)

that GnRH neurons may receive single (Fig. 4a, b) and mul-
tiple (Fig. 4c, d) contacts by GLP-1 axons both on their den-
drites and somata.
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Fig.5 Quantitative analysis of appositions established by GLP-
1-IR axons and GnRH neurons. A. The scheme shows an exam-
ple of the distribution pattern and location of GLP-1 boutons (red,
arrows) apposing GnRH somata and dendrites (black) in the territory
of mPOA. B. Only a subset of GnRH neurons is targeted by GLP-1

Quantification of the GLP-1-IR neuronal input
onto GnRH neurons

For quantification, 435 GnRH neurons and 256 GLP-1-IR
contacts were identified and counted in orthogonal view
of image stacks (Fig. 5a, schematic illustration). Only a
sub-population of GnRH neurons received GLP-1 axons:
the mean was 16 + 2 innervated vs 56 + 10 non-innervated
GnRH neurons number per animal (97 vs 338 in total,
respectively) which was significant across the samples
(Student’s #-test, two tailed, p=0.003) (Fig. 5b). The ratio
of GnRH neurons that received GLP-1-IR contacts vs. all
GnRH neurons was 0.23 +0.014 s.e.m., showing that 23 per-
cent of the GnRH neurons were contacted by GLP-1 axons.

The majority of the GLP-1 axon profiles were found on
the dendritic processes of the GnRH neurons compared to
the perikarya: 15 +2 (mean+ SEM) GLP-1 profiles were
found on GnRH perikarya and 28 +4 (mean + SEM) appo-
sitions were received by GnRH dendrites, per animal (89 vs.
167 in total, respectively), which showed significant differ-
ence (Student’s t-test, two tailed, p =0.026) (Fig. 5¢).
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axons (*: p < 0.05). C. The number of the contacts that target GnRH
immunoreactive dendrites is significantly higher compared to periso-
matic appositions (¥*: p < 0.005). The color-coded rectangles repre-
sent means = SEM. The horizontal lines inside the rectangles indi-
cate medians of the data

GLP-1 axons modulate
the electrophysiological activity of GnRH
neurons: optogenetic evidence

Characterization of the triple transgenic mouse
strain used for optogenetics

The double homozygous GCG-ChR2 male mice were
crossed with homozygous GnRH-GFP females to get triple
transgenic GCG-ChR2-GnRH-GFP mice (heterozygous for
the transgenes) to be used primarily for optogenetic inves-
tigations. The triple-transgenic mouse line was character-
ized by fluorescent immunocytochemistry. Triple (anti-
GnRH, anti-GFP and anti-GLP-1) staining of the mPOA
revealed that both the ChR2-eYFP fusion protein (GFP)
and the GLP-1 peptide co-localize in axonal projections
innervating the mPOA. Furthermore, the double labeled
axon beads were juxtaposed to perikarya (Fig. 6a) and
dendrites (Fig. 6b) of GnRH neurons. This finding con-
firms the feasibility of using the triple transgenic mouse
line in further studies by optogenetics.

Effects of optogenetic stimulation of GCG-ChR2
axons upon the activity of GhRH-GFP neurons

High frequency laser stimulation (20 Hz) increased the
firing rate of GnRH neurons (in 6/10 neurons), from
0.47 +0.07 Hz of the control period to its 175+ 17.3%
(»=0.0007, Student’s r-test) (Fig. 7a, c) with no alteration
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Fig.6 GLP-1 and ChR2-eYFP
co-localize in axons juxta-
posed to GnRH neurons. Tri-
ple immunofluorescent labeling
shows co-expression (yellow)
of GLP-1 peptide (red) and
channelrhodopsin-fused eYGP
(green) in axon-beads juxta-
posed to GnRH-immunoreactive
(blue) perikaryon (A, arrow)
and dendrite (B, arrow). Scale
bar: 5 um

Fig. 7 Effect of the high
frequency (20 Hz) laser
stimulation on firing of GnRH
neurons. Representative AP
recordings in untreated (A)

and GLP-1 receptor antagonist,
Exendin-3(9-39) (1 pM) pre-
treated (B) brain slices prepared
from the basal forebrain of the
used triple transgenic mouse.
Bar graph shows a significant
change in the firing rate (C).
The graph also demonstrates the
elimination of the effect upon
pretreatment the brain slice
with the GLP-1R antagonist.
PSCs could not be evoked by
laser shots (D). *: p < 0.05. The
duration of laser stimulation is
marked by red bars in (A), (B)
and (D)

in various parameters shaping the APs (Table 1). Slightly
weaker response was recorded at 10 Hz, whereas
higher (40 Hz), or lower (5 Hz) laser frequencies had
no effect on the firing rate (not shown). The facilitatory
effect of laser stimulation upon the firing activity of GnRH
neurons was abolished by GLP-1 receptor antagonist
(111 £10.7%, p=0.3236) (Fig. 7b, c).
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In contrast, low frequency laser stimulation (0.2 Hz,
average of 60 laser shots) did not result in any detectable
laser-triggered PSCs in GnRH neurons (Fig. 7d).

A linear regression analysis was carried out to examine
whether change in firing rate depends on the basal activ-
ity. The value of the Goodness-of-fit (+*) parameter is near
zero (r*=0.03478) suggesting that change in firing rate is
independent of the basal activity. Repeated stimulations

@ Springer



114 Brain Structure and Function (2021) 226:105-120

Tl Vrows ol 13 G e 0

laser stimulation. The Student’s

t-test was applied to the AP amplitude 108.8+5.40 mV 96.3+3.02% 1.225 0.2751

percentage data. Df = degree Time to peak of AP 1.89+£0.209 ms 92.1+8.25% 09576  0.3823

of freedom; p = probability; t =

“” value of Student’s #-test; AP AHP amplitude —39.65+1.542 mV 99.0+2.58% 0.3876 0.7143

= action potential; AHP = after Time to AHP peak 3.71+0.253 ms 96.2+4.18% 0.9091 0.4050

hyperpolarization Half-width 1.07+0.062 ms 103.8 £4.06% 0.9360 03923
Time to half-amplitude rise 1.33+£0.156 ms 89.5+9.12% 1.151 0.3017
Time to decay half-amplitude 2.40+0.139 ms 95.8+10.13% 0.4146 0.6956
Rise tau 0.66+0.336 ms 112.1+9.62% 1.258 0.2640
Decay tau 5.88+7.303 ms 128.4+17.04% 1.667 0.1565

each followed by a 1 min silent period were also carried
out. The measurements demonstrated that the firing pat-
tern returned to its unstimulated level after the pause and
the subsequent stimulation also resulted in an increase of
firing rate.

Discussion

Earlier studies have shown that GLP-1 can control the
HPG axis centrally via interaction with the GnRH sys-
tem (Beak et al. 1998; Farkas et al. 2016). Furthermore,
its key regulator, the hypothalamic kisspeptin neuron
circuit is also influenced by GLP-1 (Oride et al. 2017;
Heppner et al. 2017). In the present study, we have pro-
vided compelling evidence for the modulatory role of the
brain-derived GLP-1 upon GnRH neurons. Accordingly,
(1) GLP-1-axons arising from the NTS innervate a sub-
population of hypophysiotropic GnRH neurons (23%) in
the OVLT-mPOA area; (2) Mapping the surface of GnRH
neurons for juxtaposed GLP-1 axons in orthogonal view
revealed that dendrites of GnRH neurons receive almost
twice as many GLP-1-IR boutons than cell bodies; (3)
Optogenetic stimulation of axons projecting from GCG-
ChR2-expressing neurons of the NTS to the OVLT-mPOA
area, the main residence of the hypophysiotropic GnRH
neurons, significantly increases the firing rate of GnRH
cells and (4) blocking the GLP-1R by Exendin 3 prior to
the optogenetic activation prevents the increment in firing
of GnRH cells, indicating that GLP-1 released from the
photo-stimulated axons is responsible for the facilitatory
action.
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Networking of the central GLP-1 neuronal
system with GnRH neurons

Quantification of the neuronal GLP-1 input
to hypophysiotropic GnRH cells

GLP-1-synthesizing neurons of the medulla oblongata pro-
ject to several areas in the rodent brain, including the hypo-
thalamus where GLP-1 acts as a neuromodulator in a variety
of neural circuits known to regulate feeding, appetite and
body weight (Liu et al. 2017; Lopez-Ferreras et al. 2018;
Burmeister et al. 2017; Katsurada et al. 2014; Renner et al.
2012), stress and adaptation (Herman 2018; Ghosal et al.
2017; Holt et al. 2019), food and drug reward (Skibicka
2013) and reproduction (Beak et al. 1998; MacLusky
et al. 2000; Outeirino-Iglesias et al. 2015). Accordingly,
the G-protein-coupled receptor of the GLP-1 peptide is
expressed in certain hypothalamic nuclei and also in the
preoptic area where hypophysiotropic GnRH neurons reside
(Cork et al. 2015; Merchenthaler et al. 1999; Trapp and Cork
2015; Farkas et al. 2016; Goke et al. 1995; Graham et al.
2020; Jensen et al. 2018). The NTS and the reticular nucleus
of the medulla give rise to the ascending axon projections
that innervate the aforementioned brain sites and provide the
neuromodulator substance, GLP-1 for communication (Holt
et al. 2019; Katsurada et al. 2014). The medial preoptic area
of the rodent brain is rich in GLP-1-IR axons (Larsen et al.
1997) and the region also expresses GLP-1R (Cork et al.
2015; Graham et al. 2020). Our present immunocytochemi-
cal results are in line with these observations, furthermore,
they identify the GnRH neuron population, as one of the
targets of the GLP-1 input in this region. Double and triple
fluorescent labelling experiments revealed that GLP-1-IR
axons provide neuronal inputs to GnRH cells. Based on
this methodology, the abundance of GLP-1-IR appositions
on GnRH neurons was measured. The results indicate that
GnRH neurons are only partially innervated (23%) by GLP-
1-IR axons. These neurons are most frequently located in
the vicinity of the OVLT and the medial preoptic nucleus,
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regions that host hypophysiotropic GnRH cells. The distri-
bution of the GLP-1-IR boutons is disproportionate along
the GnRH neuron surface showing a significantly heavier
innervation pattern of the dendrites (65%) than the somata
(35%). This is in agreement with earlier studies, where neu-
ronal inputs to dendritic profiles were found significantly
higher than to perikarya in male mice (Silverman et al. 1988;
Moore et al. 2018a; Campbell et al. 2005). Hypophysiotropic
GnRH neurons have rather long dendritic processes which
receive glutamatergic and GABAergic synaptic inputs abun-
dantly (Moore et al. 2018a). The regulation/modulation of
GnRH neurons by neuropeptides contributes to the success
of reproduction (Spergel 2019). Kisspeptin (KP) is a potent
activator of GnRH neurons (Clarkson et al. 2010; Zhang
et al. 2008; Irwig et al. 2004). In the rostral preoptic area
of male mouse, 10% of GnRH neurons are innervated by
KP axons, whereas 40% of the cells receive KP inputs in
the same territory of the female brain (Clarkson and Herbi-
son 2006). We have previously shown that a higher portion,
about 80% of GnRH neurons, were contacted by KP axons
in OVX and OVX + E2 supplemented animals, and the aver-
age number of KP boutons per GnRH neuron was about
two (Kallo et al. 2012). Regarding some other quantified,
peptidergic inputs, a considerable portion of GnRH neurons
(28%) also receives contacts by VIP-IR fibers in the mouse
(Ward et al. 2009) and VIP increases the firing of 58-80%
of these cells (Piet et al. 2016). RFamide-related peptide-3
(RFRP-3) containing boutons innervate 26% of GnRH neu-
rons in male and diestrous female mice while inhibiting 41%
of those cells (Ducret et al. 2009). Our present data resem-
ble a similar innervation pattern by GLP-1 axons (23%) and
also an electrophysiological response rate (60%) of GnRH
neurons under optogenetic stimulation of the innervating
GLP-1 axons.

The more intense innervation of dendrites than perikarya
of GnRH neurons by GLP-1 axons is in line with previous
studies. It has previously been shown that proximal segments
of GnRH dendrites have a pivotal role in the physiology of
the cells. They express active ion conductances, generate
action potentials and contribute—via synaptic inputs—to
the surge release of the hormone (Iremonger and Herbison
2015; Wang et al. 2020; Norberg et al. 2013).

The feasibility of the 3DISCO method-based
immunocytochemistry for mapping of neuronal
circuits and quantitative evaluation of their
anatomical interaction

The GnRH system of the rodent brain is rather unique.
GnRH neurons derive from the olfactory placode, follow a
long migratory path in the forebrain and establish a loose,
scattered organization at the final destination sites (Forni and
Wray 2015; Merchenthaler et al. 1984). These features make

the anatomical mapping and sampling for molecular and
electrophysiological purposes difficult. Regarding the map-
ping and reconstruction of identified neuronal systems in the
brain, the whole mount fluorescent immunocytochemistry in
combination with novel optical clearing techniques and the
recently invented light-sheet microscopy have revolutionized
the field (Vigouroux et al. 2017; Belle et al. 2014; Renier
et al. 2014; Erturk et al. 2012; Zheng and Rinaman 2016).

To accomplish our goal, the simultaneous visualization
of GnRH neurons and their GLP-1-IR axonal afferents in
thick, whole mount preparations, the 3DISCO technique
(Erturk et al. 2012) was combined with immunofluorescent
staining (Belle et al. 2014). This approach allowed a large-
scale sampling of the target, the GnRH neuron population
and the three-dimensional (3D) morphometric analysis of
the interacting GLP-1 and GnRH systems. GnRH neurons
receiving GLP-1 immunoreactive boutons were counted
in the 3D-reconstructed models and appositions were ana-
lyzed in orthogonal views. The relative high thickness of
the tissue blocks (500-1000 pum) cut either in the frontal
or sagittal planes ensured the proper sampling and count-
ing of scattered GnRH neurons and also the estimation of
GLP-1-IR axons terminating on the somata and dendrites of
GnRH neurons. This approach provided a high throughput
count of innervated neurons and the distribution of GLP-1
immunoreactive contacts due to the lack of distortion effects
that may often come from processing series of thin sections.
Apart from the advantages of the 3DISCO method, it also
has some drawbacks (Vigouroux et al. 2017). Of note, tissue
shrinkage during dehydration and clearing process can be a
major limiting factor in the high-resolution imaging. In the
present study none of the known limitations interfered with
the investigations.

Similar approaches have been successfully applied to the
3D imaging of the KNDY neurons of the mammalian brain
(Moore et al. 2018b), tyrosine hydroxylase, vasopressin and
oxytocin neurons of the postnatal mouse brain (Godefroy
et al. 2017) and neurons controlling fertility in the human
brain (Casoni et al. 2016).

Optogenetically released GLP-1 alters
the electrophysiological activity of GnRH
neurons

An in vitro optogenetic approach was used to elucidate the
functional role of GLP-1 released from ascending axons of
GCG neurons of the NTS upon the activity of GnRH cells.
Photo-stimulation of these channelrhodopsin-2-expressing
axons at 20 Hz increased the firing rate of GnRH neurons.
A significant proportion of the cells (60%) responded which
is in line with the current morphometrical analysis showing
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that only a subpopulation of GnRH neurons (~23%) received
GLP-1-IR innervation. The increment in firing rate was abol-
ished by antagonizing the GLP-1 receptor with Exendin 3
providing evidence that the released, biologically effec-
tive compound indeed was GLP-1. The frequency of the
laser stimulation was also crucial in the evoked response.
Low (0.2-5 Hz) and high (40 Hz) frequencies were ineffec-
tive, whereas stimulation at 20 Hz significantly increased
the firing rate of GnRH neurons. The frequency-dependent
response has been supported in recent optogenetic studies
where the specific photo-stimulation of kisspeptin neurons
of the AVPV area at 5-10 Hz evoked kisspeptin release
resulting in delayed activation of GnRH neurons (Liu et al.
2011) and generated substantial increments in LH secretion
(Piet et al. 2018).

GLP-1 has also been shown to stimulate various neurons.
It enhanced the frequency of the postsynaptic currents in
hypothalamic orexin neurons of mice by modulating their
presynaptic glutamatergic afferents (Acuna-Goycolea and
van den Pol 2004). In hippocampal CA3 neurons, both the
spontaneous inhibitory postsynaptic current (sIPSC) ampli-
tude and frequency were increased by GLP-1 (Korol et al.
2015), predominantly, also by presynaptic mechanisms
(Babateen et al. 2017). In a previous study, we have also
shown that activation of GLP-1 receptors in GnRH neurons
triggers downstream mechanisms that modify both the ret-
rograde endocannabinoid and nitric oxide (NO) signaling
pathways to presynaptic GABAergic boutons (Farkas et al.
2016). The suppression of the endocannabinoid and activa-
tion of the NO retrograde messenger systems resulted in
augmented firing of GnRH neurons and increased frequency
of miniature postsynaptic currents (mPSCs).

GLP-1 neurons of the NTS express vesicular glutamate
transport-2 indicating the glutamatergic nature of this cell
population (Zheng et al. 2015). Therefore, they might use
both the synthesized peptide (GLP-1) and the transmitter
(glutamate) for inter-neuronal synaptic communication. In
case of kisspeptinergic afferents of GnRH neurons arising
from the anteroventral-periventricular area (AVPV), the
axon terminals also co-synthesize GABA and glutamate and
the recruitment of the fast amino acid and the slow kisspep-
tin release is frequency dependent (Liu et al. 2011). Gluta-
mate and GABA drive to GnRH neurons occurs at low fre-
quency (2 Hz) stimulation, while higher frequency (10 Hz)
activation is required for the release of kisspeptin. Our patch
clamp recordings under low-frequency (0.2-1 Hz) optoge-
netic stimulation found no laser-induced PSCs in GnRH neu-
rons indicating the lack of fast-glutamate neurotransmission,
whereas high-frequency (20 Hz) laser shots evoked GLP-1
secretion from the axon terminals resulting in an increased
firing rate of GnRH neurons. Because the low frequency
stimulation did not result in any glutamate-driven altera-
tions in GnRH neurons, we carried out control recordings in
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neurons of the hypothalamic paraventricular nucleus (PVN)
in acute brain slices from the same mice. This experiment
with low-frequency stimulation demonstrated the clear pres-
ence of the laser-induced PSCs in PVN neurons that were
abolished by pretreating the slice with the glutamate recep-
tor antagonist, kynurenic acid (2 mM, unpublished observa-
tion). This finding supports the double transmitter/peptide
phenotype character of GLP-1 axons and excludes the pos-
sibility that the absence of laser-induced PSCs in GnRH
neurons was due to technical causes. In male mice, the
postsynaptic currents are predominantly driven by GABA
in GnRH neurons (Farkas et al. 2010, 2016), whereas in the
female the PSCs are under both GABA and glutamate regu-
lation in a gonadal cycle phase/estrogen feedback-dependent
manner (Farkas et al. 2018; Christian and Moenter 2008).
In this experiment male mice were used whose GnRH neu-
rons might be less responsive to the released glutamate than
neurons of the paraventricular nucleus. Another explana-
tion for the discrepancy might be a differential expression of
the glutamate neurotransmission machinery in GLP-1 fibers
projecting to the PVN and the MPOA. These assumptions
require further clarifications.

Physiological significance of GLP-1 signaling
upon the GnRH system

Earlier experiments have shown the capability of GLP-1 to
enhance the release of GnRH from immortalized GnRH neu-
rons (GT1-7 cells) and evoke an increase of plasma luteinizing
hormone (LH) concentration after its intracerebroventricular
administration in male rats (Beak et al. 1998). The treatment
of female rats with GLP-1 in the morning of proestrus has
been reported to double the amplitude of the preovulatory
LH surge, modify estradiol and progesterone levels during
the gonadal cycle and enhance the number of Graafian folli-
cles, corpora lutea and the litter size (Outeirino-Iglesias et al.
2015). Studies focusing on cellular targets and mechanisms
of GLP-1 action upon the HPG axis have revealed that GLP-1
acts via GLP-1 receptor expressed in GnRH neurons, it exerts
excitatory effects on GnRH cells and both nitric oxide (NO)
and endocannabinoid retrograde pathways are involved in
the mediation of the effect targeting the presynaptic excita-
tory GABA-ergic system (Farkas et al. 2016). The present
results indicate that a substantial portion of GnRH neurons
receives GLP-1 afferents from the medulla and the optogeneti-
cally released GLP-1 enhances the firing of GnRH neurons
in vitro. It is also noteworthy that GLP-1 neurons express
leptin receptors (Scott et al. 2011), therefore, they might relay
leptin signaling-related information to GnRH neurons.
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Conclusion

In summary, we reported the networking of GLP-1 neurons
of the medulla with GnRH neurons in the mouse brain and
showed that optogenetic stimulation of GLP-1 axons evoked
GLP-1 release in the preoptic area that, in turn, accelerated
the firing of GnRH neurons. The findings suggest that the
GLP-1 neuron system, in addition to controlling powerfully
feeding behavior, it also contributes to the modulation of the
neuroendocrine reproductive axis via the hypophysiotropic
GnRH system.

Acknowledgments The authors thank Dr. Suzanne M. Moenter
(Department of Molecular and Integrative Physiology, University of
Michigan, Ann Arbor, MI, USA) for kindly providing the GnRH-GFP
transgenic mice and Dr. Joel Elmquist (Division of Hypothalamic
Research, Department of Internal Medicine, The University of Texas
Southwestern Medical Center at Dallas, Dallas, TX, USA) for the dona-
tion of the Geg-Cre mouse line.

Author contributions CV carried out the morphological experiments
and quantitative analysis. IF accomplished the slice electrophysiology
and optogenetics. ZL and M.M. Scott designed the experiments. All
authors contributed to the final form of the manuscript.

Funding Open access funding provided by ELKH Institute of
Experimental Medicine. This work was supported by the National
Research, Development and Innovation Office (K115984 and
K128278). MMS was supported by the National Institutes of Health
(USA) (ROIMH116694-02).

Compliance with ethical standards

Conflict of interest statement The authors declare that the research
was conducted in the absence of any commercial or financial relation-
ships that could be construed as a potential conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Acuna-Goycolea C, van den Pol A (2004) Glucagon-like peptide
1 excites hypocretin/orexin neurons by direct and indirect
mechanisms: implications for viscera-mediated arousal. The J
Neurosci 24(37):8141-8152. https://doi.org/10.1523/INEUR
OSCI.1607-04.2004

Babateen O, Korol SV, Jin Z, Bhandage AK, Ahemaiti A, Birnir
B (2017) Liraglutide modulates GABAergic signaling in rat

hippocampal CA3 pyramidal neurons predominantly by presyn-
aptic mechanism. BMC Pharmacol Toxicol 18(1):83. https://doi.
org/10.1186/s40360-017-0191-0

Baggio LL, Drucker DJ (2007) Biology of incretins: GLP-1 and GIP.
Gastroenterology 132(6):2131-2157. https://doi.org/10.1053/j.
gastro.2007.03.054

Beak SA, Heath MM, Small CJ, Morgan DG, Ghatei MA, Taylor AD,
Buckingham JC, Bloom SR, Smith DM (1998) Glucagon-like
peptide-1 stimulates luteinizing hormone-releasing hormone
secretion in a rodent hypothalamic neuronal cell line. J Clin
Investig 101(6):1334—1341. https://doi.org/10.1172/JCI610

Belle M, Godefroy D, Dominici C, Heitz-Marchaland C, Zelina P,
Hellal F, Bradke F, Chedotal A (2014) A simple method for 3D
analysis of immunolabeled axonal tracts in a transparent nerv-
ous system. Cell Rep 9(4):1191-1201. https://doi.org/10.1016/j.
celrep.2014.10.037

Burmeister MA, Brown JD, Ayala JE, Stoffers DA, Sandoval DA,
Seeley RJ, Ayala JE (2017) The glucagon-like peptide-1 recep-
tor in the ventromedial hypothalamus reduces short-term food
intake in male mice by regulating nutrient sensor activity. Am
J Physiol Endocrinol Metab 313(6):E651-E662. https://doi.
org/10.1152/ajpendo.00113.2017

Campbell RE, Han SK, Herbison AE (2005) Biocytin filling of adult
gonadotropin-releasing hormone neurons in situ reveals exten-
sive, spiny, dendritic processes. Endocrinology 146(3):1163—
1169. https://doi.org/10.1210/en.2004-1369

Casoni F, Malone SA, Belle M, Luzzati F, Collier F, Allet C,
Hrabovszky E, Rasika S, Prevot V, Chedotal A, Giacobini
P (2016) Development of the neurons controlling fertility
in humans: new insights from 3D imaging and transparent
fetal brains. Development 143(21):3969-3981. https://doi.
org/10.1242/dev.139444

Chelikani PK, Haver AC, Reidelberger RD (2005) Intravenous infu-
sion of glucagon-like peptide-1 potently inhibits food intake,
sham feeding, and gastric emptying in rats. Am J Physiol
Regul Integr Comp Physiol 288(6):R1695-1706. https://doi.
org/10.1152/ajpregu.00870.2004

Christian CA, Moenter SM (2008) Critical roles for fast synap-
tic transmission in mediating estradiol negative and positive
feedback in the neural control of ovulation. Endocrinology
149(11):5500-5508. https://doi.org/10.1210/en.2008-0453

Christian CA, Mobley JL, Moenter SM (2005) Diurnal and estradiol-
dependent changes in gonadotropin-releasing hormone neuron
firing activity. Proc Natl Acad Sci USA 102(43):15682-15687.
https://doi.org/10.1073/pnas.0504270102

Clarkson J, Herbison AE (2006) Postnatal development of kisspeptin
neurons in mouse hypothalamus; sexual dimorphism and projec-
tions to gonadotropin-releasing hormone neurons. Endocrinol-
ogy 147(12):5817-5825. https://doi.org/10.1210/en.2006-0787

Clarkson J, Han SK, Liu X, Lee K, Herbison AE (2010) Neuro-
biological mechanisms underlying kisspeptin activation of
gonadotropin-releasing hormone (GnRH) neurons at puberty.
Mol Cell Endocrinol 324(1-2):45-50. https://doi.org/10.1016/].
mce.2010.01.026

Cork SC, Richards JE, Holt MK, Gribble FM, Reimann F, Trapp S
(2015) Distribution and characterisation of Glucagon-like pep-
tide-1 receptor expressing cells in the mouse brain. Molecular
metabolism 4(10):718-731. https://doi.org/10.1016/j.molme
t.2015.07.008

Drucker DJ (1998) Glucagon-like peptides. Diabetes 47(2):159-169

Ducret E, Anderson GM, Herbison AE (2009) RFamide-related
peptide-3, a mammalian gonadotropin-inhibitory hormone
ortholog, regulates gonadotropin-releasing hormone neuron fir-
ing in the mouse. Endocrinology 150(6):2799-2804. https://doi.
org/10.1210/en.2008-1623

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1523/JNEUROSCI.1607-04.2004
https://doi.org/10.1523/JNEUROSCI.1607-04.2004
https://doi.org/10.1186/s40360-017-0191-0
https://doi.org/10.1186/s40360-017-0191-0
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1172/JCI610
https://doi.org/10.1016/j.celrep.2014.10.037
https://doi.org/10.1016/j.celrep.2014.10.037
https://doi.org/10.1152/ajpendo.00113.2017
https://doi.org/10.1152/ajpendo.00113.2017
https://doi.org/10.1210/en.2004-1369
https://doi.org/10.1242/dev.139444
https://doi.org/10.1242/dev.139444
https://doi.org/10.1152/ajpregu.00870.2004
https://doi.org/10.1152/ajpregu.00870.2004
https://doi.org/10.1210/en.2008-0453
https://doi.org/10.1073/pnas.0504270102
https://doi.org/10.1210/en.2006-0787
https://doi.org/10.1016/j.mce.2010.01.026
https://doi.org/10.1016/j.mce.2010.01.026
https://doi.org/10.1016/j.molmet.2015.07.008
https://doi.org/10.1016/j.molmet.2015.07.008
https://doi.org/10.1210/en.2008-1623
https://doi.org/10.1210/en.2008-1623

118

Brain Structure and Function (2021) 226:105-120

Erturk A, Becker K, Jahrling N, Mauch CP, Hojer CD, Egen JG, Hel-
lal F, Bradke F, Sheng M, Dodt HU (2012) Three-dimensional
imaging of solvent-cleared organs using 3DISCO. Nat Protoc
7(11):1983-1995. https://doi.org/10.1038/nprot.2012.119

Farkas I, Kallo I, Deli L, Vida B, Hrabovszky E, Fekete C, Moenter
SM, Watanabe M, Liposits Z (2010) Retrograde endocannabinoid
signaling reduces GABAergic synaptic transmission to gonado-
tropin-releasing hormone neurons. Endocrinology 151(12):5818-
5829. https://doi.org/10.1210/en.2010-0638

Farkas I, Vastagh C, Farkas E, Balint F, Skrapits K, Hrabovszky E,
Fekete C, Liposits Z (2016) Glucagon-like peptide-1 excites fir-
ing and increases GABAergic miniature postsynaptic currents
(mPSCs) in gonadotropin-releasing hormone (GnRH) neurons of
the male mice via activation of nitric oxide (NO) and suppres-
sion of endocannabinoid signaling pathways. Front Cell Neurosci
10:214. https://doi.org/10.3389/fncel.2016.00214

Farkas I, Balint F, Farkas E, Vastagh C, Fekete C, Liposits Z (2018)
Estradiol increases glutamate and GABA neurotransmission into
GnRH neurons via retrograde NO-signaling in proestrous mice
during the positive estradiol feedback period. eNeuro. https://doi.
org/10.1523/ENEURO.0057-18.2018

Forni PE, Wray S (2015) GnRH, anosmia and hypogonadotropic hypo-
gonadism—where are we? Front Neuroendocrinol 36:165-177.
https://doi.org/10.1016/j.yfrne.2014.09.004

Gaykema RP, Newmyer BA, Ottolini M, Raje V, Warthen DM, Lam-
beth PS, Niccum M, Yao T, Huang Y, Schulman IG, Harris TE,
Patel MK, Williams KW, Scott MM (2017) Activation of murine
pre-proglucagon-producing neurons reduces food intake and body
weight. J Clin Investig 127(3):1031-1045. https://doi.org/10.1172/
JCI81335

Ghosal S, Packard AEB, Mahbod P, McKlveen JM, Seeley RJ, Myers
B, Ulrich-Lai Y, Smith EP, D’Alessio DA, Herman JP (2017)
Disruption of glucagon-like peptide 1 signaling in siml neu-
rons reduces physiological and behavioral reactivity to acute
and chronic stress. The J Neurosci 37(1):184—193. https://doi.
org/10.1523/INEUROSCI.1104-16.2016

Godefroy D, Dominici C, Hardin-Pouzet H, Anouar Y, Melik-Par-
sadaniantz S, Rostene W, Reaux-Le Goazigo A (2017) Three-
dimensional distribution of tyrosine hydroxylase, vasopressin
and oxytocin neurones in the transparent postnatal mouse brain. J
Neuroendocrinol. https://doi.org/10.1111/jne.12551

Goke R, Larsen PJ, Mikkelsen JD, Sheikh SP (1995) Distribution of
GLP-1 binding sites in the rat brain: evidence that exendin-4
is a ligand of brain GLP-1 binding sites. The Euro J Neurosci
7(11):2294-2300. https://doi.org/10.1111/1.1460-9568.1995.tb006
50.x

Graham DL, Durai HH, Trammell TS, Noble BL, Mortlock DP, Galli
A, Stanwood GD (2020) A novel mouse model of glucagon-like
peptide-1 receptor expression: a look at the brain. J] Comp Neurol.
https://doi.org/10.1002/cne.24905

Hayes MR, Skibicka KP, Grill HJ (2008) Caudal brainstem process-
ing is sufficient for behavioral, sympathetic, and parasympathetic
responses driven by peripheral and hindbrain glucagon-like-pep-
tide-1 receptor stimulation. Endocrinology 149(8):4059-4068.
https://doi.org/10.1210/en.2007-1743

Heppner KM, Baquero AF, Bennett CM, Lindsley SR, Kirigiti MA,
Bennett B, Bosch MA, Mercer AJ, Ronnekleiv OK, True C, Grove
KL, Smith MS (2017) GLP-1R Signaling directly activates arcu-
ate nucleus kisspeptin action in brain slices but does not rescue
luteinizing hormone inhibition in ovariectomized mice during
negative energy balance. eNeuro. https://doi.org/10.1523/ENEUR
0.0198-16.2016

Herman JP (2018) Regulation of hypothalamo-pituitary-adrenocortical
responses to stressors by the nucleus of the solitary tract/dorsal

@ Springer

vagal complex. Cell Mol Neurobiol 38(1):25-35. https://doi.
org/10.1007/s10571-017-0543-8

Holt MK, Richards JE, Cook DR, Brierley DI, Williams DL, Reimann
F, Gribble FM, Trapp S (2019) Preproglucagon neurons in the
nucleus of the solitary tract are the main source of brain GLP-
1, mediate stress-induced hypophagia, and limit unusually large
intakes of food. Diabetes 68(1):21-33. https://doi.org/10.2337/
db18-0729

Iremonger KJ, Herbison AE (2015) Multitasking in gonadotropin-
releasing hormone neuron dendrites. Neuroendocrinology 102(1-
2):1-7. https://doi.org/10.1159/000368364

Irwig MS, Fraley GS, Smith JT, Acohido BV, Popa SM, Cunningham
MlJ, Gottsch ML, Clifton DK, Steiner RA (2004) Kisspeptin acti-
vation of gonadotropin releasing hormone neurons and regulation
of KiSS-1 mRNA in the male rat. Neuroendocrinology 80(4):264—
272. https://doi.org/10.1159/000083140

Jensen CB, Pyke C, Rasch MG, Dahl AB, Knudsen LB, Secher A
(2018) Characterization of the glucagonlike peptide-1 receptor
in male mouse brain using a novel antibody and in situ hybridi-
zation. Endocrinology 159(2):665-675. https://doi.org/10.1210/
en.2017-00812

Kallo I, Vida B, Deli L, Molnar CS, Hrabovszky E, Caraty A, Ciofi
P, Coen CW, Liposits Z (2012) Co-localisation of kisspeptin
with galanin or neurokinin B in afferents to mouse GnRH neu-
rones. J Neuroendocrinol 24(3):464-476. https://doi.org/10.111
1/j.1365-2826.2011.02262.x

Katsurada K, Maejima Y, Nakata M, Kodaira M, Suyama S, Iwasaki
Y, Kario K, Yada T (2014) Endogenous GLP-1 acts on paraven-
tricular nucleus to suppress feeding: projection from nucleus trac-
tus solitarius and activation of corticotropin-releasing hormone,
nesfatin-1 and oxytocin neurons. Biochem Biophys Res Commun
451(2):276-281. https://doi.org/10.1016/j.bbrc.2014.07.116

Kinzig KP, D’Alessio DA, Seeley RJ (2002) The diverse roles of
specific GLP-1 receptors in the control of food intake and the
response to visceral illness. The J Neurosci 22(23):10470-10476

Knauf C, Cani PD, Perrin C, Iglesias MA, Maury JF, Bernard E, Ben-
hamed F, Gremeaux T, Drucker DJ, Kahn CR, Girard J, Tanti JF,
Delzenne NM, Postic C, Burcelin R (2005) Brain glucagon-like
peptide-1 increases insulin secretion and muscle insulin resistance
to favor hepatic glycogen storage. J Clin Investig 115(12):3554—
3563. https://doi.org/10.1172/JCI25764

Komatsu R, Matsuyama T, Namba M, Watanabe N, Itoh H, Kono N,
Tarui S (1989) Glucagonostatic and insulinotropic action of gluca-
gonlike peptide I-(7-36)-amide. Diabetes 38(7):902-905

Korol SV, Jin Z, Babateen O, Birnir B (2015) GLP-1 and exendin-4
transiently enhance GABAA receptor-mediated synaptic and tonic
currents in rat hippocampal CA3 pyramidal neurons. Diabetes
64(1):79-89. https://doi.org/10.2337/db14-0668

Kreymann B, Williams G, Ghatei MA, Bloom SR (1987) Glucagon-
like peptide-1 7-36: a physiological incretin in man. Lancet
2(8571):1300-1304

Larsen PJ, Tang-Christensen M, Holst JJ, Orskov C (1997) Distribu-
tion of glucagon-like peptide-1 and other preproglucagon-derived
peptides in the rat hypothalamus and brainstem. Neuroscience
77(1):257-270

Li B, Xi X, Roane DS, Ryan DH, Martin RJ (2003) Distribution of
glucokinase, glucose transporter GLUT2, sulfonylurea receptor-1,
glucagon-like peptide-1 receptor and neuropeptide Y messenger
RNAs in rat brain by quantitative real time RT-PCR. Brain Res
Mol Brain Res 113(1-2):139-142

Liu X, Porteous R, d’Anglemont de Tassigny X, Colledge WH, Mil-
lar R, Petersen SL, Herbison AE (2011) Frequency-dependent
recruitment of fast amino acid and slow neuropeptide neuro-
transmitter release controls gonadotropin-releasing hormone


https://doi.org/10.1038/nprot.2012.119
https://doi.org/10.1210/en.2010-0638
https://doi.org/10.3389/fncel.2016.00214
https://doi.org/10.1523/ENEURO.0057-18.2018
https://doi.org/10.1523/ENEURO.0057-18.2018
https://doi.org/10.1016/j.yfrne.2014.09.004
https://doi.org/10.1172/JCI81335
https://doi.org/10.1172/JCI81335
https://doi.org/10.1523/JNEUROSCI.1104-16.2016
https://doi.org/10.1523/JNEUROSCI.1104-16.2016
https://doi.org/10.1111/jne.12551
https://doi.org/10.1111/j.1460-9568.1995.tb00650.x
https://doi.org/10.1111/j.1460-9568.1995.tb00650.x
https://doi.org/10.1002/cne.24905
https://doi.org/10.1210/en.2007-1743
https://doi.org/10.1523/ENEURO.0198-16.2016
https://doi.org/10.1523/ENEURO.0198-16.2016
https://doi.org/10.1007/s10571-017-0543-8
https://doi.org/10.1007/s10571-017-0543-8
https://doi.org/10.2337/db18-0729
https://doi.org/10.2337/db18-0729
https://doi.org/10.1159/000368364
https://doi.org/10.1159/000083140
https://doi.org/10.1210/en.2017-00812
https://doi.org/10.1210/en.2017-00812
https://doi.org/10.1111/j.1365-2826.2011.02262.x
https://doi.org/10.1111/j.1365-2826.2011.02262.x
https://doi.org/10.1016/j.bbrc.2014.07.116
https://doi.org/10.1172/JCI25764
https://doi.org/10.2337/db14-0668

Brain Structure and Function (2021) 226:105-120

19

neuron excitability. The J Neurosci 31(7):2421-2430. https://doi.
org/10.1523/INEUROSCI.5759-10.2011

Liu J, Conde K, Zhang P, Lilascharoen V, Xu Z, Lim BK, Seeley RJ,
Zhu JJ, Scott MM, Pang ZP (2017) Enhanced AMPA receptor
trafficking mediates the anorexigenic effect of endogenous gluca-
gon-like peptide-1 in the paraventricular hypothalamus. Neuron
96(4):897-909. https://doi.org/10.1016/j.neuron.2017.09.042
(e895)

Lopez-Ferreras L, Richard JE, Noble EE, Eerola K, Anderberg RH,
Olandersson K, Taing L, Kanoski SE, Hayes MR, Skibicka KP
(2018) Lateral hypothalamic GLP-1 receptors are critical for
the control of food reinforcement, ingestive behavior and body
weight. Mol Psychiatry 23(5):1157-1168. https://doi.org/10.1038/
mp.2017.187

MacLusky NJ, Cook S, Scrocchi L, Shin J, Kim J, Vaccarino F, Asa
SL, Drucker DJ (2000) Neuroendocrine function and response to
stress in mice with complete disruption of glucagon-like peptide-1
receptor signaling. Endocrinology 141(2):752-762. https://doi.
org/10.1210/endo.141.2.7326

Madisen L, Mao T, Koch H, Zhuo JM, Berenyi A, Fujisawa S, Hsu YW,
Garcia AJ 3rd, Gu X, Zanella S, Kidney J, Gu H, Mao Y, Hooks
BM, Boyden ES, Buzsaki G, Ramirez JM, Jones AR, Svoboda K,
Han X, Turner EE, Zeng H (2012) A toolbox of Cre-dependent
optogenetic transgenic mice for light-induced activation and
silencing. Nat Neurosci 15(5):793-802. https://doi.org/10.1038/
nn.3078

Mellon PL, Windle JJ, Goldsmith PC, Padula CA, Roberts JL, Weiner
RI (1990) Immortalization of hypothalamic GnRH neurons by
genetically targeted tumorigenesis. Neuron 5(1):1-10. https://doi.
org/10.1016/0896-6273(90)90028-¢

Merchenthaler I, Gores T, Setalo G, Petrusz P, Flerko B (1984) Gonad-
otropin-releasing hormone (GnRH) neurons and pathways in the
rat brain. Cell Tissue Res 237(1):15-29. https://doi.org/10.1007/
BF00229195

Merchenthaler I, Lane M, Shughrue P (1999) Distribution of pre-pro-
glucagon and glucagon-like peptide-1 receptor messenger RNAs
in the rat central nervous system. J Comp Neurol 403(2):261-280

Moenter SM, DeFazio RA (2005) Endogenous gamma-aminobutyric
acid can excite gonadotropin-releasing hormone neurons. Endocri-
nology 146(12):5374-5379. https://doi.org/10.1210/en.2005-0788

Mojsov S, Kopczynski MG, Habener JF (1990) Both amidated and non-
amidated forms of glucagon-like peptide I are synthesized in the
rat intestine and the pancreas. The Biol Chem 265(14):8001-8008

Moore AM, Abbott G, Mair J, Prescott M, Campbell RE (2018) Map-
ping GABA and glutamate inputs to gonadotrophin-releasing
hormone neurones in male and female mice. J Neuroendocrinol
30(12):e12657. https://doi.org/10.1111/jne.12657

Moore AM, Lucas KA, Goodman RL, Coolen LM, Lehman MN (2018)
Three-dimensional imaging of KNDy neurons in the mammalian
brain using optical tissue clearing and multiple-label immuno-
cytochemistry. Sci Rep 8(1):2242. https://doi.org/10.1038/s4159
8-018-20563-2

Norberg R, Campbell R, Suter KJ (2013) Ion channels and informa-
tion processing in GnRH neuron dendrites. Channels (Austin)
7(3):135-145. https://doi.org/10.4161/chan.24228

Oride A, Kanasaki H, Mijiddorj T, Sukhbaatar U, Hara T, Tumurbaatar
T, Kyo S (2017) GLP-1 increases Kiss-1 mRNA expression in
kisspeptin-expressing neuronal cells. Biol Reprod 97(2):240-248.
https://doi.org/10.1093/biolre/iox087

Outeirino-Iglesias V, Romani-Perez M, Gonzalez-Matias LC, Vigo E,
Mallo F (2015) GLP-1 increases pre-ovulatory LH source and the
number of mature follicles, as well as synchronizing the onset of
puberty in female rats. Endocrinology. https://doi.org/10.1210/
en.2014-1978

Pielecka-Fortuna J, Chu Z, Moenter SM (2008) Kisspeptin acts directly
and indirectly to increase gonadotropin-releasing hormone neuron

activity and its effects are modulated by estradiol. Endocrinology
149(4):1979-1986. https://doi.org/10.1210/en.2007-1365

Piet R, Dunckley H, Lee K, Herbison AE (2016) Vasoactive intestinal
peptide excites GnRH neurons in male and female mice. Endocri-
nology 157(9):3621-3630. https://doi.org/10.1210/en.2016-1399

Piet R, Kalil B, McLennan T, Porteous R, Czieselsky K, Herbison
AE (2018) Dominant neuropeptide cotransmission in kisspeptin-
GABA regulation of GnRH neuron firing driving ovulation. The
J Neurosci 38(28):6310-6322. https://doi.org/10.1523/JNEUR
OSCIL.0658-18.2018

Renier N, Wu Z, Simon DJ, Yang J, Ariel P, Tessier-Lavigne M (2014)
iDISCO: a simple, rapid method to immunolabel large tissue
samples for volume imaging. Cell 159(4):896-910. https://doi.
org/10.1016/j.cell.2014.10.010

Renner E, Puskas N, Dobolyi A, Palkovits M (2012) Glucagon-like pep-
tide-1 of brainstem origin activates dorsomedial hypothalamic neu-
rons in satiated rats. Peptides 35(1):14-22. https://doi.org/10.1016/j.
peptides.2012.02.018

Richard JE, Farkas I, Anesten F, Anderberg RH, Dickson SL, Gribble
FM, Reimann F, Jansson JO, Liposits Z, Skibicka KP (2014) GLP-1
receptor stimulation of the lateral parabrachial nucleus reduces food
intake: neuroanatomical, electrophysiological, and behavioral evi-
dence. Endocrinology 155(11):4356—4367. https://doi.org/10.1210/
en.2014-1248

Richards P, Parker HE, Adriaenssens AE, Hodgson JM, Cork SC, Trapp
S, Gribble FM, Reimann F (2014) Identification and characteri-
zation of GLP-1 receptor-expressing cells using a new transgenic
mouse model. Diabetes 63(4):1224—1233. https://doi.org/10.2337/
db13-1440

Sandoval D, Sisley SR (2015) Brain GLP-1 and insulin sen-
sitivity. Mol Cell Endocrinol. https://doi.org/10.1016/j.
mce.2015.1002.1017.10.1016/j.mce.2015.02.017

Sandoval DA, Bagnol D, Woods SC, D’Alessio DA, Seeley RJ (2008)
Arcuate glucagon-like peptide 1 receptors regulate glucose homeo-
stasis but not food intake. Diabetes 57(8):2046—2054. https://doi.
org/10.2337/db07-1824

Scott MM, Williams KW, Rossi J, Lee CE, Elmquist JK (2011) Leptin
receptor expression in hindbrain Glp-1 neurons regulates food intake
and energy balance in mice. J Clin Investig 121(6):2413-2421. https
://doi.org/10.1172/1C143703

Scrocchi LA, Brown TJ, MaClusky N, Brubaker PL, Auerbach AB,
Joyner AL, Drucker DJ (1996) Glucose intolerance but normal
satiety in mice with a null mutation in the glucagon-like peptide 1
receptor gene. Nat Med 2(11):1254-1258

Silverman AJ, Kokoris GJ, Gibson MJ (1988) Quantitative analysis of
synaptic input to gonadotropin-releasing hormone neurons in nor-
mal mice and hpg mice with preoptic area grafts. Brain Res 443(1—
2):367-372. https://doi.org/10.1016/0006-8993(88)91635-6

Skibicka KP (2013) The central GLP-1: implications for food and
drug reward. Front Neurosci 7:181. https://doi.org/10.3389/fnins
.2013.00181

Spergel DJ (2019) Neuropeptidergic modulation of GnRH neuronal activ-
ity and GnRH secretion controlling reproduction: insights from
recent mouse studies. Cell Tissue Res 375(1):179-191. https://doi.
org/10.1007/s00441-018-2893-z

Suter KJ, Song WJ, Sampson TL, Wuarin JP, Saunders JT, Dudek FE,
Moenter SM (2000) Genetic targeting of green fluorescent protein
to gonadotropin-releasing hormone neurons: characterization of
whole-cell electrophysiological properties and morphology. Endo-
crinology 141(1):412—419. https://doi.org/10.1210/endo.141.1.7279

Suter KJ, Wuarin JP, Smith BN, Dudek FE, Moenter SM (2000)
Whole-cell recordings from preoptic/hypothalamic slices reveal
burst firing in gonadotropin-releasing hormone neurons identified
with green fluorescent protein in transgenic mice. Endocrinology
141(10):3731-3736. https://doi.org/10.1210/endo.141.10.7690

@ Springer


https://doi.org/10.1523/JNEUROSCI.5759-10.2011
https://doi.org/10.1523/JNEUROSCI.5759-10.2011
https://doi.org/10.1016/j.neuron.2017.09.042
https://doi.org/10.1038/mp.2017.187
https://doi.org/10.1038/mp.2017.187
https://doi.org/10.1210/endo.141.2.7326
https://doi.org/10.1210/endo.141.2.7326
https://doi.org/10.1038/nn.3078
https://doi.org/10.1038/nn.3078
https://doi.org/10.1016/0896-6273(90)90028-e
https://doi.org/10.1016/0896-6273(90)90028-e
https://doi.org/10.1007/BF00229195
https://doi.org/10.1007/BF00229195
https://doi.org/10.1210/en.2005-0788
https://doi.org/10.1111/jne.12657
https://doi.org/10.1038/s41598-018-20563-2
https://doi.org/10.1038/s41598-018-20563-2
https://doi.org/10.4161/chan.24228
https://doi.org/10.1093/biolre/iox087
https://doi.org/10.1210/en.2014-1978
https://doi.org/10.1210/en.2014-1978
https://doi.org/10.1210/en.2007-1365
https://doi.org/10.1210/en.2016-1399
https://doi.org/10.1523/JNEUROSCI.0658-18.2018
https://doi.org/10.1523/JNEUROSCI.0658-18.2018
https://doi.org/10.1016/j.cell.2014.10.010
https://doi.org/10.1016/j.cell.2014.10.010
https://doi.org/10.1016/j.peptides.2012.02.018
https://doi.org/10.1016/j.peptides.2012.02.018
https://doi.org/10.1210/en.2014-1248
https://doi.org/10.1210/en.2014-1248
https://doi.org/10.2337/db13-1440
https://doi.org/10.2337/db13-1440
https://doi.org/10.1016/j.mce.2015.1002.1017.10.1016/j.mce.2015.02.017
https://doi.org/10.1016/j.mce.2015.1002.1017.10.1016/j.mce.2015.02.017
https://doi.org/10.2337/db07-1824
https://doi.org/10.2337/db07-1824
https://doi.org/10.1172/JCI43703
https://doi.org/10.1172/JCI43703
https://doi.org/10.1016/0006-8993(88)91635-6
https://doi.org/10.3389/fnins.2013.00181
https://doi.org/10.3389/fnins.2013.00181
https://doi.org/10.1007/s00441-018-2893-z
https://doi.org/10.1007/s00441-018-2893-z
https://doi.org/10.1210/endo.141.1.7279
https://doi.org/10.1210/endo.141.10.7690

120

Brain Structure and Function (2021) 226:105-120

Trapp S, Cork SC (2015) PPG neurons of the lower brain stem and their
role in brain GLP-1 receptor activation. Am J Physiol Regul Integr
Comp Physiol 309(8):R795-804. https://doi.org/10.1152/ajpre
£u.00333.2015

Van Keuren ML, Saunders TL (2004) Rederivation of transgenic and
gene-targeted mice by embryo transfer. Transgenic Res 13(4):363—
371. https://doi.org/10.1023/b:trag.0000040040.82536.a5

Vastagh C, Rodolosse A, Solymosi N, Farkas I, Auer H, Sarvari M, Lipos-
its Z (2015) Differential gene expression in gonadotropin-releasing
hormone neurons of male and metestrous female mice. Neuroen-
docrinology 102(1-2):44-59. https://doi.org/10.1159/000430818

Vastagh C, Rodolosse A, Solymosi N, Liposits Z (2016) Altered expres-
sion of genes encoding neurotransmitter receptors in GnRH neu-
rons of proestrous mice. Front Cell Neurosci 10:230. https://doi.
org/10.3389/fncel.2016.00230

Vigouroux RJ, Belle M, Chedotal A (2017) Neuroscience in the third
dimension: shedding new light on the brain with tissue clear-
ing. Molecular brain 10(1):33. https://doi.org/10.1186/s1304
1-017-0314-y

Vrang N, Larsen PJ (2010) Preproglucagon derived peptides GLP-1,
GLP-2 and oxyntomodulin in the CNS: role of peripherally secreted
and centrally produced peptides. Prog Neurobiol 92(3):442-462.
https://doi.org/10.1016/j.pneurobio.2010.07.003

Wang L, Guo W, Shen X, Yeo S, Long H, Wang Z, Lyu Q, Herbison AE,
Kuang Y (2020) Different dendritic domains of the GnRH neuron
underlie the pulse and surge modes of GnRH secretion in female
mice. Elife. https://doi.org/10.7554/eLife.53945

Ward DR, Dear FM, Ward IA, Anderson SI, Spergel DJ, Smith PA,
Ebling FJ (2009) Innervation of gonadotropin-releasing hormone

@ Springer

neurons by peptidergic neurons conveying circadian or energy bal-
ance information in the mouse. PLoS ONE 4(4):e5322. https://doi.
org/10.1371/journal.pone.0005322

Wei Y, Mojsov S (1995) Tissue-specific expression of the human receptor
for glucagon-like peptide-I: brain, heart and pancreatic forms have
the same deduced amino acid sequences. FEBS Lett 358(3):219-224

Wetsel WC, Valenca MM, Merchenthaler I, Liposits Z, Lopez FJ, Weiner
RI, Mellon PL, Negro-Vilar A (1992) Intrinsic pulsatile secretory
activity of immortalized luteinizing hormone-releasing hormone-
secreting neurons. Proc Natl Acad Sci USA 89(9):4149-4153. https
://doi.org/10.1073/pnas.89.9.4149

Zhang C, Roepke TA, Kelly MJ, Ronnekleiv OK (2008) Kisspeptin depo-
larizes gonadotropin-releasing hormone neurons through activation
of TRPC-like cationic channels. The J Neurosci 28(17):4423-4434.
https://doi.org/10.1523/INEUROSCI.5352-07.2008

Zheng H, Rinaman L (2016) Simplified CLARITY for visualizing
immunofluorescence labeling in the developing rat brain. Brain
Struct Funct 221(4):2375-2383. https://doi.org/10.1007/s0042
9-015-1020-0

Zheng H, Stornetta RL, Agassandian K, Rinaman L (2015) Glutamatergic
phenotype of glucagon-like peptide 1 neurons in the caudal nucleus
of the solitary tract in rats. Brain Struct Funct 220(5):3011-3022.
https://doi.org/10.1007/s00429-014-0841-6

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1152/ajpregu.00333.2015
https://doi.org/10.1152/ajpregu.00333.2015
https://doi.org/10.1023/b:trag.0000040040.82536.a5
https://doi.org/10.1159/000430818
https://doi.org/10.3389/fncel.2016.00230
https://doi.org/10.3389/fncel.2016.00230
https://doi.org/10.1186/s13041-017-0314-y
https://doi.org/10.1186/s13041-017-0314-y
https://doi.org/10.1016/j.pneurobio.2010.07.003
https://doi.org/10.7554/eLife.53945
https://doi.org/10.1371/journal.pone.0005322
https://doi.org/10.1371/journal.pone.0005322
https://doi.org/10.1073/pnas.89.9.4149
https://doi.org/10.1073/pnas.89.9.4149
https://doi.org/10.1523/JNEUROSCI.5352-07.2008
https://doi.org/10.1007/s00429-015-1020-0
https://doi.org/10.1007/s00429-015-1020-0
https://doi.org/10.1007/s00429-014-0841-6

	Networking of glucagon-like peptide-1 axons with GnRH neurons in the basal forebrain of male mice revealed by 3DISCO-based immunocytochemistry and optogenetics
	Abstract
	Introduction
	Materials and methods
	Ethics statement
	Animals
	Characterization of the transgenic mouse strains
	The GnRH-GFP mouse line
	The Gcg-Cre mouse line
	The GCG-ChR2 mouse line
	The GCG-ChR2-GnRH-GFP mouse line

	Double and triple label fluorescent immunocytochemistry
	Tissue processing for 3DISCO-based double fluorescent immunocytochemistry
	Evaluation of double-labelled specimens
	Quantitative analysis, statistics
	Acute brain slice preparation for electrophysiology
	Whole-cell patch-clamp experiments, optogenetic stimulation, data analysis

	Results
	Networking of the central GLP-1 neuron system with GnRH neurons of mice: neuroanatomical evidence
	Characterization of the GCG-ChR2 mouse line
	Rederivation and genotyping of the Gcg-Cre mice
	Geno-and phenotyping of the GCG-ChR2 mouse line

	3DISCO-based double immunocytochemistry reveals the innervation of a subset of GnRH neurons by GLP-1 axons in the mouse forebrain
	Quantification of the GLP-1-IR neuronal input onto GnRH neurons

	GLP-1 axons modulate the electrophysiological activity of GnRH neurons: optogenetic evidence
	Characterization of the triple transgenic mouse strain used for optogenetics
	Effects of optogenetic stimulation of GCG-ChR2 axons upon the activity of GnRH-GFP neurons

	Discussion
	Networking of the central GLP-1 neuronal system with GnRH neurons
	Quantification of the neuronal GLP-1 input to hypophysiotropic GnRH cells
	The feasibility of the 3DISCO method-based immunocytochemistry for mapping of neuronal circuits and quantitative evaluation of their anatomical interaction

	Optogenetically released GLP-1 alters the electrophysiological activity of GnRH neurons
	Physiological significance of GLP-1 signaling upon the GnRH system
	Conclusion
	Acknowledgments 
	References




