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Abstract: Gonadotropin-releasing hormone (GnRH) neurons are key neuroendocrine cells in the
brain as they control reproduction by regulating hypothalamic-pituitary-gonadal axis function. In
this context, anti-Miillerian hormone (AMH), growth hormone (GH), and insulin-like growth factor
1 (IGF1) were shown to improve GnRH neuron migration and function in vitro. Whether AMH,
GH, and IGF1 signaling pathways participate in the development and function of GnRH neurons
in vivo is, however, currently still unknown. To assess the role of AMH, GH, and IGF1 systems
in the development of GnRH neuron, we evaluated the expression of AMH receptors (AMHR?2),
GH (GHR), and IGF1 (IGF1R) on sections of ex vivo mice at different development stages. The
expression of AMHR2, GHR, and IGF1R was assessed by immunofluorescence using established
protocols and commercial antibodies. The head sections of mice were analyzed at E12.5, E14.5, and
E18.5. In particular, at E12.5, we focused on the neurogenic epithelium of the vomeronasal organ
(VNO), where GnRH neurons, migratory mass cells, and the pioneering vomeronasal axon give rise.
At E14.5, we focused on the VNO and nasal forebrain junction (NF]), the two regions where GnRH
neurons originate and migrate to the hypothalamus, respectively. At E18.5, the median eminence,
which is the hypothalamic area where GnRH is released, was analyzed. At E12.5, double staining for
the neuronal marker $3-tubulin IIl and AMHR?2, GHR, or IGF1R revealed a signal in the neurogenic
niches of the olfactory and VNO during early embryo development. Furthermore, IGFIR and GHR
were expressed by VNO-emerging GnRH neurons. At E14.5, a similar expression pattern was found
for the neuronal marker 3-tubulin III, while the expression of IGF1R and GHR began to decline, as
also observed at E18.5. Of note, hypothalamic GnRH neurons labeled for PLXND1 tested positive for
AMHR?2 expression. Ex vivo experiments on mouse sections revealed differential protein expression
patterns for AMHR2, GHR, and IGFIR at any time point in development between neurogenic areas
and hypothalamic compartments. These findings suggest a differential functional role of related
systems in the development of GnRH neurons.

Keywords: GnRH; AMHR2; GHR; IGF1R; neuron migration; GnRH secretion; hypogonadotropic
hypogonadism
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1. Introduction

The neuropeptide gonadotropin-releasing hormone (GnRH) plays a key role in the
regulation of mammalian reproduction [1]. It is secreted by GnRH neurons, which originate
in the olfactory placode and, in close association with the terminal nerve, migrate from
the medial part of the nasal epithelium to the forebrain in the sixth embryonic week in
humans [2,3]. After reaching the telencephalon, they penetrate the brain caudal to the
olfactory bulb and migrate from the medial wall of the cerebral hemisphere to the preop-
tic/hypothalamic region, where they finally settle [3]. An alteration of this pathway leads
to congenital hypogonadotropic hypogonadism (CHH) [4]. CHH is a disease caused by the
abnormal production, secretion, or function of GnRH. Population-based epidemiological
studies report a CHH prevalence of 1 in 48,000 persons [5]. It is more common in men,
with a male-to-female prevalence of 3-5:1 [6,7]. Clinical characteristics of CHH include
incomplete or absent puberty and, in adulthood, isolated hypogonadotropic hypogonadism
(HH) and infertility. Many patients are diagnosed in late adolescence or early adulthood,
since differential diagnosis with puberty delay is challenging during early adolescence.
Over the past few decades, more than 50 genes have been found to play a role in the patho-
genesis of CHH [8,9]. Furthermore, the traditional monogenic inheritance of CHH has been
revised, and oligogenic forms of CHH have replaced the Mendelian view of inheritance,
thus changing genetic testing and patient counseling [10]. Despite these discoveries, to
date, in about half of CHH cases, the etiology remains unknown [11]. Therefore, a better
understanding of the molecular bases of GnRH neuron development and function and
their pathophysiological consequences is needed to help clarify the causes of idiopathic
CHH.

Recently, the anti-Miillerian hormone (AMH), growth hormone (GH), and insulin-like
growth factor 1 (IGF1) systems have been found to play a relevant role in the development
and function of the GnRH neuronal system. Emerging evidence attributes a possible role to
AMH in enhancing GnRH secretion. In particular, the intracerebroventricular injection of
recombinant AMH stimulates the firing of GnRH neurons and, therefore, the secretion of
GnRH in 4-8-month-old female mice [12]. In line with the possible role of AMH in CHH, the
AMH receptor (AMHR?2) has been found expressed in GnRH neurons of human three- and
nine-week-old fetuses (at this embryonal stage, GnRH neurons are found in the nasal region
at the beginning of the migratory pathway), and in the adult human hypothalamus of a
man and a woman, post-mortem [12]. Furthermore, in humans, heterozygous mutations
with loss of function of the AMH or AMHR?2 genes have been described in 3% of probands
with CHH [13]. These data support that the AMH/AMHR system is involved in GnRH
neuron function and, therefore, may play a role in the etiology of CHH, although, the
evidence is inconclusive.

Fewer data are available on the effect of GH and IGF1 on GnRH neuron function.
Delayed puberty or an increase in the duration of the entire puberty process is frequently
reported in patients with Laron syndrome who have a resistance to GH due to mutations
in the GHR gene [14-17]. This suggests that the GH-IGF1 system is involved in the timing
of the activation of GnRH firing. Consistent with this hypothesis, IGFIR is expressed in
GnRH neurons in both male and female mice [18], and the incubation of GT1-7 cells (an
established model of mature GnRH neurons [19]) with IGF1 has been shown to increase
GnRH secretion after 2 h and decrease after 4 h of incubation [20].

We have recently shown that GH, IGF1, and AMH modulate several functions of
immortalized models of GnRH neurons [21]. The expression pattern of their receptors
during the whole process of GnRH neuron development clearly represents the mandatory
molecular background for such activities; however, it has been only partially characterized.
Thus, in this paper, we comprehensively studied the expression of GHR, IGF1R, and
AMHR? proteins during mouse embryogenesis in anatomical regions relevant to GnRH
neuron development with the aim of filling this knowledge gap.
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2. Results

To investigate the potential role of AMHR?2, GHR, and IGF1R during the development
of GnRH neurons, we performed double immunofluorescence analyses using pan-neuronal
and specific GnRH neuron markers. During mouse embryogenesis, GnRH neurons origi-
nate in the nasal placode arising from the VNO from E10.5 onwards [22]. Subsequently,
they migrate into the nasal parenchyma following the vomeronasal (VN) and olfactory
(OLF) axons to cross the cribriform plate (CP), enter the brain, and reach the medial preoptic
area (MPOA) of the hypothalamus, where they arrest and send projections to the median
eminence (ME) [23] at around E18.5.

2.1. IGFIR, GHR, and AMHR?2 Are Expressed in Neurogenic Niches of the Olfactory and
Vomeronasal Systems during Early Embryo Development

We initially analyzed the expression pattern of IGF1R, GHR, and AMHR?2 in mouse
embryo heads at E12.5, when, in the mouse, VN and GnRH neuron cell bodies can be
visualized in the germinative epithelium of the VNO. At this stage, it is also possible
to observe migrating cells forming the so-called migratory mass, which includes GnRH
neurons as well as extending VN axons along the nasal septum [24]. Thus, we performed
double immunofluorescence staining on coronal sections from E12.5 mouse heads, using
antibodies for IGF1R, GHR or AMHR?2 in combination with an antibody for nTUBB3,
a pan-neuronal marker for immature neurons as well as migrating neurons/extending
axons along the nasal septum. As depicted in Figure 1, IGFIR was found to be widely
expressed by cell bodies located in the VNO and in the olfactory epithelium (OE), where
VN and GnRH neurons and olfactory neurons are located, respectively; furthermore, IGF1IR
expression was also present in a bundle of neurons/axons emerging from the VNO and the
OE.
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Figure 1. IGFIR is expressed in olfactory neurogenic niches at E12.5. (A) Coronal sections of E12.5
mouse embryo heads at VNO level were immunolabeled for IGFIR (green) and nTUBB3 (red) to
reveal neuron cell bodies and axons. (B) High magnification of squared box area in (A). Solid
arrowheads indicate examples of nTUBB3-positive cells/axons exiting the VNO that express IGF1IR
in the nasal parenchyma. White arrows indicate strong expression of IGFIR in neurogenic epithelia
of the VNO and the OE. Single-channel images are shown beside each panel. Abbreviations: IFG1R,
insulin-like growth factor 1 receptor; VNO, vomeronasal organ; OE, olfactory epithelium. Scale bars:
250 um (A) and 50 pm (B).
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GHR was expressed by sparse cells in VNO/OE neurogenic epithelia and on cells/axons
emerging from the VNO, with prominent expression in cells within axon bundles at CP
level, just below the forebrain (FB) (Figure 2).
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Figure 2. GHR is expressed by migratory mass at E12.5. (A) Coronal sections of E12.5 mouse
embryo heads at the VNO level were immunolabeled for GHR (green) and nTUBB3 (red) to reveal
neuron cell bodies and axons. White arrows indicate the expression of GHR in the axon bundles at
the CP level. (B) High magnification of squared box area in (A). Solid arrowheads indicate examples
of nTUBB3-positive cells/axons exiting the VNO that express GHR in the nasal parenchyma. White
arrows indicate the expression of GHR on some cell bodies in neurogenic epithelia of the VNO and
the OE. Single-channel images are shown beside each panel. Abbreviations: GHR, growth hormone
receptor; VNO, vomeronasal organ; CP, cribriform plate; OE, olfactory epithelium; and FB, forebrain.
Scale bars: 250 um (A) and 50 um (B).

Finally, AMHR?2 showed a pattern of expression similar to the other receptors, with a
clear colocalization within nTUBB3* cell bodies in the VNO/OE and cells/axons leaving
the VNO; in addition, AMHR2 expression was also found in cells at the CP level (Figure 3).
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Figure 3. AMHR2 is expressed in neurogenic niches of VNO, OE, and migratory mass at E12.5.
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(A) Coronal sections of E12.5 mouse embryo heads at the VNO level were immunolabeled for
AMHR?2 (green) and nTUBB3 (red) to reveal neuron cell bodies and axons. White arrows indicate the
expression of AMHR? in the parenchyma at the CP level. (B) High magnification of squared box area
in (A). Solid arrowheads indicate examples of nTUBB3-positive cells/axons exiting the VNO and cell
bodies in neurogenic epithelia of the VNO/OE that express AMHR?2. Single-channel images are shown
beside each panel. Abbreviations: AMHR?2, anti-Miillerian hormone receptor 2; VNO, vomeronasal
organ; OE, olfactory epithelium; and CP, cribriform plate. Scale bars: 250 pm (A) and 50 pm (B).

These results collectively indicate that IGF1R, GHR, and AMHR2 might be involved
in the early phases of development of the olfactory /VN systems, and in particular for the
targeting of nasal axons and the migration of neurons emerging from the VNO.

2.2. IGF1R and GHR Are Expressed by GnRH Neurons Migrating in the Nasal Parenchyma

To ascertain whether among the AMHR?2, GHR, and IGF1R-positive cells in the VNO,
there are GnRH™ neurons, we performed a double immunofluorescence protocol with an
antibody raised against GnRH peptide [25,26]. Although the expression of both IGFIR and
GHR in the VNO epithelium has been observed, as reported above, GnRH neurons in the
VNO did not express these receptors. Yet, we found that IGF1R and GHR were expressed
by some GnRH-positive cells exiting the VNO within the nasal parenchyma (Figure 4).
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Figure 4. IGFIR and GHR are expressed by GnRH neurons migrating in the nasal parenchyma, but
not by GnRH neurons residing in the VNO. (A) Coronal sections of E12.5 mouse embryo heads at the
VNO level were immunolabeled for IGF1R (green) and GnRH (red) to reveal GnRH neurons. Solid
arrowheads indicate examples of GnRH-positive cells exiting the VNO that express IGF1R. Empty
arrowheads indicate examples of GnRH-positive cells within the VNO that do not express IGF1R.
(B) Coronal sections of E12.5 mouse embryo heads at the VNO level were immunolabeled for
GHR (green) and GnRH (red) to reveal GnRH neurons. Solid arrowheads indicate examples of
GnRH-positive cells exiting the VNO that express GHR. Empty arrowheads indicate examples of
GnRH-positive cells within the VNO that do not express GHR. Single-channel images are shown
beside each panel. Abbreviations: IFGIR, insulin-like growth factor 1 receptor; GHR, growth hormone
receptor; GnRH, gonadotropin-releasing hormone; VNO, vomeronasal organ. Scale bars: 50 pm.

Due to the cross-reactivity of primary antibodies, we could not perform similar colo-
calization staining for AMHR2 and GnRH. In any case, previous work has already reported
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the expression of AMHR2 by migrating GnRH neurons both in mouse embryos at E12.5 and
human fetuses at gestation week 9 [12]. As suggested by these double immunofluorescence
staining, some GnRH-positive neurons, once emerged from the VNO epithelium, express
IGF1R and GHR, indicating that these receptors could be implicated in the initiation of
GnRH neuron migration in the nasal parenchyma.

2.3. IGF1R, GHR, and AMHR?2 Expression Is Maintained in Nasal Axons and Migrating Cells at
the Intermediate Embryo Developmental Stage

We then analyzed the expression pattern of AMHR2, GHR, and IGFIR in mouse
embryo heads at E14.5, an intermediate time point, at which migrating GnRH neurons can
be found in both the nose and in the FB [23]. Double immunostaining with antibodies for
these receptors and nTUBB3 confirmed that AMHR?2, IGF1R, and GHR were expressed on
nTUBB3-positive cells/axons migrating /extending in the nasal compartment. In particular,
IGF1R was still highly expressed in the dorsal portion of the OE, in the VNO, and by the mi-
grating cells/elongating axons in the nasal parenchyma (Figure 5A,B). Furthermore, IGF1IR
was expressed by the nasal axons that innervate the OBs, at the level of CP (Figure 5C,D).

E14.5 wild type VNO

nTUBB3 DAPI

IGF1R single ch.

nTUBB3 single ch.

Figure 5. IGFIR is expressed by neurons and axons migrating/extending from the VNO. (A,B)
Coronal sections of E14.5 mouse embryo heads at the VNO level were immunolabeled for IGFIR
(green) and nTUBB3 (red) to reveal neuron cell bodies and axons. White arrows indicate the expression
of IGFIR in the VNO/dorsal OE neurogenic epithelia. The high magnification of the squared box
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area is shown in (B). Solid arrowheads indicate examples of nTUBB3/IGF1R-positive cells/axons
exiting the VNO. (C,D) Coronal sections of E14.5 mouse embryo heads at the OB level were im-
munolabeled for IGFIR (green) and nTUBB3 (red) to reveal neuron cell bodies and axons. The
high magnification of the squared box area is shown in (D). Solid arrowheads indicate examples of
nTUBB3/IGF1R-positive axons innervating the OB. Single-channel images are shown below each
panel. Abbreviations: IFG1R, insulin-like growth factor 1 receptor; VNO, vomeronasal organ; OE,
olfactory epithelium; OB, olfactory bulb; and NS, nasal septum. Scale bars: 250 um (A,C) and 50 um
(B,D).

Similarly, GHR was found in migrating cells/nasal axons emerging from the VNO and
on axons reaching the OBs at the level of the CP, but its expression was less pronounced in
the neurogenic epithelia (OE and VNO) compared to IGF1R. In addition, GHR expression
is also reported on nasal septum and nasal capsule cells (Figure 6).

E14.5wild type  VNO E14.5wild type OB

nTUBB3 DAPI

nTUBBS single ch.

Figure 6. GHR is expressed by neurons and axons leaving/extending from the VNO. (A,B) Coronal
sections of E14.5 mouse embryo heads at the VNO level were immunolabeled for GHR (green) and
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nTUBB3 (red) to reveal neuron cell bodies and axons. White arrows indicate the expression of GHR
in the nasal septum and nasal capsule cartilage primordia. The high magnification of the squared
box area is shown in (B). Solid arrowheads indicate examples of nTUBB3/GHR-positive cells/axons
exiting the VNO. White arrows indicate the expression of GHR in the nasal septum. (C,D) Coronal
sections of E14.5 mouse embryo heads at the OB level were immunolabeled for GHR (green) and
nTUBBS3 (red) to reveal neuron cell bodies and axons. The high magnification of the squared box area
is shown in (D). Solid arrowheads indicate examples of nTUBB3/GHR-positive axons innervating
the OB. Single-channel images are shown below each panel. Abbreviations: GHR, growth hormone
receptor; VNO, vomeronasal organ; OE, olfactory epithelium; NS, nasal septum; OB, olfactory bulb.
Scale bars: 250 um (A,C), 50 um (B,D).

Finally, we found that AMHR?2 was expressed in the VNO and dorsal OE epithelial
cells and by migrating cells/extending axons emerging from the VNO. Moreover, AMHR2
was also expressed on the axons innervating the OBs (Figure 7).

E14.5 wild type_ VNO

E14.5 wild type OB

nTUBB3 DAPI

AMHR?2 single ch.

nTUBB3 single ch.

Figure 7. AMHR?2 is expressed by neurons and axons of the vomeronasal/olfactory systems. (A,B)
Coronal sections of E14.5 mouse embryo heads at the VNO level were immunolabeled for AMHR2
(green) and nTUBB3 (red) to reveal neuron cell bodies and axons. White arrows indicate the expression
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of AMHR? in the VNO/dorsal OE neurogenic epithelia. The high magnification of the squared box
area is shown in (B). Solid arrowheads indicate examples of nTUBB3/ AMHR2-positive cells/axons
exiting the VNO. (C,D) Coronal sections of E14.5 mouse embryo heads at the OB level were im-
munolabeled for AMHR2 (green) and nTUBB3 (red) to reveal neuron cell bodies and axons. The
high magnification of the squared box area is shown in (D). Solid arrowheads indicate examples of
nTUBB3/AMHR2-positive axons innervating the OB. Single-channel images are shown below each
panel. Abbreviations: AMHR?2, anti-Miillerian hormone receptor 2; VNO, vomeronasal organ; OE,
olfactory epithelium; NS, nasal septum; and OB, olfactory bulb. Scale bars: 250 um (A,C), 50 um (B,D).

Overall, these results strongly suggest a supportive role for AMHR2, GHR, and IGFIR
in the olfactory/VN axon patterning and /or migration of cells emerging from VNO, such
as GnRH neurons.

2.4. AMHR? Expression Is Maintained by GnRH Neurons through Their Developmental
Trajectory, Whereas GHR and IGF1R Expression Follows a Decreasing Pattern

We then investigated whether these receptors were also expressed by GnRH neurons
themselves at E14.5, when GnRH neuron migration is at its peak and shows cells present in
all the three compartments (nasal area, cribriform plate, MPOA), and at E18.5 when GnRH
neurons are settled in the hypothalamic MPOA. Also, in these experiments, we combined
immunostaining for IGF1R and GHR with a specific anti-GnRH antibody. For double
immunostaining with AMHR?2, we employed an antibody directed against PLXND1, which
allows the selective detection of GnRH neurons in the MPOA [27,28]. Since PLXNDI1 in
the nasal area is highly expressed by OLF/VN axons, we could not use this antibody to
confirm colocalization with GnRH neurons in this district; however, previous studies have
already demonstrated that AMHR?2 is expressed in the nasal compartment at E12.5 [12].

Due to the presence of dense IGFIR* /TUJ1*nasal axon bundles in the nasal parenchyma
at this stage, it is difficult to conclusively ascertain IGF1R-GnRH colocalization in this
area. Moreover, when cells reached the CP, no colocalization was observed between these
two proteins (Figure 8A-D). Since starting from E14.5 GnRH neurons are also scattered
throughout MPOA, we performed a similar analysis in the developing hypothalamus at
E14.5 and E18.5. We found that MPOA-resident GnRH neurons did not express IGF1R at
both time points analyzed (Figure 8E-H). Of note, a high IGF1R signal was detected in
close proximity to the organum vasculosum of the lamina terminalis (OVLT) (Figure 8H).

In addition, consistent with the findings obtained from earlier developmental stages,
GHR was still expressed by some GnRH neurons emerging from the VNO (Figure 9A,B), but
not by GnRH neurons reaching the CP, nor neurons projecting to the MPOA
(Figure 9C-F). As a confirmation of a role of this receptor during the early phases of GnRH
neuron migration and nasal axon patterning, GHR expression was absent on scattered
GnRH neurons at E18.5 in the MPOA (Figure 9G,H).

Finally, we performed similar double immunofluorescence experiments for AMHR2
and PLXNDI1 at E14.5 and found colocalization signals in some PLXND1" neurons at this
stage (Figure 10A,B). Furthermore, at E18.5, when GnRH neurons project to the MPOA
and to the OVLT and ME, the AMHR?2 signal was still detected in PLXND1* neurons
(Figure 10C,D).
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VNO

MPOA E14.5 wild type MPOA E14.5wildtype OB E14.5 wild type

E18.5 wild type

GnRH DAPI IGF1R single ch. GnRH single ch.

Figure 8. IGFIR is not expressed by migrating and hypothalamic GnRH neurons. (A,B) Coronal
sections of E14.5 mouse embryo heads at the VNO level were immunolabeled for IGFIR (green)
and GnRH (red) to reveal GnRH neurons. The high magnification of the squared box area is shown
in (B). Empty arrowheads indicate examples of GnRH-positive cells that are in close contact with
IGF1R-positive axons but do not express IGFIR themselves. (C,D) Coronal sections of E14.5 mouse
embryo heads at the CP level were immunolabeled for IGFIR (green) and GnRH (red) to reveal
GnRH neurons. The high magnification of the squared box area is shown in (D). Empty arrowheads
indicate examples of GnRH-positive cells that are in close contact with IGF1R-positive axons but do
not express IGF1R themselves. (E-H) Coronal sections of E14.5 (E,F) and E18.5 (G,H) mouse embryo
heads at the MPOA level were immunolabeled for IGF1R (green) and GnRH (red) to reveal GnRH
neurons. The high magnification of the squared box area is shown in (F). Empty arrowheads indicate
examples of GnRH-positive cells that do not express IGF1R. Note the high expression of IGFR in the
OVLT area. Single-channel images are shown beside each panel. Abbreviations: VNO, vomeronasal
organ; OE, olfactory epithelium; OB, olfactory bulb; and MPOA, medial preoptic area. Scale bars:
250 um (A,C,E,G) and 50 um (B,D,F,H).
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Figure 9. GHR is expressed by migrating but not by hypothalamic GnRH neurons. (A,B) Coronal
sections of E14.5 mouse embryo heads at the VNO level were immunolabeled for GHR (green) and
GnRH (red) to reveal GnRH neurons. The high magnification of the squared box area is shown in
(B). Solid arrowheads indicate examples of GnRH-positive cells that express GHR. (C,D) Coronal
sections of E14.5 mouse embryo heads at the OB level were immunolabeled for GHR (green) and
GnRH (red) to reveal GnRH neurons. The high magnification of the squared box area is shown in (D).
Empty arrowheads indicate examples of GnRH-positive cells that do not express GHR. (E-H) Coronal
sections of E14.5 (E,F) and E18.5 (G,H) mouse embryo heads at the MPOA level were immunolabeled
for GHR (green) and GnRH (red) to reveal GnRH neurons. The high magnification of the squared
box area is shown in (F,H). Empty arrowheads indicate examples of GnRH-positive cells that do not
express GHR. Single-channel images are shown beside each panel. Abbreviations: VNO, vomeronasal
organ; OE, olfactory epithelium; OB, olfactory bulb; and MPOA, medial preoptic area. Scale bar:
250 um (A,C,E,G,H), 125 pm, and 50 um (B,D,F).
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Figure 10. AMHR?2 is expressed by hypothalamic GnRH neurons expressing PLXND1.
(A-E) Coronal sections of E14.5 (A,B) and E18.5 (C-E) mouse embryo heads at the MPOA level
were immunolabeled for AMHR?2 (green) and PLXNDI (red) to reveal GnRH neurons. The high
magnifications of the squared box areas are shown in (B-D). Solid arrowheads indicate examples
of GnRH-positive cells that express AMHR?2. Single-channel images are shown beside each panel.
Abbreviations: VNO, vomeronasal organ; OE, olfactory epithelium; OB, olfactory bulb; MPOA,
medial preoptic area. Scale bar: 250 pm (A,C), 50 um (B,D,E).

3. Discussion

CHH is a pathological condition characterized by a strongly represented genetic
background, with more than 30 genes found mutated in patients, so far. The underlying
genetics is complex and it is now recognized that more than one gene can be found mutated
in the same patient. Several biological mechanisms have also been proposed as the etiology
of this disorder, including the impaired migration of GnRH neurons into the hypothalamus,
abnormal GnRH secretion, and lack of GnRH biofunctional activity [8]. Despite advances
in the field of genetic diagnostics, which by exploiting genomic techniques allow the
identification of a large panel of mutations through next-generation sequencing, the etiology
of CHH is still not understood in a rather significant number of affected patients. A recent
single-center cohort study of 388 CHH patients with no evidence of any acquired causes
of HH reported a genetic etiology in just ~36% of patients, who were studied using a
panel of 28 genes. Therefore, the exact mechanismy(s) leading to the onset of the disease
remain unknown in most patients [29]. This requires further studies to understand whether
any other pathogenetic mechanisms are involved in the (dis)regulation of the function of
GnRH-secreting neurons.

In the present study, the expression of AMHR2, GHR, and IGF1R was explored in
the GnRH neuronal system and in the olfactory/VN systems during key time points in
the development of GnRH-secreting neurons in mice. The structures chosen for the study
interact functionally to ensure the correct migration and patterning of GnRH neurons in
the mouse. In particular, the expression of these receptors was studied in the neurogenic
niches of the VNO and OE at E12.5, in the nasal parenchyma at E14.5, when the pattern of
nasal axons and the migration of GnRH neurons are at their peak, and in MPOA between
E14.5 and E18.5, when GnRH neurons settle down before projecting their nerve terminal
to the ME. The analysis of the expression of these receptors was combined with that of
specific markers for GnRH neurons, as well as for other cellular components such as the
neurogenic niches of the VNO and olfactory epithelium, and the patterning of emerging
VN nerves and olfactory axons.
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In our previous study, we demonstrated that these three receptors are expressed
in vitro by immortalized immature and mature models of mouse GnRH neurons [21]. Here,
we found that AMHR?2, IGF1R, and GHR are expressed, during embryo-fetal life in the
mouse, by early-migrating GnRH neurons. AMHR? is expressed in the final phases of
GnRH migration, whereas the expression of IGF1R and GHR decreases with progression of
developmental stages and differentiation of GnRH neuron. These findings hint at a role
for these receptors in the initial phases of migration and suggest a role for AMHR?2 in the
final phases of GnRH neuron settlement in the hypothalamus, in which, instead, IGF1R
and GHR appear to play a superfluous role.

Recent evidence in experimental animal studies intriguingly suggests a role of AMH
and its receptor in the function of GnRH neurons. Indeed, Cimino and colleagues induced
the activation of these neuronal cell firings after the intracerebroventricular injection of
AMBH, indicating the ability of this hormone to stimulate GnRH release [12]. In the same
study, the authors reported post-mortem AMHR?2 expression in the adult hypothalamus of
a man and a woman, as well as three- and nine-year-old human fetuses [12]. Although this
evidence may suggest a modulatory role of AMH in the secretion of GnRH neurons, scanty
data are available on the ontogenic effects of these genes on GnRH-secreting neurons. There-
fore, the present study extends and strengthens the knowledge of the role of AMH/AMHR2
on the migration and function of GnRH neurons, making the possible clinical implications
of the AMH/AMHR? pathway increasingly concrete, especially in explaining the etiology
of some CHH forms. Consistent with this, Malone and colleagues pioneered the presence
of heterozygous loss-of-function mutations of the AMH and AMHR?2 genes in 3% of CHH
probands using whole exome sequencing [13].

As for the complex relationship between the GH/IGF1 axis and GnRH-secreting
neurons, this appears to be an even less well-known topic. Some authors have hypothesized
a role of IGF1 in the physiology of the onset of puberty, due to the “acromegalic” levels of
this hormone during the pubertal phase [30]. In support of this concept, delayed puberty
was recently described in a patient with IGFIR defects [31]. Furthermore, this is a common
phenotype in patients with Laron syndrome, a genetic disorder caused by a mutation of the
GHR gene [32]. Further confirming the clinical findings on the relationship between GnRH
neuron function and the GH/IGF1 axis, a study of 138 Chinese patients with CHH reported
the presence of GH1, GHR, and IGF1 gene variants after exome sequencing analysis [33].
Mouse GnRH-secreting neurons express the Igflr gene [18] and IGF1 has previously been
shown to stimulate GnRH secretion in vitro [20]. A recent study evaluated changes in
GnRH neuron gene expression in mice during proestrus and metestrus, two phases that
precede the surge of GnRH release triggered by the rise of 17-estradiol [34]. The authors
reported modulation in the expression of several genes, including Amhr2 and Igflr at
proestrus. Preclamp recordings during metestrus confirmed the functional role of Igf1r
gene modulation, such as activation of this receptor-induced increase in the frequency of
miniatured post-synaptic currents, leading to GnRH secretion [34]. The authors concluded
by suggesting a role for these growth factors in the release of the GnRH surge [34].

Despite this evidence, to the best of our knowledge, no ex vivo study has so far
evaluated the expression of GHR and IGFIR in the brains of mice along the pathway of
GnRH neurons during prenatal life.

Another study reported GHR expression in rat fetuses at E12, mainly in the vascular el-
ements (endothelium and hematopoietic cells) [35]. In the human fetus, GH can be found in
fetal blood circulation as early as the 10th week of gestation, and peaks at 20-24 weeks [36].
It should be noted that the GH gene family includes five different genes: GH1 (GH-N),
GH2 (GH-V), and three chorionic somatomammotropin (CS) genes (also known as placental
lactogens), CSHI (CS-A), CSH2 (CS-B), and CSHLI. The pituitary releases GH1 and is
responsible for postnatal growth. The placenta and, in particular, the syncytiotrophoblastic
layer and extravillous trophoblast cells release GH2. GH2 is the predominant form of GH
in maternal circulation during pregnancy and is associated with fetal growth [37]. Thus,
GHRs at E12 could be triggered by GH2.
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Our IGFIR results perfectly complement previous functional studies in zebrafish,
which showed that Igf1r blockade affects the migration and spatial organization of Gnrh3
neurons in early embryos [38]. In line with this, the Igflr KO conditional GnRH mice
showed a different dendritic shape of GnRH neurons (smooth vs. spiny) which, however,
normalizes later. Importantly, these mice had a normal number of GnRH neurons but
delayed pubertal onset, implying a relationship between impaired spatial organization
and function of GnRH-secreting neurons [39]. IGF1R has been confirmed to be expressed
in VNO/OE and nasal axons at E14.5, and is required for the normal projection patterns
of olfactory sensory neurons [40]. Furthermore, at E18.5, we found a high expression of
IGF1R around the OVLT. This is in agreement with IGF1R seen on cell bodies of GhnRH
neurons but only near axons in OVLT/ME, with a decreasing trend from P5 to P60 in both
male and female mice [18]. Regarding the GHR, this is the first study that analyzes its
expression in the developing olfactory /VN and GnRH systems ex vivo. Our results suggest
a possible role of this receptor in the early migration of GnRH neurons. It will be interesting
to understand the functional implications of these findings, as no studies indicate a role
for GH during the development of GnRH neurons, nor in their function, in adulthood.
Consequently, GHR is known to be localized in some neurons of the hypothalamic arcuate
nucleus, where it is co-expressed with somatostatin, growth hormone-releasing hormone,
and agouti-related peptide [41]. Its localization in MPOA /ME was, until now, unknown.

Together with already-published data from our group [21], these results may indicate a
role for GH and IGF1 in facilitating the migration of GnRH neurons. Indeed, as observed for
AMHR?, their receptors appear to be expressed along the pathway used by GnRH-secreting
neurons during ontogeny. This could represent one of the mechanisms by which IGFIR or
GHR defects are associated with delayed puberty or hypogonadism [31,33].

4. Materials and Methods
4.1. Mouse Embryos Preparation

Wild-type C57Bl6/] embryos (E12.5, E14.5, and E18.5) were purchased from Charles
River (MA, USA) and used for expression studies (Italian Ministry of Health, license N°
5247B.N.QPE). To obtain embryos of defined gestational stages, mice were mated in the
evening, and the morning of vaginal plug formation was counted as E0.5. Timed-pregnant
females were sacrificed by cervical dislocation to harvest embryos at the desired embryonic
age. The embryo heads were rapidly washed in ice-cold PBS, fixed in 4% PFA for 3 h at
4 °C and cryopreserved in 30% sucrose overnight at 4 °C. Whole embryo heads were then
embedded in OCT (VWR, Radnor, PA, USA) and stored at —80 °C until further processing.

4.2. Double Immunofluorescence Studies

PFA-fixed 20 um thick cryosections were processed as previously described [42]. The
following primary antibodies were used: rabbit anti-AMHR?2 (1:100; Invitrogen, Monza
Brianza, Italy, cod. PA5-112901), goat anti-GHR (1:20; R&D Systems, Udine, Italy, cat.
AF1360), goat anti-IGFIR (1:20; R&D Systems, cod. AF305-NA), rabbit anti-GnRH (1:400;
Immunostar, Hudson, WI, USA, cat. 20075), goat anti-PLXND1 (1:200; R&D System:s,
UD, IT, cat. AF4160), and mouse anti-Tubulin 8 3 (TUBB3) (clone TUJ1, 1:200; Covance,
CA, USA cat. MMS-435P). The secondary antibodies used were 488- or Cy3-conjugated
donkey anti-rabbit, donkey anti-mouse, or donkey anti-goat Fab fragments (1:200; Jackson
Immunoresearch, West Grove, PA, USA). Nuclei were counterstained with DAPI (1:2000;
Sigma Aldrich, Saint Louis, MO, USA) before mounting with Mowiol (Sigma Aldrich).

4.3. Image Acquisition

Tissues were examined with a Zeiss LSM 900 confocal laser scanning microscope
equipped with a Zeiss Axiocam 305 color (Zeiss, Milan, Italy) and using the following
objectives: Plan-Apochromat 10x (0.45 M27), EC Plan-Neofluar 20X M-27 (NA 0.5) and
Plan Apochromat 40X 1.3 Pil DIC (VIS-IR M27) objectives. DAPI, Alexa488, and Cy3
were excited at 353, 493, and 548 nm and observed at 400-500, 500-540, and 540-700 nm,



Int. . Mol. Sci. 2023, 24, 13073

15 of 17

References

respectively. 1024 x 1024 pixel images were acquired in a stepwise fashion over a defined z-
focus range corresponding to all visible fluorescence within the cell. Maximum projections
of the z-stack with an optical section of 0.50 pm were obtained post-acquisition using the
ZEN 3.0 Suite (Zeiss). Adobe Photoshop CS6 software was used to prepare the images
presented.

5. Conclusions

Despite advances in genetic diagnostics, the etiology of CHH remains unidentified in
many cases. Therefore, it is necessary to further unveil novel pathogenetic mechanisms
able to influence GnRH-secreting neurons and elucidate the etiology of idiopathic CHH.
Recently, mounting evidence has suggested a role for AMH in the function of GnRH
neurons. Our recent study [21] demonstrated the ability of AMH, GH, and IGF1 to enhance
GN11 neuron migration and GnRH secretion from GT1-7 cell lines in vitro. To better
understand the role of these hormones in the ontogeny of GnRH neurons, we analyzed
AMHR?, GHR, and IGF1R expression ex vivo by immunostaining in the mouse brain at
different developmental stages. We found that AMHR?2, IGF1R, and GHR are expressed
by the first migrating GnRH neurons, suggesting a role of these three receptors in the
initial phases of migration. AMHR2 was also found expressed in the final stages of GnRH
migration, whereas the expression of IGF1R and GHR decreased with time to development
and the differentiation of GnRH neurons, suggesting that while AMHR2 may be required
in the final phases of settlement of GnRH neurons in the hypothalamus, IGF1R and GHR
may play a more marginal role in this step.

Taken together, these data could indicate that some mechanisms involved in the regu-
lation of GnRH-secreting neuron migration may be based on the existence of a functional
expression pattern of AMHR?2, GHR, and IGFIR along the pathway followed by GnRH-
secreting neurons during the embryonal period. To the best of our knowledge, this is the
first study investigating this hitherto-unclear topic. Further research is needed to unravel
the complex series of events regulating the migration of GnRH neurons, the understanding
of which may be pivotal to elucidating the etiology of idiopathic forms of CHH.

Author Contributions: Conceptualization, R.C., A.C., A.E.C. and PM.; methodology, A.].].P., R.O.,
F.A.and R.A; software, R.O. and M.R; validation, R A.C.,S.L.V,, A.C., C.O. and R.O.; investigation,
FT. and FA_; resources, A.E.C., A.C. and PM.; writing—original draft preparation, A.C., R.C., R.O.
and PM.; writing—review and editing, A.C., R.C., A.E.C. and PM.; supervision, PM. All authors
have read and agreed to the published version of the manuscript.

Funding: A.C. received support from The Italian Ministry of Health (GR-2016-02362389) and the
Italian Fondazione Telethon (GMR22T1054); R.O. was supported by Fondazione Collegio Ghislieri
and Fondazione Telethon; and the work of PM. was supported by the European Union (AtheroNET
COST Action CA21153; HORIZON-MSCA-2021-SE-01-01-MSCA Staff Exchanges 2021 CardioSCOPE
101086397).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

1. Festa, A.; Umano, G.R.; Miraglia Del Giudice, E.; Grandone, A. Genetic Evaluation of Patients With Delayed Puberty and
Congenital Hypogonadotropic Hypogonadism: Is it Worthy of Consideration? Front. Endocrinol. 2020, 11, 253. [CrossRef]
2. Schwanzel-Fukuda, M.; Pfaff, D.W. Origin of luteinizing hormone-releasing hormone neurons. Nature 1989, 338, 161-164.

[CrossRef]


https://doi.org/10.3389/fendo.2020.00253
https://doi.org/10.1038/338161a0

Int. . Mol. Sci. 2023, 24, 13073 16 of 17

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Schwanzel-Fukuda, M.; Crossin, K.; Pfaff, D.; Bouloux, P.; Hardelin, J.; Petit, C. Migration of luteinizing hormone-releasing
hormone (LHRH) neurons in early human embryos. J. Comp. Neurol. 1996, 366, 547-557. [CrossRef]

Teixeira, L.; Guimiot, F; Dodé, C.; Fallet-Bianco, C.; Millar, R.; Delezoide, A.; Hardelin, J. Defective migration of neuroendocrine
GnRH cells in human arrhinencephalic conditions. J. Clin. Investig. 2010, 120, 3668-3672. [CrossRef]

Laitinen, E.; Vaaralahti, K.; Tommiska, J.; Eklund, E.; Tervaniemi, M.; Valanne, L.; Raivio, T. Incidence, phenotypic features and
molecular genetics of Kallmann syndrome in Finland. Orphanet |. Rare Dis. 2011, 6, 41. [CrossRef]

Franco, B.; Guioli, S.; Pragliola, A.; Incerti, B.; Bardoni, B.; Tonlorenzi, R.; Carrozzo, R.; Maestrini, E.; Pieretti, M.; Taillon-Miller, P,;
etal. A gene deleted in Kallmann’s syndrome shares homology with neural cell adhesion and axonal path-finding molecules.
Nature 1991, 353, 529-536. [CrossRef]

Dodé, C.; Hardelin, J. Kallmann syndrome. Eur. |. Hum. Genet. EJTHG 2009, 17, 139-146. [CrossRef]

Oleari, R.; Massa, V.; Cariboni, A.; Lettieri, A. The Differential Roles for Neurodevelopmental and Neuroendocrine Genes in
Shaping GnRH Neuron Physiology and Deficiency. Int. ]. Mol. Sci. 2021, 22, 9425. [CrossRef]

Cangiano, B.; Swee, D.S.; Quinton, R.; Bonomi, M. Genetics of congenital hypogonadotropic hypogonadism: Peculiarities and
phenotype of an oligogenic disease. Hum. Genet. 2021, 140, 77-111. [CrossRef]

Sykiotis, G.; Plummer, L.; Hughes, V.; Au, M.; Durrani, S.; Nayak-Young, S.; Dwyer, A.; Quinton, R.; Hall, J.; Gusella, J.; et al.
Oligogenic basis of isolated gonadotropin-releasing hormone deficiency. Proc. Natl. Acad. Sci. USA 2010, 107, 15140-15144.
[CrossRef]

Boehm, U.; Bouloux, P; Dattani, M.; de Roux, N.; Dodé, C.; Dunkel, L.; Dwyer, A.; Giacobini, P.; Hardelin, J.; Juul, A ; et al. Expert
consensus document: European Consensus Statement on congenital hypogonadotropic hypogonadism--pathogenesis, diagnosis
and treatment. Nature reviews. Endocrinology 2015, 11, 547-564. [CrossRef]

Cimino, I; Casoni, F; Liu, X.; Messina, A.; Parkash, J.; Jamin, S.P.; Catteau-Jonard, S.; Collier, F; Baroncini, M.; Dewailly, D.; et al.
Novel role for anti-Miillerian hormone in the regulation of GnRH neuron excitability and hormone secretion. Nat. Commun. 2016,
7,10055. [CrossRef]

Malone, S.A.; Papadakis, G.E.; Messina, A.; Mimouni, N.E.H.; Trova, S.; Imbernon, M.; Allet, C.; Cimino, I.; Acierno, J.; Cassatella,
D.; et al. Defective AMH signaling disrupts GnRH neuron development and function and contributes to hypogonadotropic
hypogonadism. Elife 2019, 8, 47198. [CrossRef]

Laron, Z.; Sarel, R. Penis and testicular size in patients with growth hormone insufficiency. Acta Endocrinol. 1970, 63, 625-633.
[CrossRef]

Laron, Z.; Lilos, P.; Klinger, B. Growth curves for Laron syndrome. Arch. Dis. Child. 1993, 68, 768-770. [CrossRef]
Guevara-Aguirre, J.; Rosenbloom, A.L.; Fielder, PJ.; Diamond, F.B.; Rosenfeld, R.G. Growth hormone receptor deficiency in
Ecuador: Clinical and biochemical phenotype in two populations. J. Clin. Endocrinol. Metab. 1993, 76, 417-423. [CrossRef]
Savage, D.B.; Semple, R K.; Chatterjee, VK.K.; Wales, ] K.H.; Ross, R.J.M.; O'Rahilly, S. A clinical approach to severe insulin
resistance. Endocr. Dev. 2007, 11, 122-132. [CrossRef]

Daftary, S.S.; Gore, A.C. The hypothalamic insulin-like growth factor-1 receptor and its relationship to gonadotropin-releasing
hormones neurones during postnatal development. J. Neuroendocrinol. 2004, 16, 160-169. [CrossRef]

Magni, P.; Vettor, R.; Pagano, C.; Calcagno, A.; Beretta, E.; Messi, E.; Zanisi, M.; Martini, L.; Motta, M. Expression of a leptin
receptor in immortalized gonadotropin-releasing hormone-secreting neurons. Endocrinology 1999, 140, 1581-1585. [CrossRef]
Longo, K.M.; Sun, Y.; Gore, A.C. Insulin-like growth factor-I effects on gonadotropin-releasing hormone biosynthesis in GT1-7
cells. Endocrinology 1998, 139, 1125-1132. [CrossRef]

Cannarella, R.; Paganoni, A.].].; Cicolari, S.; Oleari, R.; Condorelli, R.A.; La Vignera, S.; Cariboni, A.; Calogero, A.E.; Magni, P.
Anti-Miillerian Hormone, Growth Hormone, and Insulin-Like Growth Factor 1 Modulate the Migratory and Secretory Patterns of
GnRH Neurons. Int. J. Mol. Sci. 2021, 22, 2445. [CrossRef]

Choi, L; Rickert, E.; Fernandez, M.; Webster, N.J.G. SIRT1 in Astrocytes Regulates Glucose Metabolism and Reproductive Function.
Endocrinology 2019, 160, 1547-1560. [CrossRef]

Wierman, M.E.; Kiseljak-Vassiliades, K.; Tobet, S. Gonadotropin-releasing hormone (GnRH) neuron migration: Initiation,
maintenance and cessation as critical steps to ensure normal reproductive function. Front. Neuroendocrinol. 2011, 32, 43-52.
[CrossRef]

Miller, A.M.; Treloar, H.B.; Greer, C.A. Composition of the migratory mass during development of the olfactory nerve. J. Comp.
Neurol. 2010, 518, 4825-4841. [CrossRef]

Oleari, R.; Caramello, A.; Campinoti, S.; Lettieri, A.; Ioannou, E.; Paganoni, A.; Fantin, A.; Cariboni, A.; Ruhrberg, C. PLXNA1
and PLXNAS3 cooperate to pattern the nasal axons that guide gonadotropin-releasing hormone neurons. Development 2019, 146,
dev176461. [CrossRef]

Macchi, C.; Steffani, L.; Oleari, R.; Lettieri, A.; Valenti, L.; Dongiovanni, P.; Romero-Ruiz, A.; Tena-Sempere, M.; Cariboni, A.;
Magni, P.; et al. Iron overload induces hypogonadism in male mice via extrahypothalamic mechanisms. Mol. Cell Endocrinol.
2017, 454, 135-145. [CrossRef]

Oleari, R.; Lettieri, A.; Manzini, S.; Paganoni, A.; André, V.; Grazioli, P; Busnelli, M.; Duminuco, P; Vitobello, A.; Philippe, C.; et al.
Autism-linked NLGNS3 is a key regulator of gonadotropin-releasing hormone deficiency. Dis. Model. Mech. 2023, 16, dmm049996.
[CrossRef]


https://doi.org/10.1002/(SICI)1096-9861(19960311)366:3&lt;547::AID-CNE12&gt;3.0.CO;2-M
https://doi.org/10.1172/JCI43699
https://doi.org/10.1186/1750-1172-6-41
https://doi.org/10.1038/353529a0
https://doi.org/10.1038/ejhg.2008.206
https://doi.org/10.3390/ijms22179425
https://doi.org/10.1007/s00439-020-02147-1
https://doi.org/10.1073/pnas.1009622107
https://doi.org/10.1038/nrendo.2015.112
https://doi.org/10.1038/ncomms10055
https://doi.org/10.7554/eLife.47198
https://doi.org/10.1530/acta.0.0630625
https://doi.org/10.1136/adc.68.6.768
https://doi.org/10.1210/jcem.76.2.7679400
https://doi.org/10.1159/000111067
https://doi.org/10.1111/j.0953-8194.2004.01149.x
https://doi.org/10.1210/endo.140.4.6622
https://doi.org/10.1210/endo.139.3.5852
https://doi.org/10.3390/ijms22052445
https://doi.org/10.1210/en.2019-00223
https://doi.org/10.1016/j.yfrne.2010.07.005
https://doi.org/10.1002/cne.22497
https://doi.org/10.1242/dev.176461
https://doi.org/10.1016/j.mce.2017.06.019
https://doi.org/10.1242/dmm.049996

Int. . Mol. Sci. 2023, 24, 13073 17 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Cariboni, A.; André, V.; Chauvet, S.; Cassatella, D.; Davidson, K.; Caramello, A.; Fantin, A.; Bouloux, P.; Mann, E; Ruhrberg, C.
Dysfunctional SEMASE signaling underlies gonadotropin-releasing hormone neuron deficiency in Kallmann syndrome. J. Clin.
Investig. 2015, 125, 2413-2428. [CrossRef]

Federici, S.; Cangiano, B.; Goggi, G.; Messetti, D.; Munari, E.V.; Amer, M.; Giovanelli, L.; Hrvat, E; Vezzoli, V.; Persani, L.; et al.
Genetic and phenotypic differences between sexes in congenital hypogonadotropic hypogonadism (CHH): Large cohort analysis
from a single tertiary centre. Front. Endocrinol. 2022, 13, 965074. [CrossRef]

Juul, A.; Skakkebaek, N.E. Why Do Normal Children Have Acromegalic Levels of IGF-I1 During Puberty? J. Clin. Endocrinol. Metab.
2019, 104, 2770-2776. [CrossRef]

Celik, N.B.; Losekoot, M.; Isik, E.; Gonc, E.N.; Alikasifoglu, A.; Kandemir, N.; Ozon, Z.A. Long Term Growth Hormone Therapy
in a Patient with. J. Clin. Res. Pediatr. Endocrinol. 2023. [CrossRef]

Cannarella, R.; Crafa, A.; La Vignera, S.; Condorelli, R.A.; Calogero, A.E. Role of the GH-IGF1 axis on the hypothalamus-pituitary-
testicular axis function: Lessons from Laron syndrome. Endocr. Connect. 2021, 10, 1006-1017. [CrossRef]

Zhou, C; Niu, Y,; Xu, H.; Li, Z.; Wang, T.; Yang, W.; Wang, S.; Wang, D.W.; Liu, J. Mutation profiles and clinical characteristics of
Chinese males with isolated hypogonadotropic hypogonadism. Fertil. Steril. 2018, 110, 486—495.e485. [CrossRef]

Vastagh, C.; Csillag, V.; Solymosi, N.; Farkas, I.; Liposits, Z. Gonadal Cycle-Dependent Expression of Genes Encoding Peptide,
Growth Factor-, and Orphan G-Protein-Coupled Receptors in Gonadotropin- Releasing Hormone Neurons of Mice. Front. Mol.
Neurosci. 2020, 13, 594119. [CrossRef]

Garcia-Aragon, J.; Lobie, PE.; Muscat, G.E.; Gobius, K.S.; Norstedt, G.; Waters, M.]. Prenatal expression of the growth hormone
(GH) receptor/binding protein in the rat: A role for GH in embryonic and fetal development? Development 1992, 114, 869-876.
[CrossRef]

Chard, T. Hormonal control of growth in the human fetus. J. Endocrinol. 1989, 123, 3-9. [CrossRef]

Liao, S.; Vickers, M.H.; Stanley, J.L.; Baker, PN.; Perry, ] K. Human Placental Growth Hormone Variant in Pathological Pregnancies.
Endocrinology 2018, 159, 2186-2198. [CrossRef]

Onuma, T.A.; Ding, Y.; Abraham, E.; Zohar, Y.; Ando, H.; Duan, C. Regulation of temporal and spatial organization of newborn
GnRH neurons by IGF signaling in zebrafish. J. Neurosci. 2011, 31, 11814-11824. [CrossRef]

Divall, S.A.; Williams, T.R.; Carver, S.E.; Koch, L.; Briining, J.C.; Kahn, C.R.; Wondisford, F; Radovick, S.; Wolfe, A. Divergent
roles of growth factors in the GnRH regulation of puberty in mice. J. Clin. Investig. 2010, 120, 2900-2909. [CrossRef]

Scolnick, J.A.; Cui, K.; Duggan, C.D.; Xuan, S.; Yuan, X.B.; Efstratiadis, A.; Ngai, J. Role of IGF signaling in olfactory sensory map
formation and axon guidance. Neuron 2008, 57, 847-857. [CrossRef]

de Lima, ].B.M.; Ubah, C.; Debarba, L.K.; Ayyar, I.; Didyuk, O.; Sadagurski, M. Hypothalamic GHR-SIRT1 Axis in Fasting. Cells
2021, 10, 891. [CrossRef] [PubMed]

Oleari, R.; André, V.; Lettieri, A.; Tahir, S.; Roth, L.; Paganoni, A.; Eberini, I.; Parravicini, C.; Scagliotti, V.; Cotellessa, L.; et al.
A Novel SEMA3G Mutation in Two Siblings Affected by Syndromic GnRH Deficiency. Neuroendocrinol. Off. Organ Int. Soc.
Neuroendocrinol. 2021, 111, 421-441. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1172/JCI78448
https://doi.org/10.3389/fendo.2022.965074
https://doi.org/10.1210/jc.2018-02099
https://doi.org/10.4274/jcrpe.galenos.2022.2022-8-1
https://doi.org/10.1530/EC-21-0252
https://doi.org/10.1016/j.fertnstert.2018.04.010
https://doi.org/10.3389/fnmol.2020.594119
https://doi.org/10.1242/dev.114.4.869
https://doi.org/10.1677/joe.0.1230003
https://doi.org/10.1210/en.2018-00037
https://doi.org/10.1523/JNEUROSCI.6804-10.2011
https://doi.org/10.1172/JCI41069
https://doi.org/10.1016/j.neuron.2008.01.027
https://doi.org/10.3390/cells10040891
https://www.ncbi.nlm.nih.gov/pubmed/33919674
https://doi.org/10.1159/000508375
https://www.ncbi.nlm.nih.gov/pubmed/32365351

	Introduction 
	Results 
	IGF1R, GHR, and AMHR2 Are Expressed in Neurogenic Niches of the Olfactory and Vomeronasal Systems during Early Embryo Development 
	IGF1R and GHR Are Expressed by GnRH Neurons Migrating in the Nasal Parenchyma 
	IGF1R, GHR, and AMHR2 Expression Is Maintained in Nasal Axons and Migrating Cells at the Intermediate Embryo Developmental Stage 
	AMHR2 Expression Is Maintained by GnRH Neurons through Their Developmental Trajectory, Whereas GHR and IGF1R Expression Follows a Decreasing Pattern 

	Discussion 
	Materials and Methods 
	Mouse Embryos Preparation 
	Double Immunofluorescence Studies 
	Image Acquisition 

	Conclusions 
	References

