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The signals generated by the HPG axis, the main participants of which are gonadotropin-releasing hormone (GnRH),

gonadotropins, and sex steroids, coordinate the development and functioning of the immune system, and

immunomediators, in particular, cytokines and thymic peptides, influence the HPG axis.
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1. Introduction

The mechanism of GnRH secretion regulation in the hypothalamus includes a network of various neurons, including

KISS1-producing ones, which can act on GnRH neurons through separate or multiple neuronal systems . GnRH- and

KISS1 neurons are located in the same regions of the hypothalamus, and GnRH neurons express KISS1R. Axons of

KISS1 neurons form pericapillary plexuses at the site of GnRH secretion . Neurokinin B (NKB) and dynorphin, which

colocalize with KISS1 in the arcuate nucleus and are linked by axosomatic synapses, are also involved in the generation

of GnRH impulses . It is assumed that NKB initiates the onset of GnRH impulse secretion, while dynorphin initiates its

termination . General cues of GnRH neuron regulation in HPG axis is presented on Figure 1.

Figure 1. Model of the gonadotropin-releasing hormone (GnRH) neuron regulation in hypothalamic-pituitary-gonadal axis

in adults. The mechanism of GnRH secretion regulation in the hypothalamus includes different signal molecules produced

in different brain regions such as preoptic area (POA), locus coeruleus, raphe nucleus and brain stem, in particularly,

serotonin (5′HT), dopamine (DА), noradrenaline (NA), gamma-aminobutyric acid (GABA), kisspeptin (KISS1),

neuropeptide Y (NPY), opiates, neurokinin B (NKB) and dynorphin (DYN), which colocalize with KISS1 in the arcuate

nucleus (ArcN), are also involved in the generation of GnRH impulses. NKB initiates the onset of GnRH impulse secretion

in median eminence (ME), and DYN initiates its termination. In turn, axons of GnRH neurons release GnRH into the portal

system in necessary concentration to trigger luteinizing hormone (LH) and follicle-stimulating hormone (FSH) secretion,

which stimulate the secretion of sex steroids. Sex steroids, in turn, regulate the GnRH and LH synthesis in the brain and

pituitary.

2. Effects of Different Signal Molecules on the Normal Development of the
GnRH System

In vertebrates, most of the GnRH neurons are formed in the prenatal period outside the brain from the epithelium of the

olfactory placodes and regulatory or morphogenetic factors are involved in the differentiation of these placodes . Then

GnRH neurons migrate to the forebrain, where they are also located in adults. Signaling molecules affecting the

development of GnRH neurons are usually divided into groups according to functions closely related to the sites of origin,

migration, and definitive location of neurons. At least five groups of signaling molecules are distinguished: (1) cell

adhesion molecules, (2) soluble guidance-cue factors, (3) cytokines, (4) neurotransmitters, and (5) transcription factors

(Figure 2).

Figure 2. Regulation of gonadotropin-releasing hormone (GnRH) neuron migration in nasal region. (1) and brain (2)

during development. GnRH neurons originate outside the brain in nasal olfactory epithelium and later neurons migrate

using the surface of olfactory/terminal/vomeronasal nerves through the cribriform plate of the ethmoid bone (CP) to the

forebrain on embryonic days (ED) 11-15 in mice and ED 12-17 in rats. Their migration is orchestrated by different signal

molecules, such as cell adhesion molecules (polysialylated neural cell adhesion molecules (NCAM) in rats or peripherin in

mice), soluble guidance-cue factors (semaphorins, Slit proteins, netrins, reelin, stromal cell-derived factor 1 (SDF-1), etc.),

cytokines (monocyte chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6), leukemia inhibitory factor (LIF)),

neurotransmitters (gamma-aminobutyric acid (GABA), glutamate, monoamines (serotonin, catecholamines (CA)), and

transcription factors (Pax6, AP-2α, Gli3, Ebf2 Nhlh2 VAX1 Mash-1, Math4A, Math4/neurogenin1, NeuroD, Olf-1, GATA-4).
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In rats, GnRH-neurons reach their final position on ED19 and after the receiving of correct afferent innervation they are

capable of performing main function—to regulate the reproductive axis in adults. The same signal molecules can perform

different functions or other molecules can be included at different stages of the development of the GnRH system. For

instance, NCAM apparently participate in laying the route for GnRH neurons and do not play a key role in their migration.

Transcription factors are involved in the initial stages of the differentiation of olfactory placodes and the precursors of

GnRH neurons, cytokines in the development of olfactory structures and in the migration of GnRH neurons and GnRH

secretion. Neurotransmitters take part in the migration of GnRH neurons mainly at the stage of their entry into the

forebrain. Guidance-cue molecules are involved in the development of the olfactory system and contribute to directing the

migration of GnRH neurons in the nasal head region and forebrain. Kisspeptin (KISS1) signaling is well demonstrated as

a key component for the onset of puberty, GnRH neurons express KISS1 in embryonic mice brain. Moreover, KISS1 may

inhibit GnRH neuronal movement and plays a role of stop molecule for GnRH neuronal migration. Abbreviation: PD—

postnatal day.

As noted above, GnRH neurons migrating in the nasal head region move along the olfactory, terminal, and vomeronasal

nerves. After entering the forebrain, these neurons migrate caudally along a temporary projection of the vomeronasal

nerve to the septopreoptic area . The general pattern of GnRH system development is similar in most mammals,

although there are natural differences in the timing of neuron formation and migration depending on the duration of

pregnancy and the relative degree of offspring development at birth in individual species.

The process of migration is conventionally divided into three stages: (1) intranasal migration, (2) passage through the

cribriform plate of the ethmoid bone, and (3) intracerebral migration (Figure 2). In normal development, each stage is

characterized by a unique set of factors such as cell adhesion proteins, gradients of guidance-cue molecules, and a

specific cellular microenvironment producing neurotransmitters and neuromodulators necessary for a successful migration

of GnRH neurons. For example, suppression of β1-integrin, which mediates the functions of cell adhesion proteins and

guidance cues, impairs the migration of GnRH neurons in mouse fetuses, with a consequent delay in puberty and

impairment of fertility in adult animals . G-protein coupled receptors, in particular, prokineticin 2 (PROK2) and its

receptor (PROKR2) were shown to modulate GnRH neuron migration. The mice null for PROKR2 had a loss of GnRH

neurons in the forebrain on embryonic day 13.5 (ED13.5) and in adults, had formed a huge and tangled web of olfactory

vomeronasal axons that would alter GnRH neuron movement .

3. Development of the GnRH System in Different Pathological States

Disorders in the development of the GnRH system lead to impaired puberty and fertility in adults. The reasons for the

development of reproductive system disorders in most patients are still not fully determined. Genetic mutations in genes

that determine the synthesis of factors involved in the migration of GnRH neurons are detected in no more than 50% of

patients . Despite the fact that the proportion of certain genetic causes of underdevelopment of the reproductive system

is growing, adverse factors affecting the developing human body in early ontogenesis can significantly influence the

development of the GnRH system . The best known disease associated with impaired migration of GnRH

neurons is the so-called Kallmann syndrome. The diagnosis of Kallmann syndrome is based on the identification of

impairments in sexual development: a decrease in the mass of the gonads, as well as low secretion of gonadotropins and

sex steroids, and in addition, these symptoms are accompanied by a loss of smell (anosmia). When there is Kallmann

syndrome in a human fetus with a genetic mutation in the X-linked gene KAL1, there is a complete impairment of the

penetration of GnRH neurons into the brain, with neurons located in the nasal region along the dorsal surface of the

ethmoid plate of the ethmoid bone . Receptor, which is activated by the prokineticins (PRKR2), and the mouse nasal

embryonic GnRH factor gene (NELF) are required for olfactory axonal outgrowth and GnRH neuronal migration in mice

.

Reproductive impairment caused by decreased GnRH secretion is not always associated with impaired neuronal

migration. Abnormal development of the gonads without defects in the development of the olfactory system in humans is

called idiopathic hypogonadotropic hypogonadism. This pathology is more common in men and manifests itself in the

early postnatal period . The absence of puberty against the background of a decrease in GnRH secretion was also

found in women .

For studies of pathological processes developing in the reproductive system, hypogonadal mice (hpg mice) are widely

used. These mice have a general underdevelopment of the gonads and disorders of the reproductive system. They have

a spontaneous deletion mutation of 33.5 kilobases encompassing the distal half of the GNRH1 gene, which completely

disrupts the transcription and synthesis of GnRH, leading to a lifelong deficiency of gonadotropins and sex steroids. In
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male hpg mice, changes in the concentration of amyloid precursors, as well as a decrease in the level of IL-1β in the

hippocampus and choline acetyltransferase per neuron, were revealed, similar to changes in patients with Alzheimer’s

disease .

Currently, more and more clinical and experimental data are coming in on the negative influence of various unfavorable

factors on the developing fetus, including the HPG axis. Their impact leads to persistent changes in the epigenetic

regulation of gene transcription, and as a consequence, to phenotypic changes . The HPG axis disorders are based

on epigenetic modification of the estrogen receptor (ERα) gene promoter and subsequent changes in the expression of

this gene . It has been shown that estrogens increase the expression of the KISS1 gene in the brain of mice by the

acetylation of histones in its promoter region in the anteroventral periventricular nucleus of the hypothalamus and

suppress its expression by the deacetylation of histones in the arcuate nucleus. Epigenetic regulation of the KISS1 gene

by estrogen-positive feedback induces the release of GnRH . Suppression of KISS1 gene expression in female rats in

the medial preoptic region of the hypothalamus, induced by systemic inflammation in the neonatal period, significantly

slows down the onset of puberty .

One of the risk factors is a bacterial infection that induces inflammation in both the mother and the fetus. Bacterial

infections, particularly asymptomatic infections during pregnancy that are not normally treated, can lead to serious

complications including pre-term parturition, low birth weight, and CNS damage .

Experimental studies often use LPS, a major component of the outer membrane in bacteria. LPS is a strong inducer of

innate immunity consisting primarily of cytokine induction, inflammation, fever, complement cascade activation,

hypothalamic–pituitary–adrenal (HPA) axis activation, and sickness behavior . By inducing an immune response in

the mother, LPS is able to alter the level of cytokines in the fetus. Proinflammatory cytokines are probably a link between

maternal infection and subsequent disruptions in the development and further functioning of various brain systems in the

offspring.

According to our data, activation of the immune system of rats or mice by LPS (Escherichia coli) on the 12th day of

pregnancy leads to a decrease in the rate of migration of GnRH neurons from the nasal region to the brain and is

accompanied by an increase in the level of IL-6, LIF, and MCP-1 in the blood of the mother and the fetuses . In sexually

mature offspring, there is a decrease in the level of GnRH in the hypothalamus and a reduction in the level of

gonadotropins and sex steroids in the peripheral blood. The effect of immunological stress on the development of the fetal

GnRH system depends on the period of exposure. If such activation takes place at the initial stage of GnRH neuronal

migration in the fetus, it results in the overall disorganization of this process. At the same time, LPS administration to

pregnant females at subsequent stages of neuronal migration does not lead to a redistribution of GnRH neurons in the

fetal brain, which indicates that some other mechanisms become involved in the regulation of their migration .

The appearance of GnRH neurons in the forebrain with a delay, apparently, causes changes in the formation of the

necessary axonal connections, which leads to impairments at key points in the development of the HPG axis. In adult

animals, LPS-induced inflammation has been proposed to suppress axonal transport of GnRH mRNA to GnRH neurons in

the preoptic region and the median eminence of the hypothalamus, where their terminals are projected and GnRH mRNA

is detected. The formation of a synaptic network that modulates the function of GnRH neurons is controlled by the

integrative activity of internal and external signals. Thus, suppression of GnRH synthesis in the hypothalamus and

suppression of gonadotropin secretion in the pituitary gland after systemic administration of LPS to rats are accompanied

by an increase in IL-1β secretion and tumor necrosis factor (TNF) α in the medial preoptic region of the hypothalamus .

It is known that an increased level of TNFα in the blood induces sepsis and in the brain, it causes apoptosis of developing

oligodendrocytes, mediated by the apoptosis-inducing factor (AIF), which is translocated into the nucleus under the

influence of TNFα . An LPS-induced intrauterine inflammation in mice, accompanied by increased levels of TNFα,

leads to hypomyelination and diffuse brain damage, both in the white matter and in the gray matter of fetuses, including

the hypothalamus, the thalamus, and the hippocampus .

With the central administration of IL-1β, an increase in the levels of β-endorphin and tachykinins is observed. They are

involved in the retransmission of the cytokine signal into GnRH neurons and suppress their functioning . IL-1α and

granulocyte macrophage colony-stimulating factor (GM-CSF) block NO-induced GnRH secretion in the mediobasal region

of the hypothalamus, which in turn blocks the pulsatile secretion of LH into the blood and suppresses GnRH-regulated

sexual behavior . Through GnRH neurons, various neurotransmitters and neuropeptides, such as monoamines, GABA,

neuropeptide Y, opioids, cytokines, KISS1, as well as leptin, transmit external stimulus signals that affect the state of the

HPG system .
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An LPS-induced inflammation in the mother during pregnancy causes impairments in the formation of GABA-, dopamine-

and serotonin-producing neurons in the developing fetal brain . Administration of LPS to female rats on the 11th day of

gestation leads to a decrease in the number of dopaminergic neurons and an increase in the activity of microglia, as well

as to an increase in the level of proinflammatory cytokines, mainly TNFα, in the substantia nigra in postnatal offspring .

Moreover, LPS can influence the differentiation of monoaminergic neurons not only in the brain stem, but also in other

brain structures, including the hypothalamus in fetuses. After the introduction of LPS, the following was observed: a

decrease in the expression of the enzyme synthesizing dopamine (tyrosine hydroxylase) in the substantia nigra and of the

enzyme synthesizing serotonin (tryptophan hydroxylase) in the dorsal raphe nucleus, a decrease in the levels of

dopamine and serotonin in the olfactory bulbs of the frontal cortex, the nucleus accumbens, the striatum, the amygdala,

the hippocampus, and the hypothalamus, as well as a decrease in the expression of the enzyme synthesizing GABA and

reelin in the dentate gyrus and the CA1 in offspring .

Thus, activation of the immune system in early ontogenesis triggers a cascade of intermediators that cause impairments

in the formation of both the immune system and the HPG system, which leads to an increased risk of immunological,

behavioral, and reproductive disorders in offspring.
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