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Abstract

The ovulation mechanism is one of the fascinating physiological processes in reproductive biology in
mammals. From the reproductive point of view, the species have been classified as spontaneous or
induced ovulators. Although the release of GnRH followed by the preovulatory LH surge is shared between
both types of ovulation, the stimulus to initiate GnRH release varies between both categories. In
spontaneous ovulators, ovulation depends on the systemic concentration of ovarian steroids, however, in
induced ovulators, different stimuli such as copulation, environmental, and social cues can facilitate or
induce ovulation regardless of the increases in systemic estradiol concentration. In this review, we
document evidence that a male-derived protein is the main factor responsible for inducing ovulation and
also modulating the ovarian function in the domestic South American camelid, the llama. The
neurotrophin beta-Nerve Growth Factor (B-NGF) is the principal factor present in the semen of llamas
responsible for inducing ovulation in this species. After the intrauterine deposit of semen during mating,
B-NGF is absorbed through the endometrium to reach the circulatory system, where it reaches the
hypothalamus and stimulates GnRH release. The potential site of action of this neurotrophin at the brain
has not been elucidated, however, hypotheses are raised that the factor may cross the blood-brain barrier
and stimulate upstream neuronal networks that lead to the stimulation of GnRH-secreting neurons. It is
possible that B-NGF could be sensed at the median eminence without crossing the blood-brain barrier.
Finally, it has been observed that this factor is not only a powerful stimulator of ovulation but also has a
luteotrophic effect, resulting in the development of a corpus luteum capable of secreting more
progesterone when compared to other ovulation-stimulating analogues.
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Introduction

Seminal plasma (SP) is produced by accessory sex glands (ampulla, vesicular glands,
prostate, bulbourethral glands) of the male, and its volume and composition may vary
according to the glands present among different species. For many decades SP was considered
just @ maintenance and transport medium for sperm, but in recent years, it has also been
considered as a way of communication between male and female after mating, increasing
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NGF modulating reproduction in female llamas

fertility by improving uterine receptivity and embryo survival (Robertson and Martin, 2022). The
importance of accessory glands has been demonstrated by monitoring fecundity alterations
following their removal (Pangetal., 1979; Peitz and Olds-Clarke 1986; Wong et al., 2007).
Studies in mice and humans have shown that uterine and oviductal changes induced by SP
after insemination improve the maternal adaptive immune system during the peri-
implantation period, facilitating recognition and tolerance to foreign paternal antigens
expressed in the conceptus (Bromfield, 2016).

However, the influence of SP in the female reproductive tract extends beyond local uterine
effects. Hormones, neuropeptides and neurotransmitters present in the SP have the potential
to affect different organs, including those of the hypothalamic-pituitary-gonadal axis. Early
studies have reported that the SP of different species contains nerve growth factor (NGF;
Harper and Thoenen, 1980; Harper et al., 1982), which is produced in the vesicle glands
(Hofmann and Unsicker, 1982). The extended actions of NGF are clearly exemplified by the
neurotrophin that is synthesized in the prostate gland (Bogle et al., 2018) and present in high
amounts in the llama SP. Parenteral administration of B-NGF can trigger ovulation in this
species (Ratto et al., 2012) and also exerts a potent luteotrophic effect. Thus, the male-derived
B-NGF is a key SP protein exerting dramatic actions that can directly modulate the activity of
the reproductive axis in females.

In this review, we present our current understanding of how B-NGF present in the SP of
males elicits endocrine actions in the female that result in ovulation and luteotrophic effects.

Mechanisms of ovulation in mammals

Ovulation in mammals relies on the preovulatory GnRH release from the medial basal
hypothalamus into the hypophyseal portal system, which triggers an LH surge from the
gonadotropes into the systemic circulation, the ultimately elicits the follicular rupture. Based
on the stimuli that initiate this process, mammals have been classified as spontaneous or
induced ovulatory species. In spontaneous ovulatory species (e.g. cattle, horse, pig), increasing
concentrations of systemic estradiol -synthetized from the preovulatory follicle- leads to an
increase in the frequency and amplitude of GnRH pulses from the hypothalamus that, when it
reaches a certain threshold, triggers the subsequent LH surge (Karsch et al., 1987). In induced
ovulators (e.g. rabbit, cats, camelids), the neural signals that result from the physical
stimulation of the female reproductive tract caused by the penis during mating have
traditionally been considered the main factor associated with the preovulatory discharge of LH
and subsequent ovulation (Bakker and Baum, 2000; Kauffman and Rissman, 2006). However,
studies conducted in camelids and rabbits have shown the involvement of stimuli other than
or in addition to penile intromission as triggers for the ovulatory response, challenging the
original conception of mechanical stimulation of the female reproductive tract (Adams et al.,
2016; Berland et al., 2016; Maranesi et al., 2018; Ratto et al., 2019).

In South American camelids (llamas and alpacas), Adams et al. (2005) reported that SP
contains a potent ovulating-inducing factor (OIF) that later was chemically identified as S-NGF
(Ratto et al., 2012; Kershaw-Young et al., 2012). This protein is present in the SP of several
mammalian species, including cattle and humans (Bogle et al., 2011). Since the discovery of SP
B-NGF as the trigger of ovulation in llamas, many investigations have been conducted to
elucidate the potential mechanisms of action on the hypothalamus-hypophysis-gonadal axis
(Silva etal., 2011, 2012; Carrascoetal, 2018a, b, 2021), and also on the ovary
(Valderrama et al., 2019, 2021). It is well established that intramuscular, intravenous, or
intrauterine infusion of both purified B-NGF or SP induce a rapid LH surge that is followed by
ovulation (Adams and Ratto, 2013; Adams et al., 2016; Silva et al., 2015; Berland et al., 2016)
similar to that observed following mating (Bravo et al., 1990). In rabbits, B-NGF may induce
ovulation through a hybrid mechanism combining endocrine and nervous components
(Maranesi et al., 2018). Therefore, the mechanism of induction of ovulation in rabbits may be
different from that observed in llamas (Maranesi et al., 2018) but would also be mediated by
B-NGF contained in the SP.
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Endocrine action of B-NGF to control ovulation in llamas

Following the study of Adams et al. (2005), reporting the ovulation and enhanced luteal
activity in response to SP administration, subsequent studies in llamas have deepened our
understanding of the mechanism involved in these physiological responses. Silva et al. (2011)
reported that the magnitude of LH release is reduced when purified B-NGF is injected i.m. in
ovariectomized females. The LH peak was restored when these animals were treated with a
dose of estradiol benzoate and then challenged with B-NGF. Thus, the effect of B-NGF on the
LH peak is influenced by ovarian steroids. Moreover, the preovulatory LH surge induced by
B- NGF was abolished when llamas were previously treated with the GnRH antagonist,
Cetrorelix (Silva et al., 2012), indicating that the effect of B-NGF on the LH peak is exerted at the
hypothalamus by direct or indirect stimulation of GnRH neurons.

The notion that the male controls female ovulation was conceptualized in a study
(Berland et al., 2016) in llamas where females were assigned to receive mating with an intact male
or with an urethrostomized male (penis intromission but no semen deposition). Ovulations were
preceded by an LH surge only in those females mated by the intact male or treated by
intrauterine infusion of SP. In the ovulated groups, there was a significant increase in plasma [3-
NGF that was positively correlated with the LH surge. From this result the following conclusions
can be drawn: i) B-NGF is the molecule responsible for ovulation in llamas rather than the
mechanical stimuli of the penis in the reproductive tract, as previously thought, and ii) B-NGF is
rapidly absorbed through the endometrium into the systemic circulation after mating.

The question of how [B-NGF reaches the brain to stimulate GnRH neurons remains
unanswered. Ratto et al. (2019) propose two potential pathways by which B-NGF could signal
the hypothalamus: i) through crossing the brain-blood barrier at the choroid plexus to reach
the cerebral spinal fluid of the ventricular system and activating a neuronal network that
results in the release of GnRH or ii) via P75 receptors expressed by the tanycytes -a specialized
ependymal cell- which is in contact with circulating B-NGF and play a crucial role in the
mechanism of GnRH release (Ojeda et al., 2010).

Since GnRH neurons of the llama hypothalamus do not express the high-affinity receptor
for B-NGF, TrkA (Carrasco et al., 2018a), a potential explanation may be that B-NGF acts
through kisspeptin neurons in the hypothalamus to stimulate GnRH secretion. In Illamas,
intravenous administration of kisspeptin elicits LH release and ovulation (Silva et al., 2015), and
this effect is consistent with morphological evidence describing close contact between
kisspeptin and GnRH neurons in the mediobasal llama hypothalamus (Carrasco et al., 2020,
Berland et al., 2021). However, immunohistochemical expression of the 3-NGF receptor has
not been detected in llama Kisspeptin neurons of the arcuate nucleus or the preoptic area of
the hypothalamus (Carrasco et al., 2020).

Further studies will require complex experiments in order to elucidate the mechanism of
action of B-NGF at the hypothalamic level using the llama as an animal model.

The luteotrophic effect of B-NGF in llamas

Administration of SP induces ovulation by eliciting a sustained preovulatory LH surge, which
results in a subsequent luteotrophic effect occurring seven days after ovulation, corpora lutea
induced by OIF are larger and release 2.5 times more progesterone in comparison to those
induced by GnRH administration (Adams et al., 2005). This effect has also been detected in
several additional studies (Ratto etal., 2011; Tancoetal., 2011; Silva etal., 2012; Ulloa-
Leal et al., 2014). Moreover, the luteal function is enhanced regardless of the size of the
preovulatory follicle at the time of treatment with B-NGF (Silva et al., 2014). The positive
relationship between the magnitude and extension of the LH release profile and the
subsequent luteal function has led to the hypothesis that the luteotrophic effect of llama -
NGF is mediated by changes in LH secretion pattern. Consistent with this notion, Berland et al.
(2016) observed that both systemic concentrations of B-NGF and LH increased during the first
3.5 h after mating or intrauterine administration of B-NGF in llamas.
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Together with the effect of B-NGF on LH release, it is plausible to propose that B-NGF may
also exert a local effect on the ovarian tissue by potentiating progesterone production, as the
high-affinity B-NGF receptor, TrkA, has been detected in granulosa cells of preovulatory follicles
and also luteal cells of different species (Dissen et al., 1995; Shi et al., 2004; Salas et al., 2006;
Carrasco et al., 2016). In llamas, the luteotrophic effect of B-NGF has been associated with
enhanced tissue vascularization during the peri-ovulatory period and early stages of CL
development, enhancing steroidogenesis (Ulloa-Leal etal., 2014; Fernandezetal., 2014).
Furthermore, studies (Silva et al., 2017; Valderrama et al., 2019, 2021) on gene expression of
transcripts encoding steroidogenic enzymes related to progesterone production in llamas show
upregulation of the steroidogenic acute regulatory protein (StAR), CYP11A1 (P450scc), and 173
hydroxysteroid dehydrogenase (17 HSD) in granulosa cells from preovulatory follicles and also
up regulation of StAR and CYP11A1 in luteal cells collected 4 days after ovulation, indicating that
B-NGF can promote higher progesterone production in the corpus luteum.

Conclusions

The evidence presented in this review support that when a male llama mates with a female,
B-NGF produced by male accessory sex glands (especially the prostate gland) and present in
the SP stimulates the endocrine cascade that induces ovulation and stimulates luteogenesis in
the female. This protein is absorbed from the endometrium into the circulatory system,
reaching the hypothalamus to trigger GnRH release which is followed by the LH surge. The
profile and pattern of LH release induced by B-NGF play an important role in the process of
luteogenesis. However, a direct B-NGF effect on the ovary could also potentiate the
luteotrophic process. More studies are needed to elucidate the potential sites of action of -
NGF at the hypothalamic-pituitary-ovarian axis.
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