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INTRODUCTION

Based on the mechanism of ovulation, mammals may be classified as spontaneous (i.e., pig, cattle,
sheep, goats) or induced ovulators (i.e., rabbit, ferret, cat, koala, llama, camel, alpaca). High or
increasing concentrations of estradiol exert a positive feedback on the hypothalamus triggering
an LH surge and ovulation in spontaneous ovulators, while ovulation is triggered by mating in
induced ovulators. South American camelids are classified as induced ovulators but the ovulatory
response is triggered by semen (1); copulation itself plays a minor role (2). Originally dubbed
ovulation-inducingi factor, the factor responsible for eliciting ovulation in camelids is the protein
nerve growth factor [NGF; (3–5)]. A highly conserved molecule, NGF is concentrated in camelid
semen (and semen of many species), and systemic absorption from intrauterine seminal deposition
has been implicated as the inciting cause of the preovulatory surge in circulating concentrations
of LH after mating or parenteral administration of nerve growth factor (1, 6). Although the
mechanistic pathway of NGF-induced ovulation is unknown, it is thought to be mediated at the
hypothalamus instead of the pituitary gland (7). Nerve growth factor may act by binding to neurons
that possess one or both NGF receptors (TrkA and P75) in the hypothalamus of llamas or by
interacting with third-ventricular tanycytes, a group of cells derived from modified ependyma that
possess the P75 receptor (8). A recent study using nasal placodes from mouse embryo (a source
of GnRH neurons) showed that the activation of P75 signaling pathways triggered an increase in
depolarization events in GnRH neurons (9), suggesting that NGF in semen may be acting at the
median eminence to trigger ovulation during mating.

In a recent report (10), the effects of estradiol-17β administration on ovulation and
luteal development in llamas were examined. Administration of increasing concentrations of
estradiol-17β (0.6, 1, and 1.6 mg/llama) increased the ovulatory rate in an incremental manner
(0/4, 1/4, and 6/6, respectively). Although LH concentrations were not reported, the ovulatory
response, corpus luteum development, and plasma progesterone profile were consistent with the
idea that estradiol triggers ovulation in this species. In an earlier study (11), results showed that
ovariectomized llamas had an impaired response to NGF-induced LH surge, which was partially
recovered by pre-treatment with estradiol. Thus, it was suggested that estradiol promotes the
fullness of the pre-ovulatory LH surge induced by NGF. The report from Bianchi et al. (10),
however, is the first to directly test the effects of estradiol on ovulation in llamas.

DISCUSSION

The results of Bianchi et al. (10) are consistent with previous studies in other induced ovulators.
In rabbits, administration of a combination of estrogen and progesterone daily for 2 days, but not
estrogen or progesterone independently, led to ovulation in 40% of synchronized does (12). In
California voles, administration of estradiol-17β or estradiol benzoate caused ovulation in up to
28% of treated females (13). In these studies, however, assessment of the ovulatory response was
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FIGURE 1 | Proposed mechanistic pathways followed by estradiol and NGF in the hypothalamus of llamas to trigger ovulation. Estradiol, through neuronal

populations (i.e., kisspeptin; kiss) expressing its nuclear receptor (black), may be influencing GnRH neurons (green) to trigger an LH surge. In contrast, the effects of

NGF on GnRH neurons may be triggered by activation of NGF receptors (TrkA and P75) in hypothalamic neurons that act as afferents to GnRH neurons. Alternatively,

blood borne NGF may be activating P75 receptor in tanycytes (yellow), which are in close association to GnRH nerve terminals at the portal vessels in the median

eminence (ME). CHO, choroid plexus.
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based on single examinations (laparotomy or post-mortem),
while Bianchi et al. (10) used a non-invasive approach
(ultrasonography and blood sampling) that allowed clear
characterization of corpus luteum form and function. Despite the
limited information available in scientific literature, results point
out the possibility that camelids, and other induced ovulators,
may elicit an LH surge in response to both estradiol and NGF.
How NGF and estradiol induce ovulation in camelids remains
unknown, but we hypothesize that the routes involved are
different between the molecules based on differences in chemical
composition (steroid vs. polypeptide), cellular mechanism of
action (nuclear vs. transmembrane receptors), and receptor
distribution (Figure 1).

The results from Bianchi et al. (10) are exciting since estradiol
may be stimulating neuronal pathways to trigger a GnRH and
LH surge in camelids in addition to providing support for
the effects of NGF (11). Based on rabbit studies (14), the
principal factor driving hypothalamic discharge of GnRH into
the portal vessels in induced ovulators is the conduction of
physical coital stimuli via spinal cord transmission of action
potentials. That llamas ovulate in response to estradiol and
seminal NGF is consistent with the notion that spontaneous and
induced ovulation share complimentary mechanistic pathways
for generating an LH surge. The notion of complimentary
pathways is reflected in observations that the presence of males
facilitates the ovulatory response in spontaneous ovulators. For
instance, albino rats maintained in a constant light environment
were sexually receptive and females responded to mating with an
LH surge and ovulation (15). In addition, introduction of rams
to ewes stimulates cyclicity and ovulation during the transition
from the breeding to non-breeding seasons (16), and clitoral
stimulation hastened ovulation in cattle (17). Thus, neuronal
systems relevant to spontaneous ovulators may play a role
in induced ovulators and vice-versa. Hypothalamic kisspeptin
neurons are mediators of the estradiol-induced LH surge in
ewes and other spontaneous ovulators (18), and recent studies
showed that kisspeptin neurons also participate in surge-release
of LH in llamas (19). In llamas, however, the absence of
NGF receptor expression in kisspeptin neurons suggests that
kisspeptin neurons may not be the direct target of NGF in the
hypothalamus (19).

In addition to an influence on gonadotrophin secretion
in induced ovulators (1, 20), both estradiol and NGF may
modify luteal function. For instance, llamas that ovulated
in response to NGF developed a larger corpus luteum and
produced more progesterone than llamas treated with GnRH
(1), and administration of NGF was associated with an
increase in vascularization in the dominant follicle and the
consequent corpus luteum (21). In rabbits, estradiol had a
luteotrophic effect by preventing apoptosis in luteal cells
(22), and, conversely, one of the luteolytic mechanisms of
prostaglandin F2alpha may involve blockade of estradiol
signaling in luteal cells (23). Although a luteotrophic
effect of estradiol was reported in a study in which
llamas were treated with high doses of estradiol [10mg
daily for 9 days; (24)], the effect of estradiol on ovarian

function in llamas and its relationship with NGF remains to
be investigated.

Finally, the findings by Bianchi et al. (10) may provide
an explanation for spontaneous ovulation in camelids, a
phenomenon that has been reported to occur at a rate of
5–15% in llamas and alpacas (25–27), and 5 and 41.7% in
non-lactating and lactating camels, respectively (28). Although
circulating concentrations of estradiol were not reported in
Bianchi’s work and the dose administered of estradiol was
relatively high, we infer that a sudden increase in estradiol
concentration triggers an LH surge in llamas, as in spontaneous
ovulators. Thus, we hypothesize that in camelids the endogenous
production of ovarian estradiol does not reach the threshold
necessary to trigger an “spontaneous” ovulatory response, and
instead, the female camelid relies on seminal NGF to ovulate.
Further knowledge is needed regarding the source of estradiol
(i.e., gonadal, adrenal, or neural), the effective circulating
concentrations of estradiol (or its metabolites) to promote
ovulation, and the feedback mechanisms of estradiol on LH
secretion in camelids. The findings from Bianchi et al. (10)
open a variety of questions regarding the ovulatory process
in camelids, and the potential interactions between estradiol
and NGF. The llama (and other camelids) is an excellent
model to study the differential effects of estradiol (negative
and positive feedback) and NGF in the generation of an
LH surge.

Classification of species as spontaneous or induced ovulators
may be overly strict since the latter can occasionally ovulate
spontaneously and ovulation in the former can occasionally
be induced or accelerated by coitus. According to Conaway
(29), species may be classified as (1) spontaneous ovulators
in which ovulation depends on ovarian steroid production
with spontaneous occurrence of a luteal phase (pig, cow),
(2) spontaneous ovulators in which ovulation depends on
ovarian steroid production but a luteal phase is induced by
coitus (rat, mouse), or (3) induced ovulators in which coitus
induces ovulation with spontaneous occurrence of a luteal
phase (rabbit, camels). It is probable that, within species, the
mechanism of ovulation is modulated by environmental or
social factors and species represent a continuum between the
extremes of strictly induced or spontaneous ovulators (30).
Silva and Bianchi’s work brings that to light. Perhaps the
NGF pathway of induced ovulation is an evolutionary strategy
for reproductive success that phylogenetically departed from
spontaneous ovulation.
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