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ABSTRACT
The overall objective of this thesis was to investigate the pathways of NGF-induced
ovulation in llamas. We hypothesize that NGF influences GnRH secretion directly or indirectly at
the median eminence. For this purpose, we used a battery of ultrasonic, histological, endocrine,
proteomics, imaging and bioconjugation tools within in vitro and in vivo models to understand the
mechanism of action of NGF.
In Chapter 2 we examined the neuroanatomy of the neuroendocrine system of llamas and
its relationship to NGF receptors. Using immunohistochemistry, we found that the hypothalamus
of llamas contained neuronal groups expressing both NGF receptors (P75 and TrkA) and NGF
itself. Although NGF receptors were colocalized in the medial septum and the diagonal band of
Broca, both receptors were differentially expressed either in the periventricular area (for TrkA) or,
more surprisingly, in circumventricular organs (for P75). Tanycytes in the median eminence had
immunoreactivity to P75 and were in close apposition with GnRH and kisspeptin axons.
In Chapter 3 we developed a radioactive NGF (conjugated to

89

Zr) for positron emission

tomography/computed tomography (PET/CT) imaging to determine the biodistribution and brain
uptake of NGF. We validated the bioconjugation, and the stability and bioactivity of the
radioactive conjugate using the PC12 cell bioassay. We investigated the biodistribution of
radioactive NGF in mice and llamas by gamma counter in the former and PET/CT imaging in the
latter species. The majority of NGF radioactivity was present in the kidney (mice and llama) and
the liver (llama) 1 hour after administration, whereas the rest of the organs had low radioactivity.
In llamas, serial brain scans revealed no substantial uptake in hypothalamic areas of llama,
suggesting poor brain penetration of the 89Zr-labelled NGF.
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In Chapter 4, we evaluated the role of kisspeptin in inducing LH secretion in llamas.
Administration of kisspeptin in llamas induced an increase in LH concentrations and ovulation
(5/5), similar to NGF (5/5) but higher than saline administration (0/5). Kisspeptin-induced
ovulation in llamas was ablated by pretreatment with a GnRH receptor antagonist, suggesting that
kisspeptin is acting at the GnRH neuron level in the hypothalamus of llamas. Kisspeptin neurons
were located in the preoptic area and arcuate nucleus, establishing synaptic contacts with GnRH
neurons. Interestingly, kisspeptin neurons were devoid of NGF receptors.
In Chapter 5, we tested the hypothesis that noradrenaline mediates the LH surge induced
by NGF. Neuroanatomical studies revealed that tyrosine hydroxylase neurons and fibers were
present in the hypothalamus establishing appositions with GnRH neurons in llamas. Intravenous
administration of alpha-adrenergic receptor antagonist (phenoxybenzamine) failed to prevent or
reduce the NGF-induced LH surge, whereas central administration of an alpha-1-adrenergic
receptor reduced the magnitude of the LH surge induced by NGF.
In Chapter 6, we evaluated the hypothalamic response to NGF in llamas and the
involvement of GnRH neurons and progesterone. Administration of two doses of NGF induced an
impaired LH response but not to GnRH administration, suggesting NGF receptor desensitization.
No differences were found in FOS expression in GnRH neurons of llamas treated with NGF or
saline, and the LH response to NGF in llamas was independent and progesterone concentrations.
In Chapter 7, we evaluated NGF central actions in llamas and the role of kisspeptin receptor
in GnRH neurons and TrkA receptor-expressing neurons during the LH surge. Llamas were either
treated with saline, high and low doses of NGF intracerebroventricularly or intravenously. Only
llamas treated intravenously with NGF displayed an LH surge and ovulation, whereas llamas
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treated with NGF intracerebroventricularly did not. Infusion of a kisspeptin receptor blocker and
a TrkA blocker failed to impair the LH surge induced by NGF.
In Chapter 8, we tested the hypothesis that an LH releasing effect of NGF is present in
male camelids. Intravenous administration of NGF induced an immediate elevation of LH
concentrations, larger than the response to GnRH. Testosterone concentrations were greater in
males that received NGF than males that received saline, suggesting that NGF administration, via
LH stimulation, supported blood testosterone concentrations in male south American camelids.
In conclusion, results from the present thesis support the hypothesis that NGF triggers
ovulation through a central mechanism of action in llamas. Our results provide evidence that a
novel mechanism of action is followed by NGF that may be mediated by noradrenaline, perhaps
at the llama median eminence. Additionally, we report that the LH-releasing effect of NGF may
be independent of progesterone and kisspeptin and may be operating in male camelids as well.
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CHAPTER 1: GENERAL INTRODUCTION, HYPOTHESES, AND OBJECTIVES
South American or new world camelids belong to the family Camelidae and originated
more than 40 million years ago. The subfamily camelinae is composed of four species that belong
to the genus vicugna (alpacas and vicuna) or the genus llama (llama and guanaco). After migrating
from North to South America more than 2 million years ago, members of llamas and alpacas'
lineage were domesticated early in the Andes by pre-colonial civilizations (Metcalf et al., 2014),
whereas guanaco and vicuna remained undomesticated. With a taller and more robust appearance,
the llama is thought to descend from guanaco, whereas the alpaca, provided with a thinner isolating
fiber, is thought to descend from vicuna (Wheeler et al., 1995).

1.1. Reproduction in South American camelids
Llamas and alpacas are classified as non-seasonal mono-ovulatory species. Their uterus is
bicornuate, with the horns projecting laterally with the oviducts ending in an ovarian bursa
covering the ovary. The ovaries are irregularly globular, containing follicles typically > than 5mm
(Sumar et al., 1996). With a gestation length of 11 months, camelids are remarkable because
gestation is almost always carried in the left uterine horn (Fernandez-Baca et al., 1973). Pubertal
development in crias remains largely uninvestigated. Based on reproductive-like behaviour and
the presence of follicles of >5mm of diameter in their ovaries, it has been estimated that around
ten months of age corresponds to the puberty onset (Sumar et al., 1999).
Ovarian function in South American camelids has unique characteristics. In an early study
using transrectal ultrasonographic examination, Adams et al. (1989) described that llamas could
be classified within three reproductive statuses at any given time: follicular dominance when a
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dominant follicle is present in one of the ovaries, luteal dominance when a corpus luteum (CL) is
present, and pregnancy when a CL is present in one of the ovaries with conceptus present in the
uterus. Classic studies using alpacas established that South American camelids are induced
ovulators. In one study, ovulation occurred around 26 hours after mating or hCG administration
(San-Martin al., 1968). Further, when alpacas were mated under a variety of experimental
conditions to dissect the stimulus responsible for ovulation, ovulation occurred in all conditions,
but the largest ovulatory response was achieved by mating (Fernandez-Baca et al., 1970). As
induced ovulators (see below), the ovaries of llamas that have not been mated are devoid of CL;
however, spontaneous ovulation occurs in these species at a low rate (<10%; Fernandez-Baca et
al., 1970; Adams et al., 1991). Ovarian follicles grow in a wave-like pattern in camelids, as
described in other species (Adams et al. 1991, Adams et al., 1999, Ginther, 2000, Ratto et al.,
2003). Follicular wave emergence consists of the sudden detection of several follicles (4-5mm of
diameter) that grow at a similar rate, followed by the selection of a dominant follicle that grows
beyond 7 mm of diameter whereas subordinate follicles undergo regression. Dominant follicle
growth in llamas occurs at an average rate of 0.7 mm/day (Adams et al., 1989), attaining its
ovulatory ability once reaching 6-7 mm of diameter (Bravo et al., 1991), and reaching 12 mm of
diameter at a mature stage. Although sexual receptivity can constantly be observed regardless of
ovarian status, the period of follicular growth between 6 to 12 mm of diameter (~8 days) offers the
highest probability of pregnancy if mating occurs.
Once ovulation occurs, and the follicular content is expulsed, the follicular wall will go
through luteinization, a process in which the theca and granulosa cells of the ruptured ovarian
follicle will populate the antrum by cellular hyperplasia and hypertrophy. In camelids, the CL was
characterized as a hypoechoic structure relative to surrounding tissue with a central echogenic area
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(Adams et al., 1989). After mating, the CL was detectable by Day 3 (ovulation= Day 0), growing
until it reached ~14 mm of diameter, usually by Day 8 after ovulation (Adams et al. 1991).
Depending if mating was fertile or not, the presence of an embryo will prevent luteolysis and the
CL will be maintained throughout pregnancy. Otherwise, the endometrium will produce
prostaglandin F2alpha, and the CL will undergo luteolysis. The process of maternal recognition of
pregnancy and the mechanism by which the embryo signals to the uterus in camelids remains
largely unknown. The main product of the CL is progesterone, an ovarian steroid that prepares the
reproductive tract for gestation by changing the histological structure of the endometrium,
reducing the inflammatory response and myometrial contractibility. Additionally, progesterone
has profound effects on inhibiting gonadotropin secretion in several species, including llamas
(Kesner et al., 1982, Adams et al.,1990, Aba et al., 1999, Veiga et al., 2018). In a study intended
to evaluate the effect of pregnancy and lactation over follicular growth using transrectal
ultrasonography, it was shown that the dominant follicle diameter was lower in llamas that were
pregnant, lactating or both (Adams et al., 1991). The findings suggest that factors produced by
pregnancy or lactation in llamas, likely progesterone, decreased or inhibited the secretion of
gonadotrophins.

1.2. Induced vs spontaneous ovulation
Based on the ovulation mechanism, mammals are classified as spontaneous (i.e., pig, cattle,
sheep, goats) or induced ovulators (i.e., rabbit, ferret, koala, llama, camel, alpaca; Conaway et al.,
1971). In spontaneous ovulators, it is understood that increasing (or high) concentrations of
estradiol, in the presence of a dominant follicle and low circulating progesterone concentrations,
induces a positive feedback over hypothalamic neurocircuits resulting in the release of GnRH in
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the pituitary portal system. Via the portal vessels, GnRH reaches gonadotropes in the pituitary and
triggers LH secretion, producing the LH surge. In induced ovulators, instead of estradiol, coital
stimulation has been attributed to be the sole stimulus required to produce a GnRH and LH surge
as a neuroendocrine reflex (i.e., sensory stimuli that triggers an endocrine response). During
mating, sensorial information from the genitalia is transmitted via the spinal cord to the
hypothalamus that ultimately leads to the pre-ovulatory GnRH/LH surge (Kauffman et al., 2005).
It is worth mentioning given the large variety of species considered induced ovulators, the
mechanism of induced ovulation is poorly understood, and most of the information supporting this
view has been extrapolated from studies coming from ferrets or rabbits.
Although the classification of induced or spontaneous ovulators is convenient, there are
several examples of female spontaneous ovulators that require mating or some degree of male
interaction for reproductive success. For instance, rodents require mating or penile intromission
for establishing a functional CL (pseudopregnancy; Frye et al., 1990). Rats exposed to constant
light or treated with barbiturates and housed with males mated and ovulated, whereas control
animals did not (Brown-Grant et al., 1973, Harrington et al., 1966). Interestingly, a recent report
using llamas showed that administration of Estradiol, contrary to expectations, induced ovulation
in a high proportion of animals (Bianchi et al., 2020). Hence, spontaneous, and induced ovulators
may share mechanistic pathways to influence reproductive success, depending on the species.
Given that the requirements to achieve ovulation vary substantially within induced
ovulators, species composing this group can be loosely classified into three groups depending on
the degree of copulatory stimulation required for ovulation (Kauffman et al., 2005). On one end of
the spectrum, there are species that achieve ovulation after short mating sessions without the need
for ejaculation, such as the ferret, rabbit and short-tailed voles. The second group consists of
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species that, to ovulate, require complete mating, including ejaculation. Examples of this group
are camels, California voles, some squirrel related species, and raccoons. The last group
corresponds to species that require serial mating sessions lasting days, with several successful
ejaculatory series. Examples of this group are species such as musk shrews and felids. Although
the presence of factors that influence ovulation in the semen of induced ovulator species remains
largely unknown, the proposed classification is suggestive that some induced ovulator species
might display semen- induced or facilitated ovulation.

1.3. Seminal plasma as an inductor of ovulation in camelids
Based on studies in the first half of the twentieth century, it was hypothesized that induced
ovulation was, in essence, a neural reflex phenomenon that culminated in an endocrine response
(LH surge). In addition, constituents from semen, aside from sperm, were not considered relevant
to female reproductive function. Although a study in cattle reported that ovulation occurred on
average 2 hours earlier in heifers mated with a vasectomized bull compared to unmated females
(Marion et al., 1950), it was not until the 80s decade that reports describing a contribution of
seminal plasma on reproductive success appeared. An experiment in which sows were infused with
seminal plasma or saline in their uteruses and subsequently inseminated with frozen semen resulted
in increased litter size in the seminal plasma-treated group (Murray et al.,1983). In 1985, a group
of researchers from China provided the first evidence of semen-triggered ovulation using Bactrian
camels (Chen et al., 1985). The idea of the existence of an ovulation-inducing factor present in
seminal plasma was halted for almost 20 years until the results of studies using llamas and alpacas
confirmed that the seminal plasma of South American camelids contained an ovulation-inducing
factor (OIF; Adams et al., 2005).
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Initial work in llamas and alpacas (Adams et al., 2005) showed that OIF was a potent
stimulator of ovulation, inducing a pre-ovulatory surge of luteinizing hormone, which resulted in
an ovulation rate of more than 90%. Given that ejaculation in camelids is intrauterine and the
endometrium is excoriated during mating, it was hypothesized that a local pathway might be
playing a role in semen-induced ovulation. A study using llamas showed that 14/15 (93.3%), 7/17
(41.2%) and 10/15 (66.6%) llamas ovulated after seminal plasma administration intramuscularly,
intrauterine and intrauterine with curettage, respectively (Ratto et al., 2005). Thus, the results
suggest that the curettage of the endometrium may facilitate the diffusion of NGF.
The ovulation-inducing factor was determined to be a protein in a series of studies intended
to ablate the ovulation-inducing effect by treating seminal plasma with activated charcoal, high
temperature or proteases (Ratto et al., 2010). Since only protease treatment ablated the ovulationinduction effect, it was concluded that OIF corresponded to a protein. Also, molecular weight
fractionation of camelid semen using spin filters suggested that the molecular OIF corresponded
to a protein of equal or more than 30 kDa (Ratto et al., 2010). These results were troubling since
purification of OIF from llama semen using a two-step chromatography revealed the presence of
a single protein band of around 13 kDa with potent LH releasing properties (Ratto et al., 2011).
The discrepancy of OIF's molecular mass was settled in a series of studies using crystallization
and cell bioassays that established that OIF was identical to the neurotrophin nerve growth factorβ (NGF; Ratto et al., 2012). NGF is a homodimer coupled by disulphide bonds that in native
conditions had a molecular weight of 26 to 28 kDa and in reducing conditions (SDS-PAGE)
weights around 13 kDa.
After ovulation induction by NGF, the corpora lutea grows larger and produces more
progesterone than GnRH-treated llamas (Adams et al., 2005). The luteotrophic effect has been
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attributed to the larger amounts of LH secreted by NGF or the local effect of NGF at the ovary
(Adams et al., 2018). Consistent with the second idea, NGF receptors were detected in the ovarian
follicles of several species (Dissen et al., 2000, Levanti et al. 2005, Carrasco et al., 2016). In
addition, llamas treated with NGF had higher vascularization of the pre-ovulatory follicle and the
corpora lutea on day six after treatment (Ulloa-Leal et al., 2014), and NGF induced a luteotrophic
effect regardless of follicle diameter in llamas (Silva et al., 2015). In a recent report, NGF
administration to llamas induced a shift from estradiol to progesterone in follicular fluid and
upregulated steroidogenic enzymes in granulosa cells in vivo and in vitro conditions, suggesting a
local effect in the pre-ovulatory follicle (Valderrama et al., 2019).
The finding that NGF induced an LH surge prompted the question of which part of the
hypothalamus-pituitary axis was exerting its effect. Studies in vitro using the culture of llama and
bovine pituitary cells showed that NGF triggered LH secretion into the culture media in both
species (Bogle et al., 2011). These results were consistent with a previous report in which rat
pituitary cells exposed to alpaca seminal plasma in vitro responded by releasing LH (Paolicchi et
al., 1999) and a study in which NGF receptors were found to be colocalized in 75 % of LH
producing cells in the pituitary of rats (Patterson et al., 1994). However, when llamas were pretreated with a gonadotrophin-releasing hormone receptor blocker in vivo (cetrorelix), NGF
treatment was unable to induce an LH surge and ovulation, strongly suggesting that the effects
were driven by a direct or indirect influence upstream to the pituitary (Silva et al., 2011). Thus, it
is currently hypothesized that NGF induces ovulation by activating the hypothalamus of llamas.
The large presence of NGF in the semen of camelids and its robust effects in the female
led to the examination of the seminal plasma of other species to evaluate the presence of NGF. In
a multispecies study (Bogle et al., 2011) intended to identify the presence of NGF in the semen of
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different species using the llama bioassay. Administration of seminal plasma of llama, equine,
porcine or saline, induced ovulation in 18/18 (100%), 5/17 (29%), 3/17 (17%) and 0/16 (0%)
llamas, respectively, confirming the presence of NGF in equine and porcine species. In the same
study (Bogle et al., 2011), mice treated with NGF as part of a superovulatory protocol ovulated at
a similar rate than the positive controls (GnRH or hCG) (Bogle et al., 2011). To date, NGF was
found to be present in the seminal plasma of other species such as bull (Harper et al., 1980, Ratto
et al., 2006), human (Heinrich et al., 1988), and rabbit (Garcia-Garcia et al., 2018). Interestingly,
female rabbits artificially inseminated with semen containing different doses of recombinant rabbit
NGF ovulated at a low rate (Sanchez-Rodriguez et al., 2020); however, the dose that induced
ovation was higher than what would be administered in a "normal" ejaculate/mating. Most of the
efforts to demonstrate an ovulatory effect of NGF in females in non-induced ovulator species
besides mice have been unsuccessful. For instance, prepubertal heifers and sheep in breeding and
non-breeding season have failed to show an ovulatory response or an increase in LH secretion after
NGF administration (Tanco et al., 2012, Codjambassis. 2011). In contrast, a recent study in cattle
showed and enhanced response LH response after NGF administration (Stewart et al., 2020).

1.4. NGF and NGF receptors
NGF is a member of the neurotrophin family, along with brain-derived growth factor
(BDNF), neurotrophin 3 (NT-3), neurotrophin 4/5 (NT-4), neurotrophin 6 and neurotrophin 7
(Huang et al., 2001). NGF exists in two known forms; the biologically active form corresponds to
β-NGF (NGF), a protein weighing 26 kDa, and the large molecular complex denominated NGF7S weighing 130 kDa. Structurally, 7S-NGF possesses two alpha, one beta and two gamma
subunits. Given that the beta subunit is surrounded by the alpha and gamma subunits, no biological
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activity has been reported for 7S-NGF (Bax et al., 1997), but it is found in most known sources of
NGF.
Since the discovery and purification of NGF from the mouse salivary gland (Cohen et al.,
1960), the identity and distribution of NGF and its receptors was under intense research, and
multiple physiological roles of NGF have been uncovered. Initial work identified NGF as the
molecule responsible for the development of peripheral sensory neurons and the development of
the central nervous system (reviewed by Aloe et al., 2012). For instance, the sympathetic nervous
system is abundant in NGF receptors, as illustrated in a study in which neonatal mice, rats, kittens
and monkeys were injected with an antiserum against NGF, and the majority of sympathetic
structures were aplastic or hypoplastic (Levi-Montalcini et al., 1960). Administration of NGF to
newborn rats increased the synthesis and expression of enzymes responsible for adrenaline
synthesis at the level of the adrenal medulla and superior cervical ganglia (Thoenen et al., 1971;
Otten et al., 1977). In addition, the degree of innervation of the organs is proportional to the amount
of NGF mRNA present in tissues (Shelton et al., 1984).
NGF has been shown to have roles in non-neuronal tissues such as that of the
integumentary, immune and reproductive systems. NGF and its receptors were found in the ovarian
follicular wall (Levanti et al., 2005), and the expression of the high-affinity NGF receptor (tyrosine
kinase A, TrkA) increased 100 folds in mice in late proestrus (i.e., at the LH surge; Dissen et al.,
1996). In cattle, the TrkA protein expression was higher in the pre-ovulatory follicle than
subordinate follicles (Carrasco et al., 2016). Culture of neonatal rat ovaries with NGF led to an
upregulation of FSH receptors (Romero et al., 2002), suggesting that NGF plays a role in acquiring
gonadotrophin responsiveness in the developing ovary. Consistent with the view that NGF is
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involved in follicular development, hyperproduction of NGF at the level of the ovary of mice
disrupted the estrus cycle and promoted a polycystic-like phenotype (Dissen et al.,2009).
The discovery of the Pheochromocytoma-12 (PC12) cell line, a tumoral cell line derived
from rat adrenal medulla that exhibited marked morphological and biochemical changes under
NGF stimulation, provided an important advance in identifying NGF receptors (Greene et al.,
1976). Early studies provided evidence that two NGF binding sites existed in this cell line since
the rate of dissociation of radioactive NGF from PC12 cells was temperature-dependent and
responded differently to trypsinization (Landreth et al., 1980). Thus, it was proposed that highaffinity slow dissociating and low-affinity fast dissociating receptors were present. The lowaffinity receptor corresponded to a protein with a molecular weight of 75 kDa that belonged to the
transforming growth factor family of receptors (P75; Chao et al., 1994). P75 interacts with similar
affinity to all members of the neurotrophin family (Dechant et al., 2002). P75 receptor has been
shown to mediate a wide range of physiological processes, such as cell death through a ceramide
pathway in oligodendrocytes (Casaccia-Bonnefil et al., 1996). Since no catalytic activity has been
detected in P75, it is hypothesized that P75 relies on its interaction with a variety of membrane or
intracellular factors to transduce its intracellular signals (Bronffman et al., 2004).
The high-affinity receptor for NGF, Tyrosine kinase receptor A (TrkA), was found to have
a molecular weight ranging from 60 to 140kDa depending on degree of glycosylation. TrkA
receptors possess an intracellular tyrosine kinase domain responsible for activating intracellular
signaling pathways such as RAS, MAP, Rho and PI3 kinases (Reichardt, 2006). The interaction
of the TrkA receptor and NGF is responsible for most of NGF classical effects, such as enhancing
cell survival in vitro and neuronal differentiation (Yoon et al., 1998).
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1.5. NGF distribution and the blood-brain barrier
The pharmacokinetics of NGF and its tissue targets have been evaluated mostly using
rodent models and in large animals remain unknown. Male rats treated with radiolabeled β-NGF
displayed an elimination half-life of 36.3 ± 2.2 mins (Pradier et al., 1994), with extremely low
tissue uptake. However, a study comparing different administration routes and using an enzyme
immunoassay for detection showed longer elimination half-life for either intravenous,
subcutaneous, and continuous minipump infusion of β-NGF (2.3, 4.5 and 150 hours, respectively;
Tria et al., 1994). A later study (Poduslo et al., 1996) showed that radiolabeled NGF had a halflife of 7.2 ± 0.3 minutes, the longest of the tested molecules. The wide variation observed among
studies (i.e., half-life) can be attributed to differences in NGF measurement, purity of NGF and
stability of radiolabeling, among others. Interestingly, NGF may be associated with an NGF
binding protein in plasma. Studies using autoradiography and chromatography of mouse serum
treated with iodinated NGF revealed the presence of a major molecular band of 900 kDa by
autoradiography (Ronne et al., 1979). The binding protein was identified as alpha-2macroglobulin, a protease inhibitor that is present in the plasma of several species and binds to
NGF (Barcelona et al., 2016). It is unknown if alpha-2-macroglobulin has any role in NGF-induced
ovulation, but it raises the possibility that NGF biodistribution may depend on the expression of
this carrier protein. This is particularly important, since alpha-2-macroglobulin interacts with liver
and brain tissue via specific receptors, particularly with neuronal cell bodies (Wolf et al., 1992).
The first suggestion of a blood-brain barrier (BBB) was done by the German bacteriologist
Paul Ehrlich, who reported almost 100 years ago that the administration of chromogenic dyes
stained several organs of the body, but not the central nervous system (cited by Ribatti et al., 2006).
The concept of tissue barriers was expanded to other organs during the first half of the previous
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century, given tissue-specific permeabilities. For instance, a blood-follicle barrier in the ovary (Siu
et al., 2012) and a blood-testicle barrier in the testis were described, but none of these barriers was
as restrictive as the BBB. The blood-brain barrier was characterized in a study intended to
challenge the permeability of the BBB by injecting horseradish peroxidase into the vascular system
of mice and revealing the localization of the enzyme by chromogen detection (Reese et al., 1967).
Authors found the chromogenic reaction in the vascular space and in pinocytotic vesicles of the
cerebral endothelium, but none in brain tissue. The BBB is characterized by the presence of tight
junctions between non-fenestrated endothelial cells and capillaries are surrounded by projections
of astrocytes denominated podocytes, also secured by tight junctions (Ballabh et al., 2004).
The ability of nerve growth factor to enhance neuronal survival called the attention of
scientists for a possible blood-brain delivery system and its implications on neurodegenerative
diseases. In an early study (Angeletti et al., 1972), administration of iodinated NGF in young or
adult mice showed that sympathetic ganglia had 6-fold more radioactivity (per mg of tissue) than
all the other organs analyzed. In addition, a study established that the radiolabeled high molecular
form of 7S-NGF crossed the blood-brain barrier in postnatal rats; however, the CSF displayed only
3 to 5 % of the NGF blood concentration (up to 50 hours after administration; Fabian et al., 1993).
A subsequent study described the brain of adult male mice that were treated with iodinated 7SNGF or β-NGF had 0.4% and 2.8% of the total dose, respectively, 60 minutes after injection
(Pradier et al., 1994). The differences in proportional radioactivity in the aforementioned studies
were attributed to different ages (and, consequently, blood-brain barrier permeability) of the
animals and likely, different relative expression of the NGF receptors. The distribution and brain
influx of different radiolabeled neurotrophins was compared in a detailed study using mice (Pan
et al., 1998). Nerve growth factor (7S) displayed the greatest CNS influx rate, especially in the
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spinal cord, when compared to β-NGF, neurotrophin 5, and neurotrophin 3. The finding that the
uptake of β-NGF was saturated by 50% when non-radioactive β-NGF was co-administered
suggests that the transport of β-NGF into the brain was receptor-mediated (Pan et al., 1998). Is it
important to mention that most of the previously mentioned studies were performed using samples
of the brain cortex, ignoring that regional differences may exist due to the existence of
circumventricular organs (see below). For instance, a study in rats intended to evaluate the
permeability of the brain to iodinated NGF using autoradiography and gamma-counter provided
support for the existence of such regional differences (Loy et al., 1994). The basal forebrain, the
cerebellum and the hippocampus of NGF treated rats had double the amount of radioactivity than
BSA treated rats. Interestingly, circumventricular organs such as the organum vasculosum of the
laminae terminalis (OVLT), the subfornical organ or the area postrema had a larger uptake of NGF
than the iodinated BSA-treated group (control group). Thus, such data provides the rationale to the
hypothesis that circumventricular organs could act as a window for blood-borne molecules;
however, if this mechanism is relevant in llamas, it remains unknown.

1.6. Circumventricular organs
Circumventricular organs are a group of brain structures that have a modified blood-brain
barrier. Depending on their function, all circumventricular organs can be grouped as sensing
(vascular organ of the lamina terminalis, subfornical organ and area postrema), neurosecretory
(pineal gland, median eminence and the neural lobe of the pituitary), ependymal secretory
(subcommisural and choroid plexus), and transporting (choroid plexus and median eminence;
Rodriguez et al., 2010). The majority of circumventricular organs are populated with tanycytes, a
group of elongated (tanos= elongated), non-neuronal cells that display membrane polarization and
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barrier properties (Mullier et al., 2010, Langlet et al., 2013). In the third ventricle, tanycytes have
a cell body that contains the nucleus located at the border of the third ventricle and a single process
that emanates from the cell body for hundreds of micrometers ending in an end foot in a radial
orientation. Given that tanycytes contact neurons at different levels of their architecture (perikarya,
dendrites or axons) and endothelial cells at the mediobasal hypothalamus via their end-foot,
tanycytes may be fundamental in the integration of signals from the periphery (Langlet et al.,
2020).
In an early study intended to induce experimental tanycytectomy (Rodriguez et al. 1985,
2005), the third ventral ventricle of rats was filled with a resin to ablate tanycytes along with the
median eminence. Resin-treated rats did not showed alterations in GnRH terminals, but tanycytes
were undetectable in the median eminence. Tanycytectomized rats had a compromised ovulatory
response compared to sham-operated rats, suggesting that the ablation of tanycytes induced failure
to produce a GnRH peak (Rodriguez et al. 1985, 2005). Further insights in this finding were
provided in a study intended to understand the morphological plasticity of tanycytes during the
estrous cycle (Prevot et al., 1999). The tanycytes of rats in diestrus formed a "cuff" around GnRH
terminals, but not during proestrus, suggesting a permissive effect of tanycytes on GnRH secretion.
Circumventricular organs might act as a shuttle for higher molecular mass peptides to reach
active brain sites since molecules of 400 to 600 Da diffuse through the BBB without an active
transport mechanism (Banks, 2009), much lower than the molecular weight of most hormones,
including NGF. Since their modified BBB, circumventricular organs may play a role mediating
the actions of peripheral hormones in the brain by either transmitting their signaling pathways or
by hormonal transport into the brain. For instance, leptin is a 16 kDa protein produced by
adipocytes and is involved in food intake and energy homeostasis. It has been suggested that leptin
14

crosses the choroid plexus using a transcytosis mechanism via its high-affinity receptors (Zlokovic
et al., 2000). A similar mechanism had been described for prolactin, a hormone secreted by the
anterior pituitary with effects over lactation, but with a potential role in brain function. Since
prolactin receptors are expressed in the choroid plexus and the median eminence, it was thought
that peripheral prolactin enters brain tissue by these two sites (Pi et al., 1998). However, binding
studies have suggested that that prolactin receptor was not responsible in brain uptake of prolactin
at the choroid plexus (Brown et al., 2016), and the median eminence might be the site of action of
prolactin since the administration of prolactin induces the activation of prolactin receptor in the
median eminence of male mouse (Kirk et al., 2019).

1.7. Hypothalamic role on reproductive function
The secretion of GnRH from the hypothalamus along with the vascular architecture of the
portal vessels between the pituitary and hypothalamus are fundamental for the maintenance of
reproductive function. Studies using both pituitary auto-transplantation in rats, radiofrequencyinduced hypothalamic lesions in rhesus monkeys or pituitary disconnection in sheep led to a loss
of gonadotropin secretion (Nikitovich-Winer et al., 1958; Plant et al., 1978, Clarke et al., 1983).
With the production of the first antisera and the establishment of immunohistochemical
methods, GnRH neurons in hypothalamic populations were initially described by Barry et al.
(1974) using the guinea pig as a model. These authors described the presence of a septo-preoptic
pathway, a group of GnRH neurons that are located in the septal and preoptic area whose axons
project caudally, ending at the median eminence. These descriptions were found to be consistent
in several species such as rhesus monkey, mice, rat, and guinea pig (Silverman et al., 1979);
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however, substantial species differences were detected in species such as bats, humans, and ferrets
that had a different anatomical distribution (King et al., 1984). The GnRH neurons of llamas
resembled the distribution of the second group, in which the majority of neurons are located in the
mediobasal hypothalamus (Carrasco et al., 2018). In addition, llama GnRH neurons display the
peculiarity that their axons project beyond the median eminence reaching the neural lobe of the
pituitary (Carrasco et al., 2018). The biological relevance of the anatomical differences of the
GnRH system and its relevance in induced ovulation in llamas remains unknown. The appearance
of the hypothalamus and GnRH neurons of llamas is shown in Figure 1.1.
In the hypothalamic-pituitary unit, GnRH and LH secretion are closely associated, and the
pulsatile secretion of GnRH at the portal vessels is mirrored by pituitary LH secretion (Clarke et
al., 1984). GnRH and LH secretion are pulsatile in all studied species, with a frequency of pulses
ranging from 1 every hour to 1 every 6 hours, depending on the steroidal environment (Goodman
et al., 1980), and was also observed in males (Caraty et al., 1988). The relevance of the pulsatile
secretion of GnRH and LH was illustrated in a classic study by Belchetz et al. (1978) using a rhesus
monkey model of radiofrequency-induced hypothalamic lesions (i.e., no endogenous GnRH
secretion). Monkeys were treated intravenously with a regime of GnRH boluses that resembled
pulsatile secretion for 14 days, after which monkeys received a continuous intravenous GnRH
infusion for two weeks, and they returned to the artificial pulsatile regime for two final weeks. In
the initial two weeks, monkeys had LH concentrations that did not differ from normal animals,
however, when switched to the continuous infusion, LH concentrations dropped precipitously, and
after returning to the pulsatile regime, LH concentrations returned to normal. These results suggest
that GnRH pulsatile secretion allows the maintenance of a functional pituitary and, consequently,
reproductive function.
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Figure 1.1. Location of the hypothalamus in the brain of llamas and GnRH neurons and fibers in
the llama hypothalamus. A. Ventral view of the llama hypothalamus, the square is demarcating its
location. B. Mid-sagittal section of the llama hypothalamus, the shaded area represents the third
ventricle. OC: optic chiasma. AP: anterior pituitary. PP: posterior pituitary. MB: mammillary
bodies. C. A GnRH neuron as evinced by DAB staining. D. GnRH neuronal terminals in the
median eminence of llamas. IIIV: third ventricle. Adapted from Carrasco et al. (2018).
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The majority of information regarding GnRH secretion has been obtained using the sheep
model. During the follicular phase of the estrous cycle, increasing concentrations of estradiol
produced from the ovarian pre-ovulatory follicle trigger a massive release of hypothalamic GnRH
and, consequently, pituitary LH (Evans et al., 1996). In sheep, but not rodents, the positive
feedback to estradiol and the full expression of the GnRH surge is dependent on previous
progesterone exposure (Caraty et al., 1999). Although the mechanism that governs the pattern of
GnRH secretion during the surge induction is a mystery, it has been established that GnRH
secretion is required throughout the LH surge (Evans et al. 1996), and the initiation of the surge is
promoted by an increase in episodic and non-episodic GnRH secretion at the portal vessels (Evans
et al., 1995). Finally, the GnRH surge remains high several hours longer than the LH surge
(Moenter et al., 1990).
The two models of LH secretion (surge vs pulse) and the scattered distribution of GnRH
neurons gave rise to the hypothesis that different parts of the hypothalamus controlled each mode
of secretion. These concepts were supported by studies using rats whose afferences from the
preoptic area onto the hypothalamus were sectioned using a special surgical knife. Rats that
underwent surgery failed to ovulate, and their ovaries had a large number of follicles compared to
sham rats (Halász et al., 1968, Wiegand et al., 1982). The authors concluded that the inability to
ovulate was due to the lack of influence of the surge center. The pulse center has been more elusive
to determine, but it has been suggested to be located in the mediobasal hypothalamus. Studies
using the ovine species have shown that FOS expression in GnRH neurons is higher in the
mediobasal hypothalamus after the induction of an LH pulse by the administration of an opiate
antagonist in sheep or by exposing rams to sheep in estrous (Boukhliq et al., 1999). Additionally,
studies using modern genetic techniques have shown that the calcium influx in kisspeptin neurons
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at the arcuate nucleus of mice is highly correlated with LH pulsatile secretion and the selective
inhibition of arcuate kisspeptin neurons in the hypothalamus of mice halts LH pulses (Clarkson et
al., 2017).
If the concept of a surge and a pulse center hypothesis is accepted, it must be considered
that a substantial variation among species exists. For instance, estradiol acts in the rostral
hypothalamus of rodents to induce a LH surge (Wintermantel et al., 2006). However, a study using
ovariectomized ewes that had estradiol implants in the mediobasal hypothalamus had surge-like
elevations of LH concentrations, however, this response was not replicated when estradiol was
implanted in the preoptic area (Caraty et al., 1998). Additionally, electrical ablation of the OVLT
in rabbits failed to suppress the coitus-induced ovulation in rabbits (Lescure et al., 1978),
supporting the view that the neuroanatomical arrangement of the neurosecretory system is species
dependent.
Most of the current understanding of mating-induced ovulation has been provided by
studies using rabbit and ferret as model species. As described previously, these two species have
favoured the view that induced ovulation occurs due to mating since in both species mating
encounters as short as less than a minute can trigger ovulation. Similarly, vulvar or vaginal
electrical stimulation in ferret triggered an LH surge associated with a 50% depletion of detectable
GnRH neurons in the hypothalamus (Bibeau et al., 1991), suggesting hypothalamic involvement.
In the rabbit, the mating-induced LH surge was associated with an increased release of GnRH in
the mediobasal hypothalamus of females does as evaluated by the push and pull perfusion
technique (Kaynard et al., 1990). In ferrets, mating triggered an LH surge and activation of GnRH
neurons in the hypothalamus of females but not males (Lambert et al., 1992).
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GnRH neurons are under the control of a variety of factors such as neuropeptides,
neurotransmitters, hormones, or products of ependymo-glial cells. The following section will
address the role of potential candidates for mediating the LH surge induced by NGF.
1.7.1. Kisspeptin
In the last 20 years, it has been shown that kisspeptin is the most potent GnRH-releasing
molecule discovered. Originally denominated metastin, kisspeptin is a neuropeptide synthesized
in the arcuate nucleus and preoptic area of the hypothalamus as a 145 amino acid molecule (Lee
et al., 1996). Kisspeptin expression is regulated by ovarian steroids through the nuclear alpha
estrogen receptor (Franceshini et al., 2005) and the axons of kisspeptin neurons project to
hypothalamic and extrahypothalamic areas. The influence of kisspeptin neurons over GnRH
neurons is exerted by establishing synapses with GnRH at the cell body or at the axonal terminals.
Intravenous or intraventricular administration of the ten amino acid bioactive sequence of
kisspeptin induces an immediate elevation of GnRH and LH blood concentrations (Messager et
al., 2005, Irwig et al., 2004). Thus, kisspeptin is an ideal candidate to mediate NGF induced
ovulation; however, to our knowledge, the role of kisspeptin on reproductive control of camelids
and induced ovulators remains largely unknown.
1.7.2. Noradrenaline
Since the identification of catecholamines in the brain by the Falck-Hillarp method, it has
been established that catecholamines play a role in several physiological functions. Interestingly,
noradrenaline was the first neuronal system established to have a role in ovulation and
gonadotrophin secretion. Infusion of an alpha-adrenergic antagonist prevented mating-induced
ovulation in rabbits (Sawyer et al., 1947), and administration of noradrenaline, but not dopamine,
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in the third ventricle of rabbits, induced surge-like LH secretory patterns (Sawyer et al., 1974).
Additionally, parenteral administration of reserpine, a noradrenaline storage depleting drug,
blocked the LH surge in estrogen-treated ovariectomized sheep (Jackson et al., 1975). Given the
robust evidence for a role of noradrenaline on LH surge in induced and spontaneous ovulators, we
hypothesize that noradrenaline is a relevant mediator of NGF-induced ovulation.
1.7.3. Ependymo-glial products:
Tanycytes are a group of elongated polarized cells that are derived from ependymal cells.
Their privileged anatomical location at the third ventral ventricle, contacting cerebrospinal fluid,
the neurosecretory terminals of hypophysiotropic neurons and the bloodstream (Langlet et al.,
2020), has attracted the interest of researchers for several decades. Now is well understood that
tanycytes and their products regulate the secretion of GnRH either by the release of molecules that
modulated neurosecretion or by undergoing plastic changes in the median eminence (Prevot et al.
2002). For instance, tanycytes possess the enzyme cyclooxygenase, which produces the eicosanoid
prostaglandin E2, and activation of the signalling system of prostaglandin E2 in the membrane of
GnRH neurons leads to an increase in depolarization events (Clasadonte et al., 2011). Local
administration of indomethacin, a COX inhibitor, in the median eminence impaired estrous cycle
in female rats (de Serrano et al., 2010). Thus, tanycytes at the median eminence are a potential site
of action of NGF-induced ovulation.

1.8. Proposed model of NGF action
NGF is mainly produced in the prostatic epithelia of male camelids in the form of secretory
granules (Bogle et al., 2018). At the moment of ejaculation, a massive amount of NGF is released
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into the lumen of the pelvic urethra and expulsed into the uterus by peristaltic movements. The
semen of camelids forms a gelatinous matrix that dissolves in the female reproductive tract;
however, it is unknown if this matrix interacts with nerve growth factor in the female reproductive
tract. Nerve growth factor from seminal plasma diffuses from the uterine lumen into the
bloodstream by simple diffusion and perhaps helped by the excoriations of the endometrial
epithelia caused by mating. LH concentrations rise within 15 minutes of mating (Silva et al., 2015),
which indicates that NGF reaches physiologically relevant concentrations at the site of action in a
fast manner. We propose that NGF exerts its effects: 1) By reaching the CSF through the bloodbrain barrier and interacting with NGF responsive neurons. The diffusion of NGF may be mediated
at the choroid plexus, via transport by brain capillaries or at the median eminence. 2) By activating
GnRH secretion at the median eminence by direct interaction of blood-borne NGF. This pathway
can be mediated by tanycytes or other neuronal terminals. A summary of the proposed mechanism
of action is presented in Fig 1.2.
Independent of which route is followed by NGF to induce ovulation in camelids, NGF must
interact with cells displaying NGF receptors and ultimately must stimulate GnRH neurons. We
have found that NGF receptors are not expressed by GnRH neurons (Carrasco et al., 2018),
suggesting that an interneuron is mediating the mechanism of action. We propose that
interneuronal systems such as noradrenergic or kisspeptinergic are mediators of the NGF-induced
LH release at the level of the hypothalamus. It remains an open question if these interneuronal
systems carry NGF actions by interacting with GnRH neurons at the level of the neuronal cell body
or the neuronal terminals.
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Figure 1.2. Summary of potential mechanism of action of NGF in llamas. NGF may diffuse
through the choroid plexus (CHO) and interact with NGF-responsive neurons in the hypothalamus.
Alternatively, bloodborne NGF may reach tanycytes (yellow) at the median eminence (ME) to
trigger an LH surge. Red dots indicate tight junctions between cells.
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1.9. General hypothesis:
Nerve growth factor induces ovulation by interacting with and activating hypothalamic
neurons involved in the ovulatory cascade of llamas.

Specific hypotheses:
1. Ovulation induction by NGF is supported by a differential arrangement of the NGF system
in the hypothalamus and preoptic area of llamas.
2. Ovulation-inducing factor/nerve growth factor crosses the blood brain barrier in llamas
3. Ovulation-inducing factor/nerve growth activates neurons in the hypothalamus.
4. Ovulation in llamas is mediated by the interaction of NGF and TrkA receptor.
5. Kisspeptin is involved in induced ovulation in llamas.
6. Norepinephrine is a mediator of induced ovulation in llamas.
7. The NGF-releasing effect is sexually dimorphic in south American camelid males.
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2.1. Abstract
The objective of the study was to characterize the anatomical framework and sites of action
of the nerve growth factor (NGF) -mediated ovulation-inducing system of llamas. The expression
patterns of NGF and its receptors in the hypothalamus of llamas (n = 5) were examined using
single- and double- immunohistochemistry/immunofluorescence. We also compare the expression
pattern of the P75 receptor in the hypothalamus of llama and a spontaneous ovulator species
(sheep, n = 5). Both NGF receptors (TrkA and P75) were highly expressed in the medial septum
and diagonal band of Broca, and populations of TrkA cells were observed in the periventricular
and dorsal hypothalamus. Unexpectedly, we found NGF immunoreactive cell bodies with
widespread distribution in the hypothalamus, but not in areas endowed with NGF receptors. The
organum vasculosum of the lamina terminalis (OVLT) and the median eminence displayed
immunoreactivity for P75. Double immunofluorescence using vimentin, a marker of tanycytes,
confirmed that tanycytes were immunoreactive to P75 in the median eminence and in the OVLT.
Additionally, tanycytes were in close association with GnRH and kisspeptin in the arcuate nucleus
and median eminence of llamas. The choroid plexus of llamas contained TrkA and NGF
immunoreactivity, but no P75 immunoreactivity. Results of the present study demonstrate sites of
action of NGF in the llama hypothalamus, providing support for the hypothesis of a central effect
of NGF in the ovulation-inducing mechanism in llamas.

Keywords: NGF receptors, NGF, llama, hypothalamus, median eminence
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2.2. Introduction
Nerve growth factor- (NGF) has been found in the seminal plasma of all mammalian
species studied to-date, including camelids, cattle, sheep, horses (Adams et al., 2005, Ratto et al.,
2006, Bogle et al., 2018, Druart et al., 2013, Harper et al., 1982) rabbits (Maranesi et al., 2018,
Silva et al., 2011), and humans (Heinrich et al., 1988). Initially referred to as ovulation-inducing
factor (OIF) in camelids, administration of llama alpaca seminal plasma or purified llama NGF
was found to be the mediator of ovulation in these species (Adams et al., 2005, Ratto et al., 2011,
Ratto et al., 2012). Multiple studies have shown that NGF triggers a preovulatory LH surge in
llamas (Adams et a., 2005, Ratto et al 2011), suggesting that the ovulatory effect is driven by the
hypothalamo-pituitary unit. Although in vitro studies involving primary cultures of camelid and
bovine pituitary cells showed that NGF/OIF induced LH secretion (Bogle et al., 2012, Paolicchi
et al., 1999), results of an in vivo study showed that the LH surge and ovulation were prevented
when llamas were pre-treated with a blocker of GnRH receptor before NGF treatment (Silva et al.,
2011). Indeed, the ovulation induction elicited by NGF in llamas appears to be mediated via
endocrine route because after copulation the NGF present in the semen is absorbed from the uterus
into the systemic blood to reach hypothalamus-pituitary axis (Adams et al., 2016), however, the
specific site and mechanism(s) of action remains unknown.
NGF is a member of the neurotrophin family, along with brain-derived growth factor
(BDNF), neurotropin 3 (NT-3), neurotrophin 4/5 (NT-4), neurotrophin 6 and neurotrophin 7
(Huang et al., 2001). Neurotrophins bind and activate high affinity receptors that possess a tyrosine
kinase domain and each neurotrophin binds to a specific tyrosine kinase receptor (i.e., TrkA for
NGF, TrkB for BDNF and NT-4, TrkC for NT3, Barbacid et al., 1994). In addition, all
neurotrophins interact with P75, a member of the transforming growth factor receptor family, but
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with lower affinity than with the corresponding tyrosine kinase receptor (Dechant et al., 2002).
Although it was initially assumed that neurotrophins displayed only neuronal effects, non-neuronal
actions of neurotrophins have been described in several organs, such as the gonads (Ojeda et al.,
1992). The most studied neurotrophin, NGF, was discovered in great abundance in mouse
submandibular gland (Cohen et al., 1960), snake venom gland (Cohen et al., 1956), mouse sarcoma
(Levi-Montalcini et al., 1951), and, recently, in the accessory sex glands of male camelids, bovids,
and cervids (Bogle et al., 2018).
Nerve growth factor was detected in the brain of laboratory animals (Conner et al., 1992)
along with its receptors in multiple areas (Sobreviela et al., 1994, Holtzman et al., 1995, Gibbs et
al., 1994). The main source of NGF production in the rat brain was the hippocampal formation and
the basal forebrain (Conner et al., 1992). In a study in the rat during postnatal development (Ojeda
et al., 1991), the NGF gene and protein, and the P75 gene were expressed in the hypothalamus
raising the possibility that this signaling system may be involved in the development of the
neuroendocrine system. In the hypothalamus, NGF immunoreaction was detected in the diagonal
band of Broca, the septum and the paraventricular hypothalamus (Conner et al., 1992). NGF
receptors were also detected in the diagonal band of Broca and the medial septum (Sobreviela et
al., 1994, Gibbs et al., 1994), but their relationship with neuronal populations mediating
gonadotrophin secretion have not been investigated.
The blood-brain barrier is a structural arrangement in which brain capillaries are
surrounded by glial cells bound by tight junctions (Ballabh et al., 2004), restricting permeability
and regulating transport of compounds present in the bloodstream to brain parenchyma and vice
versa. Compounds with a molecular weight of < 400 Da diffuse freely across the blood-brain
barrier (Banks et al., 2009), but NGF is a 26 kDa protein and is unlikely to cross passively through
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the brain capillaries. In a mouse study (Pan et al., 1998), radiolabeled NGF was detected in the
cerebral cortex after intravenous administration suggesting the possibility of receptor-mediated
NGF brain uptake, but no information was found in this regard in camelids.
Circumventricular organs are a group of midline structures in the brain that are associated
with cerebral ventricles and are in contact with blood and cerebrospinal fluid. These organs are
thought to enable rapid neurohumoral exchange across the blood-brain barrier, and include the
subfornical organ, the area postrema, the OVLT, the median eminence, the neurohypophysis, the
choroid plexus, and the pineal gland (Rodriguez et al., 2010). Most circumventricular organs are
populated by tanycytes, a group of elongated modified ependymal cells that are in contact with the
interstitial fluid at both sides of the blood-brain barrier (Langlet et al., 2013). Growing evidence
supports the idea that tanycytes in the median eminence play a role in mediating the central effects
of hormones produced in peripheral tissues, such as leptin (Balland et al., 2014) and ghrelin
(Collden et al., 2014). In addition, ultrastructural studies in rats showed that tanycytes in the
median eminence formed a cuff-like structure around GnRH terminals during diestrus but not
during proestrus, ostensibly permitting cyclic contact between GnRH terminals and the basal
laminae of hypophyseal portal vessels (Prevot et al., 1999). Thus, tanycytes in hypothalamic
circumventricular organs may offer a pathway for NGF mediated LH secretion and ovulation in
llamas.
The objective of the present study was to elucidate the anatomic components of the NGF
signaling system in the hypothalamus of llamas (an induced ovulator) in support of the hypothesis
that the ovulation-inducing effects of seminal NGF are mediated via the circumventricular organs.
Interspecific comparisons were made using sheep (a spontaneous ovulator) to contrast the
expression of P75 in circumventricular organs.
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2.3. Materials and methods
2.3.1. Animals and tissue collection
Adult, non-pregnant, non-lactating llamas (brains collected in June; n = 5) and adult nonpregnant, non-lactating ewes in breeding season (brains collected in mid-late February, Jeffcoate
et al., 1984; n = 5) located in Saskatoon, Saskatchewan, Canada were used in this study. Animals
were euthanized by intravenous administration of a barbiturate (Euthanyl Forte, Bimeda MTC
Animal Health, Cambridge Ontario Canada). Immediately after confirmation of death, the head
was separated from the body and perfused with heparinized saline solution via carotid cannulation
to clear the blood vessels, followed by two liters of cold 4% paraformaldehyde in phosphatebuffered saline (PBS) for fixation. The brain was extracted from the skull and a tissue block
containing the hypothalamus was dissected and immersed in the same fixative for 30 to 48 hours
at 4°C. Hypothalamic blocks were rinsed twice in PBS to remove the fixative, and blocks were
stored in 30% sucrose for cryoprotection at 4°C (10 days). When tissues sank in the cryoprotection
solution, samples were frozen at -80°C. Tissues were sectioned in 50 µm increments using a
cryostat and serial sections were stored in a mixture of 30% sucrose and 30% ethylene glycol in
PBS at -20°C until staining. The choroid plexus of the lateral ventricles was also dissected from
the brain of 3 of the llamas and fixed by immersion in 4% paraformaldehyde. Choroid plexus
samples were embedded in paraffin, sectioned at 5 µm thickness, and mounted on poly-l-lysine
coated glass slides. Procedures were approved by the University Committee on Animal Care and
conducted in accordance with the guidelines of the Canadian Council on Animal Care.

2.3.2. Distribution of NGF, TrkA and P75 in llama hypothalamus
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Hypothalamic sections were processed for immunohistochemistry as free-floating sections
for NGF, TrkA and P75 receptors (llama tissues) and P75 receptors only (sheep tissues). One of
every 10 serial sections per animal were processed for single immunohistochemistry using 3,3’diaminobenzimide as a chromogen. Sections were washed from the cryoprotectant solution by
rinsing in PBS three times for 5 minutes each, followed by incubation with 3% hydrogen peroxide
for 25 minutes to block endogenous peroxidases. To enhance immunoreactivity, sections were
heated in sodium citrate buffer at 80°C for 35 minutes. After rinsing, non-specific binding was
blocked by incubating sections in 0.5% BSA, 0.5% triton x-100 in PBS (blocking buffer) for 1
hour at room temperature. Primary antibodies were diluted in blocking buffer and applied to
sections for 48 hours at 4ºC. Details of antibodies and dilutions used are summarized in Table 1.
Sections were washed three times in PBS and a biotinylated antibody raised against the
corresponding species of the primary antibody was applied at a 1:1,000 dilution and incubated for
1 hour at room temperature. Sections were washed twice in PBS, and streptavidin conjugated with
HRP (Jackson Immunoresearch, West Grove, PA, USA) was applied at 1:10,000 dilution for 50
minutes at room temperature. Samples were rinsed in PBS for 10 minutes and in sodium acetate
for 15 minutes, and antigen-antibody complexes were visualized by incubating the sections with a
solution of 0.05% DAB, 0.003% hydrogen peroxidase and 2.5% nickel sulfate in acetate buffer.
This procedure provides a blue/black staining in immunopositive cells and fibers (Hoffman et al.,
2016).

2.3.3. Double immunofluorescence: Co-localization of TrkA and P75, P75 and vimentin, GnRH
and vimentin, kisspeptin and vimentin in llama tissues
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Double immunofluorescence was used to evaluate the co-localization of TrkA and P75 in
the medial septum and diagonal band of Broca. Since we found only immunoreactivity to P75 in
the ventral aspect of the third ventricle, we evaluated the co-expression of P75 with vimentin, a
marker of tanycytes (Langlet et al., 2013). We then evaluated the association between tanycytes
(vimentin) and GnRH, and tanycytes and kisspeptin neurons and axons in the hypothalamus of
llamas. Samples were rinsed in PBS and antigen retrieval was carried out by incubating the
samples in sodium citrate buffer at 80°C for 35 minutes. Non-specific binding was blocked by
incubating sections with 0.5% BSA, 0.1% triton x-100 in PBS for 1 hour. Primary antibodies were
applied in combination for 48 hours at 4°C. When the primary antibodies were raised in different
species, both antibodies were used as a cocktail, otherwise antibodies were applied onto sections
sequentially. Samples were washed and incubated with a biotinylated antibody raised against the
species in which the primary antibody was raised (Life Technologies, Burlington, ON, Canada)
diluted 1:1000 in blocking buffer for 1 hour at room temperature. Sections were washed twice in
PBS and incubated with a mixture of streptavidin conjugated with Alexa 546 (1:5,000; Life
Technologies, Burlington, ON, Canada) and a secondary antibody conjugated to Alexa 488 and
sections were incubated for 1 hour at room temperature. Finally, sections were washed, mounted
on glass slides, air dried overnight, stained with sudan black to reduce autofluorescence, and coverslipped with Vectashield mounting media containing DAPI (Vector labs, Burlingame, CA, USA).
Double labelled fluorescent sections were examined using a wide field fluorescence microscope
(Zeiss Axioskop 40; Thornwood, NY, USA) and confocal microscope (Leica Microsystems,
Concord, ON, Canada) with lasers for excitation of Alexa 488, Alexa 546, and DAPI. Confocal
stacks were obtained using a 63x oil immersion objective lens with a numerical aperture of 1.4.
Antibody validation controls and specificities are described below.

32

2.3.4. Detection of NGF, P75 and TrkA in the choroid plexus of llamas
Sections were deparaffinized in xylene for 10 minutes and rehydrated in graded alcohols
until distilled water. Slides were incubated in 3% hydrogen peroxide for 20 minutes, rinsed in PBS
and heated in sodium citrate buffer (0.01M; pH 6) for 5 minutes. Sections were rinsed in PBS, and
non-specific binding was blocked by incubating in 1% bovine serum albumin in PBS for 1 hour.
Goat anti TrkA, goat anti P75 or rabbit anti NGF were diluted in blocking buffer and applied onto
sections overnight at room temperature. Sections were washed 3 times in PBS for five minutes
each. Biotinylated donkey anti goat or biotinylated goat anti rabbit secondary antibody (based on
the primary antibody used) was diluted in PBS (1:400) and applied onto sections for 1 hour at
room temperature. Sections were washed three times for five minutes each and streptavidin
conjugated to horseradish peroxidase or Alexa 488 were diluted in PBS (1:3000; Jackson
Immunoresearch, West Grove, PA, USA) and applied onto sections for 45 minutes. For light
microscopy, sections were washed in PBS three times for five minutes and DAB was applied until
colour was developed. Slides were washed, counterstained with hematoxylin, and a coverslip was
applied. For fluorescence microscopy, sections were washed in PBS 3 times for 5 minutes, covered
with mounting media and a coverslip was applied. Sections were stored in the dark until analysis.

2.3.5. Antibody validation
Anti-NGF was preabsorbed with purified NGF from llama seminal plasma and applied
onto sections, with no resultant immunoreaction (Ratto et al., 2012). The NGF antibody has been
previously shown to detect NGF in seminal plasma of llama and in tissues of different species by
using western blot and immunohistochemistry (Bogle et a., 2018, Fahnestock et al., 2011). The
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antibodies used to detect TrkA were raised in goat and rabbit, and were validated by pre-absorption
with the corresponding antigen (175-Tk, R&D systems, Oakville, ON, Canada). The P75
antibodies were raised in rabbit and goat against the extracellular sequence of rat and mouse P75,
respectively (Weskamp et al., 1991), and for this study were tested for specificity by pre-absorption
before immunohistochemistry (ab157276, Abcam, Cambridge, MA, USA), which resulted in no
immunoreaction. Examples of TrkA and P75 immunoreactivity and controls are shown in
Supplementary Figure 1. The GnRH and kisspeptin antibodies were validated previously in llama
tissues (Carrasco et al., 2018, Carrasco et al., 2020). The vimentin antibody has been used as a
marker of tanycytes by several authors (Egri et al., 2016, Farkas et al., 2020) and for this study
specificity was evaluated by replacement with goat pre-immune serum or omission of the primary
antibody, with no resultant immunoreaction. Antibody details are presented in Table 2.1.

2.3.6. Cellular quantification and data analysis
Cell densities were estimated by evaluating two sections 0.5 mm apart corresponding to
the middle part of each nucleus or region of interest (Scott et al., 2000, Carrasco et al., 2018).
Within each section, the microscopic field of view was placed on the corresponding nucleus/region
and cells were counted with aid of an eyepiece grid (from each side of each section, four fields per
nucleus/region). Within a field of view, the grid corresponded to an area of 0.5625 mm2 (10x
objective lens). Since the location of the antigens (NGF, TrkA and P75) was cytoplasmic, only
cells with labelled cytoplasm and distinguishable nuclear space were counted. Cell density was
expressed as the number of cells per mm2 per animal. For double labelling, the number of cells
displaying one or two labels were counted and expressed as a proportion of co-localization.
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Data are presented as mean ± SEM unless otherwise indicated. Cell numbers among
hypothalamic areas were transformed to the square root to fit the assumptions of the test and
compared by one-way analysis of variance. Tukey test was used as a post-hoc test when significant
differences were found. Differences were considered significant when P<0.05.

2.4. Results
2.4.1. Distribution of P75 and TrkA in the hypothalamus of llamas
The morphology and the densities of TrkA and P75 immunoreactive neurons among
hypothalamic areas are presented in Figure 2.1. Cells immunoreactive to P75 had clearly labelled
cell boundaries and several neuronal projections with a prominent unlabeled nucleus (Fig. 2.1A).
In certain areas (i.e., medial septum) cells were grouped in clusters surrounded by abundant
immunoreactive fibers resembling a network (Fig. 2.1A). The ependymal cells lining the third
ventricle were immunoreactive to P75 (Fig. 2.1B). The highest density of P75 cell bodies was
found in the diagonal band of Broca and the medial septum (P<0.05; Fig 2.1C). Intermediate cell
densities were found in the bed nucleus of the stria terminalis, and low levels in the medial preoptic
area. No immunoreactivity was found in the anterior hypothalamus, paraventricular hypothalamic
nucleus, retrochiasmatic area, dorsal hypothalamus and the mammillary nucleus (Fig. 2.1C). The
OVLT, the median eminence and the arcuate nucleus had a dense fiber-like immunoreactivity to
P75.
Morphologically, TrkA neurons resembled P75 neurons (Fig. 2.1D). The density of TrkA
neurons among hypothalamic areas is shown in Figure 2.1F. The highest density of TrkA neurons
was found in the medial septum and diagonal band of Broca (P<0.05), whereas the bed nucleus of
the stria terminalis, paraventricular nucleus and dorsal hypothalamus had intermediate cell
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densities. Low cell densities were found in the medial preoptic area, anterior hypothalamus,
supraoptic nucleus, retrochiasmatic area, ventral hypothalamic nucleus and mammillary nucleus.
No immunoreactivity was found in the arcuate nucleus or ependymal cells lining the cerebral
ventricles.
Since a large accumulation of TrkA and P75 immunoreactive cells was observed in the
medial septum and diagonal band of Broca, we examined the co-localization of these two antigens
by double immunofluorescence (Fig. 2.1 G-I). Of the TrkA neurons, 95.2 ± 1.3% were also
immunoreactive to P75 (range of counted cells per section: 274 to 823).

2.4.2. Comparison of P75 immunoreactivity between llamas and sheep
Immunohistochemistry revealed that both llamas and sheep hypothalamus displayed
similar P75 immunoreactivity in the medial septum, confirming that the antibody cross-reacted
with sheep tissues (Fig. 2.2 A,B). The OVLT of llamas displayed a strong immunoreaction for P75
(Fig. 2.2 C). Instead of neuron-like staining, however, the P75 immunoreaction resembled fibers
projecting in different directions from the OVLT and the signal was found to continue into the
walls of the third ventricle at the level of the preoptic recess of llama. The P75 immunoreactivity
disappeared caudally as the preoptic recess opened into the third ventricle. In sheep, no
immunoreaction was observed in the OVLT or in the borders of the third ventricle (Fig. 2.2 D). A
faint immunoreaction was observed in the meningeal layers surrounding the hypothalamic tissue
in both sheep and llamas.
The P75 immunoreactivity was also identified in the median eminence and arcuate nucleus
of llamas and sheep (Fig. 2.2 E,F); however, the pattern of staining was substantially different
between species. In llamas, the immunoreactive material appeared as a dense network of fibers
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that were restricted to the ventral portion of the third ventricle. Cranially, the immunoreaction
appeared as a mesh of fibers in the mid-ventral part of the third ventricle at the level of the
retrochiasmatic area. Caudally, the immunoreaction expanded laterally, and fibers appeared
embedded in the mediobasal hypothalamus, including the arcuate nucleus and median eminence.
Ependymal cells were also immunoreactive to P75; the ventral two thirds of the third ventricle
were consistently and strongly positive whereas the upper third was not. In sheep, the boundaries
of the third ventricle were devoid of immunoreaction (ependymal cells of the ventricle, arcuate
nucleus and median eminence), but a group of P75 immunoreactive neurons was observed within
the arcuate nucleus of sheep (Fig. 2.2 F).
Double immunofluorescence of P75 and a marker of tanycytes (vimentin) revealed that
P75 was colocalized with most tanycytes in the OVLT and the median eminence (Fig. 2.2 G,H).

2.4.3. Distribution of NGF in the hypothalamus of llamas
NGF immunoreactive cells and fibers were detected in the hypothalamus of llamas (Fig.
2.3). NGF immunopositive cells had a lightly stained cytoplasm with clearly evident cellular
projections (Fig. 2.3 A,B). Abundant NGF immunoreactive fibers were detected in the arcuate
nucleus resembling P75 immunoreactivity in tanycytes (Fig. 2.2 E and Fig. 2.3 C). The densities
among hypothalamic areas is presented in Figure 2.3 D. The highest densities of NGF
immunoreactive cells was found in the anterior hypothalamic area, the periventricular area and the
dorsal hypothalamus (P<0.05). Similar cellular densities were found in the medial preoptic area,
the bed nucleus of the stria terminalis, and the ventromedial hypothalamic nucleus. Low cellular
densities were found in the diagonal band of Broca, the retrochiasmatic area and the mammillary
nucleus. No immunoreactivity was found in the supraoptic nucleus.
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2.4.4. Expression of NGF and NGF receptors in the choroid plexus of llamas
TrkA immunoreactivity was present in the epithelial cells of the choroid plexus (Fig. 2.4
A). TrkA immunoreactivity appeared evenly distributed within the cytoplasm of choroidal cells.
Similarly, we found the presence of NGF immunoreactive granules on the apical side of the
choroidal epithelia (i.e., towards the cerebrospinal fluid side; Fig. 2.4 C). No immunoreaction for
P75 was found in the choroid plexus of llamas.

2.4.5. Association of tanycytes with GnRH and kisspeptin
Tanycytes were labeled strongly in the OVLT, the arcuate nucleus and median eminence
of llamas, as assessed by vimentin immunohistochemistry. Close association between GnRH fibers
and tanycytes was identified around the OVLT; however, GnRH cell body-to-tanycyte
associations were not observed (Fig. 2.5 A, B). In contrast, the few GnRH neurons detected in the
arcuate nucleus were embedded in a dense network of tanycyte fibers (Fig. 2.5 C). In the median
eminence, GnRH fibers were in close apposition with tanycytes and the portal vessels (Fig. 2.5 D).
Examples of GnRH and P75 immunoreactivity in the median eminence are shown in
Supplementary Figure 2.2. Double immunofluorescence of kisspeptin and vimentin, at the level of
the arcuate nucleus revealed appositions of kisspeptin and vimentin immunoreactive tanycytes at
the level of the cell body and axons (Fig. 2.5 E). A summary of the proposed mechanism of action
of NGF is presented in Fig. 2.6.
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Figure 2.1. Immunohistochemical detection and quantification of P75 and TrkA in the llama
hypothalamus. Presence of P75 immunoreactive neurons in the medial septum (A) and in
ependymal cells at the level of the periventricular nucleus (B). Cellular quantification of P75
immunoreactivity (mean ± SEM; n = 5) among hypothalamic areas (C). Presence of TrkA
immunoreactive neurons and neuronal projections in the medial septum (D) and the periventricular
nucleus (E). Note the presence of P75 immunoreactivity in the ependymal layer of the third
ventricle (B), but not TrkA (E). Cellular quantification of TrkA immunoreactivity (mean ± SEM;
n = 5) among hypothalamic areas (F). For (C) and (F), bars and dots represent average and
individual counts, respectively, and hypothalamic areas are organized in a rostro-caudal manner.
Co-localization of TrkA (red) and P75 (green) in the llama hypothalamus (diagonal band of Broca).
Occasionally, single-labeled TrkA neurons (arrows) were visualized between double labeled
neurons (G). IIIV: third ventricle. MS: Medial septum. DBB: Diagonal band of Broca. MPO:
Medial preoptic area. BNST: Bed nucleus of the stria terminalis. AHN: Anterior hypothalamic
nucleus. SON: Supraoptic nucleus. PVN: Periventricular nucleus. RCH: Retrochiasmatic area.
VHN: Ventral hypothalamic nucleus. DHN: Dorsal hypothalamic nucleus. MN: Mammillary
nucleus. a-d Values with no common superscript are different (P<0.05; n=5). Scale bars: A, D = 30
µm; B, E = 200 µm; H = 50µm.
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Figure 2.2. Immunolocalization of P75 in circumventricular organs of the hypothalamus in the
llama (left) and sheep (right). The line diagrams depict the transverse section of the hypothalamus
at which immunolocalization was done from rostral (top diagram) to caudal (bottom diagram)
Although both species had a dense population of P75 immunoreactive neurons in the medial
septum (A, llama; B, sheep; MS), llamas had strong immunoreaction in the OVLT (C) but sheep
did not (D). In the llama, strong immunoreaction was detected in the ependymal cells and tanycytes
bordering the ventral aspect of the third ventricle (E; Arc). Instead, sheep had a group of neuronlike cells that where present in the arcuate nucleus (F; Arc). Double immunofluorescence (G) of
P75 (red), vimentin (marker of tanycyte; green), and DAPI (nuclear marker; blue) in a single
microscopic field confirmed that tanycytes contain the P75 protein. A low-magnification view (H)
of the extent of P75 immunoreactivity in the ventral aspect of the third ventricle (IIIV) in the llama.
The insert shows higher magnification of an area in the median eminence (square). ME: Median
eminence. Scale bars: A, B, E, F = 100µm; C, D = 300µm; G = 50 µm; H = 500µm.
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Figure 2.3. Presence and relative abundance of NGF immunoreactivity in the llama hypothalamus.
NGF immunoreactive neurons in the septum (A, arrow, insert) and in the anterior hypothalamus
(B, arrow). Tanycyte-like projections (C) displaying NGF immunoreactivity in the ventral aspect
of the third ventricle (IIIV). Quantification of NGF immunoreactive neurons among different
hypothalamic areas in llamas (D; n=4). For D, bars and dots represent average and individual
counts, respectively. IIIV: third ventricle. MS: Medial septum. DBB: Diagonal band of Broca.
MPO: Medial preoptic area. BNST: Bed nucleus of the stria terminalis. AHN: Anterior
hypothalamic nucleus. SON: Supraoptic nucleus. PVN: Periventricular nucleus. RCH:
Retrochiasmatic area. VHN: Ventral hypothalamic nucleus. DHN: Dorsal hypothalamic nucleus.
MN: Mammillary nucleus. a-dValues with no common superscript are different (P<0.05). Scale
bars: A, C= 200 µm; B = 30 µm.
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Figure 2.4. Presence of TrkA and NGF immunoreactivity in the llama choroid plexus as assessed
by bright field and fluorescence microscopy. A strong immunoreactive signal was detected in the
choroid plexus when sections were incubated with the TrkA (A) or the NGF (C) antibodies.
Preabsorption of TrkA (B) and NGF (D) antibodies prevented immunoreaction. Scale bars: A, B
= 30 µm; C, D = 10 µm.
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Figure 2.5. Tanycytes (detected by vimentin staining) associated with GnRH and kisspeptin
neurons and fibers in the llama hypothalamus. A GnRH neuron (A, red) at the level of the OVLT
close to tanycyte projections (green). GnRH fibers (B, red) in close proximity to tanycytes (arrows,
green). A GnRH neuron in the arcuate nucleus (C, red), close to the third ventricle (IIIV)
surrounded by tanycyte projections (green). GnRH fibers (D, arrows) crossing the median
eminence in close association with tanycytes (green). Note that GnRH and tanycytes projections
end at the level of the hypophyseal portal vessels (asterisks). Co-localization (E) of tanycytes (red)
and kisspeptin neurons (green; open arrows) showing close association between kisspeptin axons
and tanycytes (closed arrows). The insert shows contact (arrow) between a tanycyte projection
(red) and a kisspeptin neuron (green). Scale bars: A, B, C, D = 50 µm; E = 30 µm.
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Figure 2. 6. Schematic diagram of a transverse section of the third ventricle at the level of the
median eminence showing proposed endocrine mechanisms of action of seminal plasma-derived
NGF in the llama hypothalamus. NGF triggers the preovulatory LH surge by either: 1) Transport
from systemic circulation through the blood-brain barrier and distribution via the cerebrospinal
fluid and activating TrkA neurons (brown) in the periventricular hypothalamus. The signal is
transmitted indirectly via one or more interneurons (kisspeptin neurons, light green; unknown
interneurons, white) by trans-synaptic communication to GnRH (green), or 2) By binding to and
activating P75 receptors in tanycytes (yellow) in the median eminence, which may be achieved by
direct access from the systemic circulation (portal vessels) or from the cerebrospinal fluid. Free
diffusion of NGF across the median eminence is unlikely due to the presence of tight junctions
between tanycytes (red squares).
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Table 2.1. Antibodies used for immunohistochemistry.
Antigen

Host, source, RRID

Dilution

Antigen target

P75

Rabbit, kindly provided by Dr.

1:15,000 for

Extracellular domain of

Louis F Reichardt (University of

llama and sheep rat P75

California, San Francisco, CA,
USA).
P75

NGF

TrkA

Goat, AF1157 (R&D systems,

1:4,000

Extracellular domain of

Oakville, ON, Canada), RRID:

1:300 for

mouse NGFR

AB_2298561

Choroid plexus

Rabbit, H-20 (Santa Cruz

1:4,000

N-terminus of the

Biotechnologies, Dallas, Tx, USA),

1:100 for

mature chain of mature

RRID : AB_632011

Choroid plexus

NGF of human origin

Goat AF175 (R&D systems,

1:10,000

Extracellular domain of

Oakville, ON, Canada), RRID:

human TrkA

AB_354970
TrkA

Rabbit, 763 (Santa Cruz

1:100 for

C-terminus of TrkA of

Biotechnologies, Dallas, Tx, USA),

Choroid plexus

human origin

1:1,000

C-terminus of human

RRID : AB_632556
Vimentin

Goat C-20 (Santa Cruz
Biotechnologies, Dallas, Tx, USA),

Vimentin

RRID : AB_793998
GnRH

Rabbit LR5 (kindly provided by Dr

1:20,000

GnRH

1:10,000

Mouse Kp-52, amino

Robert Benoit), RRID:
AB_2314605
Kisspeptin Rabbit, (Generated by A. Caraty,
provided Dr. Isabel Franceschini

acid 43–52

and Dr. Massimilano Beltramo,
INRA, Nouzilly, France), RRID:
AB_2622231
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Supplementary figure 2.1. Validation of TrkA and P75 antibodies in llama tissues. The upper row
shows the immunoreactivity to P75 in llama tissues with rabbit (left) and goat polyclonal
antibodies (center) and the pre-absorption of one of them with the P75 peptide (right) at the level
of the OVLT. The lower row shows the immunoreactivity to TrkA in llama tissues with rabbit
(left) and goat polyclonal antibodies (center) and the pre-absorption of one of them with the TrkA
peptide (right) at the level of the medial septum.
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Supplementary Figure 2.2. Double immunostaining against P75 (black) and GnRH (brown) in the
median eminence of llamas. A, B. low magnification captions of the third ventricle and the median
eminence. GnRH fibers (white arrows; brown staining) travelling in the median eminence (C),
establishing close associations with tanycyte processes (black staining; D).

2.5. Discussion
It is currently hypothesized that seminal NGF present in the semen of llamas, via an
endocrine pathway, activates neuronal populations to trigger a preovulatory LH surge. According
to our results, we propose two sites of action of blood circulating NGF at the hypothalamus. The
presence of several TrkA and P75 hypothalamic neuronal populations observed in the present
study support the hypothesis of a central effect of NGF in the ovulation mechanism in llamas (see
below). Importantly, our findings could suggest that systemic NGF acts at the median eminence,
by binding P75 to hypothalamic tanycytes. Presence of P75 in tanycytes and ependymal cells was
limited to llama (induced ovulator) while absent in sheep (spontaneous ovulator species). In
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addition, third-ventricular tanycytes were in close association with GnRH and kisspeptin fibers in
the median eminence and arcuate nucleus, suggesting a role in GnRH secretion. Finally, we
confirmed the presence of TrkA in choroid plexus of llama as described by Ratto et al (2019),
which suggest that NGF uptake occurs by transcytosis through epithelial cells of the choroid
plexus. Unexpectedly, we also discovered the presence of the NGF neurons in the hypothalamus
that might be related to other non-reproductive neuroendocrine systems.
Although the presence of TrkA neurons have been demonstrated in a variety of species
(Sobreviela et al., 1994, Gibbs et al., 1994, Zhang et al., 2007, Steininger et al 1993), the
hypothalamic distribution and actions of the NGF-TrkA system have not received much attention.
In the current study, TrkA immunoreactive neurons were found in the medial septum and the
diagonal band of Broca, the bed nucleus of the stria terminalis, and in the periventricular area and
the dorsal hypothalamus. Most of the areas in which we found TrkA immunoreactivity have been
associated with a role with gonadotropin secretion. For instance, chemical ablation of septal
neurons by kainic acid induced a delay in vaginal opening (indicator of puberty) in treated vs sham
rats (clough et al., 1981). The bed nucleus of the stria terminalis has been shown to exert a
suppressive effect on LH blood concentrations in rats (Yamada et al., 2006), and it has been
proposed to mediate the LH suppression under stress conditions (Li et al., 2011). The
periventricular area and dorsal hypothalamus contain neurons that produce RFRP-3, the
mammalian ortholog of Gonadotrophin inhibitory hormone, a putative suppressor of GnRH and
LH secretion (Kriegsfeld et al., 2018). However, care must be taken in the interpretation of
neuroanatomical evidence since we have reported that llamas (and possibly other camelids) have
a distinct distribution of GnRH neurons compared to other species (Carrasco et al., 2018). Thus,
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to determine direct (or indirect) inputs from TrkA neuronal populations onto GnRH neurons in
camelids retrograde/anterograde tracer studies are needed.
NGF has been described in the hypothalamus of a variety of species under various
physiological conditions (Conner et al., 1992, Zhang et al., 2007, Aloe et al.,1990, Lehman et al.,
2010), but its role in neuroendocrine function has not been clearly evaluated. A few reports have
studied the role of either hypothalamic or exogenous NGF on neuroendocrine function. A study
using European starling showed that intracerebroventricular administration of NGF induced
gonadal regression, and that administration of an antiserum against NGF increased LH
concentrations (Bentley et al., 1997). A report in rats showed that parenteral administration of
NGF induced an immediate (within 30 minutes) elevation of ACTH and cortisol, and the endocrine
response was prevented after pharmacological blockade (Taglialatela et al., 1991). Finally,
aggressive behaviour caused by social isolation in male mice induced upregulation of the NGF
mRNA and protein in the hypothalamus of mice (Spillantini et al., 1989). Although the hypothesis
of hypothalamic NGF mediating gonadotropin secretion is tempting, hypothalamic NGF might be
related to other non-reproductive neuroendocrine systems.
The finding of P75 immunoreactivity in circumventricular organs and tanycytes is
suggestive of a role in NGF-induced LH release. This finding is surprising, since the bulk of the
evidence suggest that TrkA receptor is the main mediator of the effects of NGF. In contrast, P75
has been shown to mediate cell death in in vitro studies using oligodendrocytes (Casacia-Bonnefil
et al., 1996), and it appears to reinforce the response of an adrenal gland-derived cell line to NGF
in culture (Verdi et al., 1994). There is, however, evidence of P75 mediating uptake of NGF in
culture, but at a lower rate than the NGF-TrkA complex in PC12 cells (Bronfman et al., 2003).
Our morphological findings are supported by the findings from earlier publications (Yan et al.,
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1989, Pioro et al., 1990, Koh et al., 1991, Blurton-Jones et al., 1999) where P75 was detected by
immunohistochemistry and autoradiography in the ventral aspect of the third ventricle of rodents.
It remains unknown why we failed to identify P75 immunoreactivity in tanycytes of the sheep
hypothalamus, although we found P75 neurons in the medial septum (Ferreira et al., 2001) and
vimentin immunoreactivity in tanycytes in both species (data not shown). We have failed to record
ovulations in cows that were given NGF intramuscularly (Tanco et al., 2012), therefore it is
tempting to speculate that presence of P75 in tanycytes may be an important anatomical basis of
differential effects of NGF in induced versus spontaneous ovulators. Based on the distribution of
immunoreactivity in the walls and ventral parts of the third ventricle, we infer that all classes of
tanycytes (alpha, beta, and subclasses) display P75 immunoreactivity in the llama hypothalamus.
Whether TrkA in the choroid plexus or P75 in tanycytes serve as transporters of NGF or
as binding sites for signal transduction into the brain remains unknown. Current evidence suggests
that GnRH neurons are involved in the LH-releasing effect of NGF in camelids, since treatment
with a GnRH receptor antagonist prevents the LH surge and ovulation in llamas (Silva et al., 2011).
Based on the findings of the present study, we propose two mechanisms of action of NGF for
induction of the preovulatory LH surge. The first mechanism contemplates that NGF uptake in the
brain is facilitated by the choroid plexus via TrkA internalization, and upon its entry and
distribution into the ventricular system, NGF receptor-expressing neurons are activated by NGF.
Studies in rats have shown that lateral ventricular administration of iodinated NGF followed by
autoradiography leads to diffusion of NGF through the walls of the ventricular system (Ferguson
et al., 1991). The activated TrkA or P75 neurons, via a transsynaptic mechanism (Prevot et al.,
2002, Ojeda et al., 2003), transmit the signal onto GnRH neurons to trigger the preovulatory GnRH
secretion at the portal vessels. The second mechanism implies that blood circulating NGF, instead
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of diffusing into the hypothalamus, activates P75 expressing tanycytes that are in contact with the
pericapillary space of fenestrated capillaries at the median eminence. Tanycytes via a cell-to-cell
communication (Prevot et al., 2002, Ojeda et al., 2003) at the level of the median eminence or
arcuate nucleus, stimulate the preovulatory secretion of GnRH into the portal vessels. The
stimulation of GnRH secretion at the median eminence by tanycytes could occur by direct
stimulation of GnRH neuroterminals, since the presence of synaptoid contacts between tanycytes
and GnRH fibers has been reported (Kozlowski et al., 1985, Rodriguez et al., 2005). Alternatively,
kisspeptin might play a role in this process based on the morphological evidence presented in this
study, and considering that intravenous administration of kisspeptin elicited LH release in several
species, including llamas, by acting at the level of the GnRH neuroterminals (Carrasco et al.,
2020).
In conclusion, the present study provides the anatomical basis for the mechanism(s) of
action of NGF in the hypothalamus of llamas. NGF might act in the hypothalamus of llamas after
entering the brain and by binding and activating its high- and low-affinity receptors and triggering
a cascade of events that will lead to GnRH and LH secretion. Surprisingly, our studies raise the
possibility that, independently of crossing the blood brain barrier or not, NGF might produce its
effects by acting in the median eminence. The presence of NGF in the hypothalamus of llamas,
although surprising, might reflect its involvement in other hypothalamic systems. To confirm the
ideas proposed in this study, functional studies are in their way.
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Relationship of this study to the dissertation
The previous study suggests a central site of action of NGF, however, the brain penetration of
NGF in llamas is unknown. In this study, we developed a radioactive NGF for bio-tracking and
in vivo imaging in camelids and we evaluated the biodistribution and brain uptake in llamas.
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3.1. Abstract
It is currently hypothesized that seminal nerve growth factor (NGF) binds to receptors at
the hypothalamus to induce ovulation, however the site of action remains unknown. We developed
a radioactive conjugate of NGF to determine the biodistribution and possible brain uptake of NGF
in camelids by positron emission tomography/computerized tomography (PET-CT). Purified NGF
from llama seminal plasma was conjugated and radiolabelled with Zirconium-89 (89Zr-NGF, halflife= 3.3 days). We assessed the biodistribution of 89Zr-NGF in a mouse model. Mice (n = 4) were
euthanized 1 hour after administration and radioactivity was measured in various organs using a
gamma counter and the majority of the radioactivity was found in the kidney. We then evaluated
the distribution of 89Zr-NGF in llama using a PET-CT scanner. Anesthetized llamas were treated
with either

89

Zr-NGF (72.1 to 91.9 Mbq) or

89

Zr-NGF plus excess unlabeled NGF (n = 2 per

group). After administration, the brain was scanned for 1 hour (dynamic imaging), followed by a
full body scan and a final brain scan two hours after treatment. The highest radioactivity was found
in the kidney, followed by liver, and lower amounts were found in heart, lung and spleen. Bone,
intestine and muscle had low amounts of radioactivity. No differences in radioactivity were found
in the brain areas analyzed (cortex, hypothalamus, cerebellum, brain stem and spinal cord). Our
results shown that 89Zr did not affect the ability of 89Zr-NGF to bind to TrkA to elicit a biological
response for PET studies, but 89Zr could be determinant for brain penetration. NGF accumulates
primarily in kidney (llama and mouse) and liver (llama) after administration, suggesting rapid
metabolization. Our data does not support the hypothesis that NGF acts in the hypothalamus of
llamas to induce ovulation, however, it does not rule out the idea that NGF actions are carried by
circumventricular organs.
Keywords: NGF, PET/CT, llamas, Zr89.
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3.2. Introduction
In South American camelids, a protein component in semen instead of the coital stimulus
during mating triggers ovulation. Originally termed ovulation-inducing factor (OIF), this protein
was later identified as nerve growth factor-β (NGF; Ratto et al., 2012), a 26 kDa homodimer
present in seminal plasma that induced ovulation in more than 90% of llamas when administered
intramuscularly (Adams et al., 2005; Ratto et al., 2006). Ovulation was associated with a preovulatory surge in circulating concentrations of luteinizing hormone (LH) that began within 15
minutes of NGF treatment, peaked at 2 hours and remained elevated for > 8 hours post-treatment.
While it is clear that the ovulatory effect of NGF in seminal plasma is mediated through the
hypothalamo-pituitary-ovarian axis via GnRH release (Silva et al., 2011), it is not clear where or
how seminal NGF effects hypothalamic release of GnRH.
Results of recent immunohistochemical studies suggest that the effects of NGF are not
mediated directly at GnRH neurons since fewer than 2% of GnRH neurons in the hypothalamus
expressed receptors for NGF (Carrasco et al., 2018). Thus, an interneuronal system of unknown
chemical identity appears to mediate the effect of NGF at the hypothalamic level. Consistent with
that view, both high- and low-affinity NGF receptors (TrkA and P75, respectively) were present
in the several hypothalamic areas of llamas including the medial septum and the periventricular
area (Carrasco et al., accepted). Notably, expression of the P75 receptor was found in abundance
in tanycytes at the third ventricle, in close apposition to GnRH axons.

Activation of NGF receptors within the hypothalamus by peripheral NGF implies circumvention
of the blood-brain barrier which allows passive diffusion only of molecules less than
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approximately 1 kDa (Banks, 2009). In early studies, peripherally administered NGF accumulated
in the hippocampus of neonatal rats (Fabian et al., 1993), and uptake of iodinated NGF in the
cortex of adult mice occurred in a saturable manner as soon as 10 minutes post administration (Pan
et al,1998).
Positron emission tomography (PET) is a non-invasive imaging technique that allows
studying the dynamics and distribution of radiolabeled compounds in an animal. Positrons are
subatomic particles with the same mass as electrons, but with a positive charge (Rempel et al.,
2017). A positron, emitted upon decay of the parent radioisotope, travels a few mm from its origin
and interacts with an electron to produce two coincident high-energy photons of 511 keV energy
each (Vaquero et al., 2017). As they travel in almost exact opposite directions, photons are detected
by PET cameras which, with the aid of computational software, reconstructs the spatial location
of the tracer. The combination of positron emission tomography with an anatomical imaging
technique (e.g., X-ray CT, MRI) provides a powerful method to analyze the distribution, and
elimination of biologically active radiotracers in live animals. As opposed to traditional single
photon emission computed tomography (SPECT) using radiotracers, PET imaging also permits
the analysis of the same animal over time, to construct a temporal effect when studying the
biodistribution of a compound. Importantly, semi-quantitative data based on the amount of
radioactivity distributed to various organs can be extracted from PET imaging.
In the present report, we describe the development and characterization of a radioactive
NGF conjugate, and its use for bio-tracking NGF in mice and llamas using PET. Motivation for
development of a radiotracer was to enable test of the hypothesis that NGF triggers an LH surge
by interacting with cellular components that affect the perikarya or axons of hypothalamic GnRH
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neurons. The specific objectives were to characterize the biodistribution and brain uptake of
peripherally administered NGF during ovulation induction in camelids using PET/CT imaging.

3.3. Materials and Methods
3.3.1. Animals
Adult, non-pregnant, non-lactating llamas from the University of Saskatchewan research
herd were maintained on pasture with free access to hay, water and minerals. Adult male wild-type
mice were maintained with free access to food and water in a 12:12 dark:light cycle at the Sylvia
Fedoruk Canadian Centre for Nuclear Innovation at the University of Saskatchewan, Saskatoon,
Canada. PET/CT imaging was performed at the Allard-Rosen imaging suite at the University of
Saskatchewan, Saskatoon, Canada. All experimental protocol were approved by the University of
Saskatchewan Committee on Animal Care and procedures were performed in accordance with the
guidelines of the Canadian Council on Animal Care and the Canadian Nuclear Safety Commission.

3.3.2. NGF purification
NGF was purified from semen using a two-step chromatographic separation as previously
described (Ratto et al., 2011). Semen was obtained from male alpacas using an artificial vagina in
a phantom mount. The ejaculate was diluted 1:1 in phosphate buffered saline (PBS), mixed
thoroughly to reduce viscosity, centrifuged at 3,000 x g for 30 minutes, and the supernatant was
stored frozen at -20ºC. For purification, seminal plasma was sonicated and centrifuged for 20
minutes at 20,000 x g. Cell-free seminal plasma (containing 24 to 30 mg of total protein) was
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loaded into a hydroxyapatite column (Bio-Rad, Hercules, CA, USA) and eluted in a phosphate
buffer linear gradient (10 to 350 mM; pH: 6.8) by gravity. Fractions (2 ml) were collected, and
their protein content estimated using the Bradford method. Fractions corresponding to protein
peaks were concentrated by using a spin filter (10 kDa cut off, Amicon Ultra-15, Millipore,
Etobicoke, ON, Canada), buffer exchanged and analyzed by SDS-PAGE. The peak containing a
protein weighing between 13 to 14 kDa (monomer of NGF) was stored and further purified. The
second step of purification consisted of loading the concentrated fractions from the first
chromatography into a sepharose column (SEC, Hi Prep 26/60 Sephacryl S-100, Amersham
Laboratories, Piscataway, NJ, USA) and eluting the proteins isocratically in PBS at a flow rate of
0.5 ml/min (AKTA pure protein purification system, GE Healthcare, Pittsburgh, PA, USA).
Fractions corresponding to the second protein peak were buffer exchanged and concentrated in
PBS and stored frozen at -20⁰C. The identity of the isolated protein as NGF was confirmed by
western blot analysis, as reported previously (Bogle et al., 2018). Purified NGF was quantified
using the extinction coefficient of NGF and a spectrophotometer following Lambert-Beer’s law.

3.3.3. Fluorescent labeling
Fluorescent labelling was used to evaluate the suitability of the conjugation procedure and
to test if the conjugation of lysine residues within the NGF molecule impaired protein function by
using a non-radioactive approach. NGF was conjugated with Bodipy succinimidyl ester (D2184;
excitation = 504 nm, emission = 510 nm; ThermoScientific, Burlington, ON, Canada) or
fluorescein isothiocyanate (FITC; 46950; excitation = 495 nm, emission = 515 nm, Sigma,
Oakville, ON, Canada). Samples of purified NGF (1 mg/ml) were buffer exchanged with 100 mM
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sodium carbonate at a specific pH for conjugation (pH = 8.8 for both). Bodipy or FITC were diluted
in DMSO as a concentrated stock (1 mg/ml). For each ml of protein solution, a small aliquot (< 50
µl per ml of protein solution) of the fluorophore was added during continuous stirring at 4ºC. The
mixture was incubated for 1 hour in the dark with occasional mixing. Unreacted dye was removed
from the solution using a desalting PD10 column (GE Healthcare, Pittsburgh, PA, USA) by
gravity. Fractions (1 ml) were collected, buffer exchanged in PBS, and concentrated in a spin filter
(3 kDa cut-off, Amicon Ultra-15, Millipore, Etobicoke, ON, Canada). The integrity of the protein
conjugate and the fluorescent conjugation was assessed by SDS-PAGE (12%) and fluorescent
imaging using a typhoon scanner (GE Healthcare, Pittsburgh, PA, USA), followed by Coomassie
staining to visualize protein bands in the gel.

3.3.4. Chelator conjugation
To achieve efficient conjugation to radioactive isotopes, NGF was conjugated to two
different chelators: deferoxamine isothiocyanate (DFO; B-605; Macrocyclics Inc., Texas, USA)
or 2-S-(4-Isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA; B-705;
Macrocyclics Inc., Texas, USA). Both chelators were diluted in DMSO (276855; Sigma,
Burlington, ON, Canada). Aliquots containing NGF (5-10 mg/ml) in PBS (pH: 7.4) were
alkalinized by adding small amounts of sodium carbonate (1 M) to increase pH to 8.8. For NOTA
conjugation, the chelator was added into the alkalinized solution at increasing molar ratios
(chelator to protein ratio: 1.6, 3, and 10) and incubated at 37ºC for 60 mins with random inversion.
For deferoxamine, the chelator was added into the alkalinized protein solution at two different
molar ratios (chelator to protein ratio, 1.4 and 3), and incubated at 37ºC for 60 mins with occasional
inversion. Free chelator was separated from protein solutions by eluting the mixture through a
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PD10 desalting column in PBS (GE Healthcare, Pittsburgh, PA, USA), the eluate was concentrated
in a spin filter (10 kDa molecular weight cut-off, Ultra-15, Millipore, Etobicoke, ON, Canada) and
samples were stored frozen at -20ºC. The number of DFO and NOTA molecules attached to NGF
was estimated by MALDI-TOF (Saskatchewan Centre of Structural Sciences, University of
Saskatchewan, Saskatoon, Canada).

3.3.5. Mass spectrometry
Aliquots from NGF conjugates were buffer exchanged in ultrapure water using a spin filter
(Ultra-15, Millipore, Etobicoke, ON, Canada) and stored until analysis. On the day of analysis,
samples were thawed, mixed 1:1 with a mixture of methanol-water (1:1 to 1:3) and analyzed in a
mass spectrometer using an infusion system (Applied Biosystems /MDS Sciex QSTAR XL
LC/MS/MS TOF Mass Spectrometer, Foster city, CA, USA).

3.3.6. Bioactivity of NGF conjugates in vitro
The objective of these experiments was to determine, using an in vitro bio-assay, if the
bioactivity of NGF is diminished after fluorescent or chelator conjugation. Conjugated NGF
bioactivity was assessed using a PC12 cell culture assay, a neoplastic cell line from rat adrenal
medulla (Greene et al 1976; Ratto et al., 2012, Bogle et al., 2018). After incubation with NGF,
PC12 cells undergo morphological differentiation from a round phenotype to a neuron-like
phenotype. PC12 cells were thawed at room temperature and cultured in media consisting of RPMI
1640 medium (R0883; Sigma, Oakville, ON, Canada) supplemented with 10% horse serum
(H1270; Sigma, Oakville, ON, Canada), 5% fetal calf serum (F2442; Sigma, Oakville, ON,
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Canada),

glutamine

(25030081;

Thermo

Scientific,

Burlington,

ON,

Canada)

and

antibiotic/antimycotic (15240096, Thermo Scientific, Burlington, ON, Canada) for two weeks
before experiments. PC12 cells were cultured in 75 cm2 tissue culture flasks in an environment
consisting of 5% in air, CO2, 37⁰C with humidity at saturation. Given their characteristic growth
as a non-adherent cell line that aggregates in suspension, PC12 cells in the culture media were
passed 5 times through a 22-gauge needle attached to a syringe to disrupt the aggregations and
facilitate plating before treatments. PC12 cells were sub-cultured in laminin-coated six-well plates
for 24 hours before experimental treatment to allow attachment at a density of 1x106 cells /ml (2
ml per well). For fluorescent NGF bioactivity evaluation, cells were incubated in wells (n = 3 per
treatment) containing NGF (positive control), NGF-Bodipy, NGF-FITC, or just culture media
(negative control). For NGF-NOTA, PC12 cells were cultured in wells (n = 3 per treatment)
containing NGF (positive control), NGF-NOTA 3, NGF-NOTA 10 or just the cultured media
(negative control). For NGF-DFO, PC12 cells were cultured (n = 3 wells per treatment) in the
presence of NGF (positive control), NGF-DFO 1.4, NFG-DFO 3 or just the culture media (negative
control). For all NGF and NGF conjugate treatments a dose of 100 ng/ml was used, and solutions
were filter-sterilized with a 0.22 um filter prior to applying into wells. PC12 cells were cultured
for 4 days and were examined at 48 and 96 hours to quantify differentiation. Cell differentiation
was assessed using an inverted differential interference contrast microscope by quantifying the
number of cells per field (10 fields per well at a magnification of 40x) that possessed dendrites
≥1x the length of the cell body.

3.3.7. Gallium-68 radiolabeling
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68

Ga is a positron emitting isotope that has a half-life of 68 minutes.

68

Ga was obtained

from a gallium generator (Eckert & Ziegler, IGG 100 generator 30 mCi). 68Ga was eluted in 0.6
M HCl in 1 ml fractions (12-14 ml total), and the radioactivity was evaluated in each fraction by
the use of a dose calibrator. Fractions containing the majority of the radioactivity (~95%) were
mixed in a syringe containing 7.5 ml of 11 M HCl and the mixture was passed through an anion
exchange column. The anion exchange column was washed with 2 ml of 6 M HCl in ultra-pure
water, air and absolute ethanol were passed through the column to reduce acidity. Gallium-68 was
eluted in a total of 1 ml of ultrapure water and 200 µl fractions were collected. After measuring
the radioactivity, fractions containing the majority of the activity were selected, pooled and used
in radiolabeling. For radiolabeling, NGF-NOTA (25-100 ug), Gallium-68 (200-500 ul) were mixed
in sodium acetate buffer (600 ul; pH= 4.8, 1.2 M) and incubated at 37-50ºC for 15 to 60 minutes
with shaking at 500 RPM. Radiolabeling efficiency was evaluated by thin-layer chromatography
(TLC), using filter paper strips as the static phase and sodium citrate buffer (0.1 M) as the mobile
phase. For purification, the radiolabeling mixture was eluted through a PD10 column, radioactive
fractions were collected and concentrated in a spin filter (10 kDa molecular weight cut-off, Ultra15, Millipore, Etobicoke, ON, Canada).

3.3.8. 89Zirconium radiolabeling
89

Zr is an isotope with a half-life of 3.3 days suitable for PET imaging. 89Zr was produced

from an ACSI TR24 24 MeV cyclotron by bombardment of an

89

Y target, and purified using

commercial Zr resin (TrisKem) using an automated Trasis system (Saskatchewan Centre for
Cyclotron Sciences, University of Saskatchewan, Saskatoon, Saskatchewan, Canada). 89Zr (diluted
in 1 M oxalic acid) was diluted in ultrapure water 1:1 and neutralized using small additions of
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sodium carbonate (1 M) until pH reached 7. Neutralized

89

Zr was diluted 1:2 in metal free PBS

(pH 7.7), and 25 to 100 µg of NGF-DFO were added into the mixture, which was incubated for 15
to 30 mins at 37ºC with shaking at a rate of 500 RPM. Radiolabeling efficiency was estimated
using TLC with silica paper as the static phase and 50 mM EDTA as the mobile phase. TLC were
evaluated using a radio TLC scanner (AR-2000, Eckert & Ziegler Radiopharma, Berlin, Germany).
Free

89

Zr was removed from the radiolabeling mixture by dilution in PBS, followed by

concentration in a spin filter as described above.

3.3.9. In vitro stability
The stability of

68

Ga-NGF or

89

Zr-NGF were evaluated by incubating the radioactive

compound in goat, llama and mouse serum for 120 minutes at 37ºC. From each species, samples
were taken at 60 and 120 minutes, and were analyzed by TLC and SDS-PAGE followed by
autoradiography. For SDS-PAGE, gels were exposed to a phosphostorage screen (GE Healthcare,
Pittsburgh, PA, USA) for 24 hours, and the autoradiogram was visualized with a typhoon scanner
(GE Healthcare, Pittsburgh, PA, USA). At the end of the incubation period, serum was spin-filtered
twice with a 3 kDa molecular weight cut-off and the radioactivity of the filter (more than 3k Da)
and the flow through (less than 3 kDa) was evaluated.

3.3.10. Cell binding assay
PC12 cells were used to determine if the uptake of

89

Zr-NGF occurred by a specific

receptor for NGF. PC12 cells were grown as described above. Cells were diluted to a concentration
of 1x106 cells per ml and resuspended with 1ml binding buffer (DPBS, supplemented with 1mg/ml
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of Bovine serum albumin and 1 mg/ml of glucose, Vale et al., 1982). PC12 cell suspensions were
incubated with

89

Zr-NGF (n = 4) or

89

Zr-NGF plus intact NGF (30 µg per tube; n = 4) for 90

minutes at room temperature. Cells were centrifuged at 1500g for 15 mins and washed with binding
buffer three times. After the last wash, the supernatant was removed, and the radioactivity bound
to cells was measured using a gamma counter (Perkin Elmer GammaWiz).

3.3.11. Biodistribution of 89Zr-NGF in mice
Wild type mice were treated intravenously via tail vein injection with

89

Zr-NGF (n = 4;

0.185 MBq). After one hour, mice were euthanized, dissected and organs were placed in preweighted vials. Radioactivity was measured by using a gamma counter and expressed as
percentage of radioactivity of the injected dose per gram of tissue.

3.3.12. Biodistribution of 89Zr-NGF in llamas
Llamas were moved into the Western College of Veterinary Medicine three days before
the imaging procedure. Llamas (n = 4) were anesthetized by administration of a mixture of
ketamine hydrochloride (2.5 mg/kg, Narketan, Vetoquinol NA Inc.) and xylazine (0.5 mg/kg
Rompun, Bayer) and maintained in under anesthesia by infusing a mixture of ketamine and
xylazine in a saline bag via a jugular catheter (Fujiyama et al., 2020). Immediately after llamas
were anesthetized, a urinary catheter was put in place and sutured to the skin for urine collection.
Llamas were moved into the imaging room, secured in the imaging table and a full body CT scan
was obtained (3.75 mm slices), followed by intravenous treatment with 89Zr-NGF (200 ug, n = 2)
or with a mixture of 89Zr-NGF (200 ug) and excess non-labeled NGF (25 mg, 125-fold extra NGF;
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n = 2) for receptor blocking. The amount of radioactivity administered ranged from 72.1 to 91.9
MBq and corresponded to 200 µg of NGF per llama. For the first hour after administration, the
brain of llamas was scanned by dynamic imaging (PET: 6 10-minute frames; CT:0.625mm slices)
every 10 minutes until 1 hour, after which a full body scan was completed. A final brain scan was
performed at two hours after injection for 10 minutes. The imaging protocol employed was
formulated considering that NGF induces an increase in LH secretion as soon as 15-30 minutes
after intravenous treatment (Silva et al.., 2018, Carrasco et al., 2020), reaching a peak 120 minutes
pos-treatment (Adams et al., 2005; Ratto et al., 2011). Thus, the maximum uptake of NGF in the
analyzed timepoints was expected. Blood samples were collected before the injection of the tracer
and two hours after treatment, plasma was obtained by centrifugation and stored frozen at -20⁰C.
After the imaging procedure was completed, cerebrospinal fluid (5-6 ml, CSF) was collected at
the atlanto-occipital opening in 3 of the llamas using a 20 gauge 3-inch spinal needle under aseptic
conditions. Blood samples and cerebrospinal fluid (1 ml each) were analyzed for radioactivity
using a gamma counter and compared. LH concentrations were analyzed by radioimmunoassay
once radioactivity from

89

Zr was undetectable. After recovery from general anesthesia, llamas

were moved to an isolation room for two weeks allowing radioactive decay.

3.3.13. SDS-PAGE and western blot
Samples from the liver, kidney medulla, kidney cortex, and muscle were obtained from a
llama euthanized with a barbiturate (Euthanyl, Bimeda-MTC Animal Health, Cambridge, ON,
Canada). Samples were homogenized with a glass homogenizer and protein was extracted for
electrophoretic separation and western blot for detection of the high (TrkA) and low affinity (p75)
receptor of NGF. For electrophoresis, 20 µg of total protein were loaded per well in a 10% SDS65

PAGE. Protein separation was performed at room temperature at 100V until the loading dye left
the gel. Separated proteins were electroblotted to a PDVF membrane for 1 hour at room
temperature. Appropriate protein transfer was checked by staining the membrane with Ponceau S
and subsequently de-staining in distilled water. Non-specific binding was blocked by incubating
the membrane with a solution of 5% BSA in PBS-Tween-20 (pH=7.4, blocking buffer) for 1 hour.
The blocking solution was decanted and a solution of blocking buffer containing the rabbit antiTrkA (1:500 dilution; sc-118 Santa Cruz Biotechnology, Dallas, Tx, USA; Carrasco et al., 2018;
RRID:AB_632556) or goat anti-p75 (1:2000 dilution; AF1157; R&D systems, Oakville, ON,
Canada; Carrasco et al., 2020; RRID:AB_2298561) antibody was applied to the membrane
overnight at room temperature. The membrane was washed six times for five minutes each in PBS
tween-20, and a horseradish peroxidase conjugated antibody was applied (goat anti rabbit 1:5,000;
rabbit anti goat dilution 1:10,000) for 1 hour at room temperature. The membrane was washed
with PBS-Tween-20 six times for five minutes each and incubated with the chemiluminescent
reagent (#1705060, Clarity Western ECL Substrate; Biorad Laboratories, Hercules, CA, USA) for
4 mins. Membranes were imaged in a Chemidoc imaging system (#1708265, ChemiDoc XRS+
System; Biorad Laboratories, Hercules, CA, USA).

3.3.14. Image analysis
To quantify the radiation intensity of the signal, we selected multiple areas (4 areas per
organ) of the organ of interest at different frames, using the select option of the PET imaging
software (GE Healthcare, Pittsburgh, PA, USA). The radiation intensity was averaged per area and
the radioactivity is expressed as a percentage of the injected dose per ml of tissue.
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3.3.15. Radioimmunoassay
Plasma samples were analyzed using a validated radioimmunoassay for South American
camelids (Rawlings et al., 1984, Adams et al., 2005). A standard curve was generated by using
ovine LH ranging from 60 pg/ml to 8 ng/ml, and the limit of detection of the assay was 0.1 ng/ml.
The intraassay coefficient of variation were 3.4 and 8.2% for the low and the high reference
samples, respectively.

3.3.16. Data analysis
Data are presented a mean ± SEM. Single data-points (i.e., cell binding assay) were
compared by t-test. Bioactivity (PC12 cells studies) and biodistribution data (mouse and llama
studies) were compared by one-way analysis of variance using treatment or organ as factors,
respectively. Radioactivity of different brain areas among timepoints were compared by repeated
measures analysis of variance using time and area as factors. When significant differences were
found, Tukey’s post hoc tests were used for multiple comparisons. Significant differences were
considered when P<0.05.

3.4. Results
We evaluated the conjugation of NGF with fluorescein isothiocyanate and Bodipy
succinimidyl ester taking advantage of the fluorescent detection of the conjugates. A diagram
showing the lysine residues present in the llama NGF dimer is shown in Figure 3.1 A. Successful
67

conjugation of NGF with both fluorophores was identified by SDS-PAGE as a fluorescent band
corresponding to 13 kDa was observed (Fig. 3.1 B). We evaluated the bioactivity of the conjugates
by culturing PC 12 cells in presence of NGF, NGF-FITC, NGF-BODIPY, or just media as a control
group (Fig. 3.1 C). The number of differentiated PC12 cells was the highest in the NGF and the
NGF-FITC group (P<0.05), whereas no difference was found between the control and NGFBODIPY groups (Fig. 3.1 D).
Since bioconjugation of lysine residues was successful without compromising the
bioactivity of NGF using FITC, we then conjugated the Gallium-68 chelator NOTA using similar
isothiocyanate chemistry. Mass spectrometry of the conjugate revealed an increase in molecular
weight of NGF corresponding to 1 molecule of NOTA per molecule of NGF (Supplementary
Figure 3.1). No detectable loss of bioactivity was found after NOTA conjugation as assessed by
PC12 cell bioassay (Fig. 3.1 E).

68

Ga radioconjugation efficiency ranged from 68 to 88%

radiolabeling after 30 minutes of incubation at 50⁰C as assessed by TLC. However, serum stability
assays (mouse, fetal calf, and llama serum) revealed a loss (20% radiolabeling remained in the
TLC) of NGF-bound

68

Ga within 30 minutes. Thus, we inferred that the

68

Ga-labeled conjugate

was not suitable for in vivo imaging.
We then tested another chelator that would enable labelling of NGF with Zirconium-89.
DFO was conjugated to NGF at two chelator-to-protein molar ratios 1.4 to 1 and 3 to 1. Mass
spectrometry of the 1.3:1 conjugate revealed that roughly 50% of NGF remained unconjugated
while and 50% had 1 molecule of DFO (Supplementary Figure 3.2). Mass spectrometry of the 3:1
conjugate showed that roughly 2/3 of NGF had 1 DFO and 1/3 of NGF had 2 molecules of DFO
for each molecule of NGF (Supplementary Figure 3.3). Thus, we evaluated the bioactivity of both
conjugates using PC12 cells. No differences were found in the degree of differentiation of PC12
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cells exposed to similar concentrations of NGF, NGF-DFO 1.3 or NGF-DFO 3, but the
differentiation was higher than the control group (P<0.05, Fig. 3.1 F).
Radiolabeling of NGF with

89

Zr, which showed a high efficiency of labelling by TLC

(>98% for both molar conjugation, specific activity: 1.3-11.7 GBq/umol; n = 10 radiolabeling
experiments, Fig. 3.2 A) after 30 minutes at 37⁰C. Spin filtration of both conjugates through a
membrane with a molecular weight cut-off of 3 kDa showed that the majority of the radioactivity
(99.4% and 99.1% for 1.3 and 3 molar ratios, respectively) was retained by the membrane,
demonstrating that 89Zr was associated to a molecule larger than 3kDa, most likely NGF, and not
free or unconjugated chelator-metal complex. Protein electrophoresis of

89

Zr-NGF followed by

autoradiography of an SDS-PAGE gel showed a band corresponding to the molecular weight of
NGF (Fig. 3.2 B).
In vitro stability of 89Zr-NGF was evaluated in 50% PBS 50% serum from goat, llama, fetal
calf and mouse for 2 hours at 37⁰C (Fig 3.2 C). TLC analysis of serum samples 1 and 2 hours after
the initiation of incubation revealed that more than 95% of the radioactivity was associated to
NGF-DFO in the presence of serum. Spin filtration of the mixture at the end of the incubation
period through a 10kDa filter showed that the majority of the radioactivity was associated to a
protein larger than 10kDa in goat (92.3%), llama (93.5%), fetal calf (92.1%) and mouse (92.7%)
serum. Figure 2 D shows the autoradiography of an SDS-PAGE gel separation of

89

Zr-NGF

exposed to the serum of different species after 1 or 2 hours of incubation. A protein band similar
in molecular weight to NGF was detected in all experiments. This demonstrates that 89Zr-NGF is
chemically and metabolically stable and should remain intact in vivo within the blood pool.
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The specificity of 89Zr-NGF uptake was evaluated by a cell binding assay using PC 12 cells
(Fig. 3.2 E). PC12 cells were incubated in tubes (n = 4 tubes, average activity of 0.026 ± 0.0003
MBq) with 89Zr-NGF or 89Zr-NGF plus excess NGF (n = 4 tubes, average activity of 0.027 ± 0.0003
MBq). The addition of unlabeled NGF resulted in a 6-fold reduction in the radioactive uptake of
89

Zr-NGF in PC12 cells (P<0.05), suggesting that the cell binding was receptor mediated and

specific to NGF.
We then evaluated the biodistribution of NGF in a mouse model (n = 4). CD-1 mice were
injected with 0.185 MBq of

89

Zr-NGF via tail vein and were euthanized 1 hour later. Various

organs were removed, weighted and the radioactivity was estimated via a gamma counter. Figure
3 shows the biodistribution of 89Zr-NGF in male mice. The majority of the radioactivity was found
in the kidney (>50%) while the rest of the organs had low radioactivity (blood, lungs, liver and
spleen). Very low radioactivity was found in the brain of mice (0.1% or the injected dose).
Figure 3.4 illustrates the PET imaging procedure and the biodistribution of NGF in llamas.
89

Zr-NGF was injected intravenously into adult llamas via a jugular catheter and the biodistribution

was evaluated 1 hour later. A clear radioactive signal was observed in kidney and liver of llamas
(Fig 3.4 C-E). Image analysis of radioactivity revealed no differences in llamas treated with excess
of unlabeled NGF or not, hence we analyzed the combined data altogether from all llamas (n = 4).
The majority of the radioactivity was found in the kidney cortex (P<0.05), followed by the liver
(Fig 3.5 A), vascularized organs such as heart, lung, spleen or blood vessels (aorta) had similar
radioactivity, whereas bone, muscle and intestine had low radioactivity. Given the large difference
in radioactivity, we analyzed the presence of the NGF receptors P75 and TrkA in liver, kidney
cortex, kidney medulla, and muscle by western blot. PC12 cells were used as a positive control
since they express both NGF receptors. TrkA was detected in liver, kidney cortex, PC12 cells, and
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muscle, but not in kidney medulla (Fig. 3.5 B), whereas P75 was undetectable in most organs,
although was detected in PC12 cells (Fig. 3.5 C).
The brain uptake in llamas was evaluated by dynamic imaging of 89Zr-NGF and is shown
in Figure 3.6. The radioactivity present after 10, 60 and 120 minutes after treatment was compared
in the cortex, hypothalamus, brainstem, cerebellum, and spinal cord. As a reference, the
radioactivity of the pituitary and the dorsal sinus (two highly vascularized structures) were
estimated at the same timepoints. One of the llamas had detectable radioactivity in the
hypothalamus (Fig. 3.6 A), however this was not consistent with the other of animals. Additionally,
the base of the brain, where the pituitary and blood vessels are located, had higher levels of
radioactivity (Fig. 3.6 B). Image analysis of radioactivity in brain areas revealed a statistical
interaction between brain area and time (P<0.001), as a consequence of higher radioactivity in the
dorsal sinus and the pituitary (Fig. 3.6 C). No difference in radioactivity was found in any of the
brain areas except in the dorsal sinus and the pituitary, where the radioactivity was high initially
but decreased in a temporal manner.
We analyzed the radioactive signal in a single blood vessel from the head as an attempt to
evaluate the retention of NGF in the bloodstream. We choose a blood vessel dorsal to the palate
since it was possible to estimate the radioactivity over the sampling period. An 80% reduction in
radioactivity was observed between 10 to 120 minutes after treatment (Fig. 3.7 A). Although LH
concentrations were 4.6-folds higher in llamas treated with 89Zr-NGF plus excess NGF than llamas
that received only 89Zr-NGF, a tendency for significance was found (P=0.053, Fig. 3.7 B). CSF
radioactivity at the cisterna magna ranged from 46 to 194 counts per minute, corresponding to 1.5
± 0.5 % of blood radioactivity 120 minutes after treatment in llamas (Fig. 3.7 CD).
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Figure 3. 1. Bioconjugation and bioactivity of NGF conjugates. A) Presence of lysine residues
(blue spheres) in the llama NGF molecule. Note that each monomer of NGF is presented either in
green or brown. B) SDS-PAGE showing the conjugation of NGF with either FITC of Bodipy (5
and 2.5 µg/well) as assessed by Coomassie blue staining (left) or fluorescence imaging (right). C)
Micrographs depicting differentiation of PC12 cells from the control (left), NGF (middle), and
FITC (right) groups. Arrows (middle and right micrographs) indicate neurites in PC12 cells. D)
Quantification (mean ± SEM) of PC12 cells differentiation after 96 hours of incubation with D)
NGF, NGF-Bodipy, NGF-FITC or just culture media (n = 4 wells per treatment), E) just culture
media, NGF, NGF-NOTA 3, or NGF-NOTA 10 (n = 3 wells per treatment), and F) just culture
media, NGF, NGF-DFO 3, or NGF-DFO 1.4 (n = 3 wells per treatment). ab Values with different
superscripts are different (P<0.05).
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Figure 3. 2. Characterization of the 89Zr-NGF conjugate. A) Radiolabeling efficiency of 89Zr-NGF,
less than 2% of free 89Zr was found in each labelling reaction. The green lines indicate the
identified peaks in radioactivity in the TLC. B) Autoradiography of 89Zr-NGF showed a
radioactive band at 13kDa protein similar to NGF. C) In vitro stability of 89Zr-NGF in 50% serum
of various species as assessed by TLC 1 and 2 hours after in vitro incubation. D) In vitro stability
of 89Zr-NGF in serum of fetal calf (FCS), llama (LS) and goat (GS) at different timepoints (1 or 2
hours) as assessed by autoradiography, 89Zr-NGF was used as a control. E) Cell binding assay of
89
Zr-NGF to PC12 cells (n = 4 tubes per treatment group). Addition of unlabeled NGF reduced the
uptake of 89Zr-NGF by PC12 cells suggesting a specific receptor interaction. * Values are different
(P<0.05).
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Figure 3. 3. Biodistribution of 89Zr-NGF 1 hour after intravenous administration in wild type mice
(n = 4). abcdf values differ among organs (P<0.005).
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Figure 3. 4. PET/CT imaging of llamas. A, B) Llamas in preparation for imaging (A) and during
imaging (B). C) Frontal plane of whole-body imaging of llama using PET/CT 1 hour after 89ZrNGF treatment. Most of radioactivity was observed at the level of Liver (D, arrow) and Kidney
(E, arrow) the space within the kidney corresponded to the renal medulla.

75

Figure 3. 5. Quantitative evaluation of biodistribution of 89Zr-NGF in llama and presence of NGF
receptors. A) Quantification of radioactivity (mean ± SEM, percentage of injected dose/ml of
tissue) of llama tissues from PET imaging studies (n = 4 llamas). B) Evaluation of the presence of
TrkA receptor in liver (Li), kidney cortex (KC), kidney medulla (KM) and muscle (Mu). C)
Evaluation of the presence of P75 receptor in liver (Li), kidney cortex (KC), kidney medulla (KM)
and muscle (Mu). abcde values are different (P<0.05).
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Figure 3. 6. Brain uptake of 89Zr-NGF in llamas during the PET imaging period. A) Transverse
view of the head of a llama, at the level of the hypothalamus, arrows indicate radioactivity in the
hypothalamus of llamas. B) Sagittal section of the head of a llama at the midline, depicting the
pituitary (arrow) and the dorsal sinus (arrow). C) Quantitative analysis (mean ± SEM, percentage
of injected dose/ml of tissue) of brain uptake in brain areas of llamas over the imaging period (n =
4 llamas). abcd Values are different(P<0.05).
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Figure 3. 7. Dynamics of LH and 89Zr-NGF in the bloodstream and the CSF of llamas during the
imaging period. A) Changes in radioactivity in a single blood vessel of llamas that received 89ZrNGF intravenously. B) LH response to NGF in llamas that received 89Zr-NGF and excess NGF (n
= 2) or 89Zr-NGF (n = 2) alone at 0 and 2 hours after treatment. C, D) Radioactivity present in
blood (C) and CSF (D) either before treatment or 2 hours after 89Zr-NGF treatment or at the 2-hour
timepoint, respectively.
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Supplementary figure 3. 1. Mass reconstruction of NOTA-NGF conjugate.
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Supplementary figure 3. 2. Mass reconstruction of DFO-NGF conjugated a 1.4 molar ratio.
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Supplementary figure 3. 3. Mass reconstruction of DFO-NGF conjugated at 3 molar ratio.

3.5. Discussion
In the present studies we have described the synthesis of

89

Zr-labeled NGF conjugate

suitable for PET imaging. Using fluorescent molecules or chelators, we successfully conjugated
NGF without compromising biological activity (maintaining ligand receptor interaction). PET
imaging allowed us to examine the biodistribution of NGF and brain uptake in two mammalian
species. Interestingly, a differential pattern of distribution was observed; NGF accumulated in the
liver and kidney of llamas but only the kidney of mice. Unexpectedly, we found no differences in
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the radioactivity among brain areas during the sampling period, although radioactivity was found
in the cerebrospinal fluid of all llamas examined at the level of the cisterna magna.

Using a chemoselective (primary amine) conjugation approach, we optimized conditions
for radiolabeling NGF with the PET isotopes

68

Ga and

89

Zr. We chose lysine residues (primary

amine) as the conjugation site since earlier reports suggested that chemical modification can be
accomplished without affecting biological activity of NGF (reviewed by Bradshaw et al., 1994).
Further, llama NGF possesses 8 lysine residues per monomer (Ratto et al., 2012), thus increasing
the probability of conjugation with the chelator. To begin, we conjugated NGF to two fluorophores
using different chemistry. Surprisingly, although Bodipy successfully labelled NGF (via
succinimidyl ester), the bioactivity of the NGF-BODIPY complex was compromised and did not
elicit differentiation of PC12 cells, whereas FITC allowed both conjugation and maintenance of
bioactivity of NGF. Since the rate of conjugation of Carboxy-fluorescein succinimidyl ester to
myoglobin was 13-fold faster than that of FITC (Banks et al., 1995), we speculate that the loss of
bioactivity of NGF-Bodipy was caused by conjugation of lysine residues relevant for the
interaction of NGF and receptors.

Radioconjugation of NGF with 89Zr and 68Ga was reliable, but only 89Zr-NGF was stable
during serum incubation in vitro. Only 20% of 68Ga-NGF remained in serum while incubation in
PBS led to a marginal decrease, suggesting that serum components like proteases and thiols
compromised its stability. The cause of the instability of NGF-Ga68 remains unknown since studies
using antibodies radiolabeled with

68

Ga using a similar chelator have shown over 98% of

82

radiochemical purity after 2-hour incubation in serum (Xu et al., 2015). In contrast, 89Zr-NGF was
stable in serum enabling biodistribution studies in mice and llamas. If 89Zr-NGF was unstable in
vivo and free-metal was released, a significant proportion of the injected dose would correspond
to bone uptake, as zirconium is known to be osteophilic. For instance, studies have shown that
administration of 89Zr oxalate had bone accumulation of 15 -20% of the injected dose 4 hours after
administration in mice (Abou et al, 2011). Based on these results, 89Zr-NGF is stable in serum and
the tracer should provide insight into NGF uptake in vivo.

Given that little is known about the pharmacokinetics and pharmacodynamics of NGF in
mammalian species, we decided to evaluate its biodistribution. The results of our mouse studies
are consistent with the literature albeit of methodological differences. A study in which iodinated
NGF was given to rats and euthanized 1 hour later, the majority of the radioactivity accumulated
in the kidney (Pradier et al.,1994). In mice and llamas, the highest radioactivity was present in the
kidney, however, llamas, but not mice, also had high radioactivity the liver. Given the molecular
weight of NGF (26 kDa, Ratto et al., 2012), the most likely explanation to the observed uptake in
renal tissue of mice and llama is glomerular filtration. However, if this were the case, it would be
expected that filtered NGF would have been detected in the kidney medulla, ureters and bladder,
however, all these organs had low or undetectable radioactivity compared to the kidney cortex.
Given that we found TrkA expression, but not P75, in liver, kidney cortex but not in kidney
medulla by western blot, we speculate that the radioactive accumulation in liver and kidney are
the result of receptor-mediated uptake by TrkA receptor (Reichardt, 2006). In addition,
administration of excess unlabeled NGF in llamas failed to reduce the radioactive signal, this
finding may be attributed to insufficient unlabeled NGF in a large animal such as a llama. The
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biological significance of these finding remains unknown since little is known about the expression
and function of NGF receptors in renal or hepatic tissue. In human kidney, the presence of NGF
receptors have been related to disease (Bonofiglio et al., 2007), and cell binding assays using rat
hepatocytes have suggested the presence of a low-affinity binding site for iodinated NGF (Bailie
et al., 1992). It is currently unknown what is the significance of NGF uptake in liver and kidney,
but our results suggest that NGF during mating may play a role in other body systems besides
reproduction in llamas.
The main objective of our studies was to assess brain penetration of NGF by PET imaging.
An initial study in which iodinated NGF was administered to mice, revealed very low brain uptake
(Angeletti et al., 1972), similar to what we observed in our mouse studies (0.1% of total injected
dose). When we evaluated the brain uptake of 89Zr-NGF in llamas for two hours following NGF
administration, we failed to find any differences within brain areas (i.e., hypothalamus, cortex)
over time. The results indicate that: 1) NGF does not cross the blood-brain barrier to interact with
hypothalamic populations, or 2) the uptake at hypothalamic areas was below the detection limit of
the PET imaging system. Interestingly, the median eminence and the pituitary had a high
radioactivity 10 minutes after 89Zr-NGF administration that decreased in a timely manner. Given
that the CT did not resolve the exact location of the radioactivity, we attribute signal to the high
vascularization of this region. In addition, autoradiographic studies with llama tissues were
unsuccessful. However, we cannot discard that NGF uptake occurred in the median eminence,
where we have previously reported that the low-affinity receptor is expressed (Carrasco et al.,
accepted). Although we did not evaluate LH secretion in frequent blood samples (i.e., every 15-30
minutes), the response in LH was consistent with previous reports in which the effect of NGF on
LH secretion was of similar magnitude (Carrasco et al., 2020). In addition, our results support the
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idea that NGF crosses the blood brain barrier since CSF contained 1.5% of plasma radioactivity in
the cisterna magna 2 hours after intravenous administration of 89Zr-NGF. This finding is consistent
with studies in rat showing that 30 minutes to 1 hour after iodinated NGF administration the brain
had 2.6 – 2.8% of the blood radioactivity (Pradier et al., 1994, Zhou et al., 2016). Additionally,
studies in rabbits treated with biotinylated llama NGF had a detectable signal in the CSF after
intravenous administration (Berland et al., 2012).
NGF administration in South American camelids is followed by immediate elevation in
blood LH concentrations and ovulation (Adams et al., 2005). In our studies an elevation of LH
concentration that tended to be significant was observed in the group that received excess
unlabeled NGF (125-fold) and

89

Zr-NGF but not the

89

Zr-NGF treated group. Although the LH

increase was not significant, the explanation is methodological. We noticed that when using the
Bradford method for quantifying protein, the efficiency of the conjugation was low. After
quantifying protein concentration using the extinction coefficient and the molecular weight, the
chelator conjugation improved substantially. We assumed that the Bradford method
underestimated NGF concentration and that the extinction coefficient method had higher accuracy.
Thus, we attribute the lack of LH response in this study to administration of sub-pharmacological
doses of NGF; this is consistent with the high sensitivity of PET. This is important since the
amounts of NGF administered to llamas (200 ug) produced mixed results in the present study, but
in a previous study (250 ug) were effective in triggering ovulation and the LH surge in most llamas
(Tanco et al., 2011).
In conclusion, we report the synthesis and characterization of fluorescent and radioactive
NGF conjugates for PET analysis of a variety of mammalian species. Although our results do not
support the hypothesis that NGF acts in the hypothalamus of llamas, they do not discard the
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possibility that NGF is acting at the tanycyte nerve terminal complex at the median eminence.
Additionally, our studies suggest that NGF may be targeting other organs in the camelid when in
the bloodstream, however, the relevance of this finding remains unknown. The validated
fluorescent and radioactive conjugates developed in these studies offer an important tool to
investigate the biology of NGF and its receptors.
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CHAPTER 4: KISSPEPTIN INDUCES LH RELEASE AND OVULATION IN AN
INDUCED OVULATOR
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Department of Veterinary Biomedical Sciences, Western College of Veterinary Medicine,
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Relationship of this study to the dissertation
Several lines of evidence support the idea that kisspeptin induces the release of gonadotrophins
via a GnRH-mediated mechanism. In this study, we tested the role of kisspeptin in gonadotropin
secretion and we examined the association of GnRH and kisspeptin neurons in the hypothalamus.
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4.1. Abstract
Kisspeptin has been implicated in the ovulatory process of several species of spontaneous
ovulators, but in only one induced ovulator. In contrast, NGF in semen is the principal trigger of
ovulation in other species of induced ovulators - camelids. We tested the hypotheses that kisspeptin
induces LH secretion in llamas through a hypothalamic mechanism, and kisspeptin neurons are
the target of NGF in its ovulation-inducing pathway. In Experiment 1, llamas were given either
NGF, kisspeptin or saline intravenously, and luteinizing hormone (LH) secretion and ovulation
were compared among groups. All llamas treated with NGF (5/5) or kisspeptin (5/5) had an
elevation of LH blood concentrations after treatment and ovulated whereas none of the saline group
did (0/5). In Experiment 2, llamas were either pre-treated with a gonadotropin-releasing hormone
(GnRH) receptor antagonist or saline, and treated two hours later with kisspeptin. Llamas pretreated with saline had elevated plasma LH concentrations and ovulated (6/6) whereas llamas pretreated with cetrorelix did not (0/6). In Experiment 3, we evaluated the hypothalamic kisspeptinGnRH neuronal network by immunohistochemistry. Kisspeptin neurons were detected in the
arcuate nucleus, the preoptic area and the anterior hypothalamus, establishing synaptic contacts
with GnRH neurons. We found no colocalization between kisspeptin and NGF receptors by double
immunofluorescence. Functional and morphological findings support the concept that kisspeptin
is a mediator of the LH secretory pathway in llamas; however, the role of kisspeptins in the NGF
ovulation-inducing pathway in camelids remains unclear since NGF receptors were not detected
in kisspeptin neurons in the hypothalamus.

Keywords: Camelids, NGF, kisspeptin, GnRH, LH, Hypothalamus.
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4.2. Introduction
Kisspeptins comprise a group of molecules that are encoded by the Kiss1 gene whose
product is a protein of 145 amino acids, originally discovered as a metastasis suppressor in a
melanoma cell line (Lee et al., 1996). The kisspeptin protein is cleaved into several forms with
different amino acid length: kisspeptin 54, kisspeptin 14, kisspeptin 13 and kisspeptin 10 (Kotani
et al., 2001). Kisspeptins are the ligands of the receptor GPR54, and all the forms share the
sequence of kisspeptin 10 which corresponds to the carboxyl end of the molecule (Kotani et al.,
2001, Strafford et al., 2002). Kisspeptins were implicated as a regulator of reproduction when two
independent groups determined that humans carrying a mutation of the GPR54 receptor suffer
hypogonadotropic hypogonadism, a condition in which puberty is delayed, gonadotropin secretion
is absent, and individuals are responsive to exogenous GnRH (De Roux et al., 2003, Seminara et
al 2003).
Despite the central role of estradiol in eliciting GnRH release, studies in rodents (Shivers
et al., 1983, Herbison et al., 1993) and sheep (Lehman et al., 1993) failed to establish the presence
of estrogen receptors on GnRH neurons. However, in sheep, 50% and 90% of kisspeptin neurons
in the preoptic area and the arcuate nucleus expressed estrogen receptors, respectively (Franchesini
et al., 2006), suggesting that kisspeptin neurons are the target for ovarian estradiol. Kisspeptin
neurons have been localized in the preoptic area and the arcuate nucleus of the hypothalamus of
several species (reviewed by Lehman et al., 2010), and have synaptic contacts with GnRH neurons
(Smith et al., 2008, Clarkson et al., 2006) which themselves express the kisspeptin receptor,
GPR54 (Messager et al., 2005). Pharmacologic blockade of GP54, the kisspeptin receptor, blocked
pulsatile LH secretion in several in vivo and in vitro research models (Roseweir et al., 2009), and
intracerebroventricular infusion of a kisspeptin receptor blocker in estrogen-treated
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ovariectomized ewes significantly decreased the preovulatory LH surge (Smith et al., 2011).
Furthermore, the kisspeptin neurons expressed Fos, a marker of neuronal activation, during the LH
surge (Smith et al., 2009). The majority of studies regarding kisspeptin and reproduction have been
performed using spontaneous ovulators as models. Results of the only study reported in an induced
ovulator, the musk shrew (Inoue et al., 2012), suggest that kisspeptin plays a role in ovulation via
the central nervous system.
Induced ovulators are a group of species that ovulate in response to coital stimulation. In
contrast to the proposition that the physical stimulation of coitus itself induces a preovulatory LH
surge, a compound present in seminal plasma has been attributed the main stimulus for inducing
the LH surge and ovulation in camelids (Adams et al., 2016). The compound corresponds to a
protein that displays a high degree of similarity to NGF, a protein member of the neurotrophin
family (Ratto et al., 2012). Despite the presence of NGF in the seminal plasma of other mammalian
species, such as cattle, sheep (Harper et al., 1982) and humans (Heinrich et al., 1988), the role of
NGF in the ovulatory mechanism in these species is as yet unclear.
In camelids, NGF of seminal plasma origin is a potent stimulus for LH release in the
recipient female, resulting in ovulation (Adams et al., 2016). Results of a study in llamas showed
that a GnRH receptor antagonist blocked NGF-induced LH secretion (Silva et al., 2011), providing
rationale for the hypothesis that the site of action of seminal NGF in the female is the
hypothalamus. However, results of double immunofluorescence studies in llamas (Carrasco et al.,
2018) do not support the concept of a direct effect of NGF on GnRH neurons, but rather suggest
that an interneuron-mediated pathway is involved. GnRH neurons are distributed rather sparsely
throughout the hypothalamus of llamas, similar to other species (Herbison et al., 2006, Silverman
et al., 1994) but with the peculiarity that in llamas, these cells exist predominantly in the medio90

basal hypothalamus (Carrasco et al., 2018). This finding, and the existence of a wide variety of
molecules that influence the GnRH/LH secretory pattern represent a challenge to identification
and characterization of pathways involved in mediating the ovulatory effect of NGF.
The role of kisspeptin in eliciting LH release and ovulation has not been examined in
camelids, nor has its role in the NGF ovulatory pathway. The objective of the present study was to
test the hypotheses that kisspeptin induces LH secretion in llamas through a hypothalamic
mechanism, and that kisspeptin neurons are the target of NGF in its ovulation-inducing pathway.
Specific objectives were to test the ovulation-inducing effects of kisspeptin in llamas (Experiment
1), determine the site of action of exogenous kisspeptin (Experiment 2), and characterize the
anatomical relationship between kisspeptin and NGF neuronal systems in the hypothalamus
(Experiment 3).

4.3. Material and methods
Adult llamas from the University of Saskatchewan llama herd (Saskatoon, Saskatchewan,
Canada) were used during summer (June – July; Experiments 1 and 2) and winter (Experiment 3).
Procedures were approved by the University Committee on Animal Care and conducted in
accordance with the guidelines of the Canadian Council on Animal Care.

4.3.1. NGF purification
Nerve growth factor was purified from semen of alpacas and llamas as previously described
(Ratto et al., 2011). Ejaculates were collected from males by artificial vagina and diluted 1:1 in
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PBS. Semen viscosity was disrupted by passing the mixture repeatedly through a 20-gauge needle.
Sperm cells were separated from seminal plasma by centrifugation and seminal plasma was
sonicated. Seminal plasma proteins (20 mg total protein) were separated by ceramic hydroxy
apatite chromatography (20 µm; Bio-Rad, Hercules, CA, USA) in a phosphate gradient (10 to 400
mM). The protein profile of the eluted fractions was evaluated by measuring the absorbance (280
nm) with the aid of a nanodrop (ThermoFisher Scientific, Burlington, ON, Canada). The last
identified protein peak in the chromatogram was concentrated by centrifugation in a spin filter
(Amicon Ultra-15, Millipore, Etobicoke, ON, Canada), followed by size exclusion
chromatography using a sepharose column (SEC, Hi Prep 26/60 Sephacryl S-100, Amersham
Laboratories, Piscataway, NJ, USA) attached to a fast protein liquid chromatography system
(AKTA pure protein purification system, GE Healthcare, Pittsburgh, PA, USA). Fractions
corresponding to the second protein peak were collected and concentrated using spin columns. The
presence of NGF in the collected fractions was confirmed by western blot and induction of
ovulation in alpacas after intramuscular administration (data not shown).

4.3.2. Experiment 1: Ovulation-inducing effect of kisspeptin in llamas
Ovarian status was synchronized among non-pregnant, non-lactating adult female llamas
by intramuscular administration of a GnRH analog (100ug, Gonadorelin acetate, Fertiline,
Vetoquinol, Lavaltrie, QC, Canada; Ratto et al., 2003). Llamas were examined by transrectal
ultrasonography every-other-day beginning on the day of GnRH treatment using a 5 MHz lineararray probe (Mylab 5, Esaote North America Inc, Indianapolis, IN, USA). When a growing
dominant follicle ≥8 mm was detected in all llamas (i.e., a follicle mature enough to respond an
ovulation-inducing stimulus; Adams et al., 2018), a catheter was placed in the jugular vein. The
92

following day, llamas were assigned randomly to three groups (n = 5 per group) and treated
intravenously with either purified NGF (1 mg), murine kisspeptin (kisspeptin-10, 0.1 mg/kg of
body weight, synthesized by Genscript, Piscattaway, NJ, USA; Leonardi et al., 2020), or phosphate
buffered saline (PBS). Kisspeptin treatment was repeated 1 hour after the initial treatment. Jugular
blood samples were collected in heparinized tubes every 15 minutes from 1 hour before to 5 hours
after treatment. Plasma was separated by centrifugation and stored at -20°C until hormone analysis.
The jugular catheter was removed at the end of the sampling period, and the ovaries were examined
by transrectal ultrasonography 48 hours later to detect ovulation. Ovulation was defined as the
disappearance of a dominant follicle measuring ≥8 mm from the previous examination (Adams et
al., 1989). If ovulation occurred, the ovaries were examined, and a blood sample was taken everyother-day for 10 days to evaluate the form and function of the corpus luteum (CL; Adams et al.,
1991).

4.3.3. Experiment 2: Kisspeptin site of action
Adult llamas were synchronized by administration of a GnRH analog (100ug, Fertiline,
Vetoquinol) or by follicular ablation (Adams et al., 2003). When a dominant follicle ≥8 mm was
detected by transrectal ultrasonography, llamas were assigned randomly to two groups (n = 6 per
group) and pre-treated intravenously with either 1.5 mg cetrorelix acetate (GnRH receptor
antagonist, Sigma, Oakville, ON, Canada) or saline. The dose of cetrorelix was based on that used
in a previous study (10 µg/kg of body weight; Silva et al., 2011). Llamas in both groups were
treated two hours later with 0.1 mg/kg body weight of murine kisspeptin-10 iv. Blood samples
were obtained every 15 minutes from 1 hour before kisspeptin treatment to 5 hours after treatment.
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Samples were collected in heparinized tubes and plasma was separated by centrifugation and
stored at -20°C until analysis. Llamas were examined by transrectal ultrasonography 48 hours after
kisspeptin treatment to detect ovulation (Day 0). Ovulation was confirmed by the detection of a
CL by transrectal ultrasonography on Day 6, and by evaluation of progesterone concentrations of
plasma samples obtained by jugular venipuncture.

4.3.4. Radioimmunoassays
Plasma was analyzed in duplicate to measure LH concentrations using a validated
radioimmunoassay (Rawlings et al., 1984, Adams et al., 2005). A standard curve was produced
using purified ovine LH. Dilutions of plasma from a castrated male alpaca was used to verify
parallel displacement. For Experiment 1 the intra-assay coefficients of variation were 5.8% and
3.2% for high and low reference samples, respectively. For Experiment 2, the intra-assay
coefficients of variation were 4.9% and 5.9% for high and low reference samples, respectively.
Progesterone concentrations were measured using a solid phase kit (Coat-A-Count; Diagnostic
Products Corporation, Los Angeles, CA, USA); coefficients of variation were 5.9%, 4.2% and
8.4% for low, medium and high reference values, respectively.

4.3.5. Experiment 3: Anatomy of the kisspeptin system and relationship with NGF receptors
Adult llamas (n = 6) were examined every-other-day by transrectal ultrasonography and
euthanized to collect the hypothalamus when a growing dominant follicle ≥8 mm was detected.
Llamas were euthanized by intravenous administration of a barbiturate (Euthanyl, Bimeda-MTC
Animal Health, Cambridge, ON, Canada). After separating the head from the body, the carotid
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arteries were cannulated and perfused with heparinized saline solution followed by 4%
paraformaldehyde diluted in PBS. A block of tissue containing the hypothalamus was dissected
from the brain and immersed in the same fixative for 48 hours at 4°C. Hypothalamic blocks were
rinsed two times in PBS to remove fixative and immersed in a solution containing 30% sucrose in
PBS at 4°C until the tissues sank. Tissues were frozen at -80°C and sectioned in a cryostat at 50
µm thickness. Sections were stored in a cryoprotectant solution consisting of 30% sucrose and
30% ethylene glycol in PBS at maintained at -20°C until immunohistochemical staining.

4.3.6. Single immunohistochemistry
To evaluate the distribution of kisspeptin neurons in the llama hypothalamus, every 10th
section was stained (free-floating sections). Sections were washed twice for five minutes each in
PBS to remove cryoprotectant solution. To inhibit endogenous peroxidase activity, sections were
incubated in 3% hydrogen peroxide for 25 minutes at room temperature. Sections were rinsed in
PBS for five minutes and heated in sodium citrate buffer (0.1 M) pH 6.0 for 40 minutes at 80°C to
enhance immunoreactivity. Sections were cooled to room temperature, rinsed in PBS containing
triton X-100 (0.5%, pH 7.4; PBST) and non-specific binding was blocked by incubating samples
in 0.5% bovine serum albumin (BSA; Sigma, Oakville, ON, Canada) in PBST for an hour at room
temperature. Rabbit anti-kisspeptin antibody (courtesy of Dr. Isabel Franceschini and Dr.
Massimilano Beltramo, INRA, Nouzilly, France; RRID:AB_2622231, Franceschini et al., 2013;
Supplemental Table 1) was diluted 1:10,000 in blocking buffer, applied to sections and incubated
for 1 hour at room temperature on a rocking plate, followed by 48 hours at 4°C. Sections were
washed three times in PBS for 10 minutes each on a rocking plate. A biotinylated goat anti-rabbit
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antibody (Life Technologies, Burlington, ON, Canada) diluted 1:1,000 in PBST was applied to
sections for 1 hour at room temperature. Sections were washed in PBS three times for 5 minutes
each on a rocking plate, followed by incubation in a solution containing streptavidin conjugated to
horseradish peroxidase (Jackson Immunoresearch, West Grove, PA, USA) diluted 1:10,000 in
PBST for 1 hour. Sections were rinsed in PBS and twice more in sodium acetate buffer (0.175 M)
for 5 minutes each. The antigen-antibody complex was visualized by incubating sections in a
solution containing 2.5% Nickel Sulfate (Santa Cruz Biotechnologies, Dallas, TX, USA), 0.05%
diaminobenzidine (DAB; Sigma, Oakville, ON, Canada) and 0.002% hydrogen peroxide for 10
minutes. Sections were rinsed in PBS, and PBST for 20 minutes each, mounted in superfrost slides,
air dried and cover-slipped in xylene-based media.

4.3.7. Double sequential immunohistochemistry
A double DAB procedure, with and without Nickel enhancement, was used to characterize
the relationship between kisspeptin and GnRH neurons in the hypothalamus of llamas. Sections
were stained against kisspeptin as described above. Sections were then incubated for 48 hours at
4°C with rabbit anti-GnRH antibody diluted 1:20,000 (LR5, courtesy of Dr. Robert Benoit,
Montreal Children’s Hospital, Montreal, QC, Canada; RRID:AB_2314605; Supplemental Table
1) in blocking buffer. Sections were rinsed in PBS twice for 5 minutes, and a biotinylated goat
anti-rabbit antibody (1:1,000 diluted in PBST; Life Technologies, Burlington, ON, Canada) was
applied to sections for 1 hour at room temperature. Sections were washed in PBS twice for five
minutes each and incubated in streptavidin conjugated to horseradish peroxidase (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) diluted 1:10,000 for an hour. Sections
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were washed three times in PBS and incubated in a solution containing 0.05% DAB (Sigma,
Oakville, ON, Canada) and 0.002% hydrogen peroxide in PBS until color development. Sections
were mounted onto glass slides, air dried, cover-slipped in a xylene-based medium and stored until
examination. Glass slides were examined using a light microscope at low magnification to identify
the relative location of GnRH neurons. Once located, GnRH neurons were examined at high
magnification using oil immersion (100x) to determine the number of kisspeptin axons (blue/black
colour) that were identified at the same focal plane in contact with GnRH neurons (brown colour).
The percentage of GnRH neurons with detectable appositions, and the number of appositions per
GnRH neuron was estimated in each of the hypothalamic areas.

4.3.8. Double immunofluorescence
To determine the expression of NGF receptors on kisspeptin neurons, a section from the
preoptic area and two sections 200 µm apart from the arcuate nucleus of llamas were stained using
double immunofluorescence against kisspeptin and P75 or kisspeptin and TrkA. Sections were
washed in PBS as described above. Antigen retrieval was performed by heating the samples in
sodium citrate buffer at 80°C for 40 minutes. Samples were cooled at room temperature and rinsed
in PBST for 10 minutes. Non-specific binding was blocked by incubating the samples in 0.5%
BSA in PBST for 1 hour. A mixture of rabbit anti-kisspeptin antibody (1:10,000 dilution; courtesy
of Dr. Isabel Franceschini and Dr. Massimilano Beltramo, INRA, Nouzilly, France) and goat antiTrkA (1:2,000; AF175; R&D systems, Oakville, ON, Canada; RRID:AB_354970) or goat antiP75 (1:5,000; AF1157; R&D systems, Oakville, ON, Canada; RRID:AB_2298561; Supplemental
Table 1) antibodies was applied to the sections and incubated in blocking buffer for 48 hours at

97

4°C. Samples were washed three times in PBS and a biotinylated donkey anti-goat antibody
(1:1,000 dilution in PBST; Life Technologies, Burlington, ON, Canada) was applied at room
temperature for 2 hours. Sections were washed three times in PBS and a mixture of streptavidin
conjugated to Alexa 546 (1:5,000 dilution; Life Technologies, Burlington, ON, Canada) and a
donkey anti-rabbit antibody conjugated to Alexa 488 (1:1,000 dilution; Life Technologies,
Burlington, ON, Canada) was applied for 1 hour. Sections were washed in PBS three times,
mounted onto glass slides and air dried. To reduce autofluorescence, sections were incubated for
10 minutes in 0.3% sudan black in 70% ethanol, rinsed in PBS, air dried and cover-slipped with
vectashield containing DAPI (Vectorlabs, Burlington, ON, Canada). Examinations were
performed by fluorescence microscopy (Zeiss Axioskop 40; Thornwood, NY, USA) and confocal
microscopy (Leica Microsystems, Concord, ON, Canada) with lasers for excitation of Alexa 488,
Alexa 546, and DAPI. Confocal stacks were obtained using a 63x oil immersion objective lens
with 1.4 numerical aperture.

4.3.9. Triple immunofluorescence
To determine if appositions between kisspeptin axons and GnRH cell bodies were synaptic
contacts, triple immunofluorescence was performed using antibodies against GnRH, kisspeptin
and synaptotagmin-1, a highly conserved protein localized in axon terminals (Matthew et al.,
1981). Sections were prepared as for double immunofluorescence (see above). Following
overnight incubation in rabbit anti-kisspeptin antibody (diluted 1:10,000 in blocking buffer) at
4°C, sections were washed and incubated in a biotinylated goat anti-rabbit antibody (diluted
1:1,000 in PBST; Life Technologies, Burlington, ON, Canada) solution for 1 hour at room
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temperature. Sections were washed in PBS twice, and incubated in Streptavidin conjugated to
Alexa 488 (diluted 1;5,000 in PBST; Life Technologies, Burlington, ON, Canada) for 1 hour.
Sections were rinsed three times in PBS for 15 minutes each. A mixture of rabbit anti-GnRH
antibody (1:20,000 dilution; courtesy of Dr. Benoit, Montreal General Hospital, Montreal, QC,
Canada) and mouse monoclonal anti-synaptotagmin-1 (diluted 1:500, mAb 48; the antibody was
developed by Dr. Louis F Reichardt from University of California, San Francisco, CA, USA was
obtained from the Developmental Studies Hybridoma Bank created by the National Institute of
Child Health and Human Development of the NIH and maintained at the University of Iowa,
Department of Biology, Iowa City, IA 52242; RRID:AB_2199314, Matthew et al., 1981) was
applied to sections and incubated overnight in blocking buffer. The following morning, sections
were washed three times and a mixture of antibodies consisting of goat anti-rabbit conjugated to
Alexa 633 (1:1,000 dilution; Life Technologies, Burlington, ON, Canada) and donkey anti-mouse
conjugated to Alexa 544 (1:1,000 dilution; Life Technologies, Burlington, ON, Canada) was
applied to sections for two hours at room temperature. Finally, sections were washed in PBS,
mounted, air dried, incubated in Sudan black, air dried and cover-slipped with a mounting agent
using DAPI (Vectorlabs, Burlington, ON, Canada). Stained GnRH neurons were evaluated by
confocal microscopy (Leica Microsystems, Concord, ON, Canada) with lasers for excitation of
Alexa 488, Alexa 546, Alexa 633 and DAPI.

4.3.10. Antibody controls
The GnRH antibody used in this study was validated for use in llama tissues previously
(Carrasco et al., 2018). The kisspeptin antibody was preabsorbed with excess murine kisspeptin
(100 ug; synthetized by Genscript, Piscattaway, NJ, USA) followed by immunohistochemistry on
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sections of llama arcuate nucleus, resulting in no staining. Goat anti-P75 and goat anti-TrkA
antibodies were validated by pre-absorption with 5 µg of the corresponding peptide (for P75:
ab157276, Abcam, Cambridge, MA, USA; for TrkA: 175-Tk, R&D systems, Oakville, ON,
Canada), resulting in no staining. For double immunofluorescence, fluorochromes in the red color
range were used for antigens that were detected with signal amplification (e.g. biotin-streptavidin
detection) to avoid bleed-through from the green to the red channel. In addition, when one of the
primary antibodies were omitted in the double or triple immunofluorescence procedure, the
fluorescent signal was eliminated in the corresponding channel.

4.3.11. Data analysis
Data are presented as mean ± SEM unless otherwise stated. Ovulation rate was evaluated
by Chi-square analysis. Serial data (plasma LH and progesterone concentrations and CL diameter
profiles) were compared by analysis of variance for repeated measures, and LSD as a post hoc test.
Single point measurements in Experiment 2 were compared between groups by t-test. To evaluate
the proportion of GnRH neurons displaying contacts among areas (Experiment 3), data were
transformed using arc-sin and compared by one-way analysis of variance and tukey’s post hoc test.
The number of appositions per GnRH neuron among areas was compared by one-way analysis of
variance and tukey post hoc test. Values were considered significantly different with a P-value of
≤0.05.

4.4. Results
4.4.1. Experiment 1: Ovulation-inducing effect of kisspeptin in llamas
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One llama in the PBS-treated group was excluded because a dominant follicle ≥8 mm was
not detected. The dominant follicle diameter at the time of treatment did not differ among groups
(11.6 ± 1.2, 9.4 ± 0.9 and 9.6 ± 1.0 mm for kisspeptin-, NFG- and PBS-treated llamas, respectively;
P=0.3). Ovulation was induced in all llamas in both the kisspeptin- and NGF-treated groups, and
in none of the negative controls (5/5, 5/5 and 0/4, respectively; P=0.005).
A significant interaction between the main effects (treatment and time) on plasma LH
concentration was the result of a differential elevation in the NGF and kisspeptin groups, and no
elevation in the control group (Fig. 4.1). Plasma LH concentrations in the NGF group were
elevated 15 minutes after treatment, peaked at 60 minutes, and remained elevated without
significant decline until the end of the sampling period. In the kisspeptin group, plasma LH
concentrations increased significantly within 15 minutes of each treatment, and reached a peak 75
minutes after the initial treatment. The first significant decline occurred at 135 minutes after
treatment. Compared to the control group, LH concentrations were elevated for 2 ¼ hours in the
kisspeptin group and more than 4 ½ hours in the NGF group. Plasma LH concentrations in the
control group did not change during the sampling period. Area under the curve analysis showed
that LH secretion was maximal in the NGF group, intermediate in the kisspeptin group, and
minimal in the control group (Fig. 4.1 B).
A CL was detected in all llamas that ovulated, and no differences in CL diameter or
circulating progesterone concentrations were found between kisspeptin- and NGF-treated animals
(Fig. 4.1 C-D).

4.4.2. Experiment 2: Kisspeptin site of action
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A significant interaction between main effects (treatment and time) on plasma LH
concentrations was a result of a 3-hour elevation in llamas pretreated with saline versus no change
during the sampling period in llamas pre-treated with cetrorelix (Fig. 4.2). Plasma LH
concentrations in llamas pre-treated with cetrorelix were lower in the period before kisspeptin
treatment and after LH returned to pre-treatment levels compared to saline treated llamas (P<0.05;
Fig. 4.2).
The diameter of the dominant follicle at the time of treatment did not differ among groups
(12.5 ±1.4 and 10.8 ±0.9 mm for llamas pre-treated with cetrorelix or saline, respectively; P=0.33).
All llamas pre-treated with saline ovulated in response to kisspeptin treatment whereas none pretreated with cetrorelix ovulated (P<0.001). Similarly, a CL was detected 6 days after ovulation in
all llamas pre-treated with saline, and plasma progesterone concentrations were higher than in
llamas pre-treated with cetrorelix (3.1 ± 0.8 vs 0.1 ± 0.0 ng/ml; P<0.001).

4.4.3. Experiment 3: Anatomy of the kisspeptin system and relationship with NGF receptors
Kisspeptin immunoreactive neurons were located consistently in close proximity to the
third ventricle (Fig. 4.3 A). Immunoreactive cell bodies were characterized by the accumulation
of a dark granular cytoplasmic material and the presence of varicosities in the axonal projections
(Fig. 4.3 B). Quantification of immunoreactive cell bodies revealed the presence of kisspeptin
perikarya in three areas: the arcuate nucleus, the anterior hypothalamus, and the preoptic area. The
arcuate nucleus displayed the largest quantity of immunoreactive cells (P<0.05) with more than
eight times that of the other two areas combined (Fig. 4.3 C). In addition, kisspeptin neurons in
the preoptic area were scattered while kisspeptin neurons were concentrated in the arcuate nucleus.
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In contrast, kisspeptin immunoreactive fibers were detected in all areas examined, but their
presence was more prominent in the arcuate nucleus, the preoptic area, and the median eminence.
GnRH neurons were loosely distributed in all hypothalamic areas examined but displayed
a pattern of increasing cell numbers caudal parts (i.e., mediobasal hypothalamus; Fig. 4.3 D). The
largest number of GnRH cells was recorded in the mediobasal hypothalamus (P<0.05) and the
fewest in mammillary hypothalamus (P<0.05); no differences were detected among the diagonal
band of Broca/medial septum, the preoptic area and the anterior hypothalamus. GnRH
immunoreactive fibers were detected in the median eminence and the arcuate nucleus.
The apposition between kisspeptin axons and GnRH neurons is shown in Figure 4. Since
a distinct medio-lateral difference in the number of appositions was detected, we subdivided each
of the hypothalamic areas into medial and lateral parts (Fig. 4.4 C,D). The anterior commissure
borders were used as the point of reference for the preoptic area, and the fornix as the point of
reference for the anterior hypothalamus and mediobasal hypothalamus. The largest proportion of
GnRH neurons displaying kisspeptin appositions was found in the mediobasal hypothalamus
(P<0.05; Fig. 4.4 C), whereas the medial preoptic area and the anterior hypothalamus displayed
intermediate levels. The proportion of GnRH neurons with kisspeptin appositions was similar
among the other hypothalamic areas (diagonal band of Broca/medial septum, the lateral preoptic
area, lateral anterior hypothalamus and the lateral mediobasal hypothalamus; Fig. 4.4 C). The
number of appositions per GnRH cell ranged from 0 to 10, and was highest in the mediobasal
hypothalamus, while no differences were detected among the other areas (Fig. 4.4 D). Kisspeptin
axons and GnRH neurons were co-localized with synaptotagmin-1, a protein present in synaptic
terminals; i.e., at putative synapses (Fig. 4.4 E).
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Using antibodies raised in goat against human TrkA and mouse P75, NGF receptor neurons
were found in abundance in the diagonal band of Broca and the medial septum. Kisspeptin neurons
in the arcuate nucleus and the preoptic area were not co-localized with either TrkA or P75 (Fig.
4.5) at the level of the perikarya or at the level of axons. Occasionally kisspeptin fibers were
observed in close proximity to TrkA neurons. A diagram representing of our current working
model of NGF-induced ovulation is presented in Figure 4.6.
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Figure 4.1. Effects of intravenous administration of kisspeptin in llamas (Experiment 1; mean ±
SEM). A) Plasma concentrations of LH in llamas treated intravenously with NGF (n = 5; solid
line), kisspeptin (n = 5; dashed line) or PBS (n = 4; dotted line). The arrow at 0 minutes indicates
initial treatment in all groups (NGF, kisspeptin, PBS), the second arrow indicates the time of the
second dose of kisspeptin in the kisspeptin group only. The horizontal bar above the x-axis
indicates the period during which plasma LH concentrations in the kisspeptin-treated group were
elevated from the control group. B) Area under the curve of plasma LH concentrations in the
respective groups. C) Diameter profile of the CL. D) Plasma progesterone concentration after
treatment-induced ovulation. xWithin groups, the first elevation of LH from pre-treatment values
(P<0.05). yWithin groups, the maximum value from pre-treatment values (P<0.05).zWithin groups,
the first decline after maximum values (P<0.05). abValues with different superscripts are different
(P<0.05).

105

Figure 4.2. Effect of pre-treatment with cetrorelix vs. saline on plasma LH concentrations in llamas
in response to kisspeptin treatment (n = 6 per group; mean ± SEM; Experiment 2). The arrows
indicate kisspeptin treatment at 0 and 60 minutes. xWithin groups, the first elevation of LH from
pre-treatment values (P<0.05). yWithin groups, the maximum values from pre-treatment values
(P<0.05). zWithin groups, the first significant decline after maximum values (P<0.05).
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Figure 4.3. Kisspeptin immunoreactivity and relative distribution of kisspeptin and GnRH neurons
in the hypothalamus of llamas (n = 6). A) Strong immunoreactivity was detected in the arcuate
nucleus and median eminence of llamas. B) Higher magnification of a kisspeptin neuron (arrow)
in the arcuate nucleus, surrounded by abundant kisspeptin immunoreactive axons (open arrows).
C) Quantification of kisspeptin immunoreactive neurons in the hypothalamic areas of llamas
(mean ± SEM). D) Quantification of GnRH immunoreactive neurons in the hypothalamic areas of
llamas (mean ± SEM). DBB/MS: Diagonal band of Broca/medial septum. POA: Preoptic area.
AHA: Anterior hypothalamic area. MBH: Mediobasal hypothalamus. MH: Mammillary
hypothalamus. Arc: Arcuate nucleus. IIIV: Third ventricle. abcValues with no common superscripts
are different (P<0.05).
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Figure 4.4. Appositions between kisspeptin axons and GnRH neurons in the hypothalamus of
llamas (n = 6 llamas). A) An example of close apposition between a GnRH neuron (brown) and
kisspeptin axons (blue/black; arrows). B) A GnRH neuron without kisspeptin appositions. C)
Proportion of GnRH neurons displaying at least one kisspeptin apposition among hypothalamic
areas (mean ± SEM). D) Number of appositions per GnRH neuron (with at least 1 apposition)
among hypothalamic areas (mean ± SEM). C, D: Some hypothalamic areas were subdivided into
medial (black bars) and lateral (grey bars) areas. E. Triple immunofluorescence for GnRH (blue),
kisspeptin (green) and synaptotagmin-1 (red) using confocal microscopy. The colocalization of
synaptotagmin-1, GnRH and kisspeptin fibers was identified in the YZ axis (horizontal arrow in
lower insert) and the XZ axis (vertical arrow in lateral insert). Note non-GnRH Kisspeptin
synaptotagmin-1 colocalization (open arrow). DBB/MS: Diagonal band of Broca/medial septum.
POA: Preoptic area. LPOA: Lateral preoptic area. AHA: Anterior hypothalamic area. aLH: Lateral
part at the level of anterior hypothalamus. MBH: Mediobasal hypothalamus. mbLH: Lateral
hypothalamus at the level of the mediobasal hypothalamus. abcValues with different superscripts
are different (P<0.05). * bars with asterisks represent significant differences (P<0.05).
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Figure 4.5. Double immunofluorescence for kisspeptin and NGF receptors in the hypothalamus of
llamas. The left and right panel show representative images of double immunofluorescence for
TrkA (red) and kisspeptin (green), and P75 (red) and kisspeptin (green), respectively. Each row
corresponds to maximum intensity projections from a single microscopic field from a confocal
microscope stack. The periventricular area (PVA) and the lateral preoptic area (LPOA) were used
as a positive control for TrkA and P75, respectively, whereas kisspeptin and NGF receptor
association were evaluated in the preoptic area (POA) and arcuate nucleus (Arc). Arrows indicate
the location of immunoreactive cells at each channel (i.e., at the same level).
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Figure 4.6. Proposed pathway for NGF-induced ovulation. Kisspeptin neurons in the preoptic area
(POA) or the arcuate nucleus (Arc) establish synaptic contacts with GnRH neurons, but do not
express immunoreactivity for NGF receptors. Given that GnRH is a mediator of NGF-induced
ovulation, we hypothesize that neurons containing NGF receptors in the medial septum, diagonal
band of Broca and preoptic area (MS/DBB/POA) or in the periventricular area (PVA) drive the
effect of NGF directly or indirectly though kisspeptin neurons.
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Supplementary table 4.1: Antibodies
Antibody

Antigen

Dilution

Kisspeptin

Mouse Kp-52, amino acid

1:10,000 Dr. Isabel Franceschini and Dr.

43–52

Source

Massimilano Beltramo, INRA,
Nouzilly, France
RRID:AB_2622231

GnRH

GnRH peptide

1:20,000 Dr. Robert Benoit, Montreal
Children’s Hospital, Montreal, QC,
Canada
RRID:AB_2314605

TrkA

Extracellular domain of

1:2,000

human TrkA
P75

Extracellular domain of

ON, Canada; RRID:AB_354970
1:5,000

mouse P75
Synaptotagmin-

synaptotagmin-1,

1

cytoplasmic domain

AF175; R&D systems, Oakville,

AF1157; R&D systems, Oakville,
ON, Canada; RRID:AB_2298561

1:500

Developmental Studies Hybridoma
Bank, University of Iowa,
Department of Biology, Iowa City,
IA 52242; RRID:AB_2199314
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4.5. Discussion
Over the last two decades, kisspeptin has been established as the most potent stimulant of
GnRH and LH secretion in a variety of species including mice (Gottsch et al., 2004), rats (Irwig et
al., 2004, Navarro et al., 2004), sheep (Messager et al. 2005), goats (Hashizume et al. 2010), cattle
(Kadokawa et al., 2008) and humans (Jayasena et al., 2005). Over a similar period, seminal NGF
has been established as the most potent stimulant of GnRH and LH secretion in some induced
ovulators (Adams et al., 2016, Adams et al., 2005, Ratto et al., 2019). In this study, we provide
evidence for a role of kisspeptin in LH secretion in llamas through a GnRH-mediated mechanism,
though the link between the kisspeptin and NGF systems remains unknown. The location of
kisspeptin neurons in the preoptic area and the arcuate nucleus of the hypothalamus of llamas, as
well as the presence of synaptic contacts between kisspeptin axons and GnRH neurons, support
the concept that kisspeptin neurons have an influence over the control of gonadotropin secretion
in camelids.
Administration of kisspeptin induced a relatively brief rise in plasma LH concentrations
compared to NGF, but it was sufficient to induce ovulation in llamas. In contrast, administration
of NGF led to elevated plasma LH concentrations that lasted several hours longer. The difference
in LH response between NGF- and kisspeptin-treated groups may be attributed to a different
mechanism of action or differing pharmacokinetics. With limited diffusion across the blood-brainbarrier, systemically administered kisspeptin appears to act at the level of GnRH nerve terminals
in the median eminence that are exposed to the portal vessels (Caraty et al., 2013, d’Anglemont de
Tassigny et al., 2008), and the effect is short-lived (Leonardi et al., 2020). Similarly, kisspeptin
administration in llamas in the present study was followed by an immediate and transient increase
in plasma LH concentration. We hypothesize that NGF acts primarily at the level of the
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hypothalamus, but the specific site of action has not been clearly defined. In rats, intravenous
administration of NGF induced an elevation in plasma concentrations of ACTH and cortisol
(Taglialatela et al., 1991). Pharmacologic blockade of the rat hypothalamus prevented NGFinduced hypothalamic-pituitary-adrenal activation, but rats responded to an exogenous
corticotropin-releasing factor challenge (Taglialatela et al., 1991), reinforcing the idea that NGF
influenced hypothalamic neuronal function. The half-life of kisspeptin in human (Jayasena et al.,
2005) and mice (d’Anglemont de Tassigny et al., 2017) was about 4 minutes. The half-life of NGF
after intravenous administration in rats ranged from 7.2 ± 0.3 (Poduslo et al., 1996) to 36.3 ± 2.2
minutes (Pradier et al., 1995) when analyzing iodinated NGF kinetics, or up to 2.3 hours when
using enzyme immunoassay for NGF (Tria et al., 1994). The pharmacokinetics of kisspeptin and
NGF in camelids are unknown, but it is noteworthy that NGF induces a prolonged response in LH
secretion in camelids during ovulation induction (Adams et al., 2016). Administration of 125 µg
of NGF in llamas (8 times lower than the present study) induced an elevated LH response that
lasted an average of 5 hours (Tanco et al., 2011).
Several studies have associated NGF-induced ovulation with a luteotrophic effect in llamas
and alpacas (Adams et al., 2016, Adams et al., 2005). This effect has been attributed to prolonged
secretion of LH in llamas ovulating in response to NGF, but a direct effect on the ovary may also
be operant (Adams et al., 2018, Carrasco et al., 2016). Recent evidence suggests that the
luteotrophic effect is a consequence of a direct interaction of NGF with granulosa cells of llamas
(Valderrama et al., 2019). In the present study, no differences were detected in CL diameter or
plasma progesterone concentrations between kisspeptin- and NGF-treated llamas, although the LH
area-under-the-curve was almost two-fold greater in the NGF-treated group than in the kisspeptintreated group. An emerging body of evidence supports a role of kisspeptin at the level of the ovary,
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since kisspeptin and its receptor have been detected in the ovary of rodents (Castellano et al.,
2006), and pigs (Basini et al.,2018). However, the existence of an ovarian kisspeptin signalling
system in llama remains to be established.
The predominant distribution of kisspeptin neurons in the preoptic area and arcuate nucleus
in llamas in the present study is consistent with that reported for mice (Gottsch et al., 2004,
Clarkson et al., 2009), sheep (Franceschini et al., 2013), and rhesus monkeys (Ramaswany et al.,
2008). In rodents, the population of kisspeptin neurons in the preoptic area (also referred to as the
antero-ventral periventricular nucleus in rodents) and the arcuate nucleus have been hypothesized
to mediate the preovulatory LH surge and the pulse secretion of LH, respectively (reviewed by
Moore et al., 2018, Clarkson et al., 2017). However, in sheep, neurons in both the arcuate nucleus
and preoptic area are activated during the LH surge (Merkley et al., 2012), and sheep bearing
estradiol implants in the mediobasal hypothalamus produced an LH surge whereas implants in the
preoptic area did not (Caraty et al., 1998). In llamas, we found that GnRH neurons in the
mediobasal hypothalamus possess greater kisspeptin innervation in terms of the proportion of
GnRH neurons displaying kisspeptin synapses and the number of kisspeptin synapses per GnRH
neuron. This finding is similar to studies in sheep in breeding season (Smith et al., 2008),
suggesting that the site of action of kisspeptin on GnRH neurons is the mediobasal hypothalamus
in llamas. The location at which NGF acts to induce LH secretion and ovulation, however, remains
unclear. Functional and biotracking studies are needed to clarify this issue.
Given the LH releasing effect of kisspeptin and the association of this neuropeptide with
GnRH in the hypothalamus of llamas, we examined tissues to determine if kisspeptin neurons
express high-affinity (TrkA) and low-affinity (P75) receptors for NGF. Although we found
immunoreactivity for both receptors in areas previously reported by our group and others (Carrasco
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et al., 2018, Sobreviela et al., 1994), kisspeptin neurons displaying immunoreactivity for either
NGF receptor were not detected in the preoptic area or in the arcuate nucleus. This finding suggests
that kisspeptin neurons are not the target of NGF in the hypothalamus, but that kisspeptin control
over GnRH secretion is subjugated to another pathway that mediates NGF effects. A list of
potential mediators of GnRH and/or LH secretion has been described (Herbison et al., 2015), and
the findings of the present study open a variety of possible pathways at the hypothalamic level
during NGF-induced ovulation. While TrkA and P75 receptors were not detected in GnRH fibers
(Carrasco et al., 2018), perhaps NGF triggers the secretion of GnRH by indirect interaction with
GnRH terminals in the median eminence.
We conclude that kisspeptin is likely a mediator of induced ovulation in llamas given the
ability to elicit release LH through a GnRH mechanism and the anatomical and histological
properties detected in this study. Our results do not support the idea that hypothalamic kisspeptin
neurons are the target of NGF to induce GnRH and LH release. Further studies will focus on
understanding the relationship between the kisspeptin system in the hypothalamus of llamas and
NGF-induced ovulation.
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5.1. Abstract
NGF stimulated an LH surge by influencing the hypothalamus of llamas. although the
mechanism of action of NGF has not been elucidated, it is hypothesized that an inter-neuronal
system is the functional target of NGF. The objective of the study was to test the hypothesis that a
hypothalamic adrenergic neuronal network plays a role in mediating the NGF-induced
preovulatory LH surge. In Experiment 1, we compared the neuroanatomical distribution of neurons
that contain tyrosine hydroxylase (TH), an enzyme that is part of the adrenergic biosynthetic
pathway, in the hypothalamus of llamas (n = 5) and its association with GnRH neurons. In
Experiment 2, we compared the LH-releasing response to NGF in llamas that were pre-treated
with an alpha-1 and -2 adrenoreceptor antagonist (phenoxybenzamine) or vehicle intravenously (n
= 5 per group). In Experiment 3, we compared the LH response to NGF in llamas that were pretreated with an alpha-1 adrenergic blocker (Doxazosin; n = 3) in the lateral cerebral ventricle or
left untreated (n = 4). In Experiment 1, we found a high density of TH neurons in the A15 (anterior
hypothalamic area), A12 (arcuate nucleus) and the A14 (paraventricular nuclei) catecholaminergic
subgroups. TH axons were found in the median eminence as a dense network in closeness to portal
vessels. No colocalization was found between TH and GnRH neurons, but abundant TH axonal
appositions onto GnRH neurons and fibers were found. In Experiment 2, no differences were
detected in the LH response to NGF in llamas pre-treated with either phenoxybenzamine or
vehicle. In Experiment 3, intracerebroventricular infusion of doxazosin reduced the magnitude of
the LH surge during NGF stimulation (P<0.05). In conclusion, our results support a role of
adrenergic neurocircuits during the NGF-induced preovulatory LH surge in llamas.

Keywords: NGF, llamas, noradrenaline, GnRH, induced ovulation.
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5.2. Introduction
In llamas, ovulation occurs after copulation and absorption of seminal nerve growth factor
(NGF) from the endometrium into systemic circulation (Adams et al., 2005, Ratto et al., 2006).
Treatment with seminal plasma or NGF purified from seminal plasma triggered a preovulatory LH
surge within 30 min and ovulation 29 hours later in >90% of llamas and alpacas (reviewed in
Adams et al., 2016), and formed the basis of what is now recognized as the NGF-induced LH
secretory pathway involving the hypothalamo-pituitary axis. While treatment of pituitary cells in
vitro showed that NGF induced LH release from gonadotrophs (Bogle et al., 2012), in vivo study
showed that the LH surge and ovulation were blocked when llamas were pretreated with a GnRH
receptor blocker before NGF administration, suggesting that NGF acts at the level of the
hypothalamus (Silva et al., 2011). In recent immunohistochemical studies, we have shown that
although the hypothalamus of llama possessed both the high- and the low-affinity NGF receptors
(TrkA and P75, respectively), GnRH neurons were not associated with either receptor (Carrasco
et al., 2018). Thus, we infer that the NGF-induced LH secretory pathway involves one or more
interneurons for mediating ovulation in camelids, but the neuronal populations that drive this
process remain unknown.
Among the several neuronal populations that have a direct or indirect role on GnRH neuron
secretion (reviewed by Herbison, 2005, 2015), adrenergic neuronal systems are operant in both
spontaneous and induced ovulators (reviewed in Herbison et al, 1997). Results of
immunohistochemical studies showed that catecholamine-producing neurons were present in the
hypothalamus of several species (Tillet et al., 1998) including alpacas (Marcos et al., 2013).
Adrenergic neurons and their projections were detected in a variety of hypothalamic areas,
including those of importance in neuroendocrine secretion such as the arcuate nucleus and the
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median eminence. In sheep and cattle, intravenous administration of an alpha-adrenergic blocker
reduced LH pulse frequency (Goodman et al., 1996, Honamarooz et al., 2000), and infusion into
the third ventricle of the brain resulted in a reduction in the magnitude of estrogen-induced LH
release (Clarke et al., 2006). Studies in rhesus monkeys, using push-pull perfusion at the level of
the median eminence, revealed that catecholamines were released in a pulsatile manner resembling
that of GnRH (Terasawa et al., 1988), and the administration of an alpha-1 adrenergic antagonist
reduced or ablated LH pulses (Gearing et al., 1991). Distinct adrenergic neuronal populations may
play a differential role in gonadotropin secretion since intravenous administration of an adrenergic
antagonist in sheep reduced LH pulse amplitude but implantation of the same drug in the preoptic
area did the opposite (Goodman et al., 1996).
More than 70 years ago, intracerebroventricular administration of an adrenergic receptor
antagonist in rabbits blocked coitus-induced ovulation (Sawyer, 1947), suggesting a key role of
adrenergic neurocircuits on induced ovulation in that species. Infusion of norepinephrine into the
third ventricle of rabbits induced an increase in the secretion of GnRH in the hypothalamus and
LH in the bloodstream (Sawyer et al., 1974, Ramirez et al 1986). Further, coitus-induced GnRH
secretion in female does was accompanied by a transient increase in norepinephrine content in the
mediobasal hypothalamus within 10 to 20 minutes after coitus (Kaynard et al., 1990). Finally,
coitus and the LH surge were associated with activation of adrenergic neurons in the brainstem
and in GnRH neurons in the hypothalamus of rabbits and ferrets (Caba et al., 2000, Caba et al.,
2000, Lambert et al., 1992).
Results of the studies cited provide rationale for the hypothesis that the adrenergic system
at the level of the hypothalamus is a mediator of NGF-induced LH secretion in camelids. To test
this, we characterized the distribution of catecholamine-producing neurons in the hypothalamus of
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llamas and their association with GnRH neurons (Experiment 1) and determined the effects of
central or peripheral pharmacological adrenergic receptor antagonism on the LH response to NGF
(Experiments 2 and 3).

5.3. Materials and methods
5.3.1 Animals
Adult female llamas were maintained on pasture with free access to water and hay at the
University of Saskatchewan, Saskatoon, Saskatchewan, Canada. Experimental protocols were
approved by the University Committee of Animal Care and procedures were performed in
accordance with the guidelines of the Canadian Council on Animal Care.

5.3.2. Experiment 1: Distribution of catecholamine-producing neurons in the hypothalamus of
llamas
Tyrosine hydroxylase is the rate-limiting enzyme for catecholamine synthesis, so its
presence was used as a marker of the biosynthetic machinery for epinephrine, norepinephrine and
dopamine (Nagatsu et al., 1964). Hypothalamic sections from llamas (n=5) collected from a
previous study were used (Carrasco et al., 2020). Llamas were euthanized by intravenous
administration of a barbiturate (Euthanyl Forte, Bimeda MTC Animal Health, Cambridge Ontario
Canada), and the hypothalamic tissue was fixed in 4% paraformaldehyde, cryoprotected, frozen
and sectioned every 50 um. Sections were stored at -20⁰C in a solution containing 30% sucrose,
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30% ethylene glycol in PBS until immunohistochemistry, as previously described (Carrasco et al.,
2020, Carrasco, Chapter 4).

5.3.3. Single immunohistochemistry
To evaluate the distribution of adrenergic neurons in the llama hypothalamus, we used an
anti-tyrosine hydroxylase antibody to stain free-floating hypothalamic sections. Every 10th section
per hypothalamus (25 to 35 sections per llama) was washed twice in phosphate-buffered saline
(PBS) and incubated in 3% hydrogen peroxide for 25 minutes at room temperature to block
endogenous peroxidase activity. Sections were rinsed in PBS with shaking for five minutes and,
to improve antigen detection, sections were heated in sodium citrate buffer (0.1 M; pH 6.0) for 35
minutes at 80°C. Sections were rinsed in PBS and incubated in 0.5% bovine serum albumin (BSA;
Sigma, Oakville, ON, Canada) in PBST (PBS with 0.5% triton X100) for an hour to block nonspecific binding, followed by incubation with rabbit anti-tyrosine hydroxylase antibody (1:15,000;
AB152, Millipore Canada, ON, Canada, RRDI: AB_390204) in blocking buffer for 48 hours at
4°C. Sections were washed three times in PBS for 10 minutes each on a rocking plate. A
biotinylated secondary antibody (goat anti-rabbit, 1:1,000 in PBST; Life Technologies,
Burlington, ON, Canada) was applied to sections for 1 hour. Sections were washed in PBS three
times and incubated in streptavidin conjugated to horseradish peroxidase (1:10,000 in PBST,
Jackson Immunoresearch, West Grove, PA, USA) for 1 hour. After rinsing sections three times in
sodium acetate buffer (0.175 M) for 5 minutes each, the immunoreaction was visualized by
incubating sections in Nickel-enhanced diaminobenzidine (DAB; Sigma, Oakville, ON, Canada)
solution containing hydrogen peroxide. After 10 minutes of incubation in the chromogenic

124

solution, sections were rinsed in PBST for 20 minutes each, mounted on glass-slides, air dried and
cover-slipped in xylene-based medium.

5.3.4. Double sequential immunohistochemistry and immunofluorescence
To characterize the relationship between TH and GnRH neurons in the hypothalamus of
llamas, we employed a double sequential immunohistochemical procedure to avoid crossreactivity between antibodies raised in the same species. Double sequential immunohistochemistry
was carried out almost exactly as single immunohistochemistry (see above). After TH staining, a
rabbit anti-GnRH (1:20,000; LR5, courtesy of Dr. Robert Benoit, Montreal Children’s Hospital,
Montreal, QC, Canada; RRID:_AB_2314605) antibody diluted in blocking buffer were applied
onto sections for 48 hours. Sections were rinsed in PBS twice, and a biotinylated goat anti-rabbit
secondary antibody (for light microscopy, 1:1,000 diluted in PBST; Life Technologies,
Burlington, ON, Canada) was applied to sections for 1 hour at room temperature. Sections were
washed in PBS twice for five minutes each, followed by incubation in streptavidin conjugated to
horseradish peroxidase (1:10,000; Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
for an hour. Sections were washed three times in PBS and incubated in a DAB (Sigma, Oakville,
ON, Canada) solution containing hydrogen peroxide in PBS until color development. Double
immunofluorescence was carried almost exactly as double immunohistochemistry with the
difference that, for fluorescence, TH antibody was used at a higher concentration (1:5,000) and an
Alexa 546-conjugated streptavidin was used for antigen visualization. Fluorescent and DABstained sections were washed, mounted onto glass slides, air dried, and cover-slipped in xylenebased mounting media or a mounting media with antifade agent and dapi (nuclear staining) for
light and fluorescence microscopy, respectively. Under these conditions TH and GnRH
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immunoreactivity were visualized as a blue/black and brown color, respectively. Double
immunofluorescence-labelled sections were examined for TH (red) and GnRH (green) using a
fluorescence microscope (Zeiss Axioskop 40; Thornwood, NY, USA) and confocal microscope
(Leica Microsystems, Concord, ON, Canada) with lasers for excitation of Alexa 488, Alexa 546,
and DAPI. Confocal stacks were obtained using a 63x oil immersion objective lens with 1.4
numerical aperture.

5.3.5. Cellular quantification
Immunoreactive TH neurons were quantified by manually counting the number of cells in
a defined area (0.5625 mm2) with the aid of an eyepiece grid (10x magnification). The field of
view and the grid were positioned in the middle of each area of interest (i.e., hypothalamic nucleus
or area) and TH immunoreactive neurons were quantified. Cell density was estimated by averaging
cell counts from 3 to 6 microscopic fields per nucleus or area per animal. Cell density is expressed
as number of cells per mm2 per nucleus or area. The nomenclature for catecholaminergic groups
in the diencephalon was based on the description in comparative study by Tillet et al (1998).

5.3.6. Antibody controls
The antibody against GnRH was previously validated in llama tissues (Carrasco et al.,
2018). The TH antibody recognizes TH in mammalian and non-mammalian species, ranging from
mouse to Drosophila (Johnson et al., 2015, Withworth et al., 2005). In the present study, TH
specificity was evaluated by replacement of primary antisera with pre-immune rabbit serum or
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omission of the primary antibody, and by western blot on protein extracts from PC12 cells (Greene
et al., 1976).

5.3.7. Experiment 2: Peripheral blockade of alpha -adrenergic receptors in induced ovulation
Ovarian status was synchronized among llamas by induction of ovulation using a GnRH
analog (100ug, Gonadorelin acetate, Fertiline, Vetoquinol, Lavaltrie, QC, Canada; Ratto et al.,
2003), and their ovarian status was evaluated every-other-day by transrectal ultrasonography using
a 5 MHz linear-array probe (Mylab 5, Esaote North America Inc, Indianapolis, IN, USA; Adams
et al., 1989). When a growing dominant follicle ≥ 7 mm was detected, llamas were fitted with a
jugular catheter. The following day, llamas were treated intravenously with phenoxybenzamine
(0.8 mg per kg, dissolved in 50% ethanol 50% propylene glycol; B019; Sigma, Oakville, ON,
Canada) or vehicle (n = 5 per group). After 60 minutes, llamas were given an intravenous dose of
NGF purified from llama semen (500 ug). Blood samples were obtained every 30 minutes from 1
hour before NGF treatment to 6 hours after treatment. Samples were centrifuged at 1,500 x g and
plasma was harvested and stored at -20⁰C until radioimmunoassay. Llamas were examined by
transrectal ultrasonography 48 hours after NGF treatment to detect ovulation, defined as the
disappearance of a large dominant follicle from one examination to the next.

5.3.8. Experiment 3: Central blockade of alpha-1 adrenergic receptors on induced ovulation
Llamas in which an intracerebroventricular cannula was placed for the purposes of another
study (Carrasco et al., Chapter 7) were selected based on the functional patency of the cannula (n
= 3) and compared with a non-cannulated control group (n = 4). Llamas at random stages of the
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estrous cycle were fitted with a jugular catheter for frequent blood collection. The following day,
cannulated llamas were infused intracerebroventricularly with doxazosin mesylate (D9815, Sigma,
Oakville, ON, Canada), an alpha-1 adrenoreceptor antagonist, whereas control llamas were left
untreated. Doxazosin was dissolved in sterile water and filter-sterilized before use. Llamas were
infused with a loading dose of 300 nmoles of doxazosin mesylate, followed by an infusion of 300
nmoles per hour for 3 hours with the aid of a syringe pump (SAI 3D™ Programmable Syringe
Pump, SAI infusion technologies, Lake Villa, IL, USA). Purified seminal NGF (500 ug) was given
intravenously to llamas in both groups 30 minutes after the start of ventricular infusion, and blood
samples were obtained every 30 minutes from 30 minutes before NGF treatment until 3 hours
after. Blood samples were centrifuged at 1500 x g for 15 minutes, and plasma was harvested and
stored frozen at -20⁰C until radioimmunoassay.

5.3.9. Ventricular cannulation
Llamas were fitted with a lateral ventricle catheter, as described previously (Carrasco et
al., Chapter 7). Briefly, general anesthesia was induced with a mixture of ketamine, xylazine and
butorphanol (2.5 mg/kg, 0.5 mg/kg and 0.1 mg/kg, respectively) given intravenously. Llamas were
intubated and maintained under isofluorane gas anesthesia with continuous IV fluids. The frontal
area of the head was shaved and sterilized with iodine solution. A midline incision was made over
the cranium just rostral to a line drawn between the mandibular processes, and a small area of the
periosteum was scraped from the frontal bone with the handle of a scalpel. Using a 3 mm drill bit,
a hole was made through the frontal bone 5 mm cranial and 5 mm lateral to the midline. A catheter
needle with a stylet was then placed through the cerebral cortex and, after removal of the stylet,
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advanced until CSF flowed from the needle. The needle was removed while maintaining the
catheter in place (approximately 5 cm length), and the catheter was connected to a titanium port
for subcutaneous access (Le Petite Port, NV-CP100K, Norfolk Vet Products, Skokie, IL, USA)).
The subcutaneous port was sutured in place, and post-operatively, llamas were given penicillin
(20,000 IU/kg IM) twice a day for 3 days and analgesics (Banamine, 1.1mg/kg, IM two days).

5.3.10. NGF purification
Semen was collected during the months of May and June from male llamas and alpacas
using a dummy mount with an attached artificial vagina. NGF purification was carried as described
by Ratto et al (2011). Upon collection, semen was transported to the laboratory and mixed 1:1 with
PBS. After passing the semen though a needle (20g) with by the aid of a syringe, the cellular
fraction (sperm) was separated by centrifugation at 3000 x g for 30 minutes and the supernatant
was stored frozen at -20⁰C. Seminal plasma was thawed, sonicated and protein concentration was
estimated using the Bradford method. A volume of seminal plasma equivalent to 30-40 mg of total
protein was loaded in a ceramic hydroxyapatite column (20 µm; Bio-Rad, Hercules, CA, USA).
The seminal plasma proteins were allowed to bind to the column for 30 minutes and proteins were
separated by elution in a linear phosphate gradient (10 to 350 mM). After protein quantification,
fractions representing the last protein peak were pooled, concentrated and protein concentration
was estimated as above. Pooled samples were loaded in a size exclusion column (SEC, Hi Prep
26/60 Sephacryl S-100, Amersham Laboratories, Piscataway, NJ, USA) attached to a FPLC
system (AKTA pure protein purification system, GE Healthcare, Pittsburgh, PA, USA), and eluted
isocratically in PBS. Fractions corresponding to the second protein peak were pooled,
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concentrated, and stored frozen at -20⁰C. Purified NGF was identified by western blot or induction
of ovulation in llamas (data not shown).

5.3.11. Radioimmunoassay
Plasma

LH

concentrations

were

measured

in

duplicate

using

a

validated

radioimmunoassay, as previously described (Adams et al., 2005). A standard curve was generated
using ovine LH ranging from 60 pg/ml to 8 ng/ml. All samples were measured in a single assay;
the detection limit was 0.1 ng/ml and the intra-assay coefficient of variation was 7% and 5% for
the low- and high-reference standards, respectively.

5.3.12. Statistical analysis
Data are presented as mean ± SEM. The TH cell densities among hypothalamic areas were
transformed using square root, and the distribution among hypothalamic areas was compared by
one-way analysis of variance and Tukey’s test as a post hoc test. Serial plasma LH concentrations
were compared among groups by analysis of variance for repeated measures. Significance was
assumed when P<0.05.

5.4. Results
5.4.1. Distribution of catecholamine-producing neurons in the hypothalamus of llamas
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Neurons immunoreactive to TH were observed in several hypothalamic nuclei and areas
(Fig. 5.1). Two different TH immunoreactive cell types were identified in the hypothalamus of
llamas based on relative size. One cell type was distinguishably large with multiple cellular
processes. The large cell type was present in the paraventricular hypothalamus, dorsal
hypothalamus and supraoptic nucleus (Fig. 5.1 A). The other TH immunoreactive cell type was
small, rounded, with one or two cellular projections. Small TH cells surrounded the ventral
portions of the third ventricle in the hypothalamus, forming a continuum from the preoptic recess
to the mammillary recess (Fig. 5.1 A). TH immunoreactive fibers were abundant in several
hypothalamic areas such as the arcuate nucleus (Fig. 5.1 B) the dorsal hypothalamus (Fig. 5.1 C)
and the median eminence (Fig. 5.1 D).
Sketches

of

hypothalamic

sections

representative

of

the

rostro-caudal

TH

immunoreactivity and the quantification of immunoreactivity are presented in Figure 5.2 A.
Quantification of TH immunoreactive cells revealed that the highest density of TH cells was
located in the A15 (anterior hypothalamic area), A12 (the arcuate nucleus), and A14 (rostral
periventricular area) cell groups. The A13 (dorsal hypothalamus) and A11 (periventricular
nucleus) cell groups had a smaller density of cells than the aforementioned cell groups, but higher
than the medial septum and the medial preoptic area (Fig. 5.2 B).

5.4.2. Association of TH with GnRH
GnRH neurons were detected by immunohistochemistry and immunofluorescence in all
areas examined, but distinct accumulations were found in the mediobasal hypothalamus, while
GnRH immunoreactive fibers were located mainly in the median eminence. GnRH neurons had
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an abundance of TH fibers and neurons (Fig. 5.3 A). Examination at high magnification revealed
appositions between GnRH neurons and TH fibers in all hypothalamic areas, and TH fibers were
present at the level of the GnRH perikarya (Fig. 5.3 B-E), including GnRH projections (Fig. 5.3
D). Occasionally, TH axons were in contact with GnRH neurons at both the cell body and at their
axons/dendrites (Fig. 5.3 C). Interestingly, GnRH neuronal terminals at the median eminence had
abundant appositions with TH neuroterminals (Fig. 5.3 F).

5.4.3. Peripheral blockade of alpha -adrenergic receptors in induced ovulation
The diameter of the dominant follicle did not differ between groups at the time of treatment
(8.38 ± 1.7 and 7.7 ± 1.5 mm for the phenoxybenzamine and control groups, respectively). The
proportion of llamas that ovulated was not different between phenoxybenzamine- and vehicletreated groups (3/5 and 2/5, respectively). The LH response to NGF in llamas pretreated with
phenoxybenzamine or vehicle is presented in Figure 5.4. LH concentrations in llamas increased
due to NGF treatment (P<0.001), however, no differences between treatment groups (P=0.624)
nor interaction between time and treatment (P=0.644) was found.

5.4.4. Central blockade of alpha-1 adrenergic receptors on induced ovulation
The LH response to NGF in llamas that received Doxazosin or left untreated is presented
in Figure 5.5. LH concentrations were lower in llamas that received doxazosin at 30, 90, 120 and
150 minutes after NGF treatment (P<0.05), reaching a 3-fold reduction at 120 mins after NGF
treatment.
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Figure 5.1. Experiment 1 - TH immunohistochemistry in the hypothalamus of llamas. TH neurons
and fibers were detected in the dorsal hypothalamus (A), arcuate nucleus (B), medial septum (C)
and the median eminence (D). The solid and open arrows in (A) show large and small TH neurons,
respectively. The arrow in (D) indicates TH neuronal terminals at the median eminence. IIIV: third
ventricle. PT: pars tuberalis of the pituitary.
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Figure 5.2. Experiment 1 – Distribution of tyrosine hydroxylase immunoreactivity in the llama
hypothalamus (n=5). A. Camera lucida sketches outlined from representative hypothalamic
sections from rostral to caudal. Dots represent the density of tyrosine hydroxylase neurons (dot =
approximately 5 TH neurons). B. Density of tyrosine hydroxylase immunoreactive cells (mean ±
SEM per mm2 in each hypothalamic area). MS = Medial septum, MPO = Medial preoptic area,
PEV = Periventricular nucleus, Arc = Arcuate nucleus, rPEV = Rostral periventricular area, AHA
= Anterior hypothalamic area. abcd Values with no common superscripts are different (P<0.05).
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Figure 5.3. Experiment 1 - Association of TH and GnRH immunoreactive neurons in the
hypothalamus of llamas as assessed by double immunohistochemistry (GnRH = brown, TH =
black) or immunofluorescence (GnRH = green, TH = red). A. Example of TH with GnRH
association in the arcuate nucleus. B-E. Examples of TH appositions (arrows) onto GnRH neurons
in the hypothalamus of llamas. F. Representative appositions (arrows) of TH axons onto GnRH
fibers.
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Figure 5.4. Experiment 2 - LH response (mean ± SEM) in llamas treated with NGF after
pretreatment with either phenoxybenzamine or vehicle (n = 5 per group). The arrow indicates the
time of NGF administration.
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Figure 5.5. Experiment 3 - LH response (mean ± SEM) in llamas given NGF after initiating
intracerebroventricular infusion of an alpha-1-adrenergic receptor antagonist or (n = 3) or no pretreatment (n = 4). The arrow indicates the time of NGF administration. *Values are different
between groups (P<0.05).

5.5. Discussion
Results from the present study are providing the first evidence for a role of adrenergic
neurosystems on the LH releasing pathway induced by NGF in camelids. A strong reduction in the
NGF-induced LH surge was observed when llamas were infused with an alpha-1-adrenergic
receptor centrally but not peripherally. The findings support the idea that brain adrenergic neurons
are potentially the interneuron that mediates the ovulatory effect of NGF. In addition, we provide
evidence that the influence of noradrenaline on LH secretion could be executed at the level of cell
bodies or at the level of GnRH axons in the median eminence, where TH and GnRH were close
association.
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The distribution of tyrosine hydroxylase immunoreactivity in the hypothalamus described
in this study is consistent with what has been reported in the literature (Tillet et al., 1998), with
methodological differences. The finding that catecholamine-producing neuronal projections are in
proximity to GnRH neurons is suggestive of a role in regulating GnRH neuron function. Although
we did not assess the expression of adrenergic receptors in the hypothalamus of llamas, studies in
rats have found the alpha-1B-receptors are expressed in up to 80% of GnRH neurons (Hosny et
al., 1998). In addition, synaptic contacts between GnRH and catecholaminergic neuroterminals
have been demonstrated at the ultrastructural level (Miller et al., 1995) and by viral transsynaptic
tracer studies using mice (Campbell et al., 2007). However, our morphological study should be
taken carefully since it has the following limitations: 1) TH is the enzyme that catalyzes the first
step in the biosynthetic pathway for catecholamines, since this pathway is shared with
dopaminergic neurons, we cannot rule out that some of the neurons detected in this study are
indeed dopaminergic. 2) we cannot exclude that adrenergic neurons from extrahypothalamic sites
might be involved in the NGF-induced LH surge. Tract-tracing studies in rodents and sheep have
shown that adrenergic neurons in the brainstem projected to the preoptic area, in the vicinity of
GnRH neurons (Wright et al., 1993, Scott et al., 2003). Further, electrical stimulation of the
brainstem increased the noradrenaline content in the hypothalamus of rats (Herbison et al., 1990),
and viral tract tracing in mice revealed a direct connection between the brainstem adrenergic
neurons and GnRH neurons in the hypothalamus (Campbell et al., 2007). To clarify the anatomical
and functional role of extrahypothalamic noradrenaline-producing neurons on control of
gonadotrophin secretion in llamas, tract-tracing and microdialysis studies are needed.
Our results are consistent with studies in sheep in which blockade of alpha-1adrenoreceptors induced a reduction of the magnitude of the LH surge (Clarke et al., 2006),
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suggesting that the alpha-1-adrenergic receptor is mediating the generation of the LH surge.
Interestingly, intravenous administration of phenoxybenzamine had no effect on NGF-induced
release but central administration of doxazosin reduced the magnitude of the LH surge triggered
by NGF. We attribute these differences in accessibility to brain tissue or through the blood-brain
barrier between both drugs. Additionally, phenoxybenzamine has antagonistic effects on alpha 1
and 2 adrenoreceptors while doxazosin has only alpha-1 antagonism.
Whether the role of adrenergic networks on GnRH neurons is played at the GnRH
perikarya or the GnRH axons is currently unknown. In a study recent study, we reported that the
effect of NGF may be carried by acting on hypothalamic neurons that possess one or both NGF
receptors or by acting at the median eminence, where the P75 receptor was found in tanycytes
(Carrasco et al., accepted). The presence of fiber-like immunoreactivity in the median eminence
of llamas in apposition with GnRH neurons is suggestive of an adrenergic role on GnRH and LH
secretion, however, it remains to be confirmed that the TH-GnRH appositions are actual synaptic
contacts and that llama GnRH neurons express the relevant receptor for noradrenaline. Studies
using the isolated rat median eminence have shown that noradrenaline through its alpha-adrenergic
receptors induces the release of GnRH from nerve terminals by a mechanism mediated by
prostaglandin E2 (Ojeda et al., 1982), and with the possible involvement of nitric oxide (Rettori et
al., 1993). Thus, the current evidence along with the presence of the low affinity receptor for NGF
(P75) in tanycytes of the median eminence, suggest that NGF may be acting at the edge of the
brain to trigger ovulation.
Based on our results, however, we cannot exclude the role extrahypothalamic adrenergic
neurons in mediating NGF induced ovulation. Adrenergic neurons in the brainstem have been
hypothesized to play a role in gonadotrophin secretion since they project directly to GnRH neurons
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in the mediobasal hypothalamus in mice (see above, Campbell et al., 2007) and these neurons
express markers of neuronal activation during the LH surge in sheep (Rawson et al., 2001). One
interesting aspect of brainstem adrenergic neurons is that a subpopulation of neurons is present in
proximity to the area postrema, a circumventricular organ such as the median eminence (Tillet et
al., 1998. Marcos et al., 2011). The area postrema is a sensing circumventricular organ that allows
the detection of compounds in the bloodstream that could trigger physiological events such as
vomiting. Interestingly, the area postrema express the high affinity receptor gene and protein for
NGF in rat (Holtzman et al., 1995). Future studies will focus in understanding the relevance of this
pathway in NGF induced ovulation in camelids.
In conclusion, we provide evidence that noradrenaline is involved in the preovulatory LH
surge triggered by NGF in south American camelids. We are presenting strong evidence that
adrenergic neurons represent the interneurons that connect the site of action of NGF and the
activation of GnRH perikarya or terminals. Further studies will be inquiring about the role of
adrenergic receptors and at which level are exerting its effect, as well as the mechanism by which
NGF activates the adrenergic system to induce ovulation.
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6.1. Abstract
To elucidate the mechanism by which NGF influences the LH secretory pathway in
camelids, a series of experiments were done to determine the involvement of the hypothalamus
(Experiment 1), the role of GnRH neurons (Experiment 2), and the effect of progesterone
(Experiment 3) on the NGF-induced LH surge and ovulation in llamas. In Experiment 1, the
declining phase of the NGF-induced LH surge was used to determine if the decline is a result of
pituitary depletion or hypothalamic unresponsiveness. Female llamas were treated with NGF and
7 hours later assigned to three groups and given a second dose of NGF (n = 6), a dose of GnRH (n
= 5), or saline (n = 6). The LH response was attenuated after the second dose of NGF compared to
GnRH. In Experiment 2, Fos expression (marker of neuronal activation) in GnRH neurons was
examined in the hypothalamus of llamas 4 hours after NGF or saline treatment (n = 3 per group).
Despite that the NGF group, but not the saline group had an LH surge, no differences were detected
between groups in Fos/GnRH co-expression. In Experiment 3, llamas in low-, medium-, and high
plasma progesterone groups (n = 4 per group) were treated with NGF. The NGF-induced LH surge
did not differ among treatment groups. Results from the present study suggest that the induction
of a preovulatory LH surge by NGF is controlled by a novel pathway driven by GnRH neuroterminals downstream of the hypothalamus and is independent of progesterone influence.

Keywords: NGF, llamas, Luteinizing hormone. Ovulation, GnRH, Seminal plasma
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6.2. Introduction
In South American camelids, the phenomenon of induced ovulation is triggered by nerve
growth factor (NGF) present in seminal plasma (Adams et al., 2005; Ratto et al., 2011; Ratto et
al., 2012), and coital stimulation itself is not a major player as ascribed in other induced ovulators
(Carroll et al., 1985; Berland et al., 2016). The finding that NGF induced a preovulatory LH surge
and that stimulation of the hypothalamus may be involved (Silva et al., 2011), suggest direct
interaction of NGF with hypothalamic neurons. In an immunohistochemical study of the
hypothalamus of llamas (Carrasco et al., 2018), only 2% of GnRH neurons were immunoreactive
to TrkA (high-affinity receptor for NGF) and no co-localization between GnRH and p75 (lowaffinity receptor for NGF) was detected, suggesting that an inter-neuronal network mediates the
ovulatory process. However, to trigger an NGF-induced LH surge and ovulation, an obligatory
role of GnRH release into the portal system is needed (Silva et al., 2011), implicating a degree of
hypothalamic neuronal involvement.
NGF is a member of the neurotrophin family, which is composed of brain-derived
neurotrophic factor, neurotrophin 3/4 and neurotrophin 5 (Huang et al., 2001). Although most of
the reported effects of NGF involve an autocrine or paracrine mechanism of action, the effect of
NGF during ovulation-induction involves an endocrine mechanism (reviewed in Adams et al.,
2016). The pharmacokinetics of NGF during ovulation induction remain unknown in camelids but
based on the LH response after intrauterine, intramuscular or intravenous administration,
exogenous NGF activates its receptors rapidly (Silva et al., 2015), and the effect of NGF on LH
secretion follows a dose-response relationship (Tanco et al., 2011). However, whether the site of
NGF regulation of the LH surge is at the hypothalamic or pituitary level remains unknown.
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The proto-oncogen Fos has been used extensively as a marker of neuronal activation. Initial
in vitro studies using PC12 cells revealed that treatment with mouse NGF induced an immediate (<
15 min) and potent (100-fold increase) elevation in Fos mRNA (Milbrandt, 1986). Based on rodent
models, neurons expressed the Fos protein within 90 minutes of a stimulus and the protein
remained upregulated for 2 to 5 hours thereafter, whereas unstimulated animals expressed little or
no Fos (Hoffman et al., 1993). Fos was upregulated in GnRH neurons from rats in late proestrus
(i.e., associated with the LH surge; Lee et al., 1990), and Fos/GnRH co-expression during the LH
surge was demonstrated in mice (Wu et al., 1992; Wintermantel et al., 2006) and sheep (Moenter
et al., 1993). In induced ovulators, such as rabbits and ferrets, expression of Fos in GnRH neurons
was markedly increased after mating and ovulation (Lambert et al.; 1992 Caba et al., 2000).
Progesterone inhibits the release of GnRH at the portal vessels thereby decreasing the pulse
frequency of LH release from the pituitary gland (Goodman and Karsch, 1980; Karsch et al., 1987).
The idea that the pituitary is not affected directly by progesterone to decrease gonadotrophin
secretion was illustrated in a study using ewes in which the pituitary had been surgically
disconnected from the hypothalamus (Clarke and Cummins, 1984). The ewes were given hourly
boluses of GnRH to simulate hypothalamic secretion of GnRH (endogenous pulsatility) and ewes
were challenged with progesterone or estrogen implants. Only ewes treated with estradiol had
changes in LH and FSH secretion, whereas ewes treated with progesterone did not. In camelids,
the effects of progesterone on LH have been inferred from observed changes in the development
of the dominant (LH-responsive) ovarian follicle. In an early study using transrectal
ultrasonography, the diameter profile of the dominant follicle was smaller and the interwave
interval was shorter in llamas that had a CL (luteal phase or pregnancy) than in those that did not

144

(anovulatory; Adams et al., 1990), similar to the effects reported in cattle (Adams et al., 1992)
suggestive of an inhibitory effect of progesterone on gonadotrophin (and GnRH) secretion.
Our working hypothesis is that NGF acts at the level of the hypothalamus to induce LH
secretion and ovulation. The objective of Experiment 1 was to determine the differential
responsiveness of the hypothalamus and the pituitary to NGF during the declining phase of the
pre-ovulatory LH surge. In Experiment 2, the objective was to test the involvement of GnRH
neurons during the NGF-induced LH surge by evaluating the expression of a marker of neuronal
activation. In Experiment 3, the objective was to determine the relationship between circulating
progesterone concentrations and the NGF-induced LH response in llamas.

6.3. Material and methods
6.3.1. Animals
Adult, non-lactating, female llamas (n = 24) were used from the llama herd at the
University of Saskatchewan. Experimental protocols were approved by the University Animal
Care Committee, and conducted in accordance with the guidelines of the Canadian Council on
Animal Care.

6.3.2. Experiment 1: Sensitivity of the LH secretory system during the post-surge decline
Ovarian synchrony was induced among llamas (n = 17) by treatment with GnRH (100 µg
im, gonadorelin acetate, Fertiline, Vetoquinol, Lavaltrie, QC, Canada; Ratto et al., 2003). Ovarian
dynamics were monitored every-other-day by ultrasonography (Mylab 5, Esaote North America
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Inc, Indianapolis, IN, USA), and by 11 days post-GnRH, all llamas had no CL or a regressing CL
and a growing dominant follicle ≥ 7 mm in diameter. A jugular catheter was put in place, and the
following day llamas were treated intravenously with 1 mg NGF purified from llama seminal
plasma. Blood samples were taken at the time of treatment and every 30 minutes for 7 hours, at
which time they were assigned randomly to three groups and treated intravenously with either
NGF (1 mg, n = 5, NGF-NGF), GnRH (100 ug, n = 5; NGF-GnRH) or saline (n = 6; NGF-saline).
Blood samples were taken every 30 minutes for an additional 7 hours. Plasma was harvested after
centrifugation and stored at -20⁰C until radioimmunoassay. Llamas were examined by transrectal
ultrasonography 48 hours later to evaluate ovulation.

6.3.3. Experiment 2: Neuronal activation by NGF in llamas
Llamas (n = 6) were examined daily by transrectal ultrasonography to determine follicular
wave emergence and the development of a dominant follicle. Llamas were fitted with an
indwelling jugular catheter when a growing dominant follicle ≥ 7 mm was detected. The following
day, llamas were treated intravenously with 1 mg of NGF purified from llama seminal plasma or
the equivalent volume of saline solution (2 ml; n = 3 per group), and blood samples were taken
every 15 minutes from 1 hour before to 4 hours after treatment. Blood samples were centrifuged,
and plasma was stored at -20⁰C until radioimmunoassay. Immediately after collection of the last
blood sample, llamas were euthanized by administration of a barbiturate solution (Euthanyl,
Bimeda-MTC Animal Health, Cambridge, ON, Canada). The time of tissue collection was
scheduled to be 1 hour after the expected LH peak (3 hrs post-treatment; Adams et al., 2005; Ratto
et al., 2011), ensuring a maximal response in LH output. Since Fos expression is expected to
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increase 90 minutes after a stimulus (Hoffman et al., 1993), we expected the maximal response in
Fos expression following the LH peak. The head and proximal third of the neck were separated
from the body, the carotid arteries were identified, cannulated, and perfused with 1 liter of
heparinized saline solution followed by 3 liters of 4% paraformaldehyde in phosphate buffered
saline (PBS, pH = 7.4; Carrasco et al., 2018). The brain was removed from the skull, and a block
of tissue containing the preoptic area and hypothalamus was dissected and immersed in the same
fixative for 48 hours at 4ºC. Tissues were rinsed three times in PBS and deposited in cryoprotectant
solution (30% sucrose in PBS) until they sank. Samples were stored frozen at -80ºC.

6.3.4. Tissue processing and immunohistochemistry
Tissues were sectioned every 50 µm and stored individually in a solution containing 30%
ethylene glycol, 30% sucrose in PBS at -20ºC until the immunocytochemical procedure. Double
immunohistochemistry was carried as free-floating sections using a double peroxidase staining
(Hoffman et al., 2016) Hypothalamic sections were washed thrice in PBS to remove the
cryoprotectant solution, and sections were incubated with 3% hydrogen peroxide to inhibit
endogenous peroxidases for 35 mins. To increase sensitivity, antigen retrieval was performed by
boiling the sections in sodium citrate buffer at 93º C for 30 mins. Non-specific binding was blocked
by incubating the sections in 0.5% BSA, 0.5% triton x in PBS for 1 hour at room temperature.
Rabbit Fos antibody (ABE547, Millipore, USA) was applied at a dilution of 1:100,000 in blocking
buffer for 48 hours at 4º C with slight rocking. After washing the sections three times in PBS, a
biotinylated goat anti-rabbit antibody (Life Technologies, Burlington, ON, Canada) was applied
for 1 hour at room temperature diluted 1:1,000. Samples were washed as stated above and
incubated with streptavidin conjugated with HRP diluted 1:10,000 (Jackson Immunoresearch,
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West Grove, PA, USA) in blocking buffer. Antigen-antibody complexes were visualized by
incubation with 0.05% diaminobenzidine, 2.5% Nickel sulfate and 0.02% hydrogen peroxide in
sodium acetate buffer (0.175M) for at least 30 mins. This procedure gives a blue/black product
that is restricted to the nucleus. Floating sections were rinsed in sodium acetate buffer and washed
two times in PBS 0.5% triton X-100. Immediately, samples were incubated with a solution
containing a GnRH antibody (LR5; kindly provided by Dr Robert Benoit, Montreal Children’s
Hospital, Montreal, QC, Canada) diluted 1:20,000 in blocking buffer for 48 hours at 4ºC. Samples
were washed and incubated with a biotinylated anti-rabbit secondary antibody (Life Technologies,
Burlington, ON, Canada) at a 1:1000 dilution for 1 hour at room temperature, followed by three
washes in PBS. Finally, sections were incubated in a solution containing streptavidin conjugated
to HRP (1:10,000, Jackson Immunoresearch, West Grove, PA, USA). GnRH was visualized by
incubating the sections in 0.05% diaminobenzidine, 0.02% hydrogen peroxidase in PBS, that gives
brown staining. Sections were washed twice, mounted in glass slides, coverslipped, and examined
under light microscopy. Under our conditions, a typical double immune-positive cell
(phenotypically identified activated neuron) had a blue/black nucleus (Fos) and brown cytoplasm
(GnRH). The number of GnRH neurons expressing or not nuclear Fos immunoreactivity were
counted in every 10th hypothalamic section (range: 25 to 32 sections per brain) at a magnification
of 20 and 100x. Neuronal counts were summed among sections representing hypothalamic areas,
as described previously (Carrasco et al., 2018), and averaged per treatment group.

6.3.5. Experiment 3: Effects of progesterone on NGF-induced LH release
The experiment was done in two parts. In Part 1, llamas were assigned to low-, mediumand high-progesterone groups (n = 4 per group). The low-progesterone group consisted of non148

mated (non-ovulatory) llamas, the medium-progesterone group consisted of mated llamas (luteal
phase; 3-4 weeks pregnant), and the high-progesterone group consisted of non-mated llamas given
a single intramuscular dose of progesterone (300 mg im; 16 hours before NGF treatment;
Progesterone BioRelease LA, Lexington, Ky, USA; Veiga et al, 2018). A jugular catheter was
placed, and the following day llamas were given an intravenous dose of 1 mg NGF isolated from
seminal plasma. Blood samples were taken every 30 minutes from 1 hour before to 5.5 hours after
NGF treatment. Plasma was harvested after centrifugation and stored frozen at -20⁰C until
radioimmunoassay.
In Part 2, non-luteal phase llamas were assigned randomly to two groups and given a single
intramuscular dose of progesterone (300 mg im; 16 hours before GnRH treatment; Progesterone
BioRelease LA) or left untreated (n = 4 per group). Llamas were given GnRH (50 µg Fertiline
intravenously) 16 hours after progesterone treatment, and blood samples were collected by jugular
venipuncture at -0.5, 0, 1, 2, and 4 hours (time 0 = GnRH treatment). Plasma was harvested after
centrifugation and stored frozen at -20⁰C until radioimmunoassay.

6.3.6. NGF purification from seminal plasma
Nerve growth factor was purified from semen of alpacas and llamas as previously described
(Ratto et al., 2011). Ejaculates were collected from males by artificial vagina and diluted 1:1 in
PBS. Semen viscosity was disrupted by passing the mixture repeatedly through a 20-gauge needle.
Sperm cells were separated from seminal plasma by centrifugation, and the seminal plasma was
sonicated, filtered through a 0.22 um filter. Seminal plasma proteins (25-30 mg total protein per
column) were separated by ceramic hydroxyl apatite chromatography (Bio-Rad, Hercules, CA,
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USA) in a phosphate gradient (10 to 400 mM). Fractions corresponding to the third peak of protein
in the chromatogram were collected, buffer exchanged, concentrated by centrifugation in a spin
filter (Amicon Ultra-15, Millipore, Etobicoke, ON, Canada), and stored frozen. After thawing,
samples containing 8 to 15 mg of protein were further purified by size exclusion chromatography
using a sepharose column (SEC, Hi Prep 26/60 Sephacryl S-100, Amersham Laboratories,
Piscataway, NJ, USA) attached to a fast protein liquid chromatography system (AKTA pure
protein purification system, GE Healthcare, Pittsburgh, PA, USA). Fractions corresponding to the
second protein peak were collected and concentrated using spin columns. The identification of a
protein band with a mass of 13 kDa was considered NGF, and was confirmed by western blot
(Ratto et al., 2012, Fig. 6.1).

6.3.7. Radioimmunoassay
Plasma was analysed for LH concentrations as described previously (Rawlings et al.,
1984). For experiment 1 and 2, the intraassay coefficient of variation was 5.1% and 4.4% for the
low and high reference values, respectively. For experiment 3, the intraassay coefficient of
variation was 3.4% and 8.2% for the low and high reference values, respectively. The sensitivity
of the LH assay was 0.1 ng/ml. Progesterone concentrations were measured using a commercial
kit (Coat-A-Count; Diagnostic Products Corporation, Los Angeles, CA, USA). For progesterone
analysis, the coefficients of variation were 1.2%, 5.9% and 13.8% for low, medium, and high
reference values, respectively. The sensitivity of the progesterone assay was 0.1ng/ml. The timing
of the LH maximum was defined as the last concentration during the LH increase that was
significantly higher than the previous value.
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6.3.8. Statistical analysis
Data are presented as mean ± SEM. In Experiment 1, ovulation rate was compared by chisquare test, blood plasma concentrations of LH were compared by analysis of variance for repeated
measures in two data sets to evaluate the response to initial NGF treatment (0 to 7 hours) and the
response to subsequent treatment with NGF, GnRH or saline (7 to 14 hours). Single-point
measurements were compared by t-test for paired samples. In Experiment 2, LH concentrations
were compared between groups by analysis of variance for repeated measures, the number of
GnRH neurons was compared among hypothalamic areas by one-way analysis of variance, and
the total number of GnRH neurons detected per animal was compared by t-test. The number and
proportion of GnRH neurons that expressed Fos among hypothalamic areas after treatment were
transformed (square-root and arc-sin, respectively) to fit the assumptions of the test, and compared
by two-way analysis of variance using treatment and hypothalamic areas as factors. In Experiment
3, the LH response was compared by analysis of variance for repeated measures. Plasma
progesterone and LH concentrations in the pre-treatment period were compared by one-way
analysis of variance. Tukey’s test was used as a post hoc test. Significance was taken when P<0.05.

6.4. Results
6.4.1. Experiment 1: Sensitivity of the LH secretory system during the post-surge decline
The proportion of llamas that ovulated was high and did not differ among groups (4/5, 4/6
and 4/6 in the NGF-NGF, NGF-GnRH and NGF-saline, respectively). Initial NGF treatment
elicited a surge in plasma concentration of LH in all groups; the response from 0 to 7 hours after
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NGF was similar among groups (treatment, P=0.659; time, P<0.001; treatment-by-time
interaction, P=0.433). Plasma LH concentrations were elevated within 30 minutes after
intravenous administration of NGF, and maximal by two hours after treatment (4-fold increase
from pre-treatment values). The LH response to subsequent treatment 7 hours later with NGF,
GnRH or saline is shown in Figure 6.2. Values were not different among groups at 7 hours, but a
treatment-by-time interaction (P<0.05) thereafter was a consequence of differing LH
concentrations over time in the three groups. Plasma LH continued a gradual decline over 7 hours
in the NGF-saline group but remained higher in the other groups. A transient increase in LH
occurred in the NGF-GnRH group resulting in higher concentrations than in the NGF-NGF group
for a period of 60 minutes. Interestingly, comparison of LH concentrations of averaged timepoints
(2 samples 30 minutes apart) before (0.5 h) and after (1.5-2h) the second treatment, revealed that
LH concentrations in the NGF-NGF group did not change, whereas the NGF-GnRH increased and
the NGF-saline decreased at equivalent timepoints (Fig. 6.2 B). In addition, the response to the
first treatment (NGF) was larger than the second treatment in all treatment groups (NGF, GnRH
or saline, Fig. 6.2 C). Finally, in the last 4 hours of sampling, no differences in LH concentration
were found between the NGF-GnRH and NGF-NGF group, but both were higher than the NGFsaline group.

6.4.2. Experiment 2: Neuronal activation by NGF in llamas
Dominant follicle diameters at the time of treatment did not differ between NGF- and
saline-treated groups (9.0 ± 1.2 and 7.3 ± 1.7 mm, respectively; P=0.26). Plasma LH
concentrations did not change in the saline group but were elevated within 15 minutes of treatment
in the NGF group, reached maximum at 135 minutes, and remained elevated until the end of the
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sampling period (Fig. 6.3). At the time of the last sample, 4 hours after treatment, plasma LH
concentrations were 2.8 times higher in the NGF- vs saline-treated group (P=0.09).
GnRH neurons were observed in the diagonal band of Broca, the medial and lateral preoptic
area, the anterior hypothalamus and the mediobasal hypothalamus (Fig. 6.4). GnRH fibers were
visualized in a several hypothalamic areas, but fibers were concentrated in the median eminence.
The total number of GnRH neurons per llama was lower in NGF-treated llamas than the salinetreated group (144 ± 16.1 vs 203 ± 12.0 cells, respectively; P<0.05). Fos immunohistochemistry
revealed an abundant population of immunoreactive nuclei among hypothalamic areas in both
saline- and NGF-treated llamas (Fig. 6.5 A). Double immunolabeled neurons (Fos-GnRH) were
observed in the preoptic area, the anterior hypothalamus and the mediobasal hypothalamus (Fig.
6.5 B-F), but not in the medial septum/diagonal band of Broca or the mammillary hypothalamus.
The prevalence of Fos/GnRH double labelled neurons did not differ among the preoptic area,
anterior hypothalamus and mediobasal hypothalamus (Table 6.1). The proportion of double
labeled cells per llama did not differ between NGF- and saline-treated groups (3.03 ± 2.6% and
2.6 ± 2.3%, respectively).

6.4.3. Experiment 3: Effects of progesterone on NGF-induced LH release
In Part 1, plasma progesterone concentrations at the time of NGF treatment were different
among the low-, medium-, and high progesterone groups (P<0.05), but the LH response to NGF
treatment in did not differ among groups (Fig. 6.6). For all groups, LH concentrations were
elevated within 30 minutes of NGF administration, reached maximum by two hours, and remained
elevated to the end of the sampling period. Averaged over the period prior to NGF treatment (-60,
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-30 and 0 mins), plasma LH concentrations were inversely related to the level of progesterone
treatment; the LH concentration in the high-progesterone group was less than half that in the lowprogesterone group (P<0.05; Fig. 6.6 C).
In Part 2, plasma progesterone concentrations were 12.7 ± 2.2 vs 1.3 ± 0.3 ng/ml in the
progesterone- vs saline-treated group (P=0.002). A surge in plasma LH concentrations occurred
after GnRH treatment that did not differ between progesterone and saline groups (time effect
P<0.001, group effect P=0.83, interaction P=0.43; Supplementary Figure 6.1).
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Figure 6.1. Protein profile of purified NGF using 15% acrylamide SDS-PAGE stained with
Coomasie blue (left) and detected by chemiluminescent western blot (right). Arrows indicate a
protein at approximately 13 kDa in the Coomassie blue stained gel (10 µg per lane) that was
identified as NGF by western blot (100 ng per lane).
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Figure 6.2. Experiment 1: Effects of NGF, GnRH or saline given during the declining phase of an
NGF-induced preovulatory LH surge in llamas (n = 5-6 per group). (A) Plasma LH concentration
(mean ± SEM) in llamas given an intravenous dose of NGF (0 hr) followed by a second intravenous
dose (7 hr) of NGF, GnRH or PBS (arrow). The black horizontal lines above the x-axis indicates
periods during which LH concentrations were higher (P < 0.05) in the NGF-NGF and NGF-GnRH
groups than in the NGF-saline group. The dotted horizontal line indicates the period during which
LH concentrations were higher (P < 0.05) in the NGF-GnRH group than in the NGF-NGF group.
(B) Plasma LH concentration (mean ± SEM) before (average of two 0.5 h apart) vs. after (average
of samples 1.5 - 2 h after) the 2nd treatment (NGF, GnRH or PBS). (C) Plasma LH concentration
(mean ± SEM) during 4 hrs after the 1st treatment (NGF) vs. 4 hrs after the 2nd treatment. *Values
are different (P<0.05).
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Figure 6.3. Experiment 2: Plasma LH concentrations (mean ± SEM) in llamas treated with NGF
or saline (n = 3 per group). xFirst significant elevation from pre-treatment values (P<0.05).
y
Maximum values from pre-treatment values (P<0.05).
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Figure 6.4. Experiment 2: Distribution of GnRH neurons (mean ± SEM) in the hypothalamus of
llamas combined from both treatment groups. DBB/MS: Diagonal band of Broca/Medial Septum.
POA: Preoptic area. AHA: Anterior Hypothalamic Area. MBH: Medio-basal Hypothalamus. MH:
Mammillary Hypothalamus. abcd Values with different superscripts are different (P<0.05).
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Figure 6.5. Experiment 2: Immunohistochemical detection of GnRH and Fos expressing neurons
in the hypothalamus of llamas. A) Fos immunoreactivity (arrows) in the hypothalamus. B) A
GnRH neuron (brown) expressing Fos nuclear immunoreactivity (blue, arrow). C-F) GnRH
neurons (brown) in proximity to Fos immunoreactive nuclei (blue, arrows).

159

Figure 6.6. Experiment 3: Effect of progesterone on NGF-induced preovulatory LH release in
llama (n = 4 per group). A) Plasma LH concentrations (mean ± SEM) in response to treatment
with NGF (arrow) in llamas in the low-, medium- and high-progesterone groups. B) Plasma
progesterone concentrations in the low-, medium- and high-progesterone groups at the time of
treatment with NGF. C) Plasma LH concentration before NGF treatment in llamas (average of 3
samples taken before treatment. *First significant elevation of LH concentrations (P<0.05). abc
Values with different superscripts are different (P<0.05).
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Table 6.1: Fos nuclear immunoreactivity in GnRH neurons among hypothalamic areas in llamas
treated with NGF or saline (mean ± SEM number of GnRH neurons; n = 3 llamas per group).
NGF*

Saline*

number

%

number

%

0.0

0.0

0.0

0.0

Preoptic area

3.3 ± 2.0

9.9 ± 6.4

1.7 ± 0.9

3.8 ± 2.0

Anterior
hypothalamic area

0.3 ± 0.3

0.6 ± 0.6

0.7 ± 0.7

1.3 ± 1.3

Mediobasal
hypothalamus

2.7 ± 1.8

3.3 ± 2.4

1.7 ± 0.9

3.1 ± 1.6

0.0

0.0

Medial
septum/diagonal
band of Broca

Mammillary
0.0
0.0
hypothalamus
*No statistical differences were found between groups.
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Supplementary Figure 6.1 Effect of progesterone on GnRH-induced LH release in llama (n = 4
per group). Arrow indicates time of treatment.

6.5. Discussion
In an effort to determine the site and mechanism of action of the NGF-induced LH releasing
pathway in camelids, we addressed three questions: 1) During the post-surge decline in LH, is the
pituitary response to GnRH and NGF different? 2) Does NGF activate GnRH neurons in the
hypothalamus? 3) Does progesterone moderate the NGF-induced LH response? Based on the
results of the present study, the short answers are: 1) Yes, the post-surge pituitary response to
GnRH vs. NGF differed. 2) No, NGF did not activate hypothalamic GnRH neurons. 3) No,
circulating progesterone concentrations did not influence the NGF-induced LH response. Some of
these findings were unexpected and raise new questions about the existence of a previously
undescribed ovulation-inducing pathway.
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In spontaneous ovulators, the preovulatory LH surge is a consequence of the positive
feedback of estradiol on hypothalamic neurocircuits that culminate in a sudden massive secretion
of LH from pituitary gonadotrophs. In induced ovulators, the preovulatory LH surge is a
consequence of either coital stimulation or seminal NGF rather than estradiol. In previous studies
in llamas and alpacas, the LH response to NGF treatment was more prolonged than that of GnRH
treatment (reviewed in Adams et al., 2016) and was dose-dependent (Tanco et al., 2011). While
NGF induces LH release from primary pituitary cell cultures (Bogle et al., 2012), in vivo blockade
of GnRH ablated the LH-releasing effect of NGF (Silva et al., 2011), thus documenting a
mechanism mediated at the level of the hypothalamus. The dynamics of circulating NGF required
to sustain the LH surge remain unknown, but we reasoned that if NGF is acting at the
hypothalamus, a second dose of NGF during the declining phase of the LH surge will produce a
response similar to that of GnRH treatment. Contrary to expectations, however, the LH response
to treatment during the declining stage of the LH surge was impaired in the NGF group but not in
the GnRH group. Since GnRH administration induced a clear elevation of LH concentration, our
results suggest that the limiting step in the LH secretory pathway was not the pituitary (i.e.,
pituitary depletion), but rather the hypothalamus. These results may be a consequence of NGF
receptor desensitization, depletion of hypothalamic GnRH, or both. Similar to the NGF response
in the present study, results of studies in ovariectomized sheep suggest that once triggered, the LH
surge follows in an all-or-none fashion, and further estradiol stimulation is not necessary to
maintain the LH surge since the hypothalamus becomes non-responsive (Evans et al., 1997).
Once triggered, the preovulatory LH surge involves activation of neuronal populations
within the hypothalamus. In sheep and mice, the LH surge was associated with activation of 3040% of hypothalamic GnRH neurons whereas control animals had less than 2% activation, as
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assessed by Fos/GnRH double immunohistochemistry (Wu et al., 1992;Moenter et al., 1993). Our
results were unexpected since plasma LH concentration was 3- to 4-fold higher in NGF-treated
llamas than the control group, but there was no difference in Fos/GnRH co-expression. The only
evidence of a lack of GnRH neuronal activation during the LH surge comes from studies in
primates. Rhesus monkeys treated with estradiol to induce a preovulatory LH surge and sacrificed
at different stages of the surge had no differences in Fos/GnRH co-expression compared to the
control group (Witkin et al., 1994). One possible explanation for the results of the present study is
that NGF may be acting at the level of the median eminence; i.e., the site of GnRH secretion into
the bloodstream. In this regard, Fos expression in neurons has been attributed to stimulation of
neuronal perikarya; the impact of axon activation on Fos expression is not well understood. Studies
in which kisspeptin, a known secretagogue of GnRH, was administered intravenously (a route by
which kisspeptin would unlikely reach neuronal cell bodies; Caraty et al., 2013) to sheep and mice
have shown an increase in circulating LH, but no induction of the expression of Fos in GnRH cell
bodies (d'Anglemont de Tassigny et al., 2010; Ezzat et al., 2015). Conversely, administration of
kisspeptin in the cerebral ventricles upregulated Fos expression in GnRH neurons along with an
immediate increase in circulating LH concentrations in mice and rats (Irwig et al., 2004;
d'Anglemont de Tassigny et al., 2010), supporting the idea that Fos expression is a result of
stimulation of the perikarya not the axons (d'Anglemont de Tassigny et al., 2010). Further, local
application of kisspeptin at the level of the axon prompted a prolonged GnRH depolarization
(Iremonger et al., 2017).
Circulating concentrations of progesterone regulate reproductive cyclicity in most
mammalian species by repressing gonadotropin secretion. In cattle, for instance, induction of
luteolysis by administration of prostaglandingF2a increased LH pulsatility (Imakawa et al., 1986),
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and administration of progesterone blocked the estradiol-induced preovulatory LH surge (Kesner
et al., 1982). The inhibitory effects of progesterone on gonadotrophin secretion are thought to be
induced directly at the level of the hypothalamus, instead of the pituitary, by acting on
hypothalamic neurons that possess the nuclear receptor (Skinner et al., 1998). While progesterone
receptors have widespread expression in the hypothalamus, their presence have not been detected
in GnRH neurons (Lee et al., 1997), prompting some to suggest that progesterone exerts its effects
by influencing GnRH neuron afferents such as GABA or noradrenaline (Robinson and Kendrick,
1992). We expected a similar inhibition in llamas since results of previous studies have shown that
progesterone administration had an inhibitory effect on the growth of large (LH-responsive)
ovarian follicles (Adams et al., 1990; Aba et al., 1999; Veiga et al., 2018). Again, contrary to
expectations, results of the present study showed that the NGF-induced LH response was not
affected by circulating progesterone concentrations. The only indication of a suppressive effect of
progesterone was on mean LH concentrations before NGF treatment; i.e., before induction of the
LH surge. Although not critically examined in the present study, results suggest that progesterone
may inhibit basal pulsatile LH secretion, as described in other species (Goodman and Karsch,
1980). Thus, in relation to the hypothalamic-pituitary-gonadal axis, the site of action of NGF may
be downstream of the control of progesterone.
Results of the present study suggest that the induction of a preovulatory LH surge by
seminal NGF is controlled by previously unknown hypothalamic pathway. The NGF-induced
stimulation of LH release was not associated with activation of GnRH cell bodies, and was not
impaired by progesterone administration. In light of the recent report of an abundance of low
affinity NGF receptors (P75) in tanycytes at the median eminence (Carrasco et al., accepted),
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results provide rationale for the hypothesis that seminal NGF acts through a pathway involving
GnRH terminals in the infundibular stalk to induce LH release and ovulation.
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7.1. Abstract
South American camelids are a group of induced ovulators that ovulate due to the seminal
protein nerve growth factor (NGF). The mechanism of action of NGF remains unknown, but it is
hypothesized that it acts in the central nervous system. In this study, we tested the hypothesis that
NGF has a central effect in the hypothalamus of llama, and we evaluated the role of kisspeptin and
TrkA receptor in this process. Llamas (n = 12) were surgically fitted with a lateral ventricle catheter
in the brain for drug administration and a jugular catheter for frequent blood collection. In
Experiment 1, llamas were treated with saline (negative control), low NGF or high NGF either by
intravenous (IV) or intra-cerebroventricular (ICV) administration (n = 4 per group, six treatmentgroups). NGF administered IV induced ovulation and an LH surge whereas LH concentration
remained basal in all the other treatment groups. In Experiment 2, we evaluated the effect of
infusion of a kisspeptin receptor antagonist on NGF induced LH secretion and ovulation. Llamas
treated with or without the kisspeptin receptor antagonist had no differences in the LH and
ovulatory response. In Experiment 3, the role of TrkA receptor was evaluated during the NGFinduced LH surge in llamas by pharmacological blockade. Llamas that were pretreated with
antagonist for the high affinity receptor for NGF and control had an identical LH response to NGF.
In conclusion, our results do not support the view that NGF is acting at a central level to induce
ovulation, instead support the idea that NGF is bypassing the-blood brain barrier to induce
ovulation by perhaps acting at the median eminence.

Keywords: Llama, NGF, central actions, TrkA, kisspeptin.
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7.2. Introduction
Ovulation is brought about by an LH surge in both induced and spontaneous ovulators. In
spontaneous ovulators, the LH surge is triggered by GnRH release from the hypothalamus as a
result of the effects of periodic elevations in estradiol on hypothalamic kisspeptin neurons. In
induced ovulators, the physical stimulation of copulation has been attributed as the principal
trigger for hypothalamic release of GnRH leading to a pre-ovulatory LH surge. South American
camelids were classified as induced ovulators after findings from a series of studies in late 60s and
early 70s (San Martin et al., 1968, Fernandez Baca et al., 1970). In contrast to other induced
ovulators, however, a protein present in semen, identified as nerve growth factor (NGF), is the sole
factor triggering the pre-ovulatory LH surge in camelids (Adams et al., 2005; Ratto et al., 2010,
2012; Berland et al., 2016).
NGF activates its signalling pathways by binding with two kinds of receptors. Most of the
known effects of NGF are mediated by a high-affinity receptor with an intracellular tyrosine kinase
domain, tyrosine kinase A (TrkA) (Kaplan et al., 1991). Interaction with a low-affinity receptor,
P75, mediated cell death in oligodendrocytes, but other members of the neurotrophin family also
bind with similar affinity to the P75 receptor (Casaccia-Bonnefil et al., 1996, Dechant et al., 2002).
Both TrkA and P75 receptors have been identified in the hypothalamus of llamas (Carrasco et al.,
2020), but whether seminal NGF mediates its ovulation-inducing effect via hypothalamic P75 or
TrkA receptors is unknown.
The distribution of neurons containing GnRH has been characterized as scattered with focal
but rather loose aggregations in multiple hypothalamic areas, but their axons converged at the level
of the median eminence (Silverman et al., 1979, Carrasco et al., 2018), the site of portal secretion.
Despite their loose distribution, GnRH neurons display remarkably synchronous activity that is
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translated to characteristic LH pulse frequency in the bloodstream. The rhythm at which GnRH
neurons secrete the decapeptide into the portal vessels is dependent on the influence of
hypothalamic and blood-borne factors. Among these molecules, kisspeptin is a potent stimulator
of GnRH secretion that is expressed in the arcuate nucleus and preoptic area of most species,
including llamas (Reviewed by Lehman et al 2013, Carrasco et al., 2020, Carrasco, Chapter 4). In
llamas, intravenous administration of kisspeptin triggered LH secretion and ovulation through a
hypothalamic mechanism of action, and synaptic contacts between kisspeptin and GnRH neurons
were identified in the llama hypothalamus (Carrasco et al., 2020). However, NGF receptor
immunoreactivities were not expressed in kisspeptin neurons in the arcuate nucleus or the preoptic
area of the llama hypothalamus (Carrasco et al., 2020). Given that GnRH is a mediator of NGFinduced ovulation, we hypothesize that neurons containing NGF receptors in the medial septum,
diagonal band of Broca and preoptic area (MS/DBB/POA), or in the periventricular area (PVA)
drive the effect of NGF directly or indirectly though kisspeptin neurons (trans-synaptic) or via a
cell-to-cell mechanism at the level of the median eminence. The former implies some degree of
blood-brain barrier permeation by NGF, and activation of a pathway involving single or multiple
interneurons that lead to the preovulatory GnRH/LH surge. The latter mechanism implies that NGF
acts directly on hypothalamic tanycytes that are accessible to systemic circulation (Mullier et al.,
2010).
To test the hypothesis that NGF-induced LH release is driven through a trans-synaptic
mechanism within the hypothalamus of llamas, a series of experiments were done to determine if
NGF given centrally (intra-cerebroventicular administration) would affect LH release (Experiment
1), if central administration of a kisspeptin blocker would abrogate NGF-induced LH secretion
(Experiment 2), if central administration of a TrkA blocker would abrogate NGF-induced LH
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secretion (Experiment 3), and to determine the permeability of hypothalamic tissue (Experiment
4).

7.3. Materials and methods
7.3.1. Animals
Adult, non-lactating, female llamas (n = 24) from the herd at the University of
Saskatchewan during the months of March and April in Saskatoon, Saskatchewan, Canada.
Experimental protocols were approved by the University Committee on Animal Care and
procedures were conducted in accordance with the guidelines of the Canadian Council on Animal
Care.
Ovarian function in llamas was monitored by every-other-day transrectal ultrasonography
with a 5 MHz linear-array probe (Mylab 5, Esaote North America Inc, Indianapolis, IN, USA;
Adams et al., 1989).

7.3.2. Intra-cerebroventricular (ICV) cannulation
Intra-cerebroventricular cannulation was performed as described previously (Foradori et
al., 2017), but adapted for llamas. General anesthesia was induced in llamas (n = 12) by intravenous
administration of a mixture of ketamine (2.5 mg/kg), xylazine (0.5 mg/kg) and butorphanol (0.1
mg/kg) and maintained with inhalation anesthesia (isofluorane 1.5-2.5%). The frontal area of the
head was shaved and sterilized with an iodine detergent and 70% alcohol. A linear incision was
made in the skin at the midline in the frontal area at the level of the mandibular processes. (Fig.
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7.1 A). The skin was separated, and the periosteum was scraped back with a scalpel handle. A hole
was drilled in the skull 5 -10 mm lateral to the midline and 5-10 mm cranial to the bregma with a
3/32-inch drill-bit. The catheterization device consisted in a needle with a cover sheath, a catheter
and a titanium port with a silicone diaphragm (Le Petite Port, NV-CP100K, Norfolk Vet Products,
Skokie, IL, USA). The needle was inserted into the lateral ventricle until CSF flow was evident
from the needle hub, the needle was removed, and the sheath was left in place to serve as a guide
for the catheter. A catheter (Le Petite Port, NV-CP100K, Norfolk Vet Products, Skokie, IL, USA)
was introduced through the sheath and 1 cc of sterile saline solution was injected; low resistance
was considered as an indicator of correct placement. The correct placement of the catheter was
confirmed by intra-cerebroventricular administration and visualization by contrast radiography (23 ml Omnipaque, GE Healthcare, Fig. 1 A,B). A subcutaneous tunnel was created by blunt
dissection caudal to the drilling incision, and a subcutaneous pocket was blunt dissected to place
a titanium port for chronic access (Norfolk Vet Products, Skokie, IL, USA). The catheter was cut
at the desired length (10 to 12 cm), sled through the subcutaneous tunnel and connected to a
titanium port, which was sutured in the subcutaneous pocket. Ventriculography was repeated
during the experimental period, and llamas in which the contrast was not visualized in the
ventricles were removed from the experiments. Postoperatively, llamas were monitored daily for
a week and received anti-inflammatories (Banamine) and antibiotic therapy (Penicilin).

7.3.3. Experiment 1: Central vs systemic administration of NGF
Llamas were synchronized by induction of ovulation (50 ug, gonadorelin acetate, Fertiline,
Vetoquinol, Lavaltrie, QC, Canada) and respective treatments were given on the day when all
females had a growing ovarian follicle ≥7 mm. Using a 2 x 3 design, llamas (n = 12) were assigned
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randomly to one of 6 groups to be treated either ICV or intravenously (IV) with vehicle, low or
high doses of NGF (n = 2 per group, six treatment-groups). The experiment was replicated once
using a crossover design such that llamas previously treated ICV were given the same dose IV,
and vice versa. The dosage of NGF for each treatment was based on the following premises: 1)
intravenous administration of 500 µg of NGF induced ovulation in 100% of llamas (Tanco et al.,
2011), and 2) a small proportion of NGF was be expected to penetrate in the brain given that llamas
that received radiolabelled NGF had 1.5% of the blood radioactivity 2 hours after intravenous
treatment (Carrasco et al., Chapter 3), thus the doses administered via ICV were lower than IV.
ICV treatment groups received vehicle, low NGF (5 ug) and high NGF (50 ug), whereas the IV
group received vehicle, low NGF (50 ug) and high NGF (500ug), corresponding to a 10-fold
difference between high and low doses for both administration routes. Given the unidirectional
flow of cerebrospinal fluid, ICV treatment was administered over a period of 30 minutes using a
syringe pump at a rate of 100 µl/min (SAI 3D™ Programmable Syringe Pump, SAI infusion
technologies, Lake Villa, IL, USA), while IV treatment was given over a period of 5 seconds.
Blood samples were obtained every 15 minutes from 1 hour before treatment to 2 hours after
treatment, and every half hour thereafter for 4 hours. Llamas were examined by transrectal
ultrasonography 48 hours after treatment to evaluate ovulation, defined as the disappearance of a
dominant follicle >7mm from one examination to following.

7.3.4. Experiment 2: Effect of kisspeptin blocker on NGF-induced LH secretion
Llamas were synchronized as Experiment 1. Llamas were assigned to one of two treatment
groups (n = 5 per group) and pre-treated ICV with either a kisspeptin receptor antagonist (p271;
synthesized by Genscript, dissolved in 10% DMSO; loading dose of 300 ug, and constant infusion
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of 300 µg/hr for 4 hours; Roseweir et al., 2009) or left untreated. The kisspeptin receptor antagonist
is a decapeptide similar to bioactive kisspeptin 10 with aminoacidic modifications that allows
binding to GPR54 but fails to activate intracellular signaling pathways (Roseweir et al., 2009). An
hour after pre-treatment was initiated, llamas from both groups were treated IV with purified NGF
(500 ug). Blood samples were collected every 30 minutes from 1 hour before to 4 hours after NGF
treatment. The ovulatory response was evaluated 48 hours later by transrectal ultrasonography.
To assess the functionality of the kisspeptin blocker, llamas (n = 3 per group) were infused
with the kisspeptin receptor antagonist (as described above) or left untreated. An hour after the
start of the infusion, an ICV bolus injection of murine kisspeptin 10 (150ug, synthesized by
Genscript, Leonardi et al., 2020; Carrasco et al., 2020) was given. Blood samples were collected
every 15 minutes from 60 minutes before to 75 minutes after kisspeptin treatment.

7.3.5. Experiment 3: Role of TrkA receptor on NGF-induced ovulation
Llamas were synchronized as in Experiment 1 and respective treatments were given on the
day when all females had a growing ovarian follicle ≥7 mm. Llamas were given 500 µg NGF IV
1 hour after pre-treatment (ICV) with a TrkA blocker (K252 dissolved in DMSO; K-150, Alomone
Labs, Jerusalem, Israel; n = 5). A group of llamas (n = 5) received only NGF and acted as a control
group. K252a is an alkaloid derived from the bacterium Nocardiopsis sp. that has a potent
inhibitory effect on NGF actions through TrkA in PC12 cells (Koizumi et al., 1988). Blood
samples were obtained every 30 minutes from 1 hour before infusion to 4 hours after NGF
treatment.
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7.3.6. Experiment 4: Permeability of the median eminence
To determine the accessible sites of NGF in the hypothalamus after lateral ventricle
administration we used horseradish peroxidase, an enzyme of 40,000 Da that is easily identifiable
by chromogenic staining in tissues. Adult llamas (n = 2, 1 female, 1 male) were anesthetized by
intravenous administration of llama lullaby (a mixture of ketamine, xylazine an butorphanol) via
a jugular catheter. When llamas were at the anesthetic plane an incision was made in the skin and
a hole was drilled in the skull as described above to access the lateral ventricle. An 18g-needle (2
inches) was inserted through the cerebral cortex and into the lateral ventricle (until CSF outpouring
was visualized at the needle hub), and 10 cc of 1% horseradish peroxidase was infused within 1
minute. Llamas were euthanized by IV administration of Euthanyl (Euthanyl Forte, Bimeda MTC
Animal Health, Cambridge Ontario Canada) 1 minute after infusion and the brain was extracted,
the hypothalamus at the level of the median eminence was fixed by immersion in 0.1%
glutaraldehyde, 4% paraformaldehyde in phosphate buffer saline (PBS) at 4⁰C for 96 hours in the
dark. Hypothalamic tissue was washed in PBS, cryoprotected in 30% sucrose for 1 week, frozen,
sectioned at 50 um in a cryostat and stored frozen in a mixture of 30% ethylene glycol and 30%
sucrose. Sections were washed three times for 5 minutes in PBS and incubated in a mixture of
0.02% diaminobenzidine (DAB), and 0.005% hydrogen peroxide in in PBS (brown color for
detection) for 30 minutes. Sections were rinsed in PBS twice and mounted in glass slides, airdried
and coverslipped. Examination and images were obtained using a light microscope (Zeiss
Axioskop 40; Thornwood, NY, USA).

7.3.7. NGF purification
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NGF was purified as described previously (Ratto et al., 2011). Semen was collected three
times a week for a period of three months during spring-summer (May-July). Male llamas and
alpacas were teased with a receptive female and collection occurred using a dummy mount with
an artificial vagina. Upon collection, semen was transported into the lab where it was diluted 1:1
in PBS and passed through a needle repeatedly. To remove sperm cells, semen was centrifuged at
3,000 g for 30 minutes, and the supernatant was stored frozen at -20⁰C. Seminal plasma was thaw
sonicated, filtered and loaded in a ceramic hydroxyapatite column and eluted in a phosphate buffer
linear gradient with concentrations ranging from 10 to 350 mM. Fractions (2 ml) corresponding to
the third protein peak were pooled, concentrated, buffer exchanged in PBS and protein
concentration was estimated using the Bradford method. Finally, samples were loaded in a
Sepharose column for size exclusion chromatography and eluted in PBS (4 ml fractions). Fractions
corresponding to the second protein peak were concentrated and stored frozen at -20⁰C. Purified
NGF was identified by western blot (data not shown).

7.3.8. Radioimmunoassays
Upon collection, blood samples were centrifuged 1500 g for 15 minutes and plasma was
stored at -20⁰C until radioimmunoassay. Samples were analyzed for LH concentrations in
duplicate using a validated radioimmunoassay with a minimum detection limit of 0.1 ng/ml
(Rawlings et al., 1984). For Experiment 1, the interassay coefficient of variation was 7.3 and 6.7%,
the intraassay coefficient of variation was 6.4 and 8.6% for the first replicate and 8.4 and 4.5% for
the second replicate (low and high reference values, respectively). For experiment 2, the intraassay
coefficient of variation was 7.0 and 5.0% for the low and the high reference values, respectively.
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For Experiment 3, the intraassay coefficient of variation was 4.5 and 5.1% for the low and the high
reference values, respectively.

7.3.9. Statistical analysis
Data are presented as mean ± SEM. Ovulation rate was compared by Chi-square test. Serial
data were compared by analysis of variance for repeated measures and Tukey’s test for post hoc
comparisons. Single data points were compared among groups by analysis of variance (Experiment
1), and by independent or paired t tests (Experiments 2 and 3). Significance was assumed when
P<0.05.

7.4. Results
7.4.1. Experiment 1: Central vs systemic administration of NGF
Llamas that received NGF IV ovulated at a similar rate (4/4 for high and low NGF), but
both groups ovulated at a significantly higher rate than llamas that received high and low NGF
ICV (1/4 for each) and saline treatment (IV or ICV; 0/4 for each) which did not differ. The LH
response to different treatments is shown in Figure 7.1 C. An effect of time (P<0.001), treatment
(P<0.001) and a treatment-by-time interaction (P<0.001) were found as a consequence of higher
LH concentrations in llamas that received either dose of NGF IV (P<0.001). Administration of
NGF at high or low doses intravenously induced an immediate (15 minutes post treatment) and
sustained elevation of LH concentration in llamas with respect to their pre-treatment values,
reaching maximum values 150 minutes after treatment and decreasing by 240 minutes. In contrast,
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llamas that received saline IV or ICV and both doses of NGF ICV had no differences in LH
concentration throughout the sampling period. Interestingly, both llamas that ovulated in the NGF
ICV groups had an increase in LH concentrations at the end of the sampling period (Fig. 7.1 D),
for reference the LH profile of a llama that did not ovulate is presented (Fig. 7.1 E).

7.4.2. Experiment 2: Effect of kisspeptin blocker on NGF-induced LH secretion
The dominant follicle diameter was not different between groups at the moment of
treatment (10.5 ± 1.3 and 9.0 ± 2.7 for the kisspeptin blocker and control groups, respectively),
and no differences were found in the ovulatory response between llamas treated with the kisspeptin
receptor blocker and the control group (3/5 and 5/5, respectively). LH concentrations in response
to NGF were not different between llamas infused with the kisspeptin blocker and untreated llamas
(Fig. 7.2 A). LH concentrations in response to a kisspeptin ICV bolus (average of 30 minutes
before vs after treatment) were lower in llamas that were infused with the kisspeptin receptor
antagonist than llamas that just received kisspeptin ICV (P<0.05), confirming the functionality of
the kisspeptin blocker (Fig. 7.2 B,C).

7.4.3. Experiment 3: Role of TrkA receptor in NGF-induced ovulation
Ovarian follicular diameter did not differ between groups at the moment of treatment (8.8
± 0.6 vs 8.9 ± 0.8 mm for the K252a and the control groups, respectively). No difference in
ovulation rate was found between treatment groups (5/5 and 5/5 for K252a and control groups,
respectively). The LH response to NGF was not affected by pre-treatment and infusion of a TrkA
receptor antagonist when compared to the control group (Figure 7.3).
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7.4.4. Experiment 4: Permeability of the median eminence
Administration of HRP in the lateral ventricle of llamas, followed by euthanasia 1 minute
later led to detection of the enzyme at the ventricular walls, as visualized by diaminobenzidine
chromogenic reaction (Fig. 7.4 A-G). Third ventricular walls were stained at different rostrocaudal
levels of the hypothalamus and HRP appeared to penetrate at the level of the periventricular
hypothalamus (Fig. 7.4 B), the arcuate nucleus (Fig. 7.4 C), and the dorsal aspect of the
mammillary recess (Fig. 7.4 F), but the median eminence had no detectable staining (Fig. 7.4 G).
The DAB reaction was stronger in the female than the male, which we attribute to bleeding in the
male. Blood vessels were stained in all hypothalamic areas examined.
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Figure 7.1. Lateroventricular cannulation in llamas and LH response (mean ± SEM) to intravenous
or intra-cerebroventricular administration of NGF (Experiment 1). A. Surgery in llamas. B.
Ventriculography and visualization of the radiopaque contrast in llama, arrows indicates the
cerebral ventricular structures. C. LH response to ICV administration of high and low doses of
NGF either and vehicle either by ICV or IV administration. D-E. LH response to ICV
administration of NGF (arrow) in a llama that ovulated (D) or not (E). LV: lateral ventricle, 3V:
third ventricle, POR: preoptic recess, IR: infundibular recess.
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Figure 7.2. Role of kisspeptin on NGF-induced LH secretion in llamas (Experiment 2). A. LH
response (mean ± SEM) to NGF treatment (arrow) in llamas that received and infusion of
kisspeptin receptor blocker intracerebroventricularly or not (n = 5 per group). The line above the
x-axis depicts the length of the ICV infusion. B-C. Infusion of kisspeptin receptor blocker reduces
the LH response to kisspeptin ICV administration (n = 3 per group). C. LH values before (average
of 30 mins) and after (average of 30 mins) treatment * Values differ (P<0.05).
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Figure 7.3. Role of TrkA receptor on NGF induced LH secretion (mean ± SEM) in llamas
(Experiment 3). A. LH response to NGF in llamas that were infused ICV with a TrkA blocker or
left untreated (n = 5 per group). The line above the x-axis depicts the length of the ICV infusion.
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Figure 7.4. Distribution of HRP in hypothalamus of a llama after lateral ventricle administration
at rostral (A) or caudal (D) portions of the third ventricle. HRP was detected at the periventricular
hypothalamus (B), the arcuate nucleus (C), at the ventricular border (E), and at the dorsal aspect
of the mammillary recess (F) but not at the median eminence (G).

7.5. Discussion
The results of the present study do not support hypothesis that NGF-induced LH release is
driven through a trans-synaptic mechanism within the hypothalamus of llamas as evidenced by 1)
the LH releasing response elicited after intravenous but not intracerebroventricular administration,
2) the administration of a kisspeptin receptor antagonist or a TrkA receptor blocker in the lateral
ventricle failed to affect the NGF induced LH release. Thus, the results of the present study suggest
that NGF might be acting trough a mechanism that does not involve the hypothalamus.
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Studies in which radiolabelled NGF was administered into the lateral ventricle of rats have
shown that free diffusion of the radioactivity occurs through the ventricular walls (Ferguson et al.,
1991). That idea led us to hypothesize that central administration of NGF in llamas would have a
strong effect on LH secretion, as reported previously after parenteral administration of NGF
(Adams et al., 2005, Ratto et al., 2012, Silva el at., 2015). Our results, however, are indicating that
NGF might not be acting through a central route for several reasons. First, administration of 5 or
50 µg of NGF (1 or 10% of an ovulatory dose) in the lateral ventricle of llamas failed to induce
any change on LH blood concentrations, although intravenous administration of 50 µg of NGF
induced a long-lasting LH surge. Second, it is well reported that NGF reaches physiologically
relevant concentrations acutely at its site of action (i.e., 15 to 20 minutes; Adams et al., 2005, Silva
et al., 2015, Carrasco et al., 2020), llamas that ovulated after ICV administration of NGF had an
elevation of LH concentrations several hours after treatment, which it may reflect NGF been
drained from CSF to general circulation than a local effect at brain tissue. Finally, central
administration of pharmacological blockers (P271, K252a, see below), failed to prevent the
occurrence of an LH surge in response to peripherally administered NGF. Our findings are in
agreement with results from a previous study in which administration of NGF induced a 4-fold
elevation in LH concentrations but failed to activate llama GnRH neurons, and llamas with
different levels of circulating progesterone, a central inhibitor of LH secretion, had no effect on
the LH response to NGF in llamas (Carrasco et al., Chapter 6).
An explanation to these findings is that NGF may be acting at the level of the median
eminence, where we have reported the presence of the low affinity receptor, P75 (Carrasco et al.,
2020). The median eminence is a circumventricular organ that has barrier-like and neurosecretory
components (Rodriguez et al., 2005, Langlet et al., 2013), and is the site from which the portal
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vessels drain the secreted hypothalamic factors into the pituitary. By evaluating the distribution of
HRP in the lateral ventricle of llamas, we confirmed the findings of studies using rodents in which
tracers (i.e., HRP, Evans blue) were administered in the lateral ventricle (Rodriguez et al., 2010,
Mullier et al., 2010). Such studies have shown that hypothalamic tissue is labelled by lateral
ventricle administration of tracers whereas the median eminence remains unlabelled. Interestingly,
when the same compounds were injected intravenously, only the median eminence and the lumen
of hypothalamic blood vessels were labeled and hypothalamic tissue was not (Rodriguez et al.,
2010, Mullier et al., 2010). Such evidence, along with the presence of tight junctions between
tanycytes at the base of the brain (Mullier et al., 2010), suggests that the median eminence is
impermeable to direct CSF flow, but permeable to compounds in the bloodstream. Thus, our results
suggest that NGF actions are triggered by a direct action of NGF at the median eminence of llamas.
The idea that NGF may be acting at the tanycytes in the median eminence to trigger the
preovulatory LH surge and ovulation is consistent with the NGF hypothesis. Given that the LH
response to NGF occurs soon after parenteral administration (Silva et al., 2015), and considering
that the short half-life of NGF might prevent the occurrence of the LH surge (Pradier et al., 1994),
the median eminence provides a readily accessible site of action to trigger the preovulatory LH
surge. Additionally, the molecular weight of NGF (26,000 Da) would be preventive of free
diffusion through the blood-brain barrier. Although we have reported the presence of radioactivity
in the CSF of llamas treated with radioactive NGF for PET imaging studies (Carrasco, Chapter 3),
our results suggest that, from the functional standpoint, penetration of NGF into the brain may
reflect the involvement NGF in other neuronal events.
Administration of a kisspeptin blocker failed to prevent the LH response to NGF,
suggesting that hypothalamic kisspeptin neurons are not involved in the NGF-induced
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preovulatory LH surge in llamas. These findings are in agreement with the results of a recent study
in llamas, in which peripheral administration of kisspeptin induced an immediate elevation of LH
concentration, but none of both NGF receptor were contained on kisspeptin neurons either in the
preoptic area or the arcuate nucleus (Carrasco et al., 2020). Taken together, we speculate that the
kisspeptin system in llamas is involved mainly in the tonic secretion of LH, as it has been suggested
for kisspeptin neurons in the arcuate nucleus of rodents (Clarkson et al., 2017). However, our study
does not rule out a role of kisspeptin fibers at the level of the median eminence in the NGF-induced
preovulatory LH surge since likely the kisspeptin blocker did not reach the median eminence (see
above), where kisspeptin fibers are located in closeness to GnRH fibres. Notwithstanding, our
results suggest that the activation of the kisspeptin receptor, GPR54, in GnRH neuron cell body
and proximal axon (i.e., proximal to the median eminence) are not relevant during the NGFinduced LH surge in llamas.
The majority of effects of NGF are thought to be mediated by TrkA receptor, whereas P75,
the low affinity receptor, binds to NGF and other neurotrophins with a similar affinity (Weskamp
et al., 1991). In the hypothalamus of llamas, TrkA receptor was colocalized with P75 in the
diagonal band of Broca and the bed nucleus of the stria terminalis and expressed singly in the
periventricular area and the dorsal hypothalamus (Carrasco et al., accepted). Since all these
nuclei/areas were expected to be accessible to the TrkA receptor antagonist and we failed to
observe an effect over the LH surge, we consider that TrkA receptor was not involved in the NGFinduced LH surge. If TrkA is not involved in the LH surge induced by NGF, it can be inferred that
a major role is played by P75. However, there is scarcity of evidence regarding a role of p75 in
neuroendocrine function although it has been described in the median eminence in rodents by other
groups (Yan et al.,1988, Pioro et al 1990, Koh et al., 1991, Blurton-Jones et al., 1999). However,
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a recent report suggests that a P75 signaling pathway triggers an increase in the electrical activity
in mouse embryonic GnRH neurons (Pinet-Charvert et al., 2020), suggesting that, perhaps, P75
signalling is relevant for GnRH function in mammalian species.
We conclude that hypothalamic neurons are not the target of NGF during ovulation
induction. Our data suggests that NGF may be acting at the level of tanycytes at the median
eminence. Future studies will focus in understanding the relevance of the P75 receptor in
reproductive neuroendocrinology of camelids.
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8.1 Abstract
In the female camelid, systemic administration of NGF induces a preovulatory LH surge
that results in ovulation, but the effects of seminal NGF in the male are unknown. In the present
study, we tested the hypothesis that the LH-releasing pathway of NGF is present in male camelids.
In Experiment 1, male llamas and alpacas were treated with NGF or GnRH (n = 5 per group) and
blood samples were collected from 1 hour before to three hours after treatment. Plasma LH
concentrations increased after treatment in a surge-like fashion in both GnRH- and NGF-treated
groups, but concentrations reached a maximum 2.5 times higher and remained elevated for at least
2 hours longer in the NGF-treated group (treatment-by-time interaction, P = 0.01). In Experiment
2, we evaluated the LH and testosterone response to NGF vs saline treatment (n = 6 per group).
The LH response to NGF was similar to that in Experiment 1, and plasma testosterone
concentrations were higher in the NGF group than in the saline group at 2, 4 and 6 hours after
treatment (P < 0.05). Results support the hypothesis that the LH-releasing pathway for NGF exists
in male South American camelids. Although the physiologic role of seminal NGF in males remains
unclear, the temporal association between NGF-induced release of LH and subsequent elevation
in circulating testosterone concentrations suggests a testosterone-related role in male reproductive
form and function.

Keywords: Male, Camelids, NGF, LH, Testosterone
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8.2. Introduction
Induced ovulators are a group of species in which ovulation is elicited by mating. Classic
studies in rabbits over 100 years ago showed that ovulation was triggered by coital stimulation
(reviewed by Dal Bosco et al., 2011), and the putative mechanism was generalized thereafter to
other induced ovulators. South American camelids are classified as induced ovulators (San Martin
et al., 1968), but the preovulatory LH surge and ovulation in camelids is induced by a protein
present in seminal plasma (Adams et al., 2005, Ratto et al., 2010), not by coital stimulation during
mating (Ratto et al., 2005, Berland et al., 2016). Originally termed ovulation-inducing factor, the
causative protein in seminal plasma was later identified as nerve growth factor (NGF) by peptide
sequencing, protein crystallography, and in vitro cell bioassay (Ratto et al., 2012). Although
seminal NGF triggers ovulation by inducing a surge release of LH from the anterior pituitary in
vivo (reviewed by Adams et al., 2016) and in vitro (Bogle et al., 2012), the site of action of appears
to be the hypothalamus (Silva et al., 2011).
The reproductive behavior of male camelids presents unique features. For instance, during
mating the female assumes sternal recumbency and the male mounts her in half-sitting position
(Fowler et al., 1989). Compared to other species, mating in camelids is a prolonged event,
averaging 19 minutes in llamas and 17 minutes in alpacas, with a range of 5 to 40 minutes (Bravo
et al., 2002). In a study in which ejaculation in llamas was characterized by digital palpation of
urethral pulses, ejaculation occurred throughout mating, with urethral pulses occurring in clusters
at a rate of approximately 1 cluster per minute (Lichtenwalner et al., 1996). The uterine lumen is
the site of semen deposition during ejaculation in camelids, and the largest component of seminal
plasma is NGF, representing up to 30% of total protein content (Adams et al., 2013). The discovery
that seminal plasma had a major role in triggering ovulation in camelids (Adams et al., 2005) led
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the discovery of its presence in the seminal plasma of several species. To date, NGF has been
confirmed in the seminal plasma of bull, ram, boar, stallion, human, and rabbit (Harper et al., 1982,
Bogle et al., 2011, Tribulo et al., 2015, Druart et al., Heinrich et al., 1988, Garcia-Garcia et al.,
2018). In addition, the presence of both NGF receptors have been described in sperm cells of
various species (Li et al., 2010, Castellini et al., 2019, Sari et al., 2018). Although NGF gene and
protein have been found to be expressed in the prostate of male camelids (Sari et al., 2018, Bogle
et al., 2018), the mechanism of NGF synthesis, secretion and transport in the male reproductive
tract, as well as the role of NGF on sperm function are poorly understood in camelids and other
species.
Both females and males display a pulsatile pattern of LH secretion attributed to pulsatile
secretion of GnRH (Clarke et al., 1984, Caraty et al., 1988) since immunoneutralization against
GnRH blocked pulsatile secretion in ewes and rams (Lincoln et al., 1979, Caraty et al., 1984).
However, between puberty and reproductive senescence, sexually mature females display periodic
(in spontaneous ovulators) or sporadic (in induced ovulators) surges in circulating LH
concentration that precede ovulation. The preovulatory LH surge results in concentrations several
fold above baseline for several hours, and triggers a cascade of events that culminates in the rupture
and evacuation of the ovarian follicle and subsequent formation of the corpus luteum. In contrast,
males maintain a pulsatile pattern of LH secretion throughout their lifetime. While males do not
have such “preovulatory surges”, pulse frequency and amplitude of plasma gonadotropins
fluctuate in both the male and the female with negative feedback loops imposed by steroid
hormones and inhibin (Tilbrook et al., 2001). Castration resulted in increased plasma LH
concentration males of a range of species, and, in seasonal species, plasma FSH and LH
concentrations were greater during breeding season than non-breeding season (Tilbrook et al.,

191

2001). Conversely, chronic treatment with GnRH in rams increased LH and testosterone blood
concentrations, scrotal circumference, sperm production and live sperm in semen (Schanbacher,
1978). Perhaps, the LH-releasing a pathway of NGF is also operant in males and plays a role
regulating reproductive function.
In the present study, we tested the hypothesis that the LH-releasing pathway of NGF is
present in male camelids. The specific objectives were to determine the effect of treatment with
NGF (of seminal plasma origin) on circulating concentrations of LH (Experiment 1) and
testosterone (Experiment 2) in male llamas and alpacas.

8.3. Materials and Methods
8.3.1. Animals
Adult male llamas (n = 3) and alpacas (n = 3) were maintained at the University of
Saskatchewan in Saskatoon, Saskatchewan, Canada. The males were used routinely for semen
collection using an artificial vaginal placed in a phantom mount, with or without a live teaser
female. The males were physically isolated from the females for two months before the
experiments. Animal procedures were approved by the University Committee on Animal Care and
conducted in accordance with the guidelines of the Canadian Council on Animal Care.

8.3.2. Experiment 1: NGF-induced LH secretion in male llamas and alpacas
Adult male llamas and alpacas (n = 2 llamas, n = 3 alpacas) were fitted with a jugular
catheter and, the following day, were assigned randomly to two groups treated intravenously with
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either GnRH (positive control; 50 ug, gonadorelin acetate, Fertiline, Vetoquinol, Lavaltrie, QC,
Canada; n = 3) or NGF purified from seminal plasma (1 mg; n = 2). The dose of NGF was based
on that previously used to induce ovulation in female llamas and alpacas (Adams et al., 2005, Ratto
et al., 2011, Carrasco et al., 2020). Blood samples were collected in heparinized tubes every 30
minutes from 1 hour before to 3 hours after treatment. Within 2 hours of collection, blood samples
were centrifuged at 1500 x g for 10 minutes and plasma was separated and stored at -20ºC until
determination of LH concentration by radioimmunoassay. The experiment was repeated the
following day, but the males were switched between treatment groups, in a crossover design, such
that n = 5 per treatment group.

8.3.3. Experiment 2: NGF-induced testosterone secretion in male llamas and alpacas
Male llamas (n = 3) and alpacas (n = 3) were assigned randomly to two groups (n=3 per
group) and treated intramuscularly with either 1 mg of NGF purified from seminal plasma or saline
(equal volume). Blood samples were collected by jugular venipuncture in heparinized tubes
immediately before treatment and at 2, 4 and 6 hours after treatment. Within 2 hours of collection,
blood samples were centrifuged at 1500 x g for 10 minutes and plasma was separated and stored
at -20ºC until determination of LH and testosterone concentration by radioimmunoassay. Llamas
and alpacas were allowed to rest for 4 days, and the experiment was repeated in a crossover fashion
such that n = 6 per treatment group.

8.3.4. Nerve growth factor purification from seminal plasma
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Nerve growth factor was purified from llama and alpaca seminal plasma using a two-step
chromatography procedure, as previously described (Ratto et al., 2011). Semen was collected three
times a week for one month using a phantom mount fitted with an artificial vagina. Semen was
transported to the lab, diluted 1:1 in phosphate buffered saline (pH = 7.4), and passed repeatedly
through a 25-gauge hypodermic needle attached to a syringe to reduce viscosity. Semen was
centrifuged at 3000 x g for 30 minutes to separate the cellular components and the supernatant was
stored at -20ºC. For purification, seminal plasma samples were sonicated, filtered through a 0.22
um filter and 25 to 30 mg of total protein were loaded in a hydroxyapatite column (equilibrated
with 10 mM phosphate buffer; 20 µm; Bio-Rad, Hercules, CA, USA). Proteins were eluted from
the column in a phosphate buffer gradient (10 to 400 mM). Fractions corresponding to the third
protein peak were pooled, buffer exchanged and concentrated using a spin filter (3 kDa cuttoff,
Amicon Ultra-15, Millipore, Etobicoke, ON, Canada) and stored frozen. Samples of 8 to 15 mg of
protein were loaded in a sepharose column (SEC, Hi Prep 26/60 Sephacryl S-100, Amersham
Laboratories, Piscataway, NJ, USA) and eluted isocratically in phosphate buffered saline using a
fast protein liquid chromatography system (AKTA pure protein purification system, GE
Healthcare, Pittsburgh, PA, USA). Fractions, corresponding to the second protein peak were
concentrated using a spin filter (3 kDa cuttoff, Amicon Ultra-15, Millipore, Etobicoke, ON,
Canada), and 1 µg of purified protein was analyzed by SDS-PAGE and western blot. The
identification of a reactive protein band with a mass of 13 kDa was considered NGF [7]. Protein
content was estimated by the Bradford method (Bio-Rad, Hercules, CA, USA) using bovine serum
albumin (Sigma, Burlington, ON, Canada) as a standard.

8.3.5. Radioimmunoassay
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Plasma samples were analyzed in duplicate using a validated radioimmunoassay against
LH (Rawlings et al., 1984) and testosterone (ImmuChem Double Antibody Testosterone RIA Kit,
ICM Biomedical Inc., Costa Mesa, CA, USA; Gobikrushanth et al., 2017). In Experiment 1, the
intra-assay coefficients of variation for LH were 3.4% and 8.3% for the high- and low-reference
values, respectively. In Experiment 2, the intra-assay coefficients of variation for LH were 4.5%
and 5.1% for the high- and low-reference values, respectively. A standard curve was generated
using ovine LH ranging from 0.0625 to 8 ng/ml. For testosterone, samples were completed in a
single assay, and the intra-assay coefficients of variation were 6.7 and 9.2% for the high- and lowreference samples, respectively. Samples were assayed as per manufacturer’s instructions with the
exception that the testosterone standard curve was prepared using bovine charcoal-stripped serum
with reference values ranging from 0.1 to 10 ng/ml of testosterone.

8.3.6. Statistical analysis
Data are presented as mean ± SEM. Circulating concentrations of LH and testosterone were
compared between groups by analyses of variance for repeated measures, and multiple
comparisons were made using Tukey’s post hoc test. Significant differences were considered when
P < 0.05. Maximum LH concentrations after treatment were defined as the average of the
individual maximum LH values within groups.

8.5. Results
8.4.1. Experiment 1: NGF-induced LH secretion in male llamas and alpacas
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The LH response to treatment with NGF vs. GnRH in male llamas and alpacas is shown in
Figure 8.1. A significant interaction between the effects of treatment and time (P = 0.01) was a
consequence of a greater increase in plasma LH concentrations in the NGF-treated group than the
GnRH-treated group beginning 30 minutes after treatment. Plasma LH concentrations increased
by 30 minutes after treatment in both the GnRH- and NGF-treated groups (P < 0.05), but LH
continued to increase in the NGF-treated group until a maximum at 2.0 ± 0.2 hours (0.32 ± 0.03
ng/ml), whereas LH concentrations were maximal at 1.0 ± 0.2 hours (0.17 ±0.03 ng/ml) in the
GnRH-treated group. Plasma LH concentrations were 2.5 times higher in the NGF- vs the GnRHtreated group by 2 hours after treatment, which represented a 6-fold increase from pre-treatment
LH concentrations. No differences in LH concentrations were detected between llamas vs alpacas
treated with GnRH or NGF.

8.4.2. Experiment 2: NGF-induced testosterone secretion in male llamas and alpacas
The effect of NGF treatment on LH and testosterone concentrations in male llamas and
alpacas is shown in Figure 8.2. A treatment-by-time interaction (P<0.001) in plasma LH
concentrations was a result of increased concentrations after NGF treatment vs. no change in the
saline-treated group. A treatment-by-time interaction (P=0.01) in plasma testosterone
concentration was a consequence of a decrease in the saline-treated control group but not in the
NGF-treated group, evident by 2 hours post-treatment. Testosterone concentrations remained
higher in the NGF-treated group than in the saline-treated group throughout the 6-hour sampling
period.
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Figure 8.1. Plasma LH concentrations (mean ± SEM) in male llamas and alpacas treated with NGF
vs GnRH (n = 5 per group). The horizontal line above the X-axis represents the time during which
LH concentrations were different between groups.
y
z

Within groups, the first increase in LH concentration from pre-treatment values (P < 0.05).
Within groups, maximum concentrations of LH from pre-treatment values (P < 0.05)
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Figure 8.2. Plasma LH and testosterone concentrations in male llamas and alpacas treated with
either NGF or saline (n = 6 per group; Experiment 2). abc Values with different superscripts are
different (P < 0.05). XYZ Values with different superscripts are different (P<0.005).

8.5. Discussion
In the present study, we provide evidence of an LH-releasing mechanism triggered by NGF
in male camelids. The ovulation-inducing and LH-releasing effects of NGF have been well
described in female llamas and alpacas (Adams et al., 2005, Ratto et al., 2012, Adams et al., 2016,
Ratto et al., 2019) and confirmed in female dromedary camels (Fatnassi et al., 2017), but the
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existence of an endocrine effect of NGF in males has not been reported. The present findings
broaden the role of NGF as a relevant mediator of gonadotropin secretion in these species, and
perhaps other domestic species.
The differential pattern of gonadotropin secretion between males and females has been
attributed to morphological and biochemical changes in the brain during the period of sexual
differentiation (Wilson et al., 2017), and males maintain a pulsatile pattern of LH secretion during
their lifetime. To our knowledge, the only exception comes from studies in primates in which
treatment with estradiol benzoate induced an LH surge in both adult male and female
gonadectomized rhesus monkeys (Karsch et al., 1973), and transplantation of ovarian fragments
into gonadectomized male monkeys induced LH hormonal patterns that resembled that of
consecutive estrous cycles (Norman et al. 1986). In contrast, studies in adult gonadectomized ewes
and rams showed a differential response between the sexes; ewes exhibited an LH surge whereas
rams exhibited a decrease in LH concentrations subsequent to estradiol treatment (Karsch et al.,
1975). A marked sexually dimorphic pattern in the LH secretion was also reported in ferrets,
another induced ovulator, where females had an LH surge following mating but males did not
(Carrol et al., 1987). Thus, the findings of the present study are surprising since NGF induced a 6fold increase in LH concentrations in intact male llamas and alpacas, and the response was twice
as high as that after treatment with GnRH. Although we did not include females in the present
study, the LH response observed in males resembled that reported in previous studies in female
llamas treated with NGF (Adams et al., 2005, Ratto et al., 2011), and the magnitude of the LH
response is consistent with what we have reported in female llamas using our current LH
radioimmunoassay (Carrasco et al., 2020). Results suggest that a similar endocrine mechanism of
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action of NGF operates in both male and female South American camelids; however, the biological
role of the NGF-induced LH secretory pathway in males remains unknown.
As the primary sex steroid hormone in males, testosterone and its metabolites have been
associated with male anatomical, physiological, and behavioral characteristics. The difference in
plasma testosterone concentrations between NGF- and saline-treated groups in the present study
was associated with elevated LH concentrations in the former, but the magnitude of the
testosterone response was small compared to the LH response. Studies using bulls and rams
showed that GnRH induced an LH increase of 5- (bulls) to 70- times (ram) higher than pretreatment levels and 2- (bull) to 4-times (ram) higher in testosterone by two hours after treatment
(Bremmer et al., 1976, Sakase et al., 2018). While plasma testosterone concentrations were
equivalent at the start of treatment in the present study, they subsequently decreased in the saline
group and were sustained (non-significant increase) in the NGF group. The decrease in the control
group may be attributed to handling stress of the sampling procedure (Breen et al., 2004).
By modifying testosterone concentrations, NGF may play a role in social and reproductive
behaviors in camelids. Circulating NGF concentrations in socially isolated mice increased after reexposure and territorial fighting with other males, and the magnitude of the response was dosedependent (Aloe et al., 1986, Lakshmanan et al., 1986). In addition, the NGF gene and protein
were upregulated in the brain of mice in an acute manner following the fighting episodes
(Spillantini et al., 1989). Similarly, male Savana baboons with higher circulating concentrations
of testosterone had higher social status which was associated with aggressive behavior towards
lower ranking males (Muller et al., 2017). Although the role of testosterone on social structure has
not been examined in llamas and alpacas, a similar role may be inferred since castration decreased
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the levels of llama- and human-directed aggression in male llamas (Nickolmann et al., 2008,
Grossman et al., 2007).
In a study using rams, sexual arousal, ejaculation, and copulation had no effect on blood
circulating LH concentrations, but the exposure to ewes for 11 hours increased LH pulse frequency
and basal concentrations of LH and testosterone in the rams (Perkins et al., 1992). In male Siberian
hamsters, circulating LH concentrations increased when in contact with an anesthetized female,
but not when separated from females or when housed with other males (Anand et al., 2004).
Additionally, monkeys and rats displayed mating-induced testosterone secretion (Herndon et al.,
1981, Schulman et al., 2014). Taken together, the results of these studies and the present study
provide rationale for the hypothesis that endogenous NGF in male camelids is involved in
hormonal secretion and reproductive function in the male.
We conclude that an LH-releasing mechanism of NGF is present in male South American
camelids. The existence of such a response in males is suggestive of a mechanism of action of
NGF that mirrors that in females, but its biological significance remains unknown. Results provide
rationale for the hypothesis that, in addition to its exocrine role in semen, prostatic NGF may have
an endocrine role in male camelids associated with the control of testosterone secretion and
secondary sexual traits.

8.6. Acknowledgements
We acknowledge Susan Cook, Kim Tran, and Danielle Carriere (Endocrine Lab, Western
College of Veterinary Medicine, University of Saskatchewan) for the help with the
radioimmunoassay procedures.
201

CHAPTER 9: GENERAL DISCUSSION AND CONCLUSIONS

9.1. General discussion
In the present thesis, we evaluated the factors regulating the NGF-induced LH surge and
the possible mechanism of NGF action to induce ovulation in camelids. Results from this thesis
confirm that the hypothalamus is responsible for conducting the NGF-induced LH secretion. The
NGF target in the hypothalamus might be TrkA and P75 neurons in the hypothalamus or P75
containing tanycytes in the median eminence (Chapter 2). Our bio-tracking studies suggested that
low uptake of NGF occurred in the brain, and instead, NGF may be accumulated in the liver and
kidney (Chapter 3). We found that kisspeptin and noradrenaline are good candidates to mediate
the NGF-induced ovulation (Chapter 4 and 5) and that NGF follows a pathway that does not
involve neuronal activation and is not under progesterone influence (Chapter 6). Additionally, we
showed that the LH releasing effect by NGF might not be carried at the hypothalamic level, and
the hypothalamic TrkA receptor and kisspeptin receptor may not be involved in NGF induced
ovulation (Chapter 7). Finally, we determined that NGF triggers LH secretion in male camelids,
and LH secretion may be related to testosterone production (Chapter 8).
In Chapter 2, we examined the potential sites of action of NGF. Based on our results, we
established that NGF might act by interacting with neurons expressing its receptors or in tanycytes
at the third ventricle expressing the P75 receptor. If NGF activates TrkA and P75 neurons in the
hypothalamus to stimulate GnRH secretion, a direct synaptic connection with GnRH or kisspeptin
would be required. However, the chemical identity of TrkA and P75 neurons in the hypothalamus
remains unknown. On the other hand, we found that tanycytes in the median eminence had P75,
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but not TrkA, immunoreactivity. The presence of P75 in tanycytes was reported more than 30
years ago in rats, and it has been found to be consistent with other species (rats, Yan et al., 1989;
mice, Garcia et al., 2003; primates, Blurton-Jones et al., 1999). Additionally, P75 tanycytes were
in close apposition with GnRH neuroterminals as described in rodents (Kozlowski et al., 1985).
Such an arrangement supports the hypothesis that the median eminence is the site of action of
NGF. Although the role of P75 in NGF-mediated ovulation is tempting, the signalling pathways
activated by NGF remain largely unknown and it is generally accepted that P75 is not involved in
the classical actions of NGF. It is noteworthy that the signalling pathways in tanycytes are poorly
understood as well.
In Chapter 3, with the intent of determining the site of NGF, we developed and tested a
radioactive NGF for PET imaging using the tracer Zirconium-89. We found that NGF accumulated
in the liver and kidney within 1 hour of administration and that the accumulation in these two
organs may be receptor-mediated. However, the brain uptake of NGF in the hypothalamus did not
change in the analyzed period. The results of this study suggest that the blood-brain barrier poses
a challenge for NGF brain penetration at all brain levels (i.e., cortex, hypothalamus), in light of
results of Chapter 2 (P75 in tanycytes) and the detection of radioactivity in the infundibular stalk
of our results favour the hypothesis that NGF is acting in tanycytes of the median eminence.
However, the resolution of the PET imaging system was not enough to detect radioactivity at the
median eminence, and autoradiographic trials were not successful (data not shown). Since most
studies suggest rapid actions of NGF on LH secretion (less than 30 mins; Adams et al., 2016), the
median eminence provides a site of action with direct access to the bloodstream.
In Chapters 4 and 5, we investigated the role of two mediators that have been showed to
mediate gonadotrophin secretion (Goodman, 2015). Kisspeptin is the most powerful stimulator of
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LH secretion in all studies species to date (Moore et al., 2018). In Chapter 4, we found that llamas
responded to kisspeptin by eliciting an LH surge and ovulation, similar to NGF-treated llamas;
however, LH secretion was larger in llamas treated with NGF. Given that GnRH neurons had
synaptic contacts with kisspeptin terminals, we inferred that an LH releasing pathway driven by
kisspeptin exists in the llama hypothalamus. However, given that kisspeptin neurons in the
hypothalamus did not possess NGF receptors and that the infusion of a kisspeptin blocker in the
lateral ventricle did not affect the LH surge induced by NGF (Chapter 7), we infer that kisspeptin
is not involved in the NGF-induced LH surge. We attribute the effects of kisspeptin to the pulsatile
secretion of LH instead of the LH surge (Clarkson et al., 2017); however, we did not pursue this
hypothesis given that lack of the required LH radioimmunoassay sensitivity. However, we cannot
rule out the role of kisspeptin since a recent report in llamas showed that the administration of
estradiol induced ovulation and CL development (Bianchi et al., 2020). Whether kisspeptin is
involved in the ovulatory response to estradiol in llamas remains unknown.
The other neuronal system investigated was the hypothalamic noradrenergic system in
Chapter 5. It was established a long time ago that the noradrenergic neuronal network was relevant
during the pulse and surge secretion of LH in several species (Reviewed by Herbison et al., 1997).
As we described in this thesis, the distribution of noradrenergic systems in the llama hypothalamus
was consistent with that of other species, as evaluated by tyrosine hydroxylase immunoreactivity.
Endocrine studies in llamas (Chapter 5) revealed that the intracerebroventricular infusion of an
alpha-1 noradrenergic antagonist reduced the magnitude of the LH surge, supporting the view that
this neurocircuit is relevant for the LH surge induced by NGF. Close contacts of TH and GnRH
further supported the role of adrenaline on LH secretion. An aspect that we did not evaluate in this
study was the presence of NGF receptor sin TH neurons, which would support the hypothesis that
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noradrenergic neurons are the mediator of NGF actions. The presence of TH terminals in the
median eminence supports the role of noradrenergic systems in NGF-induced ovulation (Figure
9.1). The finding agrees with previous studies in rodents (Ojeda et al., 1982, Rettori et al., 1992),
in which was shown that gonadotropin secretion at the median eminence was controlled by
noradrenergic terminals and mediated by and nitric oxide.
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Figure 9.1. Proposed mechanism of action of NGF based on the results of this thesis. NGF may be
activating signalling pathways in tanycytes at the median eminence in llamas. This process may
be mediated by noradrenergic (NA) neuroterminals. Red crosses are pathways (arrows) that not
considered relevant for NGF based on the results of this thesis.
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In Chapter 7, we tested the hypothesis that NGF activates neurons in the hypothalamus by
administering

NGF

directly

in

the

hypothalamus.

Llamas

treated

with

NGF

intracerebroventricularly maintained circulating LH at a basal level, whereas llamas treated with
NGF intravenously had an LH surge and ovulation. Results from this study support the idea that
NGF may not reach the hypothalamus to trigger ovulation. Consistent with this hypothesis, the
administration of a TrkA antagonist and a kisspeptin receptor antagonist in the lateral ventricle of
llamas failed to prevent or reduce the LH surge induced by intravenous administration of NGF.
Results from Chapter 5 indicate that the infusion of doxazosin, an alpha-1-receptor antagonist in
the lateral ventricle produced a reduction of the LH response to NGF, indicating that a component
of the neurosecretory control of GnRH was inhibited by this treatment, likely at the hypothalamic
level. Results of Chapter 6, however, reinforce the aforementioned idea since GnRH neurons were
not activated (as evaluated by Fos expression) in llamas treated with NGF and circulating
progesterone concentrations did not affect the LH surge triggered by NGF. If NGF is not acting in
the hypothalamus, the only explanation is that NGF, to trigger ovulation, does not circumvent the
blood-brain barrier and its probably binding to the P75 receptor in tanycytes at the median
eminence.
One of the exciting findings from this thesis is that NGF may be playing a role in male
physiology. In most species, including induced ovulators, LH secretion in females follows both a
pulse and a surge pattern, whereas that of the male is only pulsatile (Tilbrook et al., 2001). The
finding that NGF triggers an LH surge in male camelids was unexpected since LH secretory
patterns are highly dimorphic (Karsh et al., 1975, Lambert et al., 1992). The LH surges induced
by NGF may correspond to a regulatory endocrine loop since the site of production of NGF is the
prostate (Bogle et al., 2018), and the structure and function of the prostate is maintained by
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testosterone. In female llamas, estradiol supports the LH secretion mechanism of NGF (Silva et
al., 2012); it can be speculated that a similar mechanism is carried out by testosterone in males.
However, the actions of testosterone and its secretory patterns are scarcely investigated in male
camelids. These results support the question, what are the physiological and endocrine
consequences of mating in induced ovulators? Is NGF secreted in an endocrine, in addition to an
exocrine, fashion from the prostatic epithelia during mating? All these questions warrant further
studies to understand the relevance of NGF in male camelid reproductive physiology.

9.2. General conclusions
1. NGF receptors are singly expressed or colocalized in the hypothalamus of llamas. The lowaffinity receptor is expressed in tanycytes of circumventricular organs, and tanycytes expressing
P75 are in contact with kisspeptin and GnRH neuronal projections (Chapter 2).
2. The low radioactivity found in llama brain suggests poor brain penetration of NGF; however,
the radioactive signal was observed in the pituitary stalk (Chapter 3). Additionally, NGF
accumulates in the liver and kidney of llamas likely through a receptor-mediated mechanism.
3. Kisspeptin is likely a mediator of induced ovulation in llamas, given the ability to elicit an LH
surge through a GnRH mechanism and the anatomical and histological properties detected in this
study. Our results do not support the idea that hypothalamic kisspeptin neurons are the target of
NGF to induce GnRH and LH release (Chapter 4).
4. Noradrenaline is involved in the preovulatory LH surge triggered by NGF in south American
camelids since interruption of alpha-adrenergic influences reduces the LH surge magnitude. The
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role of noradrenaline might be carried out at the level of GnRH cell bodies or GnRH terminals
(Chapter 5).
5. The effect of NGF is driven by a hypothalamic pathway that may not involve GnRH neuronal
activation. Also, we provide evidence that the inhibitory effects of progesterone affect basal
gonadotropin secretion but have no influence on the preovulatory LH surge in camelids (Chapter
6).
6. We conclude that NGF may not be acting directly on hypothalamic neurons, and TrkA receptor
and kisspeptin neurons may not be involved in NGF-induced ovulation (Chapter 7).
7. We conclude that an LH-releasing mechanism of NGF is present in male South American
camelids. We propose that NGF is related to male testosterone secretion and secondary sexual
traits (Chapter 8).
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