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Preface 

It is widely recognized that proper gonadal function depends on the coordinated 
action of multiple factors influencing the synthesis and secretion of gonadotropin 
hormones. The term gonadotropin derives from the combination of gonas (from Greek 
gonos or “seed”) and tropin (from Greek trepein or “to change”). Thus, gonadotropins
are protein hormones that have the ability to change gonadal function. Although the
word gonadotrophin  is also used in scientific literature, the etymological derivation of 
this alternative spelling is different. Trophic (from Greek trophe or “nutrition”) implies 
a nurturing action, a function that is not consistent with the nature these protein 
hormones. Thus, from a physiological point of view, the term gonadotropin better 
describes the main emphasis of this book. 

The gonadotropin family includes luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) secreted from the pituitary gland. These hormones are composed of
two dissimilar subunits: an alpha subunit and a beta subunit. Within species, the alpha 
subunits are nearly identical; however, the beta subunits are specific for each 
hormone. When the subunits are combined, to form a noncovalently associated
heterodimer, the beta subunit provides a unique spatial conformation that ensures a 
high affinity interaction with their membrane receptors; thus, the biological specificity
of each hormone. Each subunit is the product of separate genes. Genes are translated
and subsequently glycosylated before packaging and secretion from the Golgi
apparatus. Glycosylation is an enzymatic process that attaches poly- or 
oligosaccharides (glycans) to the different subunits. Thus, gonadotropins are also part 
of the glycoprotein hormone family that includes other hormones such as thyroid-
stimulation hormone (TSH). In addition, some species also secrete chorionic 
gonadotropins during pregnancy. Chorionic gonadotropins are also heterodimeric
glycoprotein than can have different degrees of LH and FSH biological activity in 
horses (eCG), humans (hCG), and other primates. 

Synthesis and secretion of LH and FSH takes place in the gonadotropes of the pituitary
gland (adenohypophysis). The hypothalamus, in turn, controls the secretion of 
gonadotropins by the pulsatile secretion of gonadotropin releasing hormone (GnRH).
Therefore, the neuroendocrine linkage of the hypothalamic-pituitary-gonadal axis 
provides an integrated system responsible for proper reproductive performance, 
including gamete development and sex steroids secretion.
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VIII Preface 
 

The scope and objective of this book is to provide researchers and graduate students 
with an updated review of the control mechanisms associated with the synthesis and 
secretion of gonadotropins. From a practical point of view, the book also provides 
relevant information that integrates reproductive performance of domestic species. A 
dedicated panel of authors was assembled to address these topics, aiming to provide a 
cutting edge platform to those interested in reproductive physiology and 
endocrinology. 

The book is organized in eight chapters. The first four chapters are dedicated to the 
control of gonadotropin secretion via GnRH and GnRH isoforms, Kisspeptin, 
Endocannabinoids and neuropeptide–glutamic acid-isoleucine. A series of three 
interrelated chapters summarize the regulation of gonadotropin secretion in cattle, and 
an additional chapter is devoted to the functions of gonadotropin-related structural 
features.  

Putting this book together has been an enjoyable task. I would like to thank all the 
authors for their patience throughout the editorial process, and most importantly for 
their valuable contribution. 

 
Dr. Jorge Vizcarra  

Department of Food and Animal Science, Alabama A&M University,  
USA 
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Contribution of Chicken GnRH-II and Lamprey 
GnRH-III on Gonadotropin Secretion 

Jorge Vizcarra 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/47863 

1. Introduction 

Proper gonadal function in mammals depends on gonadotropins secreted from the pituitary 
gland in a pulsatile manner. The hypothalamus, in turn, controls the secretion of 
gonadotropins by the pulsatile secretion of gonadotropin releasing hormone (GnRH) into 
the portal circulation of the pituitary. The idea of brain control over the hypophysis was first 
postulated by Geoffrey Harris during the late 1940s and early 1950s (Harris, 1948). The 
evidence available at that time indicated that stimulation of the central nervous system, but 
not direct stimulation of the pars distalis or neural lobe, caused the release of 
adenohypophysial hormones. During the 1950s and 1960s, trophic substances were 
extracted from the brain of different species (Guillemin, 2005). These releasing factors 
obtained from the median eminence affected secretions of the pars distalis. The search for 
these releasing factors was lead by McCann, Schally and Guillemin (Guillemin and 
Rosenberg, 1955; McCann and Fruit, 1957; Rumsfeld and Porter, 1962; Saffran et al., 1955). 

Andrew Schally and his team isolated and synthesized for the first time the decapeptide 
GnRH, after the extraction of more than 250,000 pig hypothalami (Matsuo et al., 1971; Wade, 
1978). Initially Schally and coworkers postulated that one hypothalamic hormone LH-
RH/FSH-RH or simply GnRH controls the secretion of both LH and FSH from the pituitary 
gland (Schally et al., 1971). The terms luteinizing hormone-releasing hormone, and 
gonadotropin-releasing hormone have been widely adopted, and most journals allow the 
use of both names and abbreviations (Schally, 2000). In addition to GnRH, the occurrence of 
other two GnRH isoforms was first reported in chickens more than 10 years after of Dr. 
Schally’s initial report (King and Millar, 1982; Miyamoto et al., 1982; Miyamoto et al., 1984). 
To date, several structural variants of GnRH have been identified in diverse vertebrates 
(Barran et al., 2005; Millar et al., 2004). These isoforms have various functions, including 
paracrine, autocrine, neuroendocrine, and neurotransmitter/neuromodulatory roles in the 

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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central and peripheral nervous systems (King and Millar, 1995; Millar and King, 1987; 
Sealfon et al., 1997; Skinner et al., 2009).  

 1 2 3 4 5 6 7 8 9 10 
Mammal (mGnRH) pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly 
 
Chicken-I (cGnRH-I) pGlu-His-Trp-Ser-Tyr-Gly-Leu-Gln-Pro-Gly 
 
Chicken-II (cGnRH-II) pGlu-His-Trp-Ser-His-Gly-Trp-Tyr-Pro- Gly 
 
Lamprey-III (lGnRH-III) pGlu-His-Trp-Ser-His-Asp-Trp-Lys-Pro-Gly 

Table 1. Amino acid (AA) sequence of GnRH isoforms. The bolded regions represent the conserved 
NH3- and COOH- terminal residues. The numbers represent the relative position of each AA in the 
GnRH peptide (1 represents the N-terminal AA) 

The nomenclature used to distinguish different GnRH isoforms between mammalian and 
non-mammalian species have been described using a variety of phylogenic and genomic 
synteny analyses (Kim et al., 2011; Millar et al., 2004; Roch et al., 2011; Tostivint, 2011). For 
the purpose of this book chapter, we adopted the nomenclature based on the species in 
which they were first discovered, depicted in Table 1, and described elsewhere (Millar et al., 
2004). 

In addition to the classically described mammalian form of GnRH (for extensive review see 
(Barb et al., 2001; Clarke, 2002; Esbenshade et al., 1990; Kaiser et al., 1997; McCann et al., 
2002; Millar, 2005; Millar et al., 2008)), chicken GnRH-II (cGnRH-II) and lamprey GnRH-III 
(lGnRH-III) are of particular significance because they may coordinate the control of LH and 
FSH secretion in some vertebrate species.  

2. GnRH receptors 

The coordination of gonadotropin secretion is also modulated by the interaction of the 
GnRH peptide with its receptors. The GnRH receptor (GnRHR) has the characteristic feature 
of a classical seven-transmembrane G-protein-coupled receptor (Millar, 2003, 2005; Neill, 
2002). Four vertebrate GnRHR lineages have been proposed using genome synteny and 
phylogenic analyses; nonmammalian type I, nonmammalian type II, nonmammalian type 
III/mammalian type II, and mammalian type I (Kim et al., 2011). For the purpose of this 
book chapter, we refer to the type I and type II GnRHRs as the mammalian type I and 
mammalian type II GnRH receptor, respectively.  

There is evidence that in the rhesus monkey (Macaca mulatta) and the marmoset (Callithrix 
jacchus), the type I GnRHR has high affinity for mGnRH and lower affinity for cGnRH-II, 
and the type II GnRHR has high affinity for cGnRH-II and lower affinity for mGnRH (Millar 
et al., 2001; Neill, 2002). In fact, when COS-1 or COS-7 cells were transfected with the type II 
GnRHR, the potency was high for cGnRH-II and low for mGnRH. Nonetheless, in vivo and 
in vitro work in rhesus monkey (Densmore and Urbanski, 2003; Okada et al., 2003) and pigs 
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(Neill et al., 2002), using specific type I GnRHR antagonists (Antide and Cetrorelix) suggest 
that cGnRH-II can also stimulate gonadotropin secretion via the type I GnRHR (Neill et al., 
2004).  

 

 
Figure 1. Concentrations of the type I GnRHR (A) and expression of the mRNA for the type I GnRHR 
(B) in the pituitary gland of anestrous cows that were treated for 13 days with 2 µg of mGnRH infused 
(i.v.) continuously during 1 h (mGnRH-C), during 5 min once every hour (mGnRH-1), or during 5 min 
once every fourth hour (mGnRH-4) or with saline (control).  Different letters indicate significant 
differences (P < 0.1 for A and P< 0.05 for B).  Adapted from (Vizcarra et al., 1997). 

In the pig, as well as other mammals, type I GnRHRs are characterized by the absence of a 
carboxyl-terminal tail (Kakar et al., 1992; Millar et al., 2004; Neill et al., 2004; Tsutsumi et al., 
1992; Weesner and Matteri, 1994). The tail-less type I GnRHR is associated with a resistance 
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to rapid desensitization and ligand-induced internalization (Blomenrohr et al., 1999). When 
COS-1 cells expressing the type I receptor were incubated with a maximal dose of a mGnRH 
agonist, [3H]-inositol phosphate (IP) accumulated for 90 min indicating the failure of mGnRH 
desensitization during the experimental period (Neill, 2002). From a practical standpoint, we 
have demonstrated that administration of mGnRH at different frequencies differentially 
regulates the concentrations and the expression of the type I GnRHR (Vizcarra et al., 1997). 
Concentrations and expression of the type I GnRHR were reduced when mGnRH was infused 
continuously compared with those in control cows (Figure 1). However, when mGnRH was 
given as a pulse every hour or every fourth hour, concentration and expression of the type I 
GnRHR were not different from those in control cows. Our data indicates that pulsatile 
mGnRH does not influence concentrations of the type I GnRHR or type I GnRHR mRNA, but 
continuous infusion of mGnRH dramatically reduces the concentrations and expression of the 
type I GnRHR in the pituitary gland (Vizcarra et al., 1997). 

The type II GnRHR has only 41% identity with the type I receptor and in contrast to the type 
I GnRHR, the type II receptor has a C-terminal cytoplasmic tail that is important for cell 
surface expression and agonist binding. The type II GnRHR has been cloned in several 
vertebrate species; whereas the type I GnRHR has been identified only in mammals (Kim et 
al., 2011). The tail of the type II GnRHR is phosphorylated upon agonist-binding followed 
by internalization and desensitization of the receptor (Blomenrohr et al., 1999). As with the 
type I receptor, the type II couples to the Gqα protein and, consequently, mediates the 
intracellular production of inositol trisphosphate (Cabrera-Vera et al., 2003; Millar and 
Newton, 2010). In contrast to the type I GnRHR, desensitization of the type II GnRHR in 
rhesus monkeys takes about 60 minutes, reflecting the properties of the cytoplasmic tail 
(Neill, 2002).  

3. Chicken GnRH-II 

Phylogenic evidence indicates that cGnRH-II (initially isolated from the chicken brain) is an 
ancient form of GnRH that has been structurally conserved for over 100 million years of 
evolution, suggesting that its neural functions may have an important significance (Powell 
et al., 1994; Rastogi et al., 1998).  

In birds, two forms of GnRH (cGnRH-I and cGnRH-II; Table 1) have been reported (King 
and Millar, 1982; Miyamoto et al., 1982; Miyamoto et al., 1984) and only indirect 
measurements of the GnRH pulse generator is available by measuring plasma LH 
concentrations in frequent samples or in pituitary extracts (Chou and Johnson, 1987; Sharp 
and Gow, 1983; Wilson and Sharp, 1975). In addition, we have reported the episodic nature 
of gonadotropin secretion in the mature fowl (Vizcarra et al., 2004). Gonadotropin secretion 
in chickens is characterized by a pulsatile pattern with LH pulses being more frequent and 
having greater amplitude than FSH pulses (Figure 2). Furthermore, we observed that there 
was a lack of synchrony between the episodic release of LH and FSH. Only 23% of the LH 
pulses were associated with FSH episodes, suggesting that in the adult male fowl LH and 
FSH secretion are regulated independently (Vizcarra et al., 2004). 
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Figure 2. Pulsatile secretion of LH and FSH in plasma of four birds. Blood samples were obtained every 
10-min for 8 h. Asterisks indicate the presence of a pulse of LH or FSH, as determined by Pulsar.  
Adapted from (Vizcarra et al., 2004) 
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Both cGnRH-I and -II stimulates gonadotropin release in vivo and in vitro in the chicken 
(Hattori et al., 1986). However, cGnRH-II was not found in the median eminence of the 
white-crowned sparrow (Zonotrichia leucophrys gambelii), suggesting that in these species 
cGnRH-II does not regulate pituitary gonadotropin secretion (Meddle et al., 2006). Although 
concentrations of FSH in small cockerels were not affected by cGnRH-I challenge (Krishnan 
et al., 1993), most of the evidence indicates that cGnRH-I is the prime regulator of 
gonadotropin release in chickens (Katz et al., 1990; Sharp et al., 1990). Active immunization 
against cGnRH-I but not against cGnRH-II was associated with decreased concentration of 
LH in laying hens (Sharp et al., 1990). We also evaluated the effect of active immunization 
against cGnRH-I and cGnRH-II in adult broiler breeder males (Vizcarra et al., 2000). At 10 
weeks of age, males (10 per treatment), received a primary immunization against cGnRH-I, 
cGnRH-II, BSA, or were not immunized. Peptides were conjugated to BSA and emulsified in 
Freund’s incomplete adjuvant and diethylaminoethyl-dextran. Booster immunizations were 
given at 3, 6 and 14 weeks after the primary immunization. Titers were increased in cGnRH-
I but not in cGnRH-II treated birds compared with BSA immunized males (Figure 3). 
Concentrations of LH and FSH in frequent samples were not affected by treatment; 
however, testis weight was significantly decreased in cGnRH-I birds compared to the other 
treatments (Figure 4).  

 
Figure 3. Antibody titers of male broiler breeders immunized against cGnRH-I, cGnRH-II, and BSA.  
Titers were increased (P < 0.05) in cGnRH-I but not in cGnRH-II treated birds compared with BSA 
immunized males.   

There is evidence of a behavioral role attributed to cGnRH-II in birds that may be 
independent from cGnRH-I. Intracerebroventricular (ICV) infusion of cGnRH-II induced 
copulation solicitation in the female white-crowned sparrow, and social interactions in the 
house sparrow (Passer domesticus) may be regulated by cGnRH-II (Maney et al., 1997; 
Stevenson et al., 2008). In the mature male Zebra finch (Taeniopygia guttata) the number of 
cGnRH-II neurons is significantly reduced during the non-breeding season as compared 
with the breeding season (Perfito et al., 2011). A similar behavioral role of cGnRH-II has 
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been reported in mice (Kauffman and Rissman, 2004a). However, this information is 
questionable due to the lack of a functional cGnRH-II peptide and the lack of a functional 
type II GnRHR in mice (Stewart et al., 2009). 

 
Figure 4. Testis weight of male broiler breeders immunized against cGnRH-I, cGnRH-II, BSA, and not 
immunized (Control) birds.  Different letters indicate significant differences (P < 0.05) 

Among primates, the rhesus monkey (Macaca mulatta), is one of the few species studied to 
date that posses a functional cGnRH-II peptide and type II GnRHR (Stewart et al., 2009). In 
these species, cGnRH-II is expressed in the hypothalamic median eminence (Urbanski et al., 
1999), and has the ability to stimulate gonadotropin secretion (Lescheid et al., 1997). The 
rhesus hypothalamic cells that express mGnRH and cGnRH-II have a differential 
distribution pattern. In contrast to mGnRH, the axonal projections of cGnRH-II have a direct 
input in the neural lobe of the pituitary gland, raising the possibility that both forms of 
GnRH may play different physiological roles in the regulation of gonadotropin secretion 
(Urbanski et al., 1999). When cultured pituitary cells form male rhesus monkeys were 
incubated with cGnRH-II, LH and FSH were significantly increased. However, the in vitro 
effect of cGnRH-II on gonadotropin secretion was less potent than that of mGnRH (Okada et 
al., 2003). In contrast, in vivo exogenous doses of mGnRH and cGnRH-II in female rhesus 
monkeys were equally potent at stimulating LH release with little effect on FSH secretion 
(Densmore and Urbanski, 2003). In males and females rhesus monkeys, cGnRH-II mRNA 
expression in the mediobasal hypothalamus (MBH) significantly increased in adult animals 
compared with prepubertal macaques (Latimer et al., 2001). Since the MBH is associated 
with the pre-ovulatory LH surge and overall reproductive development (Spies et al., 1977), 
it is possible that cGnRH-II may play a role in the onset of puberty and sexual behavior. 
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Estrogen significantly increases cGnRH-II expression in the MBA (Densmore and Urbanski, 
2004), while the same steroid significantly decreases mGnRH expression (Densmore and 
Urbanski, 2004; El Majdoubi et al., 1998). The positive and negative feedback mechanism of 
estrogen on the reproductive axis may be explained by the presence of the two GnRH 
isoforms present in the brain of the rhesus monkey. As noted above, few primate species are 
known to possess a functional cGnRH-II peptide and associated type II GnRH receptor. For 
instance, in the Chimpanzee (Pan troglodytes) the genes encoding the cGnRH-II peptide and 
the type II GnRH receptor contains a premature stop codon (Ikemoto and Park, 2006; 
Stewart et al., 2009); therefore there is a disruption of the ligand and the receptor. 
Information on regard to the GnRH-II system obtained in the rhesus monkey should not be 
generalized to other primate species.  

Although human posses a functional cGnRH-II peptide, the type II GnRH receptor is 
disrupted by a frame shift and premature stop codon (Pawson et al., 2005). The type II 
GnRHR gene remains active and an alternative splicing (GnRHR-II-reliquum) is expressed 
in gonadotropes that contains the type I GnRHR (Millar et al., 1999; Pawson et al., 2005). 
Simultaneous transfection of the type I GnRHR and GnRHR-II-reliquum into COS-7 cells 
resulted in reduced expression of the type I GnRHR, suggesting a modulator role of the 
GnRHR-II reliquum on the type I GnRH receptor (Pawson et al., 2005). 

In the Musk shrew (Suncus murinus), cGnRH-II was identified by HPLC and 
radioimmunoassay (RIA), and the presence of a functional peptide subsequently reported 
(Dellovade et al., 1993; Rissman and Li, 1998; Stewart et al., 2009). Although there is 
evidence that the type II GnRHR may mediate behavioral effects of cGnRH-II in the Musk 
shrew (Kauffman et al., 2005), a functional type II GnRHR has not been reported (Stewart et 
al., 2009). Nevertheless, ICV infusion of cGnRH-II but not mGnRH stimulated sexual 
behavior in nutritionally challenged female musk shrews (Temple et al., 2003). When musk 
shrews were exposed to different levels of caloric intake, cGnRH-II mRNA expression was 
modulated by feed intake (Kauffman et al., 2006; Kauffman and Rissman, 2004b). These data 
suggest a role of GnRH-II in both feeding and sexual behavior. 

Among domestic animals, the pig is the only relevant livestock species that expresses both a 
functional mGnRH and cGnRH-II peptide and the associated cognate functional type I and 
type II GnRHR (Stewart et al., 2009). In bovine and ovine species the cGnRH-II peptide and 
the type II GnRHR receptor are functionally inactivated (Morgan et al., 2006) and in equine 
species, the type II GnRHR is functionally inactivated (Stewart et al., 2009).  

Very little information on the effect of cGnRH-II on gonadotropin secretion is available in 
pigs. Treatment of pig pituitary cells with nanomolar concentrations of cGnRH-II 
consistently stimulated a 15-20 fold increase in LH secretion, while FSH secretion was more 
variable, ranging from none to a 4-fold stimulation (Neill et al., 2002).  

We conducted studies to evaluate the effect of active immunization against cGnRH-II on 
gonadotropin secretion and testicular function in boars (Bowen et al., 2006). A synthetic 
cGnRH-II peptide, where the common pGlu-His-Trp-Ser sequence at the N-terminal was 
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suppressed (see table 1) and a Cys residue was incorporated, was used in the conjugation 
process. Antibody titers were detectable in GnRH-II immunized animals four weeks after 
primary immunization (bottom panel Figure 5). Titers continued to increase as booster 
immunizations were given with limited to no cross-reactivity between mGnRH and cGnRH-
II. No mGnRH specific antibodies were detected in control animals. Antibody titers against 
mGnRH were measured to determine if cGnRH-II antibodies recognized mGnRH. None of 
the animals produced antibodies that recognized mGnRH. However, when a plasma sample 
from a cow previously immunized against mGnRH was used, antibody titers were 
significantly higher (Figure 5; inset upper panel). None of the animals produced antibodies 
that recognized mGnRH, indicating that animals immunized against cGnRH-II produced 
antibodies that recognized only their own specific amino acid sequence. Active 
immunization against cGnRH-II significantly decreased gonadotropin secretion when 
compared with control barrows (Figure 6). These data suggest that the two GnRHs and 
GnRHRs systems, along with differences in signaling pathways, provide the potential for 
differential gonadotropin secretion in pigs.  

GnRH antagonists, of which thousands have been formulated, cause an immediate and 
rapid reversible suppression of gonadotropin secretion. The principal mechanism of action 
of GnRH antagonists is competitive receptor occupancy of GnRHRs (Herbst, 2003; Huirne 
and Lambalk, 2001). The first generation of mGnRH antagonists contained replacements for 
His at position 2 and for Trp at position 3 (Huirne and Lambalk, 2001). The inhibitory 
activity increased after incorporation of a D-amino acid at position 6, but increased 
histamine-releasing activity resulted in anaphylactic reactions. The third generation 
antagonists have low histamine-releasing potency by replacing the D-amino acid at position 
6 by neutral D-ureidoalkyl amino acids (Huirne and Lambalk, 2001). In pigs a third-
generation antagonist (Cetrorelix) has been used in vivo and in vitro (Neill, 2002; Zanella et 
al., 2000). The ability of cetrorelix to inhibit [3H]-IP accumulation in response to cGnRH-II 
was evaluated in COS-1 cells that were transfected with the type II GnRHR. Increased 
concentrations of cGnRH-II in the media resulted in no inhibition of IP, and when cetrorelix 
was tested for agonist activity with the type II GnRHR, no activity was observed even at 
large doses (Neill, 2002). These data suggest that cetrorelix is a potent and specific 
antagonist to the type I GnRH receptor.  

Daily intramuscular (i.m.) doses of cetrorelix decreased gonadotropin secretion in intact and 
castrated boars and gilts (Wise et al., 2000; Zanella et al., 2000; Ziecik et al., 1989). 
Administration of low doses (5 µg/kg of body weight; BW) of cetrorelix resulted in a decline 
of LH but had no effect on FSH concentrations, while doses of 10 µg/kg BW of cetrorelix 
were sufficient to inhibit FSH secretion (Wise et al., 2000; Zanella et al., 2000). Larger doses 
(20 µg, 50 µg, and 1 mg/kg BW) of cetrorelix also resulted in a significant decrease in LH 
concentrations with varied responses in FSH secretion (Moran et al., 2002; Wise et al., 2000; 
Ziecik et al., 1989). The lack of a consistent reduction of FSH secretion in pigs treated with 
the type I GnRHR antagonist may be associated with the presence of two GnRHs and two 
GnRH receptors, together with the differences in their signaling in swine species.  
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concentrations with varied responses in FSH secretion (Moran et al., 2002; Wise et al., 2000; 
Ziecik et al., 1989). The lack of a consistent reduction of FSH secretion in pigs treated with 
the type I GnRHR antagonist may be associated with the presence of two GnRHs and two 
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Figure 5. Effect of immunization on antibody titers against mGnRH and cGnRH-II in control barrows 
and boars immunized against BSA, and intact pigs immunized against cGnRH-II (n = 12/treatment).  
Antibody titers increased in animal immunized against cGnRH-II after the first booster immunization.  
Arrows indicate the times at which primary (P) and booster (B) immunizations were given.  Plasma 
from a cow previously immunized against mGnRH (Vizcarra et al., 2011) was used as a positive control 
(inset).  Adapted from (Bowen et al., 2006). 
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Figure 6. Concentrations of LH and FSH in weekly samples of control barrows and boars immunized 
against BSA, and intact pigs immunized against cGnRH-II (n= 12/treatment).  There was a treatment 
effect for LH (P < 0.01) and a treatment x week interaction for FSH (P < 0.03), resulting in gonadotropin 
concentrations that were greater in control barrows compared with boars and cGnRH-II pigs.  Arrows 
indicate the time at which primary (P) and booster (B) immunizations were given.  Adapted from 
(Bowen et al., 2006). 

Antagonist for the type II GnRHR have also been developed and tested in cells expressing 
rat GnRH (Maiti et al., 2003), human endometrial cells (Fister et al., 2007), and mice (Kim et 
al., 2009). However, all of these species have lost a functional type II GnRHR (Stewart et al., 
2009) and data from these experiments are questionable. A type II GnRHR knockdown 
swine is being developed (Desaulniers et al., 2011). This animal model may provide new 
cues on the relative contribution of the type II GnRHR in pigs. 
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Taken together, GnRH-II is the most ancient and conserved member of the GnRH family, it 
is expressed in several vertebrates, and has the ability to control gonadotropin secretion in 
species that have a functional GnRH-II and type II GnRHR.  

4. Lamprey GnRH-III 

Sower and coworkers (Sower et al., 1993), reported the isolation of lGnRH-III from the sea 
lamprey (Petromyzon marinus). Although lGnRH-III is not a natural ligand of the type I or 
type II GnRHR, the lGnRH-III receptor shares different characteristics of both type I and 
type II GnRHRs (Silver et al., 2005; Silver and Sower, 2006). The presence of lGnRH-III (or a 
related analog) have been reported in brain extracts from humans, sheep, cows and rats 
(Dees et al., 1999; Hiney et al., 2002; Yahalom et al., 1999; Yu et al., 2000), suggesting a 
biological activity of this GnRH isoform in several species. However, to date, the gene 
expression of lGnRH-III has not been reported in mammalian species. There are indications 
that lGnRH-III might have antiproliferative effects on different types of cancer. Several 
GnRH analogs are used to treat various forms of cancer (Schally et al., 2001). Among these 
isoforms, lGnRH-III has a substantial antiproliferative effect on several cancer cell lines 
(Heredi-Szabo et al., 2006; Lovas et al., 1998; Mezo et al., 1997; Palyi et al., 1999),  

The physiologic role played by lGnRH-III on gonadotropin secretion in mammalian species 
is controversial. Although lGnRH-III is a weak GnRH agonist, early research in mammalian 
species suggested that lGnRH-III can selectively stimulate the secretion of FSH without 
changing concentration of LH.  

In rodents, lGnRH-III significantly increased FSH concentrations in a dose-dependent 
manner when using anterior pituitaries at 10-9 to 10-4 M concentrations. In contrast, LH 
concentrations were affected only when the highest doses of lGnRH-III (10-6 to 10-4 M) were 
used (Yu et al., 1997). Intravenous (i.v.) infusion of lGnRH-III also increased FSH without 
changes in LH concentrations (Yu et al., 1997). Subsequently, data from the same laboratory 
reported the isolation of a FSH-releasing factor (RF) obtained from the stalk-median 
eminence of rats. The FSHRF was associated with lGnRH-III, and had the ability to interact 
with a putative receptor to selectively release FSH (McCann et al., 2001; Yu et al., 2002; Yu et 
al., 2000). These data and that from other non-traditional sources (McCann and Yu, 2001) 
suggest that lGnRH-III is a potent and specific FSH-releasing peptide. However, other lines 
of research have raised questions about the ability of lGnRH-III to selectively secrete FSH in 
rodents (see below). 

The presence of lGnRH-III in the brain of rats was identified by immunocytochemistry 
(Dees et al., 1999), and subsequently localized in the dorsomedial preoptic area (POA) of the 
brain and colocalized with mGnRH (Hiney et al., 2002). However, lGnRH-III was not 
detected in rats and other rodents by reverse-phase-HPLC followed by RIA, or by 
performing two successive HPLC steps to prevent the coelution of GnRH peptides (Gautron 
et al., 2005; Montaner et al., 1999; Montaner et al., 2001). When rats were infused (i.v.) with 
doses of lGnRH-III or mGnRH, gonadotropin secretion was increased in a dose-dependent 
manner with a greater increase in LH than FSH concentrations. The potency of lGnRH-III 
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was 180 to 650 fold weaker than that of mGnRH (Kovacs et al., 2002). Similarly, when rat 
pituitary cells were perfused with lGnRH-III or mGnRH (10-9 to 10-6 M), lGnRH-III was 1,000 
fold less active in releasing LH than mGnRH (Lovas et al., 1998). Moreover, when rat 
pituitary cells were perfused with doses (10-7 to 10-5 M) of lGnRH-III, gonadotropin secretion 
was increased without any indication of a selective secretion of FSH (Kovacs et al., 2002). 
These data is in agreement with in vitro results obtained from rat hemipituitaries incubated 
with doses (10-9 to 10-7 M) of lGnRH-III (Montaner et al., 2001). The contradictory results 
obtained by different laboratories, may be explained by experimental condition, the 
influence of the presence or absence of steroid in the in vivo models, and data interpretation 
(Kovacs et al., 2002).  

Undoubtedly, more research is needed to clarify the existence of lGnRH-III or a FSHRF that 
may be involved in the differential secretion of gonadotropins in mammals. In addition to 
the information provided above, other areas of investigation have stressed the need to 
reconsider the traditional conjecture that a single GnRH molecule controls reproduction 
(Igarashi and McCann, 1964; McCann et al., 1983; Padmanabhan and McNeilly, 2001). 
Briefly, lesions to the median eminence (ME) of castrated male rats suppressed LH but not 
FSH pulses, while animals with posterior to mid-ME lesions had no FSH pulses but 
maintained LH episodic releases (Marubayashi et al., 1999). Similarly, ablation of the dorsal 
anterior hypothalamus of ovariectomized rats suppressed FSH pulses but not LH (Lumpkin 
et al., 1989). These results raise the possibility that another form of GnRH may contribute 
nontraditionally to the control of reproductive function or may take part in an important 
neuroendocrine role. The nature of episodic FSH secretion in portal blood cannot be 
accounted completely by changes in GnRH secretion (Padmanabhan et al., 1997). When 
male rats were administered GnRH antiserum and/or GnRH antagonists, pulsatile FSH 
release was maintained while LH was abolished, giving further credence to the view that 
reproductive function may be regulated by more than one GnRH neuronal system (Culler 
and Negro-Vilar, 1987). We have observed that GnRH pulse frequency and amplitude 
differentially regulates LH and FSH gene transcription and serum concentrations of LH and 
FSH in cattle (Vizcarra et al., 1997). However, this mechanism of FSH secretion does not 
preclude the existence of other GnRH releasing factors. It is also possible that the concerted 
action of local pituitary factors and peripheral steroids could lead to a pulsatile FSH pattern. 
For instance activins, inhibins, and follistatins may provide an autocrine-paracrine 
regulation of FSH release at the pituitary level (Baird et al., 1991; DePaolo et al., 1991; 
Mather et al., 1992; Nett et al., 2002; Padmanabhan et al., 2002; Padmanabhan et al., 1997; 
Padmanabhan and McNeilly, 2001).  

Data obtained in the late 1990’s, using the rat model, inspired other laboratories to 
investigate the use of lGnRH-III in domestic species. Since this peptide was able to 
selectively stimulate FSH secretion in rats, several researches evaluated the potential use of 
lGnRH-III in different livestock species. Using similar techniques as those reported in rats, 
lGnRH-III (or a closely related peptide), was also extracted from sheep stalk-median 
eminence using a Sephadex G-25 column (Lumpkin et al., 1987; Yu et al., 2000), and from 
bovine brain samples using HPLC (Yahalom et al., 1999). However, as noted above, the gene 
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expression of lGnRH-III has not been reported in mammalian species. The ability of lGnRH-III 
(obtained from bovine midbrain tissue) to release LH was evaluated in cultured rat pituitary 
cells. The potency of lGnRH-III was only about 2% of that of mGnRH, suggesting that lGnRH-
III is a weak agonist of mGnRH (Yahalom et al., 1999). When lGnRH-III (0.25 and 0.5 mg) was 
infused (i.v.) during the luteal phase of the estrous cycle of crossbred heifers, FSH 
concentrations were increased without changes in LH concentrations. At higher doses (2.0 and 
8.0 mg) both FSH and LH were increased compared with basal concentrations. In contrast, a 
dose of 0.5 mg of lGnRH-III elicited a significant increase in LH with no changes in FSH 
secretion at day 20 of the estrous cycle. Authors suggested that the selectivity of lGnRH-III in 
cattle depends on the dosage and the stage of the estrous cycle (Dees et al., 2001).  

In sharp contrast to the observations described above, no differential gonadotropin secretion 
was reported in ovariectomized cows (exposed to different steroid replacement therapy) 
when infused with doses (0.055, to 1.1 mg/kg BW) of lGnRH-III. Higher doses (4.4 mg/kg 
BW) released LH but not FSH. Similarly, in vitro doses (10-7 to 10-6 M) of lGnRH-III elicited a 
non-selective increase of LH and FSH, while lower doses (10-9 to 10-8 M) were not associated 
with gonadotropin secretion in bovine adenohypophyseal cells (Amstalden et al., 2004).  

A clear and unbiased interpretation of the discordant results observed in cattle (Amstalden 
et al., 2004; Dees et al., 2001) is difficult. Reagents (RIAs) used in both laboratories to 
evaluate LH and FSH were provided by the National Hormone and Pituitary Program. 
Thus, it is unlikely that differences can be attributed to the ability of a particular RIA to 
detect FSH concentrations (Amstalden et al., 2004). The ovariectomized cow model, with 
estradiol and progesterone replacement therapy, used in one experiment (Amstalden et al., 
2004) may provide a better animal model compared with intact cows. As noted above, it is 
well established that ovarian follicular peptides such as actvin, inhibin and follistain 
regulate FSH secretion; therefore, intact animals could be influenced by ovarian secretions 
that may act as a confounding factor. 

Along the same lines described for rats and cattle, there is contradictory evidence on the 
involvement of lGnRH-III on gonadotropin secretion in pigs. Infusion (i.m.) of lGnRH-III in 
barrows differentially stimulated FSH secretion within 1 h after treatment (Kauffold et al., 
2005). On the other hand, when boars were actively immunized against lGnRH-III, 
concentrations of both LH and FSH were decreased without any evidence of a differential 
regulation of gonadotropin secretion (Bowen et al., 2006). We (Barretero-Hernandez et al., 
2010) also evaluated the effect of infusion (i.v.) of different doses of lGnRH-III on the release 
of LH and FSH in pigs. Barrows were used to evaluate the effect of 0.1, 1.0 or 10.0 µg/kg BW 
of exogenous lGnRH-III on LH and FSH secretion (Figure 7). Blood samples were taken at 
10-min intervals for 6 h, starting 2 h before treatments were applied. Relative concentrations 
of FSH after lGnRH-III infusion did not influence mean concentration of FSH at any of the 
doses; however, 10.0 µg/kg BW had a significant effect on LH secretion. We conclude that 
lGnRH-III is a weak GnRH agonist, and at high doses, lGnRH-III has the ability to release 
LH but not FSH in barrows. Similar findings were also obtained in gilts that were infused 
(i.m.) with a synthetic lGnRH-III product (Brussow et al., 2010).  

 
Contribution of Chicken GnRH-II and Lamprey GnRH-III on Gonadotropin Secretion 15 

 
Figure 7. Mean concentrations of LH (A) and FSH (B) in serum at 10-min intervals before and after 
(arrows) 0.1, 1.0 or 10 µg of lGnRH-III were given intravenously. Only a dose of 10 µg/kg BW elicited a 
significant LH increase that was considered to be associated with exogenous lGnRH-III infusion (n = 6 
animals per treatment). Adapted from (Barretero-Hernandez et al., 2010). 

Taken together, the gene expression of lGnRH-III and its receptor has not been reported in 
mammalian species. Although early work in rats, cows and pigs suggested a selective 
release of FSH via lGnRH-III, the bulk of the evidence does not support a contribution of 
lGnRH-III on the selective release of FSH. It is possible that a different peptide (closely 
related to lGnRH-III) may be associated with FSH release. 
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of exogenous lGnRH-III on LH and FSH secretion (Figure 7). Blood samples were taken at 
10-min intervals for 6 h, starting 2 h before treatments were applied. Relative concentrations 
of FSH after lGnRH-III infusion did not influence mean concentration of FSH at any of the 
doses; however, 10.0 µg/kg BW had a significant effect on LH secretion. We conclude that 
lGnRH-III is a weak GnRH agonist, and at high doses, lGnRH-III has the ability to release 
LH but not FSH in barrows. Similar findings were also obtained in gilts that were infused 
(i.m.) with a synthetic lGnRH-III product (Brussow et al., 2010).  
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Figure 7. Mean concentrations of LH (A) and FSH (B) in serum at 10-min intervals before and after 
(arrows) 0.1, 1.0 or 10 µg of lGnRH-III were given intravenously. Only a dose of 10 µg/kg BW elicited a 
significant LH increase that was considered to be associated with exogenous lGnRH-III infusion (n = 6 
animals per treatment). Adapted from (Barretero-Hernandez et al., 2010). 

Taken together, the gene expression of lGnRH-III and its receptor has not been reported in 
mammalian species. Although early work in rats, cows and pigs suggested a selective 
release of FSH via lGnRH-III, the bulk of the evidence does not support a contribution of 
lGnRH-III on the selective release of FSH. It is possible that a different peptide (closely 
related to lGnRH-III) may be associated with FSH release. 
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1. Introduction 

1.1. Adipose tissue as an endocrine organ 

Recent investigations from many species continue to reinforce and validate adipose tissue as 
an endocrine organ that impacts physiological mechanisms and whole-body homeostasis. 
Factors secreted by adipose tissue or “adipokines” continue to be discovered and are linked 
to important physiological roles (Ahima, 2006) including the innate immune response 
(Schäffler & Schöolmerich, 2010). In a number of recent experiments transcriptional profiling 
demonstrated that 5,000 to 8,000 adipose tissue genes were differentially expressed during 
central stimulation of the melanocortin 4 receptor (Barb et al., 2010a) and several conditions 
such as fasting (Lkhagvadorj et al., 2009) and feed restriction (Lkhagvadorj et al., 2010). In 
contrast, 300 to 1,800 genes were differentially expressed in livers in these three studies 
(Barb et al., 2010a; Lkhagvadorj et al., 2009, 2010). This degree of differential gene expression 
in adipose depots reflects the potential influence of adipose tissue as a secretory organ on 
multiple systems in the body. Furthermore, advances in the study of adipose tissue gene 
expression include high throughput technologies in transcriptome profiling and deep 
sequencing of the adipose tissue microRNA transcriptome (review, Basu et al., 2012). 

Recent proteomic studies of human and rat adipocytes have revealed the true scope of the 
adipose tissue secretome (Chen et al., 2005; Kheterpal et al., 2011; Lehr et al., 2012; Lim et al., 
2008; Zhong et al., 2010). With refined and advanced proteomics techniques, these studies 
have revealed that many of the adipose tissue secreted factors identified at the gene level do 
indeed encode secreted proteins (Chen et al., 2005; Kheterpal et al., 2011; Lehr et al., 2012; 
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expression include high throughput technologies in transcriptome profiling and deep 
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adipose tissue secretome (Chen et al., 2005; Kheterpal et al., 2011; Lehr et al., 2012; Lim et al., 
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Lim et al., 2008; Zhong et al., 2010). The presence of an N-terminal secretion signal peptide 
validates secreted proteins in conditioned media (Renes et al., 2009). In many of these 
studies, the presence or absence of a signal peptide was used to validate or identify truly 
secreted adipocyte proteins (Chen et al., 2005; Lehr et al., 2012; Lim et al., 2008; Zhong et al., 
2010). In these studies, the percentage of total apparent secreted proteins that were 
considered secreted (+ signal peptide) ranged from 39 to 75% and the total number of 
secreted proteins ranged from 164 to 263 (Chen et al., 2005; Lehr et al., 2012; Lim et al., 2008; 
Zhong et al., 2010). However, the signal peptide approach could underestimate the 
adipocyte derived proteins present in the extracellular space (review, Renes et al., 2009). For 
instance, a blocking strategy has been used to distinguish between true secreted proteins 
and proteins that simply “leak” from the cell (review, Renes et al., 2009). Continued 
development and refinement of proteomic approaches in the study of the adipose tissue 
secretome will ultimately confirm the endocrine status of adipose tissue. 

1.2. Adipose tissue as a modulator of gonadotropin secretion 

Adipose tissue plays a role in whole-body homeostasis by acting as an endocrine organ, which 
was clearly demonstrated with the discovery of leptin. Evidence indicates a strong link between 
neural influences and adipocyte expression and secretion of leptin and other adipokines such as 
other cytokines (interleukins), neurotrophic factors (ciliary neurotrophic factor, CNTF; brain-
derived neurotrophic factor, BDNF), insulin-like growth factor (IGF–I, and –II), binding protein 
(IGFBP-5), and neuropeptides such as neuropeptide Y (NPY) and nesfatin-1 (Table 1). 
Developmental changes in these relationships are considered important for onset of puberty. 
Leptin augments secretion of gonadotropins which are essential for initiation and maintenance 
of normal reproductive function, by acting centrally at the hypothalamus to regulate the 
gonadotropin-releasing hormone (GnRH) and neuronal activity. The effects of leptin on GnRH 
are mediated through interneuronal pathways involving NPY, proopiomelanocortin (POMC) 
and kisspeptin. Increased infertility associated with diet induced obesity or central leptin 
resistance are likely mediated through the kisspeptin-GnRH pathway. Furthermore, leptin 
regulates reproductive function by altering the sensitivity of the pituitary gland to GnRH. Other 
putative metabolic signals are circulating long chain fatty acid which can signal nutrient 
availability to the central nervous system (CNS) and alter feed intake and glucose availability. 

2. Free Fatty Acids (FFA) 

2.1. Long-chain fatty acids act in the CNS 

The control of appetite and metabolism in response to changes in nutrient availability occurs 
in part at the level of the hypothalamus (Barb et al., 1999, 2001a; Woods et al., 1998). Thus, 
macronutrients, such as carbohydrates and lipids, play a role in regulating peripheral 
concentrations of leptin and insulin (Ahima et al., 1996), which in turn has a direct effect on 
appetite and energy expenditure primarily through the hypothalamus (Barb et al., 2006; 
Woods et al., 1998). Levin et al. (1999) reported that hypothalamic neurons may directly 
detect nutrients. To that extent, treatment with a fatty acid synthase inhibitor reduced food  
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Regulatory – secreted factors Receptors 

adiponectin IFNG IL-5 ADIPOR2

adipsin IGFBP-1 IL-6 BMPR2

agouti IGFBP-3 IL-8 EDNRB

ANG IGFBP-4 leptin ESR1

ANGPTL2, 
ANGPTL4 

IGFBP-5 PAI-1 FGFR1, FGFR4 

RBP1, RBP4 IGFBP-7 RANTES GNRHR2

APO-A1 IL-10 RTN IFNGR1

APO-CIII IL-12 TGF- β, TGF-β3 IGF-IR, IGF-IIR 

APO-E IL-15 THBS1 IL-4R, IL-10R 

APO-R1 IL-18 TNFα PGRMC1

BDNF IL-1A VEGFC INSR

bFGF IL-1B visfatin NGFR

CNTF IL-1RN CTGF OB-rb

IGF-I, IGF-II IL-4 NPY THRA, THRA2, TSHR 

Chemokine ligands 
2, 3, 4, 12 

Compliment component 
1, 2, 4A, 6X, C7 

TGF-α EGFR 

BMP-4, BMP-15 CTRP4, CIQTN4 MCP-1 LDLR

RLN  PDGFD NUCB2, nesfatin-1 LHCGR

LPL   TLR 4
   AGTR1

Abbreviations: ADIPOR2 = adiponectin receptor 2, AGTR1 = angeotensin II receptor, ANG = angiotensin, ANGPTL = 
angiopoietin-like protein, APO = apolipoprotein, BDNF = brain-derived neurotrophic factor, bFGF = basic fibroblast 
growth factor, BMP = bone morphogenic protein, BMPR2 = bone morphogenic protein receptor 2, CIQTN4 = 
complement-c1q tumor necrosis factor-related protein 4, CNTF = ciliary neurotrophic factor, CTGF = connective tissue 
growth factor, CTRP4 = complement-c1q tumor necrosis factor-related protein 4, EDNRB = endothelin receptor type B, 
EGFR = epidermal growth factor receptor, ESR1 = estrogen receptor 1, GNRHR2 = gonadotropin-releasing hormone 
receptor 2, IFNG = interferon gamma, IGF = insulin-like growth factor, IGF-IR = IGF-I receptor, IGFBP = insulin-like 
growth factor binding protein, IL = interleukin, INSR = insulin receptor, LDLR = low density lipoprotein receptor, 
LHCGR = luteinizing hormone-choriogonadotropin receptor, LPL = lipoprotein lipase, MCP-1 = monocyte 
chemoattractant protein-1, NGFR = nerve growth factor receptor, NPY = neuropeptide Y, OB-rb = long form leptin 
receptor, NUCB2 = nucleobindin 2, PAI-1 = plasminogen activator inhibitor-1, PDGFD = platelet derived growth factor 
D, PGRMC1 = progesterone receptor membrane component 1, RANTES = chemokine (c-c motif) ligand 5, RBP = retinol 
binding protein, RLN = relaxin, TGF = transforming growth factor, RTN = reticulon, THR = thyroid hormone receptor, 
TLR = toll-like receptor, TNF = tumor necrosis factor, TSHR = thyroid-stimulating hormone receptor, VEGFC = 
vascular endothelial growth factor C. 
References: Barb et al., 2010a; Basu et al., 2012; Chen et al., 2005; Hausman & Hausman, 2004; Hausman et al., 2009; 
Lehr et al., 2012; Lim et al., 2008; Lkhagvadorj et al., 2009, 2010; Renes et al., 2009; Zhong et al., 2010 

Table 1. List of representative genes and proteins reported to be expressed by adipose tissue of 
humans, large animals, and rats. 
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Regulatory – secreted factors Receptors 
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adipsin IGFBP-1 IL-6 BMPR2

agouti IGFBP-3 IL-8 EDNRB

ANG IGFBP-4 leptin ESR1

ANGPTL2, 
ANGPTL4 

IGFBP-5 PAI-1 FGFR1, FGFR4 

RBP1, RBP4 IGFBP-7 RANTES GNRHR2

APO-A1 IL-10 RTN IFNGR1

APO-CIII IL-12 TGF- β, TGF-β3 IGF-IR, IGF-IIR 

APO-E IL-15 THBS1 IL-4R, IL-10R 

APO-R1 IL-18 TNFα PGRMC1

BDNF IL-1A VEGFC INSR

bFGF IL-1B visfatin NGFR

CNTF IL-1RN CTGF OB-rb

IGF-I, IGF-II IL-4 NPY THRA, THRA2, TSHR 

Chemokine ligands 
2, 3, 4, 12 

Compliment component 
1, 2, 4A, 6X, C7 

TGF-α EGFR 

BMP-4, BMP-15 CTRP4, CIQTN4 MCP-1 LDLR

RLN  PDGFD NUCB2, nesfatin-1 LHCGR

LPL   TLR 4
   AGTR1

Abbreviations: ADIPOR2 = adiponectin receptor 2, AGTR1 = angeotensin II receptor, ANG = angiotensin, ANGPTL = 
angiopoietin-like protein, APO = apolipoprotein, BDNF = brain-derived neurotrophic factor, bFGF = basic fibroblast 
growth factor, BMP = bone morphogenic protein, BMPR2 = bone morphogenic protein receptor 2, CIQTN4 = 
complement-c1q tumor necrosis factor-related protein 4, CNTF = ciliary neurotrophic factor, CTGF = connective tissue 
growth factor, CTRP4 = complement-c1q tumor necrosis factor-related protein 4, EDNRB = endothelin receptor type B, 
EGFR = epidermal growth factor receptor, ESR1 = estrogen receptor 1, GNRHR2 = gonadotropin-releasing hormone 
receptor 2, IFNG = interferon gamma, IGF = insulin-like growth factor, IGF-IR = IGF-I receptor, IGFBP = insulin-like 
growth factor binding protein, IL = interleukin, INSR = insulin receptor, LDLR = low density lipoprotein receptor, 
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binding protein, RLN = relaxin, TGF = transforming growth factor, RTN = reticulon, THR = thyroid hormone receptor, 
TLR = toll-like receptor, TNF = tumor necrosis factor, TSHR = thyroid-stimulating hormone receptor, VEGFC = 
vascular endothelial growth factor C. 
References: Barb et al., 2010a; Basu et al., 2012; Chen et al., 2005; Hausman & Hausman, 2004; Hausman et al., 2009; 
Lehr et al., 2012; Lim et al., 2008; Lkhagvadorj et al., 2009, 2010; Renes et al., 2009; Zhong et al., 2010 

Table 1. List of representative genes and proteins reported to be expressed by adipose tissue of 
humans, large animals, and rats. 
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intake and body weight in mice by reducing expression of NPY in the hypothalamus via a 
malonyl-Coenzyme A mechanism, which supports the idea that lipid metabolism in the CNS 
plays a role in the control of appetite (Loftus et al., 2000). Furthermore, long-chain Furthermore, 
long-chain fatty acyl CoAs (LC-CoAs), such as oleyl-CoA, can activate ATP-sensitive K+ 
channels in non-neuronal cells (Larsson et al., 1996). Circulating fatty acids gain rapid access to 
the brain, where they equilibrate with neuronal LC-CoAs (J.C. Miller et al., 1987; Rapaport, 
1996). They are then further metabolized via mitochondria β-oxidation or incorporated into 
phospholipids (J.C. Miller et al., 1987; Rapaport, 1996). Obici et al. (2002) hypothesized that fatty 
acids may signal nutritional status to selective neurons in the CNS and activate a feedback 
loop designed to curtail further influx of nutrients into the circulation. To that extent, Obici 
and coworkers (2002) reported that intracerebroventricular (i.c.v.) administration of the long-
chain fatty acid, oleic acid, suppressed glucose production and feed intake. In addition, this 
was accompanied by a reduction in hypothalamic expression of NPY. This neuronal circuit 
plays a role in maintaining energy homeostasis by switching fuel sources from carbohydrates 
to lipids and by limiting circulating endogenous and exogenous nutrients. Disruption of this 
circuit may play a role in obesity, type 2 diabetes and other endocrine abnormalities (for a 
review, see Obici, 2009), which are often accompanied by gonadotropin insufficiency. 

2.2. Regulation of gonadotropin secretion by long-chain fatty acids 

In the pig, feed deprivation results in a rapid mobilization of FFA from peripheral fat depots, 
but maintenance of euglycemia suggests increased hydrolysis of triglycerides and FFA 
oxidation resulting in a glucose sparing effect (Barb et al., 1997). We previously reported that 
metabolic response to acute feed deprivation occurred more rapidly in prepubertal gilts 
compared to mature gilts, likely because prepubertal gilts have a higher metabolic rate, 
smaller energy reserves and thus a greater nutrient intake requirement for growth (Barb et 
al., 1997). In mature animals, chronic feed restriction resulted in cessation of estrous cycles 
and lower concentrations of plasma insulin, increased levels of FFA and reduced LH pulse 
frequency compared to controls (Armstrong & Britt, 1987). This brings into question, 
therefore, if alterations in serum concentrations of FFA influence hypothalamic-pituitary 
function. To address this matter, prepubertal gilts received intravenous (i.v.) injection of a 
lipid emulsion which consisted of the following fatty acids: linoleic (65.87%), oleic (17.7%), 
palmitic (8.8%), linolenic (4.2%) and stearic (3.43%) acid. The fatty acid content of the lipid 
emulsion was comparable to that present in the circulation of the pig (Cera et al., 1989). Lipid 
emulsion injection enhanced the LH response to GnRH (Barb et al., 1991), whereas infusion of 
lipid emulsion at 1 hour intervals increased serum LH pulse amplitude without effecting LH 
pulse frequency (Barb et al., 1991). Dispersed cells of the anterior pituitary gland of the pig 
were cultured to determine whether the effects of FFA in vivo occur at the pituitary without 
the benefit of input from the CNS. The long-chain fatty acids, oleic and linoleic acids 
increased basal LH release. In contrast oleic acid suppressed the GnRH-induced release of LH 
(Figure 1). The response for linoleic acid was equivocal (Barb et al., 1995). These events seem 
to be mediated at the plasma membrane because oleic and linoleic acids did not block the 
forskolin-induced release of LH (Barb et al., 1995). These results may explain the altered 

Role of Adipose Secreted Factors and Kisspeptin  
in the Metabolic Control of Gonadotropin Secretion and Puberty 29 

neuroendocrine activity observed during periods of feed restriction and fast. To that extent, 
administration of oleic acid into the third ventricle suppressed food intake and hypothalamic 
expression of NPY in the rat (Obici et al., 2002). 

 
Figure 1. Anterior pituitary cells from prepubertal gilts (n = 11) were cultured in the presence of media 
alone (C, control wells; basal secretion in absence of any treatment) or gonadotropin releasing hormone 
(GnRH) at 10-8 M.  Oleic or linoleic acid were included at 10-6 M, 10-5 M or 10-4 M in wells containing 
GnRH.  Pituitary cells were exposed to oleic or linoleic acid for 30 min before the addition of GnRH.  
Media was collected 4 h after GnRH treatment.  aDifferent from C (P < 0.03). bDifferent from GnRH 
alone (P < 0.03).  Data from Barb et al. (1995). 

An acute 28 h fast increased serum FFA concentrations, and decreased leptin pulse frequency 
but not mean concentrations of leptin in serum nor LH secretion in the ovariectomized 
prepubertal gilt (Barb et al., 2001b), while treatment with a competitive inhibitor of glycolysis 
suppressed LH secretion without affecting serum concentrations of leptin (Barb et al., 2001b). 
In contrast, short term feed restriction for 8 days decreased leptin secretion and LH pulse 
frequency in the mature ovariectomized gilt (Whisnant & Harrel, 2002). The ability of the pig 
to maintain euglycemia during acute fast may account for the failure of acute food 
deprivation to effect LH secretion (Barb et al., 1997). Although, leptin may serve as a 
metabolic signal which communicates metabolic status to the brain, the neuroendocrine 
response to acute energy deprivation may depend on age or mass of adipose tissue. 

3. Nesfatin-1 

3.1. Nesfatin-1 as an adipokine 

While searching for new satiety factors, Oh-I et al. (2006) discovered a troglitazone- (PPARγ 
ligand) stimulated transcript expressed in SQ-5 (lung squamous carcinoma cell line) cells 
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intake and body weight in mice by reducing expression of NPY in the hypothalamus via a 
malonyl-Coenzyme A mechanism, which supports the idea that lipid metabolism in the CNS 
plays a role in the control of appetite (Loftus et al., 2000). Furthermore, long-chain Furthermore, 
long-chain fatty acyl CoAs (LC-CoAs), such as oleyl-CoA, can activate ATP-sensitive K+ 
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1996). They are then further metabolized via mitochondria β-oxidation or incorporated into 
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acids may signal nutritional status to selective neurons in the CNS and activate a feedback 
loop designed to curtail further influx of nutrients into the circulation. To that extent, Obici 
and coworkers (2002) reported that intracerebroventricular (i.c.v.) administration of the long-
chain fatty acid, oleic acid, suppressed glucose production and feed intake. In addition, this 
was accompanied by a reduction in hypothalamic expression of NPY. This neuronal circuit 
plays a role in maintaining energy homeostasis by switching fuel sources from carbohydrates 
to lipids and by limiting circulating endogenous and exogenous nutrients. Disruption of this 
circuit may play a role in obesity, type 2 diabetes and other endocrine abnormalities (for a 
review, see Obici, 2009), which are often accompanied by gonadotropin insufficiency. 

2.2. Regulation of gonadotropin secretion by long-chain fatty acids 

In the pig, feed deprivation results in a rapid mobilization of FFA from peripheral fat depots, 
but maintenance of euglycemia suggests increased hydrolysis of triglycerides and FFA 
oxidation resulting in a glucose sparing effect (Barb et al., 1997). We previously reported that 
metabolic response to acute feed deprivation occurred more rapidly in prepubertal gilts 
compared to mature gilts, likely because prepubertal gilts have a higher metabolic rate, 
smaller energy reserves and thus a greater nutrient intake requirement for growth (Barb et 
al., 1997). In mature animals, chronic feed restriction resulted in cessation of estrous cycles 
and lower concentrations of plasma insulin, increased levels of FFA and reduced LH pulse 
frequency compared to controls (Armstrong & Britt, 1987). This brings into question, 
therefore, if alterations in serum concentrations of FFA influence hypothalamic-pituitary 
function. To address this matter, prepubertal gilts received intravenous (i.v.) injection of a 
lipid emulsion which consisted of the following fatty acids: linoleic (65.87%), oleic (17.7%), 
palmitic (8.8%), linolenic (4.2%) and stearic (3.43%) acid. The fatty acid content of the lipid 
emulsion was comparable to that present in the circulation of the pig (Cera et al., 1989). Lipid 
emulsion injection enhanced the LH response to GnRH (Barb et al., 1991), whereas infusion of 
lipid emulsion at 1 hour intervals increased serum LH pulse amplitude without effecting LH 
pulse frequency (Barb et al., 1991). Dispersed cells of the anterior pituitary gland of the pig 
were cultured to determine whether the effects of FFA in vivo occur at the pituitary without 
the benefit of input from the CNS. The long-chain fatty acids, oleic and linoleic acids 
increased basal LH release. In contrast oleic acid suppressed the GnRH-induced release of LH 
(Figure 1). The response for linoleic acid was equivocal (Barb et al., 1995). These events seem 
to be mediated at the plasma membrane because oleic and linoleic acids did not block the 
forskolin-induced release of LH (Barb et al., 1995). These results may explain the altered 

Role of Adipose Secreted Factors and Kisspeptin  
in the Metabolic Control of Gonadotropin Secretion and Puberty 29 

neuroendocrine activity observed during periods of feed restriction and fast. To that extent, 
administration of oleic acid into the third ventricle suppressed food intake and hypothalamic 
expression of NPY in the rat (Obici et al., 2002). 

 
Figure 1. Anterior pituitary cells from prepubertal gilts (n = 11) were cultured in the presence of media 
alone (C, control wells; basal secretion in absence of any treatment) or gonadotropin releasing hormone 
(GnRH) at 10-8 M.  Oleic or linoleic acid were included at 10-6 M, 10-5 M or 10-4 M in wells containing 
GnRH.  Pituitary cells were exposed to oleic or linoleic acid for 30 min before the addition of GnRH.  
Media was collected 4 h after GnRH treatment.  aDifferent from C (P < 0.03). bDifferent from GnRH 
alone (P < 0.03).  Data from Barb et al. (1995). 

An acute 28 h fast increased serum FFA concentrations, and decreased leptin pulse frequency 
but not mean concentrations of leptin in serum nor LH secretion in the ovariectomized 
prepubertal gilt (Barb et al., 2001b), while treatment with a competitive inhibitor of glycolysis 
suppressed LH secretion without affecting serum concentrations of leptin (Barb et al., 2001b). 
In contrast, short term feed restriction for 8 days decreased leptin secretion and LH pulse 
frequency in the mature ovariectomized gilt (Whisnant & Harrel, 2002). The ability of the pig 
to maintain euglycemia during acute fast may account for the failure of acute food 
deprivation to effect LH secretion (Barb et al., 1997). Although, leptin may serve as a 
metabolic signal which communicates metabolic status to the brain, the neuroendocrine 
response to acute energy deprivation may depend on age or mass of adipose tissue. 

3. Nesfatin-1 

3.1. Nesfatin-1 as an adipokine 

While searching for new satiety factors, Oh-I et al. (2006) discovered a troglitazone- (PPARγ 
ligand) stimulated transcript expressed in SQ-5 (lung squamous carcinoma cell line) cells 
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that was homologous to the nucleobindin 2 (NUCB2) gene, which codes for a DNA 
binding/EF hand/acidic protein (NEFA). The NUCB2 gene product is a 396 amino acid 
protein with several cleavage sites for prohormone convertase. Post-translational processing 
of the NUCB2 preprotein produces three cleavage products corresponding to amino acid 
residues 1-82, 85-163, and 166-396. Upon the observation that i.c.v. injection of the first 82 
amino acid cleavage product suppressed feed intake resulting in reduced body and fat 
depot weights in mice, Oh-I et al. (2006) termed the protein nesfatin-1 for 
NEFA/nucleobindin2-encoded satiety- and fat-influencing protein-1. 

Immediately upstream of the nesfatin-1 protein is a 26 amino acid signal sequence 
indicating that nesfatin-1 is likely a secreted factor that may have endocrine or paracrine 
action. Expression of NUCB2 mRNA is observed in predifferentiated 3T3-L1 cells (Oh-I et 
al., 2006; Ramanjaneya et al., 2010) and induction of differentiation resulted in a marked 
increase in expression of NUCB2 mRNA and secretion of nesfatin-1 into culture media 
(Ramanjaneya et al., 2010). Nesfatin-1 also is expressed and secreted from human and 
mouse adipose tissue explants (Ramanjaneya et al., 2010), with subcutaneous adipose tissue 
having greater expression of NUCB2/nesfatin-1 than omental adipose tissue (Ramanjaneya 
et al., 2010). Moreover, NUCB2 expression was greater in the adipocyte fraction of adipose 
tissue than in the stromal vascular fraction (Ramanjaneya et al., 2010) adding further 
support to the concept of nesfatin-1 as an adipose derived factor. Further studies are needed 
to define the precise roles of nesfatin-1, or the other NUCB2 gene products, in adipose 
tissue, but current evidence suggests involvement in chronic inflammatory response of 
adipose tissue associated with metabolic disease. Treating adipose tissue explants with 
energy partitioning hormones (insulin, dexamethasone) and cytokines, interleukin-6 (IL-6) 
and tumor necrosis factor α (TNFα), altered NUCB2 expression and nesfatin-1 secretion 
(Ramanjaneya et al., 2010). Furthermore, NUCB2 is involved in IL-1β stimulated release of 
soluble tumor necrosis factor receptor 1 to the extracellular space (Islam et al., 2006). 

It is important to note that NUCB2 mRNA and nesfatin-1 protein have been found to be 
expressed in several endocrine cells and glands throughout the body including gastric 
glands of digestive tract (Stengel et al., 2009a; Zhang et al., 2010), islet cells of the pancreas 
(Gonzalez et al., 2009), and Leydig cells of the testes (Garcia-Galiano et al., 2012). This is 
indicative of the role nesfatin-1 plays in gastric emptying and nutrient absorption (Stengel et 
al., 2009b), glucose utilization (Gonzalez et al., 2011; Nakata et al., 2011; Su et al., 2010), and 
testosterone production (Garcia-Galiano et al., 2012). At present, it is unclear how these 
tissues may contribute to circulating concentrations of nesfatin-1; however, given that 
adipose tissue is the largest endocrine organ of the body, the contribution that fat depots 
would have to plasma concentrations of nesfatin-1 seems obvious. Concentrations of 
nesfatin-1 in the blood are, for the most part, positively correlated with body mass index 
(BMI) in healthy human subjects (Aydin et al., 2009; Li et al., 2010; Ogiso et al., 2011; 
Ramanjaneya et al., 2010) as are several single nucleotide polymorphisms within the NUBC2 
gene (Zegers et al., 2011). Expression of nesfatin-1 in subcutaneous adipose tissue of mice is 
suppressed with fasting and increased when mice were fed a high fat diet (Ramanjaneya et 
al., 2010) indicating that nesfatin-1 concentrations in serum could be regulated by nutritional 
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status. In point of fact, circulating concentrations of nesfatin-1 were less in patients with 
anorexia nervosa (Ogiso et al., 2011) and type 2 diabetes (Li et al., 2010). Together with the 
fact that nesfatin-1 crosses the blood-brain barrier via a nonsaturatable mechanism (Pan et 
al., 2007; Price et al., 2007), these data collectively indicate that nesfatin-1 is secreted from 
adipose tissue into the circulation and can enter the brain to regulate appetite. 

3.2. Nesfatin-1 as a central regulator of food intake 

The anorexogenic effects of nesfatin-1 are observed when nesfatin-1 is given either centrally 
(Shimizu et al., 2009) or peripherally (Stengel et al., 2009b). It is not clear, however, if 
suppression of appetite is entirely due to peripherally derived nesfatin-1 or the paracrine 
action of the protein produced within the hypothalamus. Expression of NUCB2/nesfatin-1 
mRNA and protein has been demonstrated in several areas of the CNS. Within the 
hypothalamus, NUCB2/nesfatin-1 is expressed in nuclei that have important roles for control 
of appetite including the arcuate (ARC), paraventricular (PVN), lateral hypothalamic area and 
supraoptic nucleus (Brailoiu et al., 2007; Foo et al., 2008; Kohno et al., 2008; Oh-I et al., 2006). 
Areas of the brain stem that play pivotal roles in regulating energy homeostasis including the 
area postrema and the nucleus tractus solitaries (NTS) as well as the nucleus dorsalis of the 
vagus nerve all express NUCB2/nesfatin-1. Functional evidence that hypothalamic 
NUCB2/nesfatin-1 is involved in control of energy balance is derived from the observations 
that NUCB2/nesfatin-1 expression in the PVN is suppressed after fasting in adult and juvenile 
rats (Garcia-Galiano et al., 2010; Oh-I et al., 2006), and that refeeding activates nesfatin-1 
neurons (as assessed by c-Fos) in the PVN (Kohno et al., 2008). Anorexigenic effects of nesfatin-
1 require melanocortin receptors (Oh-I et al., 2006) and NPY neurons in hypothalamic slices of 
the ARC from mice were inhibited by nesfatin-1 in vitro (Price et al., 2008); although expression 
of NPY mRNA in the ARC of the rat in vivo was unchanged with nesfatin-1 treatment (Oh-I et 
al., 2006). Furthermore, alpha melanocyte-stimulating hormone treatment increased NUCB2 
expression in the PVN (Oh-I et al., 2006) and nesfatin-1 has potent anorectic action in animals 
that are resistant to the effects of leptin (Oh-I et al., 2006; Su et al., 2010). This led to the initial 
thought that nesfatin-1 might be a down-stream effecter of the action of leptin; however, i.c.v. 
injection of nesfatin-1 antibodies did not block the anorectic effect of leptin in the rat (Oh-I et 
al., 2006). Instead, the anorexigenic actions of nesfatin-1 appear to be relayed through a 
mechanism independent from leptin. For instance, nesfatin-1 stimulates oxytocin cells in the 
PVN which in turn activate POMC neurons in the NTS of the brain stem (Maejima et al., 2009). 
Moreover, cholecystokinin (CCK) activates NUCB2/nesfatin-1 cell bodies in the PVN and NTS. 
The inhibition of food intake by CCK is mediated, at least partially, through NUCB2/nesfatin-1 
neurons via a corticotrophin-releasing hormone (CRH) 2-receptor. Blocking the action of the 
CRH2 receptor with an antagonist ameliorated the suppressive effects of nesfatin-1 on food 
intake (Stengel et al., 2009b). 

3.3. Nesfatin-1 as a neuroendocrine regulator of gonadotropin secretion 

The neuroanatomical distribution of nesfatin-1 cell bodies in areas of the hypothalamus 
involved in integration of energy balance and reproduction (i.e., the ARC) and the fact that 
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that was homologous to the nucleobindin 2 (NUCB2) gene, which codes for a DNA 
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amino acid cleavage product suppressed feed intake resulting in reduced body and fat 
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testosterone production (Garcia-Galiano et al., 2012). At present, it is unclear how these 
tissues may contribute to circulating concentrations of nesfatin-1; however, given that 
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status. In point of fact, circulating concentrations of nesfatin-1 were less in patients with 
anorexia nervosa (Ogiso et al., 2011) and type 2 diabetes (Li et al., 2010). Together with the 
fact that nesfatin-1 crosses the blood-brain barrier via a nonsaturatable mechanism (Pan et 
al., 2007; Price et al., 2007), these data collectively indicate that nesfatin-1 is secreted from 
adipose tissue into the circulation and can enter the brain to regulate appetite. 
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The anorexogenic effects of nesfatin-1 are observed when nesfatin-1 is given either centrally 
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suppression of appetite is entirely due to peripherally derived nesfatin-1 or the paracrine 
action of the protein produced within the hypothalamus. Expression of NUCB2/nesfatin-1 
mRNA and protein has been demonstrated in several areas of the CNS. Within the 
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Areas of the brain stem that play pivotal roles in regulating energy homeostasis including the 
area postrema and the nucleus tractus solitaries (NTS) as well as the nucleus dorsalis of the 
vagus nerve all express NUCB2/nesfatin-1. Functional evidence that hypothalamic 
NUCB2/nesfatin-1 is involved in control of energy balance is derived from the observations 
that NUCB2/nesfatin-1 expression in the PVN is suppressed after fasting in adult and juvenile 
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neurons (as assessed by c-Fos) in the PVN (Kohno et al., 2008). Anorexigenic effects of nesfatin-
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that are resistant to the effects of leptin (Oh-I et al., 2006; Su et al., 2010). This led to the initial 
thought that nesfatin-1 might be a down-stream effecter of the action of leptin; however, i.c.v. 
injection of nesfatin-1 antibodies did not block the anorectic effect of leptin in the rat (Oh-I et 
al., 2006). Instead, the anorexigenic actions of nesfatin-1 appear to be relayed through a 
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PVN which in turn activate POMC neurons in the NTS of the brain stem (Maejima et al., 2009). 
Moreover, cholecystokinin (CCK) activates NUCB2/nesfatin-1 cell bodies in the PVN and NTS. 
The inhibition of food intake by CCK is mediated, at least partially, through NUCB2/nesfatin-1 
neurons via a corticotrophin-releasing hormone (CRH) 2-receptor. Blocking the action of the 
CRH2 receptor with an antagonist ameliorated the suppressive effects of nesfatin-1 on food 
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peripheral concentrations of nesfatin-1 reflect BMI suggest a role for nesfatin-1 in metabolic 
regulation of gonadotropin secretion. Hypothalamic expression of NUCB2/nesfatin-1 
increases during the pubertal transition in the activity of the gonadotropic axis of rats 
(Garcia-Galiano et al., 2010). When young pubertal female rats were given i.c.v. injection of 
nesfatin-1, LH secretion increased two- to threefold; however, the effects of centrally 
administered nesfatin-1 on LH were much greater (9-fold increase) when rats were fasted 
for 48 h (Garcia-Galiano et al., 2010). The later observation is likely related to the fact that 
fasting or less severe but long-term nutrient restriction reduced NUCB2/nesfatin-1 
expression in the brain and may explain a possible mechanism whereby fluctuations in 
energy balance impact gonadotropin secretion in a leptin independent manner. The 
stimulatory effects of i.c.v. nesfatin-1 on LH were not evident in adult female rats (Garcia-
Galiano et al., 2010) suggesting nesfatin-1 plays an important role in regulating 
gonadotropin secretion during the pubertal transition; a period when increasing adiposity 
and sensitivity to adipokines is generally thought to be important for activation of the 
reproductive axis. Consistent with this is the fact that central infusion of nesfatin-1 
antisense-morpholino oligonucleotides suppressed LH secretion and delayed puberty (as 
determined by absence of vaginal opening) in approximately 60% of peripubertal female 
rats but failed to alter ovulatory surges of LH in adult females (Garcia-Galiano et al., 2010). 
The effects of nesfatin-1 on LH and follicle-stimulating hormone (FSH) secretion may be 
sexually dimorphic as i.c.v. treatment with nesfatin-1 stimulated LH and FSH secretion in 
male rats that were fasted (Tadross et al., 2010). Moreover, nesfatin-1 stimulated release of 
GnRH from hypothalamic explants taken from male rats (Tadross et al., 2010). 

Collectively these data indicated that nesfatin-1 is a protein hormone that participates in 
metabolic regulation of appetite and energy homeostasis. Reproductive function is sensitive 
to nutritional status and nesfatin-1 appears to have a role in conferring metabolic state to the 
gonadotropic axis, particularly during pubertal development. The mechanisms whereby this 
occurs have not been revealed yet, but likely involve action at the GnRH neuron. Whether 
this is a direct paracrine action of hypothalamic nesfatin-1 or an alteration in plasma 
concentrations of nesfatin-1 entering the brain is not known at present. Expression of 
nesfatin-1 in the testis and its role in regulating testosterone release (Garcia-Galiano et al., 
2012) adds further complexity, and raises the possibility that nesfatin-1 can have indirect 
action on gonadotropin secretion through changes in gonadal steroid feed-back to the 
hypothalamus or anterior pituitary gland. 

4. Leptin 

4.1. Effects of leptin on the hypothalamic-pituitary axis 

In the pig, presence of biologically-active leptin receptor (OB-rb) in the hypothalamus and 
pituitary (Lin et al., 2000) and the fact that leptin increased LH secretion from pig pituitary 
cells (Barb et al., 2004) and GnRH release from hypothalamic tissue (Figure 2; Barb et al., 
2004) in vitro suggests that leptin acts through the hypothalamic-pituitary axis to modulate  
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Figure 2. Hypothalamic explants (hypothalamic-preoptic area) were collected from ovariectomized 
prepubertal gilts and were placed in perfusion culture.  Tissue was treated as shown with recombinant 
human leptin (Lep) at 10-12 M (n = 4), 10-10 M (n = 4), 10-8 M (n = 4), 10-6 M (n = 5) or control (n = 5).  All 
fragments were exposed to K+ (60 mM) to verify tissue viability.  Effluent was continuously collected as 
5-min fractions (500 µl).  *Increased above baseline (P < 0.05).  Data from Barb et al. (2004). 

LH secretion. There is strong evidence from co-localization of leptin receptor mRNA with 
NPY gene expression that hypothalamic NPY is a potential target for leptin in the pig (Czaja 
et al., 2002). Moreover, central administration of NPY suppressed LH secretion and 
stimulated feed intake by reversing the inhibitory action of leptin (Barb et al., 2006). These 
results support the idea that leptin may serve as a metabolic signal in the activation of the 
reproductive axis. 
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Leptin treatment stimulated basal LH secretion directly from pig anterior pituitary cells in 
culture and GnRH release from hypothalamic-preoptic tissue explants from intact and 
ovariectomized prepubertal gilts on maintenance rations (Barb et al., 2004). Interestingly, 
i.c.v. administration of leptin failed to stimulate LH secretion in the well-fed intact 
prepubertal gilt (Barb et al., 2004). Obviously, hypothalamic explants are deprived of neuro-
anatomical connections with other extra-hypothalamic tissues that may convey the 
heightened negative feedback action of estradiol on the GnRH pulse generator that occurs 
during pubertal development (Barb et al., 2010a), which may in part explain the failure of a 
LH response to i.c.v. administration of leptin in the pig. 

Intracerebroventricular injection of leptin stimulated LH secretion in steroid-implanted 
castrated male sheep (D.W. Miller et al., 2002), and chronic i.c.v. administration of leptin 
stimulated LH secretion in the feed-restricted ovariectomized cow (Amstalden et al., 2002) 
and ewe (Henry et al., 2001). In contrast, chronic i.c.v. administration of leptin failed to 
stimulated LH secretion in well nourished ovariectomized ewes with no steroid replacement 
(Henry et al., 1999), and in intact ewe lambs (Morrison et al., 2001). In vitro studies 
demonstrated that leptin treatment stimulated basal and GnRH-mediated LH secretion from 
pituitary explants from fasted, but not control-fed cows, while having no effect on GnRH 
release from hypothalamic explants from either group of cows (Amstalden et al., 2003). 
Thus, metabolic state appears to be a primary determinant of the hypothalamic-pituitary 
response to leptin in ruminants. 

4.2. The role of leptin in onset of puberty 

Onset of puberty may be linked to attainment of a critical body weight or a minimum 
percentage of body fat (Frisch, 1984). Alternatively, metabolic mass and food intake or its 
correlated metabolic rate may be the triggering mechanism (Frisch, 1984). Initiation of 
puberty also may be influenced by metabolic factors of peripheral origin. In this regard, it 
has been postulated that metabolic signals are important in the initiation of puberty (Barb et 
al., 1997; Cameron et al., 1985). The discovery of leptin has improved our understanding of 
the relationship between adipose tissue and energy homeostasis (Campfield et al., 1995). 
Leptin treatment advanced sexual maturation in restricted and ad lib fed animals (Ahima et 
al., 1997; Barash et al., 1996). In addition, chronic leptin treatment not only reduced food 
intake and body weight in ob/ob (leptin deficient) mice, but also restored fertility (Barash et 
al., 1996). Serum leptin concentrations increased during puberty in the mouse (Chehab et al., 
1997), heifer (Garcia et al., 2002) and pig (Qian et al., 1999) and, in the human female, age at 
first menarche was inversely related to serum leptin concentrations (Matkovic et al., 1997).  

There exists, however, controversy as to the precise role of leptin in the onset of puberty. 
Several reports demonstrated that blood leptin concentrations remain relatively unchanged 
during pubertal development in the female mouse and rat (Ahima et al., 1998; Bronson, 
2001; Cheung et al., 2001), while leptin administration failed to advance puberty onset in 
well nourished female mice (Cheung et al., 2001). Although, serum leptin concentrations 
increased during puberty in the gilt, other factors in addition to leptin may regulate onset of 
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puberty. As indicated above, it is hypothesized that estradiol modulates the hypothalamic-
pituitary axis response to leptin (Barb et al., 2004). Moreover, estradiol may regulate the 
pubertal related changes in Ob-rb gene expression (Figure 3). In the ovariectomized 
prepubertal gilt, estrogen-induced increase in leptin mRNA expression in adipose tissue 
occurred at the time of expected puberty but not in younger animals (Qian et al., 1999). This 
was associated with an increase in LH pulse frequency (Barb et al., 2010b) and an age 
dependent increase in hypothalamic OB-rb expression (Lin et al., 2001). 

 
Figure 3. The frequency of luteinizing hormone (LH) pulses (A) and expression of leptin mRNA in 
subcutaneous (s.q.) adipose tissue (B) of ovariectomized (OVX) gilts. Gilts were OVX at 90, 150, or 210 d 
of age. Osmotic pumps were implanted s.q. and delivered control (vehicle; polypropylene glycol) or 
0.19 mg of estradiol benzoate per kg of body weight daily for 7 d. Messenger RNA for leptin was 
quantified with RNA protection assays. Means without a common superscript are different; for (A) a,bP< 
0.04 and for (B) a,bP < 0.01. Data from Qian et al. (1999) and Barb et al. (2010b). Redrawn from Barb et al. 
(1999). 

Several human studies, both cross-sectional and longitudinal, have demonstrated a sharp 
rise in serum leptin concentrations in young girls starting as early as age 7 and continuing to 
rise as they progressed through puberty at least age 15 (Ahmed et al., 1999; Blum et al., 1997; 
Garcia-Mayor et al., 1997). In contrast, in boys, leptin concentrations seem to increase 
transiently and then decline after Tanner stage 2 to prepubertal concentrations that are 
approximately one third of those observed in the late-pubertal girl. These changes in 
concentrations of leptin were paralleled by increasing body fat during female puberty and 
decreasing body fat during male puberty. Garcia-Mayor et al. (1997) reported in one cross-
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sectional study, that the rise in serum concentrations of leptin were well established 2 years 
prior to marked increases in serum LH and estradiol concentrations were detected. The 
authors (Garcia-Mayor et al., 1997) suggest this is consistent with the hypothesis that leptin 
concentrations reach a putative threshold which allows puberty to progress; as opposed to a 
critical factor that triggers puberty. 

Matkovic et al. (1997) examined the idea that if the relationship between body fat and early 
menarche in humans is mediated by leptin, then leptin concentrations would be related to 
age at menarche. This study consisted of 343 healthy girls (Tunner stage 2 of puberty) 
between 8.3 and 13.1 years of age. Menstrual history, height and weight, body composition 
by dual-energy X-ray absorptiometry, and leptin were measured every 6 to 12 months 
during a 4-year period. Leptin concentration was highly correlated with body fat mass (r = 
0.81). Greater leptin concentrations up to 12 ng/mL were associated with a decline in the age 
of menarche by approximately 1 month per 1 ng/mL increase in leptin. Furthermore, a 
group of girls who remained premenarcheal for the entire 4 years of the study had 
significantly lower leptin concentrations compared to the groups of girls who reached 
menarche during the study. Matkovic and coworkers (1997) concluded that a threshold 
blood concentration of leptin may be needed for establishment of normal menses. 
Furthermore, in a recent review, Kaplowitz (2008) reports that current data supports the 
idea that leptin plays a permissive role as opposed to a metabolic signal that initiates 
puberty. 

In the prepubertal ruminant, short term feed restriction reduced adipose leptin gene 
expression and leptin secretion, but increased hypothalamic OB-rb expression (Amstalden et 
al., 2000; Dyer et al., 1997). This was associated with decreased serum insulin concentration, 
IGF-I concentration and LH pulse frequency (Amstalden et al., 2000; Morrison et al., 2001). 
In addition, serum leptin concentrations increased as did leptin gene expression in heifers 
during pubertal development, which coincided with increases in serum IGF-I concentrations 
and body weight (Garcia et al., 2002). In contrast to the prepubertal heifer (Amstalden et al., 
2000), short-term fasting failed to reduce pulsatile LH secretion in the mature cow 
(Amstalden et al., 2002). This suggests that there is a heightened sensitivity of the 
hypothalamic-pituitary axis to variations in energy availability in the heifer. Previous 
reports demonstrated that inhibition of LH secretion by nutrient restriction in the 
ovariectomized ewe (Henry et al., 2001) or the ewe lamb (Morrison et al., 2001) was reversed 
by leptin treatment demonstrating a positive association between LH secretion and leptin. 
Although leptin treatment reversed the fasting mediated reduction in LH pulse frequency in 
prepubertal heifers as cited above, chronic administration of ovine leptin by subcutaneous 
injections twice daily to 12- to 13-month old heifers for 40 days (Maciel et al., 2004) or 3 i.v. 
leptin injections per hour for 5 hours at 5-week intervals during pubertal development 
(Zieba et al., 2004) were unable to accelerate LH pulse frequency or onset of puberty. In 
contrast to data obtained from the cow, it is proposed that the effect of leptin on LH 
secretion in the pig during pubertal development is associated with stage of sexual 
maturation and subsequent change in the negative feedback action of estradiol on LH 
secretion (see Figure 3 and Barb et al., 2004, 2010a). 
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5. Kisspeptin 

5.1. Kisspeptin regulates gonadotropin secretion and pubertal development 

Kisspeptin is a hypothalamic neuropeptide and a potent stimulator of gonadotropin 
secretion (Caraty et al., 2007; Lents et al., 2008; Navarro et al., 2004a, 2005) due to its action 
directly on GnRH neurons (Constantin et al., 2009; Herbison et al., 2010; Irwig et al., 2004) to 
stimulate release of GnRH into the hypophysial portal vessels (Messager et al., 2005; Smith 
et al., 2011). A substantial body of evidence has accumulated that demonstrates kisspeptin 
plays a pivotal role in the timing of the onset of puberty. Hypothalamic expression of 
kisspeptin-1 (KiSS-1) and the kisspeptin receptor (GPR54) are developmentally regulated 
with expression increasing near the expected time of puberty (Castellano et al., 2005; 
Navarro et al., 2004a; Shahab et al., 2005). Furthermore, expression of KiSS-1 in the ARC and 
the rostral preoptic area are differentially regulated by gonadal steroids (Estrada et al., 2006; 
Smith et al., 2005, 2007; Tomikawa et al., 2010). It has recently been shown that increased LH 
pulsatility during sexual maturation in the ewe is associated with a reduction in the 
suppressive effects of estradiol on KiSS-1 expression (Redmond et al., 2011). The 
fundamental importance of kisspeptin in the onset of puberty raises the question as to 
whether kisspeptin has a central role in the timing of pubertal events associated with 
metabolic state or body energy reserves. 

5.2. Kisspeptin is sensitive to energy balance 

Restricted feeding and fasting reduces hypothalamic expression of KiSS-1 in rodents 
(Castellano et al., 2005; Luque et al., 2007), sheep (Backholer et al., 2010a), and nonhuman 
primates (Wahab et al., 2011). Expression of KiSS-1 also is suppressed during negative 
energy balance associated with lactation (True et al., 2011; Yamada et al., 2007). These data 
demonstrate that kisspeptin neurons in the hypothalamus are an important component to 
how the reproductive axis senses nutritional state. Castellano et al. (2005) used long-term 
caloric restriction to inhibit the occurrence of puberty (as defined by absence of vaginal 
opening and suppressed gonadotropin and estradiol concentrations) in female rats. Treating 
these rats with kisspeptin rescued gonadotropin secretion and induced puberty (vaginal 
opening) in approximately 60% of the animals, indicating that kisspeptin may have a role in 
integrating the effects of energy balance with the pubertal transition in gonadotropin 
secretion. 

Recent data from growth restricted castrate male lambs indicates that the nutritional control 
of gonadotropin release may also involve alterations in sensitivity to kisspeptin. At 4 weeks 
after weaning, castrate male lambs were randomly assigned to different diets so that they 
either continued to grow or maintained body weight. After 12 weeks of treatment, animals 
in each group were then assigned to receive either i.v. infusion of 0.77 µmoles of kisspeptin 
or saline control. Area under the LH curve (AUC) for the saline treated animals was similar 
for growth and restricted lambs; however, the kisspeptin-induced release of LH was greater 
and lasted longer, as indicated by AUC, in the growth restricted lambs than in the full 
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secretion (Caraty et al., 2007; Lents et al., 2008; Navarro et al., 2004a, 2005) due to its action 
directly on GnRH neurons (Constantin et al., 2009; Herbison et al., 2010; Irwig et al., 2004) to 
stimulate release of GnRH into the hypophysial portal vessels (Messager et al., 2005; Smith 
et al., 2011). A substantial body of evidence has accumulated that demonstrates kisspeptin 
plays a pivotal role in the timing of the onset of puberty. Hypothalamic expression of 
kisspeptin-1 (KiSS-1) and the kisspeptin receptor (GPR54) are developmentally regulated 
with expression increasing near the expected time of puberty (Castellano et al., 2005; 
Navarro et al., 2004a; Shahab et al., 2005). Furthermore, expression of KiSS-1 in the ARC and 
the rostral preoptic area are differentially regulated by gonadal steroids (Estrada et al., 2006; 
Smith et al., 2005, 2007; Tomikawa et al., 2010). It has recently been shown that increased LH 
pulsatility during sexual maturation in the ewe is associated with a reduction in the 
suppressive effects of estradiol on KiSS-1 expression (Redmond et al., 2011). The 
fundamental importance of kisspeptin in the onset of puberty raises the question as to 
whether kisspeptin has a central role in the timing of pubertal events associated with 
metabolic state or body energy reserves. 

5.2. Kisspeptin is sensitive to energy balance 

Restricted feeding and fasting reduces hypothalamic expression of KiSS-1 in rodents 
(Castellano et al., 2005; Luque et al., 2007), sheep (Backholer et al., 2010a), and nonhuman 
primates (Wahab et al., 2011). Expression of KiSS-1 also is suppressed during negative 
energy balance associated with lactation (True et al., 2011; Yamada et al., 2007). These data 
demonstrate that kisspeptin neurons in the hypothalamus are an important component to 
how the reproductive axis senses nutritional state. Castellano et al. (2005) used long-term 
caloric restriction to inhibit the occurrence of puberty (as defined by absence of vaginal 
opening and suppressed gonadotropin and estradiol concentrations) in female rats. Treating 
these rats with kisspeptin rescued gonadotropin secretion and induced puberty (vaginal 
opening) in approximately 60% of the animals, indicating that kisspeptin may have a role in 
integrating the effects of energy balance with the pubertal transition in gonadotropin 
secretion. 

Recent data from growth restricted castrate male lambs indicates that the nutritional control 
of gonadotropin release may also involve alterations in sensitivity to kisspeptin. At 4 weeks 
after weaning, castrate male lambs were randomly assigned to different diets so that they 
either continued to grow or maintained body weight. After 12 weeks of treatment, animals 
in each group were then assigned to receive either i.v. infusion of 0.77 µmoles of kisspeptin 
or saline control. Area under the LH curve (AUC) for the saline treated animals was similar 
for growth and restricted lambs; however, the kisspeptin-induced release of LH was greater 
and lasted longer, as indicated by AUC, in the growth restricted lambs than in the full 
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growth lambs (Figure 4). Our findings in the growth restricted male lamb corroborate those 
of Castellano et al. (2005) in rats. These authors used prepubertal male and female rats that 
were fed either ad libitum or were fasted for 72 h. In fed animals, both prepubertal female 
and male rats demonstrated a 9 to 10 fold increase in LH concentrations in serum 15 minutes 
after i.c.v. injection of kisspeptin. In contrast, fasted rats demonstrated a much greater 50 to 
60 fold increase in LH release. Moreover, the kisspeptin-stimulated release of GnRH from  

 
Figure 4. Four weeks after weaning, castrate male lambs (n = 16) were divided and assigned to either 
continue normal growth (growth) or to maintain body weight (restricted). After 12 weeks, animals in 
both groups received 0.77 µmoles of kisspeptin or saline as a single intravenous injection (time 0). A) 
Serum concentrations of luteinizing hormone (LH) during the 120 minutes before (period 1) and after 
(period 2) injection. B) Area under the curve (AUC) for each period (*P < 0.05). C) AUC in period 2 
expressed as the change from period 1. a,b,cMeans without a common superscript are different (P < 0.05). 
Data from C. A. Lents (unpublished). 
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hypothalamic explants collected from rats that were fasted for 72 h was greater than that 
from hypothalamic explants collected from ad libitum fed rats (Castellano et al., 2005). The 
increased responsiveness of the hypothalamus to kisspeptin and the subsequently greater 
release of LH in underfed animals are likely related to changes in expression of kisspeptin  
receptors. Expression of GPR54 mRNA in the hypothalamus was greater in fasted rats than 
in ad libitum fed controls (Castellano et al., 2005). Thus it appears that the pubertal transition 
in gonadotropin secretion involves not only increased expression and release of kisspeptin 
itself (Bentsen et al., 2010), but also a heightened sensitivity of the hypothalamus to the 
action of kisspeptin (Shahab et al., 2005). Both of these aspects can be modulated by 
metabolic state and are important for the overall tone of the kisspeptin system (Castellano et 
al., 2011; Roa et al., 2010). 

5.3. Kisspeptin mediates the action of leptin on sexual development and 
gonadotropin secretion 

The effect of energy balance on the kisspeptin system appears to be a consequence of the 
action of leptin. Expression of KiSS-1 in the ARC of the hypothalamus of ob/ob mice, which 
lack functional leptin, is significantly less when compared to expression in wild-type mice 
(Quennell et al., 2011; Smith et al., 2006); however, KiSS-1 expression in the anteroventral 
periventricular nucleus (AVPV) of ob/ob mice was similar to wild-type animals. This 
indicates that leptin acts on a specific population of kisspeptin cells within the ARC to 
modulate gonadotropin release. Leptin stimulated firing of kisspeptin neurons in 
hypothalamic slices of the ARC from guinea pigs (Qiu et al., 2011) and treating either ob/ob 
mice or KiSS1-Cre mice with leptin stimulated increased hypothalamic expression of 
kisspeptin mRNA in the ARC (Quennell et al., 2011; Smith et al., 2006) but not the AVPV 
(Cravo et al., 2011; Quennell et al., 2011; Smith et al., 2006). Leptin probably affects 
kisspeptin neurons in the ARC directly because kisspeptin cells localized within this 
hypothalamic area of guinea pigs (Qiu et al., 2011) and mice (Quennell et al., 2011; Smith et 
al., 2006) express leptin receptor mRNA. Moreover, second messengers that are important in 
signaling of leptin receptor (i.e., STAT-3) were expressed in kisspeptin cells in the ARC, but 
not within kisspeptin cells of the AVPV (Quennell et al., 2011). This indicates that increasing 
concentrations of leptin associated with greater body energy reserves may impact activity of 
the GnRH pulse generator through increasing the tone of the kisspeptin system via its action 
on kisspeptin neurons within the ARC. 

The consequences of negative energy balance on KiSS-1 expression aren’t fully offset by the 
positive effect of leptin. For example, leptin treatment did not fully reverse the lactation-
induced reduction in KiSS-1 expression in rats (Xu et al., 2009). In a similar fashion, 
continuous i.c.v. infusion of leptin during a 72 h fast of ovariectomized ewes that were thin 
(made so with chronic nutritional restriction) rescued LH pulses (Backholer et al., 2010b) 
but KiSS-1 expression was only partially restored when compared with ewes that had 
greater body fat (Backholer et al., 2010a). Consequently, the suppressive effect of negative 
energy balance or nutrient deprivation on the gonadotropic axis via the KiSS-1 system 
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growth lambs (Figure 4). Our findings in the growth restricted male lamb corroborate those 
of Castellano et al. (2005) in rats. These authors used prepubertal male and female rats that 
were fed either ad libitum or were fasted for 72 h. In fed animals, both prepubertal female 
and male rats demonstrated a 9 to 10 fold increase in LH concentrations in serum 15 minutes 
after i.c.v. injection of kisspeptin. In contrast, fasted rats demonstrated a much greater 50 to 
60 fold increase in LH release. Moreover, the kisspeptin-stimulated release of GnRH from  

 
Figure 4. Four weeks after weaning, castrate male lambs (n = 16) were divided and assigned to either 
continue normal growth (growth) or to maintain body weight (restricted). After 12 weeks, animals in 
both groups received 0.77 µmoles of kisspeptin or saline as a single intravenous injection (time 0). A) 
Serum concentrations of luteinizing hormone (LH) during the 120 minutes before (period 1) and after 
(period 2) injection. B) Area under the curve (AUC) for each period (*P < 0.05). C) AUC in period 2 
expressed as the change from period 1. a,b,cMeans without a common superscript are different (P < 0.05). 
Data from C. A. Lents (unpublished). 
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hypothalamic explants collected from rats that were fasted for 72 h was greater than that 
from hypothalamic explants collected from ad libitum fed rats (Castellano et al., 2005). The 
increased responsiveness of the hypothalamus to kisspeptin and the subsequently greater 
release of LH in underfed animals are likely related to changes in expression of kisspeptin  
receptors. Expression of GPR54 mRNA in the hypothalamus was greater in fasted rats than 
in ad libitum fed controls (Castellano et al., 2005). Thus it appears that the pubertal transition 
in gonadotropin secretion involves not only increased expression and release of kisspeptin 
itself (Bentsen et al., 2010), but also a heightened sensitivity of the hypothalamus to the 
action of kisspeptin (Shahab et al., 2005). Both of these aspects can be modulated by 
metabolic state and are important for the overall tone of the kisspeptin system (Castellano et 
al., 2011; Roa et al., 2010). 

5.3. Kisspeptin mediates the action of leptin on sexual development and 
gonadotropin secretion 

The effect of energy balance on the kisspeptin system appears to be a consequence of the 
action of leptin. Expression of KiSS-1 in the ARC of the hypothalamus of ob/ob mice, which 
lack functional leptin, is significantly less when compared to expression in wild-type mice 
(Quennell et al., 2011; Smith et al., 2006); however, KiSS-1 expression in the anteroventral 
periventricular nucleus (AVPV) of ob/ob mice was similar to wild-type animals. This 
indicates that leptin acts on a specific population of kisspeptin cells within the ARC to 
modulate gonadotropin release. Leptin stimulated firing of kisspeptin neurons in 
hypothalamic slices of the ARC from guinea pigs (Qiu et al., 2011) and treating either ob/ob 
mice or KiSS1-Cre mice with leptin stimulated increased hypothalamic expression of 
kisspeptin mRNA in the ARC (Quennell et al., 2011; Smith et al., 2006) but not the AVPV 
(Cravo et al., 2011; Quennell et al., 2011; Smith et al., 2006). Leptin probably affects 
kisspeptin neurons in the ARC directly because kisspeptin cells localized within this 
hypothalamic area of guinea pigs (Qiu et al., 2011) and mice (Quennell et al., 2011; Smith et 
al., 2006) express leptin receptor mRNA. Moreover, second messengers that are important in 
signaling of leptin receptor (i.e., STAT-3) were expressed in kisspeptin cells in the ARC, but 
not within kisspeptin cells of the AVPV (Quennell et al., 2011). This indicates that increasing 
concentrations of leptin associated with greater body energy reserves may impact activity of 
the GnRH pulse generator through increasing the tone of the kisspeptin system via its action 
on kisspeptin neurons within the ARC. 

The consequences of negative energy balance on KiSS-1 expression aren’t fully offset by the 
positive effect of leptin. For example, leptin treatment did not fully reverse the lactation-
induced reduction in KiSS-1 expression in rats (Xu et al., 2009). In a similar fashion, 
continuous i.c.v. infusion of leptin during a 72 h fast of ovariectomized ewes that were thin 
(made so with chronic nutritional restriction) rescued LH pulses (Backholer et al., 2010b) 
but KiSS-1 expression was only partially restored when compared with ewes that had 
greater body fat (Backholer et al., 2010a). Consequently, the suppressive effect of negative 
energy balance or nutrient deprivation on the gonadotropic axis via the KiSS-1 system 



 
Gonadotropin 40 

likely involves more than simply altered leptin signaling alone. Other metabolic factors, 
such as insulin for example, are reflective of metabolic state or availability of food and 
likely have an important role in regulating the kisspeptin system to augment gonadotropin 
release. 

The possibility that adipocyte derived factors may also inhibit gonadotropin release in 
undernourished subjects should not be dismissed. Adiponectin is secreted by adipose tissue 
in response to nutrient restriction and body weight loss. It activates adenosine 
monophosphate-activated protein kinase (AMPK) to stimulate glucose uptake and β-
oxidation of free fatty acids (Gil-Campos et al., 2004). Receptors for adiponectin are 
expressed not only in the hypothalamus (Kos et al., 2007) but also the anterior pituitary 
gland (Rodriguez-Pacheco et al., 2007). Furthermore, mice that overexpress adiponectin 
have an infertile phenotype (Combs et al., 2004). This is indicative of a role for adiponectin 
in modulating gonadotropin secretion during periods when nutrient intake is insufficient to 
meet energy demands. Treating anterior pituitary cells in vitro (Rodriguez-Pacheco et al., 
2007) or LβT2 cells (immortalized embryonic gonadotrope cell line) with adiponectin 
suppressed both basal and GnRH-stimulated LH release (Lu et al., 2008). When adiponectin 
was administered i.c.v. to male rats, mean concentrations of LH were decreased owing to a 
suppression of LH pulse amplitude (Cheng et al., 2011). The later observation would 
indicate that adiponectin could be functioning to suppress activity of the GnRH neuronal 
network in subjects experiencing reductions in energy balance. In line with this is the fact 
that adiponectin inhibits the release of GnRH from GT1-7 cells (immortalized hypothalamic 
cell line) via an AMPK pathway (Cheng et al., 2011; Wen et al., 2008). It may well be that 
increased secretion and activity of adiponectin in animals during food deprivation or 
nutrient restriction off-set, to some degree, the stimulatory action of exogenous leptin on 
KiSS-1 expression in the hypothalamus. It is yet to be determined, however, if the 
suppressive effects of adiponectin on GnRH/LH release involve changes in the 
hypothalamic kisspeptin system. 

Expression of KiSS-1 in immortalized hypothalamic N6 cells was increased after treatment 
with NPY (Luque et al., 2007). This would suggest that neuronal pathways downstream of 
leptin can impact the kisspeptin system. In the ewe, 13 to 30% of kisspeptin neurons in the 
ARC are in close apposition to NPY fibers (Backholer et al., 2010a). Moreover, 30 to 40% of 
kisspeptin cells in the ARC were contacted by POMC fibers (Backholer et al., 2010a). Since 
both NPY and POMC expressing cells are direct targets for leptin’s action, the effects of 
leptin on gonadotropin secretion may be mediated through kisspeptin neurons indirectly 
via NPY and POMC pathways. It is also noted that kisspeptin neuronal fibers are located in 
close apposition to approximately 7% of NPY cell bodies and 20% of POMC cell bodies in 
the ovine hypothalamus (Backholer et al., 2010a). This anatomical evidence implies that the 
reproductive axis can influence neuronal pathways to modulate appetite. In fact, i.c.v. 
injection of kisspeptin increased NPY mRNA and reduced POMC mRNA in the ARC of the 
hypothalamus of sheep (Backholer et al., 2010a). Thus, other factors that may drive NPY or 
POMC expression during conditions of underfeeding may further limit the ability of leptin 
to stimulate increased KiSS-1 expression in the hypothalamus. 
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5.4. Kisspeptin is involved in the reproductive pathobiology of diabetes and 
obesity 

Metabolic disorders such as diabetes and obesity are accompanied by alterations in adipose 
tissue biology and impaired fertility. Given the impacts of leptin on the kisspeptin system in 
the hypothalamus, one could easily speculate that metabolic diseases that impinge upon 
circulating concentrations of leptin could have negative consequences for reproductive 
function via alterations in the hypothalamic expression of kisspeptin. Using the 
streptozotocin-induced diabetic male rat model, Castellano et al. (2006) observed that LH 
release was rescued when rats were treated with exogenous kisspeptin. Moreover, 
expression of KiSS-1 was reduced in the hypothalamus of these diabetic male rats. When the 
authors treated the diabetic rats with leptin, they found that KiSS-1 expression was restored 
along with increased concentrations of LH and testosterone in serum. 

Obesity is an ever growing epidemic and patients that are obese present a number of 
pathologies. One of these is a reduction in the sensitivity to the action of leptin. Iwasa et al. 
(2010) observed that female rats which underwent intrauterine growth retardation during 
their growth as fetuses developed leptin resistance after birth. These leptin resistant female 
rats demonstrated delayed onset of puberty associated with reduced expression of KiSS-1 in 
the hypothalamus. Thus, infertility associated with obesity and central leptin resistance may 
be related to tone of the kisspeptin system within the hypothalamus. Navarro et al. (2004b) 
found kisspeptin treatment restored LH secretion in fa/fa Zucker rats; a genetic model for 
leptin resistance. Furthermore, diet induced leptin resistance in mice, resulting from 
prolonged feeding of a high fat diet, was associated with reduced KiSS-1 expression and LH 
concentrations in serum (Quennell et al., 2011). Therefore, infertility resulting from 
hypogonadotropism that arises in diabetic or obese patients is likely due to alterations in the 
expression and secretion of kisspeptin in the hypothalamus. 

6. Conclusion 

Adipose tissue expresses and secretes a wide array of regulatory factors that have diverse 
biological roles. These factors contribute to the regulation of energy homeostasis by acting 
on neural circuits within the hypothalamus. Gonadotropin-releasing hormone is secreted 
from hypothalamic neurons and acts on gonadotrope cells within the anterior pituitary 
gland to stimulate the synthesis and release of LH. Activity of this gonadotropic-axis is 
sensitive to metabolic state. Free fatty acids are released from adipose tissue to have a 
glucose sparing effect and can be directly sensed by neurons in the hypothalamus. Cyclic 
changes in availability of FFA associated with meal frequency act to sustain continued 
release of LH pulses over short periods of time, but chronically elevated FFA likely impairs 
reproductive function by decreasing the sensitivity of the pituitary gland to GnRH. 
Conversely, leptin can enhance pituitary GnRH sensitivity and increase LH secretion. 
Within the hypothalamus, leptin stimulates release of GnRH by acting through 
interneuronal pathways involving NPY, POMC, and kisspeptin. Other adipose derived 
factors such as adiponectin and nesfatin-1 can have negative or positive effects on LH 
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likely involves more than simply altered leptin signaling alone. Other metabolic factors, 
such as insulin for example, are reflective of metabolic state or availability of food and 
likely have an important role in regulating the kisspeptin system to augment gonadotropin 
release. 

The possibility that adipocyte derived factors may also inhibit gonadotropin release in 
undernourished subjects should not be dismissed. Adiponectin is secreted by adipose tissue 
in response to nutrient restriction and body weight loss. It activates adenosine 
monophosphate-activated protein kinase (AMPK) to stimulate glucose uptake and β-
oxidation of free fatty acids (Gil-Campos et al., 2004). Receptors for adiponectin are 
expressed not only in the hypothalamus (Kos et al., 2007) but also the anterior pituitary 
gland (Rodriguez-Pacheco et al., 2007). Furthermore, mice that overexpress adiponectin 
have an infertile phenotype (Combs et al., 2004). This is indicative of a role for adiponectin 
in modulating gonadotropin secretion during periods when nutrient intake is insufficient to 
meet energy demands. Treating anterior pituitary cells in vitro (Rodriguez-Pacheco et al., 
2007) or LβT2 cells (immortalized embryonic gonadotrope cell line) with adiponectin 
suppressed both basal and GnRH-stimulated LH release (Lu et al., 2008). When adiponectin 
was administered i.c.v. to male rats, mean concentrations of LH were decreased owing to a 
suppression of LH pulse amplitude (Cheng et al., 2011). The later observation would 
indicate that adiponectin could be functioning to suppress activity of the GnRH neuronal 
network in subjects experiencing reductions in energy balance. In line with this is the fact 
that adiponectin inhibits the release of GnRH from GT1-7 cells (immortalized hypothalamic 
cell line) via an AMPK pathway (Cheng et al., 2011; Wen et al., 2008). It may well be that 
increased secretion and activity of adiponectin in animals during food deprivation or 
nutrient restriction off-set, to some degree, the stimulatory action of exogenous leptin on 
KiSS-1 expression in the hypothalamus. It is yet to be determined, however, if the 
suppressive effects of adiponectin on GnRH/LH release involve changes in the 
hypothalamic kisspeptin system. 

Expression of KiSS-1 in immortalized hypothalamic N6 cells was increased after treatment 
with NPY (Luque et al., 2007). This would suggest that neuronal pathways downstream of 
leptin can impact the kisspeptin system. In the ewe, 13 to 30% of kisspeptin neurons in the 
ARC are in close apposition to NPY fibers (Backholer et al., 2010a). Moreover, 30 to 40% of 
kisspeptin cells in the ARC were contacted by POMC fibers (Backholer et al., 2010a). Since 
both NPY and POMC expressing cells are direct targets for leptin’s action, the effects of 
leptin on gonadotropin secretion may be mediated through kisspeptin neurons indirectly 
via NPY and POMC pathways. It is also noted that kisspeptin neuronal fibers are located in 
close apposition to approximately 7% of NPY cell bodies and 20% of POMC cell bodies in 
the ovine hypothalamus (Backholer et al., 2010a). This anatomical evidence implies that the 
reproductive axis can influence neuronal pathways to modulate appetite. In fact, i.c.v. 
injection of kisspeptin increased NPY mRNA and reduced POMC mRNA in the ARC of the 
hypothalamus of sheep (Backholer et al., 2010a). Thus, other factors that may drive NPY or 
POMC expression during conditions of underfeeding may further limit the ability of leptin 
to stimulate increased KiSS-1 expression in the hypothalamus. 
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5.4. Kisspeptin is involved in the reproductive pathobiology of diabetes and 
obesity 

Metabolic disorders such as diabetes and obesity are accompanied by alterations in adipose 
tissue biology and impaired fertility. Given the impacts of leptin on the kisspeptin system in 
the hypothalamus, one could easily speculate that metabolic diseases that impinge upon 
circulating concentrations of leptin could have negative consequences for reproductive 
function via alterations in the hypothalamic expression of kisspeptin. Using the 
streptozotocin-induced diabetic male rat model, Castellano et al. (2006) observed that LH 
release was rescued when rats were treated with exogenous kisspeptin. Moreover, 
expression of KiSS-1 was reduced in the hypothalamus of these diabetic male rats. When the 
authors treated the diabetic rats with leptin, they found that KiSS-1 expression was restored 
along with increased concentrations of LH and testosterone in serum. 

Obesity is an ever growing epidemic and patients that are obese present a number of 
pathologies. One of these is a reduction in the sensitivity to the action of leptin. Iwasa et al. 
(2010) observed that female rats which underwent intrauterine growth retardation during 
their growth as fetuses developed leptin resistance after birth. These leptin resistant female 
rats demonstrated delayed onset of puberty associated with reduced expression of KiSS-1 in 
the hypothalamus. Thus, infertility associated with obesity and central leptin resistance may 
be related to tone of the kisspeptin system within the hypothalamus. Navarro et al. (2004b) 
found kisspeptin treatment restored LH secretion in fa/fa Zucker rats; a genetic model for 
leptin resistance. Furthermore, diet induced leptin resistance in mice, resulting from 
prolonged feeding of a high fat diet, was associated with reduced KiSS-1 expression and LH 
concentrations in serum (Quennell et al., 2011). Therefore, infertility resulting from 
hypogonadotropism that arises in diabetic or obese patients is likely due to alterations in the 
expression and secretion of kisspeptin in the hypothalamus. 

6. Conclusion 

Adipose tissue expresses and secretes a wide array of regulatory factors that have diverse 
biological roles. These factors contribute to the regulation of energy homeostasis by acting 
on neural circuits within the hypothalamus. Gonadotropin-releasing hormone is secreted 
from hypothalamic neurons and acts on gonadotrope cells within the anterior pituitary 
gland to stimulate the synthesis and release of LH. Activity of this gonadotropic-axis is 
sensitive to metabolic state. Free fatty acids are released from adipose tissue to have a 
glucose sparing effect and can be directly sensed by neurons in the hypothalamus. Cyclic 
changes in availability of FFA associated with meal frequency act to sustain continued 
release of LH pulses over short periods of time, but chronically elevated FFA likely impairs 
reproductive function by decreasing the sensitivity of the pituitary gland to GnRH. 
Conversely, leptin can enhance pituitary GnRH sensitivity and increase LH secretion. 
Within the hypothalamus, leptin stimulates release of GnRH by acting through 
interneuronal pathways involving NPY, POMC, and kisspeptin. Other adipose derived 
factors such as adiponectin and nesfatin-1 can have negative or positive effects on LH 
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release, respectively (figure 5). Metabolic control of puberty onset likely involves 
developmental changes in these relationships. 

 
Figure 5. A proposed model for how metabolic signals, including adipokines such as leptin, affect 
gonadotropin secretion. Insulin fluctuates with consumption of meals at regular intervals to promote 
adipose accretion. Increased mass of adipose tissue is reflected in concentrations of adipokines such as 
leptin and nesfatin-1 that circulate in the blood to act as specific neural circuits within the 
hypothalamus. Leptin suppresses feed intake by modifying activity of POMC and NPY neurons in the 
arcuate (ARC) and paraventricular (PVN) nuclei, and stimulates release of gonadotropin hormones (LH 
and FSH). Many neurons in these areas of the hypothalamus express leptin receptor and directly 
innervate adipose tissue, thus constituting a hypothalamic-adipose neuroendocrine axis involving the 
sympathetic nervous system (SNS). Leptin directly activates kisspeptin (KiSS) cell bodies to stimulate 
GnRH release and to cause an upregulation of LH pulses. Nesfatin-1, which also stimulates LH release, 
suppresses food intake by acting through second order neurons to modulate activity of POMC systems 
in the nucleus tractus solitaries (NTS) of the hind brain as well as the nucleus dorsalis of the vagus 
nerve; thus altering liver function, which results in shifting availability of oxidizable fuels. Elevated free 
fatty acids (FFA) have a glucose sparing affect and can be directly sensed by neurons in the 
hypothalamus to sustain continued release of LH pulses over a short period. 
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release, respectively (figure 5). Metabolic control of puberty onset likely involves 
developmental changes in these relationships. 

 
Figure 5. A proposed model for how metabolic signals, including adipokines such as leptin, affect 
gonadotropin secretion. Insulin fluctuates with consumption of meals at regular intervals to promote 
adipose accretion. Increased mass of adipose tissue is reflected in concentrations of adipokines such as 
leptin and nesfatin-1 that circulate in the blood to act as specific neural circuits within the 
hypothalamus. Leptin suppresses feed intake by modifying activity of POMC and NPY neurons in the 
arcuate (ARC) and paraventricular (PVN) nuclei, and stimulates release of gonadotropin hormones (LH 
and FSH). Many neurons in these areas of the hypothalamus express leptin receptor and directly 
innervate adipose tissue, thus constituting a hypothalamic-adipose neuroendocrine axis involving the 
sympathetic nervous system (SNS). Leptin directly activates kisspeptin (KiSS) cell bodies to stimulate 
GnRH release and to cause an upregulation of LH pulses. Nesfatin-1, which also stimulates LH release, 
suppresses food intake by acting through second order neurons to modulate activity of POMC systems 
in the nucleus tractus solitaries (NTS) of the hind brain as well as the nucleus dorsalis of the vagus 
nerve; thus altering liver function, which results in shifting availability of oxidizable fuels. Elevated free 
fatty acids (FFA) have a glucose sparing affect and can be directly sensed by neurons in the 
hypothalamus to sustain continued release of LH pulses over a short period. 
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1. Introduction 

The master system in the control of reproductive functions is the communication into the 
hypothalamus-pituitary-gonadal axis (HPG), whose main actor is the hypothalamic 
gonadotropin releasing hormone (GnRH). Such a decapeptide triggers the release of pituitary 
gonadotropins [Follicular Stimulating Hormone (FSH) and Luteinizing Hormone (LH)] which 
in turn reach the gonads, induce the biosynthesis of steroids (mainly testosterone in males and 
estradiol/progesterone in females) and of other non steroidal substances (i.e. activin, 
follistastin, inhibin) modulating the gametogenesis in both sexes. In the last decades, a 
significant upsurge of studies aimed to define seveal actors and mechanisms supporting 
reproductive activity. Ultra short, short and long feedback in HPG communication finely 
modulate reproduction. Nevertheless, this picture is still puzzling and the complete 
knowledge of the full process has to be unravelled.  

“Only on the basis of an extensive comparative biology can authentic general biology emerge” (Bern 
1967). Besides the importance of evolutionary track in the research of adaptive phenomena, 
comparative approaches provide a deep insight into the physiological mechanism in building 
general models. At present, 25 GnRH molecular forms have been detected in metazoan, also in 
species lacking pituitary gland. Up to 15 molecular forms have been detected in vertebrates; 
fish, amphibians, reptiles, birds and also humans possess two GnRH molecular forms (GnRH1 
and GnRH2, formerly known as mammalian GnRH and chicken 2 GnRH, respectively) as well 
as one GnRH receptor (GnRHR), at least. A third GnRH molecular form, GnRH3, is often 
detected in fish telencephalon and peripheral tissues (Pierantoni et al., 2002). In this respect, 
current hypothesis postulates that GnRH action progressively evolved from the control of 
simple basic functions in early metazoan to an indirect way to check gonadal activity in 
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hypothalamus-pituitary-gonadal axis (HPG), whose main actor is the hypothalamic 
gonadotropin releasing hormone (GnRH). Such a decapeptide triggers the release of pituitary 
gonadotropins [Follicular Stimulating Hormone (FSH) and Luteinizing Hormone (LH)] which 
in turn reach the gonads, induce the biosynthesis of steroids (mainly testosterone in males and 
estradiol/progesterone in females) and of other non steroidal substances (i.e. activin, 
follistastin, inhibin) modulating the gametogenesis in both sexes. In the last decades, a 
significant upsurge of studies aimed to define seveal actors and mechanisms supporting 
reproductive activity. Ultra short, short and long feedback in HPG communication finely 
modulate reproduction. Nevertheless, this picture is still puzzling and the complete 
knowledge of the full process has to be unravelled.  

“Only on the basis of an extensive comparative biology can authentic general biology emerge” (Bern 
1967). Besides the importance of evolutionary track in the research of adaptive phenomena, 
comparative approaches provide a deep insight into the physiological mechanism in building 
general models. At present, 25 GnRH molecular forms have been detected in metazoan, also in 
species lacking pituitary gland. Up to 15 molecular forms have been detected in vertebrates; 
fish, amphibians, reptiles, birds and also humans possess two GnRH molecular forms (GnRH1 
and GnRH2, formerly known as mammalian GnRH and chicken 2 GnRH, respectively) as well 
as one GnRH receptor (GnRHR), at least. A third GnRH molecular form, GnRH3, is often 
detected in fish telencephalon and peripheral tissues (Pierantoni et al., 2002). In this respect, 
current hypothesis postulates that GnRH action progressively evolved from the control of 
simple basic functions in early metazoan to an indirect way to check gonadal activity in 
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vertebrates, through a sophisticated network of finely tuned neurons (Chianese et al., 2011a; 
Kah et al., 2007; Kavanaugh et al., 2008; Pierantoni et al., 2002; White et al., 1998). Despite both 
GnRH1 and GnRH2 share the ability to trigger gonadotropin discharge (Pierantoni et al., 
2002), the coexistence of multiple forms of GnRHs in the brain let to hypothesize the division 
of functional roles. In this respect, GnRH2 activity is also involved in processes other than 
gonadotropin discharge such as the control of sexual behaviour, or local action at gonadal 
level. Food intake and energy balance, stress and many other environmental cues deeply affect 
reproductive success via GnRH2. Hence, in such a complex scenario emerged: 1) the need to 
integrate and convey all information to GnRH neurons, the major hierarchical elements of the 
HPG and 2) the need to discover possible intermediary neuronal populations in this chain of 
events (Fernandez-Fernandez et al., 2006; Herbison & Pape, 2001).  

Therefore, in this review, we focus on endocannabinoid (ECB) and kisspeptin systems, two 
modulators of GnRH activity. ECBs are lipidic mediators capable to inhibit the release of 
hypothalamic GnRH (Scorticati et al., 2004), affecting, as a consequence, both steroroidogenesis 
and gonadal functions (Wang et al., 2004). While ECBs exert such a negative effect upon GnRH 
release, kisspeptins, the product of kiss gene, positively affect GnRH release. Impairment of 
kisspeptin system causes idiopathic hypogonadotropic hypogonadism and affects puberty 
onset (de Roux et al., 2003; Seminara et al., 2003). Thus, at hypothalamic level ECBs and 
kisspeptin modulate GnRH circuitry in opposite manner. Similarly to GnRH, ECBs and 
kisspeptin exert a direct effect upon gonadic activity, affecting steroidogenesis, 
spermatogenesis, spermatozoa functions, follicular development and oocyte maturation, 
suggesting the existence of a possible local crosstalk among these systems. Thus, in the next 
paragraphs the activity of ECBs and kisspeptin along the HPG will be properly discussed.  

2. New modulators of GnRH/gonadotropin activity at central level  

2.1. Endocannabinoid system  

The endocannabinoid system (ECS) is an ancient, evolutionarily conserved system, well-
characterized in mammalian and non-mammalian vertebrates (Buznikov et al., 2010; Fasano 
et al., 2009; McPartland et al., 2006). Such a system comprises ECBs, several ECB receptors 
(CBs), many enzymatic machineries responsible for ECB degradation and biosynthesis and 
ECB transporters (EMT) (Pierantoni et al., 2009). A schematic representation of ECS 
components is depicted in Figure 1. 

In general, ECBs are amides, esters and ethers of long-chain polyunsaturated fatty acid, 
isolated from brain, peripheral tissues and reproductive fluids (Devane et al., 1992; Sugiura 
et al., 1995; Schuel et al., 2002); they mimic the effects of the phytocannabinoid Δ9-
tetrahydrocannabinol (Δ9-THC), the psychoactive constituent of marijuana plant, Cannabis 
sativa. The main ECBs are the N-arachidonoyl-ethanolamine (AEA, anandamide), the first 
ECB discovered in porcine brain (Devane et al., 1992), and 2-arachidonoylglycerol (2-AG) 
(Sugiura et al., 1995). ECBs have the ability to activate a wide range of CBs: the most studied 
are CB1 and CB2, classical seven transmembrane spanning G coupled receptors (Matsuda et 
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al., 1990; Munro et al., 1993) widely distributed in both brain and peripheral tissues, gonads 
included (Galiegue et al., 1995, Shire et al., 1995, Brown et al., 2002). The orphan G coupled 
receptor GPR55 is currently accounted as the third CB (Lauckner et al., 2008). AEA, but not 
2-AG, selectively acts as an intracellular ligand of the transient potential type1 vanilloid 
receptor (TRPV1) channel, a six transmembrane spanning receptor whose structure forms a 
ligand gated non selective cationic channel activated by capsaicin, one of red chilli pepper 
component (van der Stelt & Di Marzo, 2004, 2005). Lastly, direct nuclear action of ECBs has 
been postulated since many ECBs [for instance AEA, 2-AG, N-oleoyl-ethanolamine (OEA), 
N-palmitoyl-ethanolamine (PEA), noladin ether and virodhamine], the phytocannabinoid 
Δ9-THC, CB agonists (HU210, WIN55121-2) as well as cannabinoid metabolites have the 
ability to activate also PPAR (peroxisome-proliferator-activated receptor) family of nuclear 
receptors (O’Sullivan, 2007; Sun & Bennett, 2007). In order to activate PPAR receptors, 
cytoplasmic-nuclear translocation of ECBs requires the fatty acid binding proteins (FABPs) 
as intracellular carriers (Kaczocha et al., 2012). 

 
ECS comprises ECBs, CBs, ECB biosynthetic and hydrolizing enzymes, as well as membrane and intracellular carriers 
(See text for details). Figure modified from: Pierantoni et al., 2009. 

Figure 1. Schematic representation of ECS components. 

ECBs activity strongly depends on the balance between their biosynthetic and hydrolyzing 
pathways. AEA and 2-AG are usually released from membrane phospholipid precursors 
through the activation of N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD) 
and diacylglycerol lipase (DAGL), respectively (Bisogno et al., 2003; Okamoto et al., 2004). 
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vertebrates, through a sophisticated network of finely tuned neurons (Chianese et al., 2011a; 
Kah et al., 2007; Kavanaugh et al., 2008; Pierantoni et al., 2002; White et al., 1998). Despite both 
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2002), the coexistence of multiple forms of GnRHs in the brain let to hypothesize the division 
of functional roles. In this respect, GnRH2 activity is also involved in processes other than 
gonadotropin discharge such as the control of sexual behaviour, or local action at gonadal 
level. Food intake and energy balance, stress and many other environmental cues deeply affect 
reproductive success via GnRH2. Hence, in such a complex scenario emerged: 1) the need to 
integrate and convey all information to GnRH neurons, the major hierarchical elements of the 
HPG and 2) the need to discover possible intermediary neuronal populations in this chain of 
events (Fernandez-Fernandez et al., 2006; Herbison & Pape, 2001).  

Therefore, in this review, we focus on endocannabinoid (ECB) and kisspeptin systems, two 
modulators of GnRH activity. ECBs are lipidic mediators capable to inhibit the release of 
hypothalamic GnRH (Scorticati et al., 2004), affecting, as a consequence, both steroroidogenesis 
and gonadal functions (Wang et al., 2004). While ECBs exert such a negative effect upon GnRH 
release, kisspeptins, the product of kiss gene, positively affect GnRH release. Impairment of 
kisspeptin system causes idiopathic hypogonadotropic hypogonadism and affects puberty 
onset (de Roux et al., 2003; Seminara et al., 2003). Thus, at hypothalamic level ECBs and 
kisspeptin modulate GnRH circuitry in opposite manner. Similarly to GnRH, ECBs and 
kisspeptin exert a direct effect upon gonadic activity, affecting steroidogenesis, 
spermatogenesis, spermatozoa functions, follicular development and oocyte maturation, 
suggesting the existence of a possible local crosstalk among these systems. Thus, in the next 
paragraphs the activity of ECBs and kisspeptin along the HPG will be properly discussed.  

2. New modulators of GnRH/gonadotropin activity at central level  

2.1. Endocannabinoid system  

The endocannabinoid system (ECS) is an ancient, evolutionarily conserved system, well-
characterized in mammalian and non-mammalian vertebrates (Buznikov et al., 2010; Fasano 
et al., 2009; McPartland et al., 2006). Such a system comprises ECBs, several ECB receptors 
(CBs), many enzymatic machineries responsible for ECB degradation and biosynthesis and 
ECB transporters (EMT) (Pierantoni et al., 2009). A schematic representation of ECS 
components is depicted in Figure 1. 
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are CB1 and CB2, classical seven transmembrane spanning G coupled receptors (Matsuda et 
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al., 1990; Munro et al., 1993) widely distributed in both brain and peripheral tissues, gonads 
included (Galiegue et al., 1995, Shire et al., 1995, Brown et al., 2002). The orphan G coupled 
receptor GPR55 is currently accounted as the third CB (Lauckner et al., 2008). AEA, but not 
2-AG, selectively acts as an intracellular ligand of the transient potential type1 vanilloid 
receptor (TRPV1) channel, a six transmembrane spanning receptor whose structure forms a 
ligand gated non selective cationic channel activated by capsaicin, one of red chilli pepper 
component (van der Stelt & Di Marzo, 2004, 2005). Lastly, direct nuclear action of ECBs has 
been postulated since many ECBs [for instance AEA, 2-AG, N-oleoyl-ethanolamine (OEA), 
N-palmitoyl-ethanolamine (PEA), noladin ether and virodhamine], the phytocannabinoid 
Δ9-THC, CB agonists (HU210, WIN55121-2) as well as cannabinoid metabolites have the 
ability to activate also PPAR (peroxisome-proliferator-activated receptor) family of nuclear 
receptors (O’Sullivan, 2007; Sun & Bennett, 2007). In order to activate PPAR receptors, 
cytoplasmic-nuclear translocation of ECBs requires the fatty acid binding proteins (FABPs) 
as intracellular carriers (Kaczocha et al., 2012). 
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Figure 1. Schematic representation of ECS components. 
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and diacylglycerol lipase (DAGL), respectively (Bisogno et al., 2003; Okamoto et al., 2004). 
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Two fatty acid amide hydrolases (FAAH and FAAH-2) (Cravatt et al., 1996; Wei et al., 2006) 
as well as N-acylethanolamine-hydrolyzing acid amidase (NAAA) (Tsuboi et al., 2005; Ueda 
et al., 2010) release arachidonic acid and ethanolamine from AEA. Besides FAAH, 2-AG is 
cleaved into arachidonic acid and glycerol by a specific monoacylglycerol lipase (MAGL) 
(Dinh et al., 2002; Ho et al., 2002). Despite of their lipidic nature, data concerning the 
existence of a membrane carrier able to mediate ECBs transport is discussed. Recently, in 
neuronal cells a FAAH-like AEA transporter (FLAT) has been identified. Such a molecule is 
encoded by a splicing variant of FAAH-1, lacks the catalytic activity of FAAH but has the 
ability to bind AEA (Fu et al., 2011).  

Nowadays, ECS elements have been identified in the central and peripheral nervous system 
as well as in gonads and gametes, demonstrating a deep involvement of the system in the 
control of reproductive functions, both at central and local level (Battista et al., 2012).  

In marijuana smokers as well as in animal models, cannabinoids and ECBs interfere in the 
neuroendocrine control of reproductive function impairing GnRH and LH production, 
gonadic steroid production, spermatogenesis, ovulation, embryo development and 
implantation, as well as sexual behaviour (Murphy et al., 1998; Pagotto et al., 2006; Wang et 
al., 2006). In the brain, Δ9-THC and ECBs are well known retrograde signals that act at 
presynaptic level in order to inhibit the release of specific neurotransmittes [i.e.  
γ-aminobutyric acid (GABA)]. Current opinion postulates that ECB mediated LH, but not 
FSH, inhibition is the result of hypothalamic ECB activity. In fact, ECBs are well known 
inhibitors of GnRH release (Scorticati et al., 2004) and GnRH transcription (Chianese et al., 
2011b; Meccariello et al., 2008). By contrast, direct or indirect action of ECBs upon GnRH 
secreting neurons is still controversial and under investigation. ECBs inhibit several 
neuronal systems, positively involved in GnRH circuitry (i.e. norepinephrine and 
glutamate); by contrast, they activate well known inhibitors of GnRH activity [i.e. 
dopamine, endogenous opioid peptides and corticotrophin-releasing hormone (Murphy et 
al., 1998)]. Current hypothesis postulates that ECBs interfere in the well known regulation of 
GnRH neurons by long loop gonadal steroid feedback trough steroids receptor expressing 
afferents such as GABAergic neurons. For instance, there is a growing consensus that GABA 
can act through the GABAA receptor to exert both depolarizing and hyperpolarizing effects 
on GnRH neurons (Herbison & Moenter, 2011). In male mice, GnRH-secreting neurons 
tonically release 2-AG in presynaptic fissure, which in turn activates CB1 located on 
GABAergic afferents, in tight relationship with GnRH neurons. The activation of CB1 
inhibits the spontaneous release of GABA (Figure 2). As a consequence, postsynaptic GABA 
receptors (GABAA and GABAB), located on GnRH-secreting neurons, are not activated and 
GnRH is not released (Farkas et al., 2010). ECB biosynthesis in GnRH secreting neurons 
might be induced by the activation of metabotropic glutamate receptor (mGluR) located on 
astrocytes. In fact, in female mice, a complementary hypothesis suggests that local GnRH-
GABA circuits uses just the glia derived prostaglandins and/or ECBs in a steroid dependent 
fashion (Glanowska & Moenter, 2011). GnRH neurons interact with their afferent neurons 
using several mechanisms and these local circuits can be modified by both sex and steroid 
feedback. ECBs tone is certainly a key factor in ECBs activity. The inhibitory effect of AEA 
on GnRH-secreting neurons is reversed by estrogens (Scorticati et al., 2004), through the 
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inhibition of astrocyte mGluR. Such a process inhibits prostaglandin mediated release of 
ECBs from GnRH secreting neurons (Glanowska & Moenter, 2011). Alternatively, estradiol 
might directly prevent the ECB mediated inhibition of GABA neurons (Glanowska & 
Moenter, 2011). In the brain, functional relationships between CB1 and FAAH emerged, 
since they have a quite overlapping localization (Egertovà et al., 1998). Since estradiol 
modulates the transcription of FAAH hydrolase, whose promoter contains an ERE element 
(Waleh et al., 2002), it is not excluded that estradiol might reverse the adverse activity of 
AEA on GnRH neurons, by means of FAAH upregulation and AEA degradation.  

Conversely, it is not excluded that neuronal systems other than GABAergic, as for example 
kisspeptin neurons described in the next paragraphs, might modulate GnRH-secreting 
neurons activity via ECBs in an estradiol dependent fashion. A model for proposed circuits 
and possible mechanisms of GnRH neurons activity in males and females are, respectively, 
reported in Figures 2 and 3. The use of CB1 knockout mice (CB1-/-) also contributed to 
elucidate the mechanism of ECB mediated LH inhibition. AEA decreases both LH and 
prolactin (PRL) in CB1-/- mice whereas 2-AG is able to suppress LH in wild-type, but not in 
CB1-/- mice (Olàh et al., 2008). Thus, receptors other than CB1 might be involved in such a 
signalling. In such a context, the main candidate is TRPV1 (Olàh et al., 2008), whose 
expression has been reported in the hypothalamus but not in pituitary gland. 

The basal crosstalk between ECS and GnRH is evolutionarily conserved, since it has been 
described also in lower vertebrates (Chianese et al., 2008, 2011b; Cottone et al., 2008, 
Meccariello et al., 2008). In both amphibians and teleost fish, CB1 was detected in the 
forebrain, the encephalic macro-area containing the anterior preoptic area, the encephalic 
region mainly involved in GnRH activity and in the control of gonadotropin discharge 
(Cottone et al., 2003, 2005; Lam et al., 2006; Migliarini et al., 2006; Meccariello et al., 2008; 
Valenti et al., 2005). Besides an involvement in food intake, also in lower vertebrates ECS 
negatively modulates neuroendocrine machinery and reproduction. In fish forebrain, CB1 
colocalizes with GnRH3, the GnRH molecular form mainly detected in the telencephalon of 
fish (Cottone et al., 2008). A CB1 mediated self modulation of GnRH secreting neurons 
emerged in the anuran amphibian Rana esculenta (Meccariello et al., 2008). In male frogs, 
GnRH1 and CB1 share the localization inside the basal telencephalon and septum (Cottone 
et al., 2008; Meccariello et al., 2008); most GnRH1 secreting neurons are close to CB1 
expressing neurons whereas a subpopulation of GnRH1 secreting neurons - in the 
approximate order of 20% - coexpresses CB1 (Meccariello et al., 2008). Such a 
neuroanatomical observation finds a possible functional explanation at molecular level. In 
fact, mRNA and protein profiles of CB1 and GnRH1 are opposite in frog diencephalon 
during the annual sexual cycle (Chianese et al., 2008; Meccariello et al., 2008). Treatments of 
male diencephalons with buserelin, a long acting GnRH analogue, inhibit GnRH1 
transcription and upregulate CB1 transcription; conversely, AEA treatments downregulate 
GnRH1 expression. In this respect, GnRH secreting neurons might produce ECBs in order to 
properly suppress GnRH secreting activity (ultrashort feedback). This saga is becoming 
more intricate since in this amphibian a second GnRH molecular form - GnRH2, with a 
suggested hypophisiotropic role (Pierantoni et al., 2002) - and three GnRHRs (GnRHR1, 
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GnRHR2, GnRHR3) have been cloned (Chianese et al., 2011b). In different periods of the 
annual reproductive cycle, AEA also inhibits GnRH2 expression and upregulates the 
expression of GnRHR1, GnRHR2, but not of GnRHR3 (Chianese et al., 2011b). Also 
immortalized neuronal cell lines (GT1) are both target and source of ECBs; in vitro they have 
the ability to produce and secrete ECBs (2-AG and AEA), to uptake and degrade ECBs, and 
possess CBs (both CB1 and CB2); the activation of CBs inhibits the pulsatile release of GnRH 
(Gammon et al., 2005). Nevertheless, such observations did not found any confirmation in 
vivo, although GnRH secreting neurons are close to cannabinergic fibres and scantly express 
CB1 (Gammon et al., 2005). By contrast, micro-array analysis revealed CB2 expression in a 
subpopulation of GnRH secreting neurons (Todman et al., 2005). 

ECS interferes in GnRH circuitry also modulating the activity of neuronal populations that 
usually converge environmental, stressors, metabolic and photoperiodic cues at different 
levels of HPG. Stress and food intake, well-known processes under ECBs control (Pagotto et 
al., 2006), interfere in GnRH secretion. It is interesting to include in this scenario the 
gonadotropin-inhibitory hormone (GnIH). GnIH belongs to the super-family of RFamide 
neuropeptides, but its role in the control of gonadotropin secretion is negative, thus 
proposing the existence of a balance between stimulatory and inhibitory systems in the 
control of reproduction. Interestingly, this concept does not represent a rule; in fact, in male 
Syrian hamster, the mammalian ortholog of avian GnIH, the RFRP-3, works on the 
gonadotropic axis as a stimulator, inducing LH, FSH and testosterone secretion, via GnRH 
neurons activation. Furthermore, this effect might not only vary across species, but also 
include sex-specific differences in the same species, due to the loss of RFRP-3 mediated 
stimulation in females (Ancel et al., 2012). 

Besides the effect in the hypothalamus, still controversial is the direct activity of ECBs on the 
pituitary. ECB binding sites, as well as the expression of CBs, biosynthetic and hydrolyzing 
enzymes have been reported in pituitary pars distalis and in pituitary cell cultures (Gonzales 
et al., 1999, 2000; Lynn & Herkenham, 1994; Murphy et al., 1998; Wenger et al., 1999).  

Nevertheless, the localization of CBs in the gonadotropes is confirmed in amphibians and 
mammals, but not in humans (Cesa et al., 2002; Wenger et al., 1999; Yasuo et al., 2010a). For 
instance, in rats, AEA exhibits differential effects on the in vitro secretion of LH, and 
pituitary hormones other than gonadotropins [i.e. PRL, corticotrophin (ACTH) and growth 
hormone (GH)] (Wenger et al., 2000). In a sex steroid dependent fashion, rats express CB1 in 
pituitary gland. In females, CB1 expression and AEA content depende on the phase of the 
ovarian cycle and, in general, pituitary AEA content is opposite to that observed in the 
hypothalamus (Gonzales et al., 2000). Recently, ECBs have been included among tuberalins, 
the messengers supposed to be secreted from the pars tuberalis - a brain area located between 
the median eminence, the pituitary portal vessels and the pituitary pars distalis - to target the 
pituitary pars distalis (Yasuo et al., 2010b). In both hamsters and humans, pars tuberalis 
produces high levels of 2-AG and low levels of other ECBs (AEA, PEA and OEA), while the 
pituitary pars distalis possesses CB1 (Yasuo et al., 2010a, 2010b). Such a crosstalk might be 
involved in gonadal response to photoperiodic changes. 
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Gonadal steroids exert both inhibitory and stimulatory effects on GnRH neurons, through ARC and AVPV kisspeptin 
neurons, respectively. While CB1 expression and so ECBs action on GnRH neuron are sure, it remains doubtful the 
mediation of kisspeptin neurons in the inhibitory regulation of GnRH neuron from ECBs. GnRH neuron is able to 
produce ECBs; these, in turn, bind CB1 on the GABA-ergic afferent, thus to inhibit GABA release. A possible 
alternative mechanism for this regulation supposes possible glutamate release from GnRH neuron. Glutamate - 
through metabotropic glutamate receptor (mGluR) activation - stimulates astrocytes to produce prostaglandins (PGs). 
These in turn can stimulate GnRH neuron to produce ECBs or regulate CB1 trafficking on GABA-ergic axon. Estradiol 
blocks this circuit inhibiting mGluR or CB1 activity. 

Figure 3. Model for possible regulatory network along the female HPG.  
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2.2. Kisspeptin system 

Kisspeptins belong to the family of RFamide peptides, encoded by the kiss1 gene, originally 
detected as a metastasis-suppressor gene in several malignancies (Lee et al., 1996). Kiss 
name just derives from its role as a suppressor sequence (ss); the letters “Ki” were added 
after in homage to the location of its discovery, Hershey, Pennsylvania, home of the famous 
“Hershey Chocolate Kiss”. The major kisspeptin product - known as kisspeptin-54 - is a 54 
amino acid peptide (Ohtaki et al., 2001); for its instability, it is proteolitically cleaved into 
shorter peptides (kisspeptin-10, -13 and -14) (Kotani et al., 2001). In 2001, four independent 
groups showed that all kisspeptin forms bind and activate with similar affinity the orphan G 
protein-coupled membrane receptor, GPR54 (Clements et al., 2001; Kotani et al., 2001; Muir 
et al., 2001; Ohtaki et al., 2001).  

Hypogonadotropic hypogonadism has been described in mice lacking a functional kiss gene or 
in human and mice with mutations/targeted deletions of GPR54 genes (Oakley et al., 2009). 

Multiple and intricate are the molecular pathways activated by the kisspeptin/GPR54 system 
to exert its functions in a cell specific way. Starting from G-protein Gq/11 stimulation, 
kisspeptins induce phospholipase C (PLC) activation and intracellular calcium mobilization; 
kisspeptins are also able to induce a strong, sustained stimulation of phosphorylation of the 
MAP kinases extracellular signal regulated kinases ERK1 and ERK2 and a weak stimulation of 
p38 MAPK phosphorylation, whereas no activation was observed for stress-activated protein 
kinase/c-Jun NH2-terminal kinase (SAPK/JNK) (Castaño et al., 2009 and references therein). 

The “reproductive” facet of kisspeptins got its disclosure in 2003 when mutations in kiss1 or 
GPR54 genes were associated with idiopathic hypogonadotropic hypogonadism and 
impaired pubertal maturation (de Roux et al., 2003; Seminara et al., 2003).  

Since, the demonstration that kisspeptins are able to stimulate LH and, to a lesser extent, FSH 
secretion in several species (Roa et al., 2009 and references therein). However, a more 
consistent hypogonadotropic phenotype characterizes GPR54 knock-out (KO) mice, compared 
to kiss-KO, suggesting the existence of other possible endogenous ligands for the receptor.  

By contrast, GPR54 seems to be the only receptor responsible for the effects of kisspeptins 
(Lapatto et al., 2007). The main experimental evidences supporting the involvement of 
kisspeptin in the control of GnRH secreting neuron activity and gonadotropin discharge are 
summarized in Table 1. The activation of GnRH neurons appears under the control of a 
kisspeptin tone, but also involves an increase of the kisspeptin neuron projections to GnRH 
neurons (Roa et al., 2008). Accordingly, in rodents, the detection of kisspeptin-
immunoreactive fibres around GnRH neuron cell bodies only starts from postnatal day 25 
onwards, and the number of kisspeptin fibres increases at puberty (Clarkson & Herbison, 
2006), suggesting that GnRH neurons become more sensitive to kisspeptin just before the 
onset of puberty. Surprisingly, at least in rodents, electrophysiological studies have 
demonstrated that a subset of GnRH neurons - responsive to group I metabotropic 
glutamate receptor agonists - is insensitive to kisspeptins (Dumalska et al., 2008). 
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In rodents, two major kisspeptin neuronal populations are located at the arcuate nucleus 
(ARC) and the preoptic area (POA) or the anteroventral periventricular nucleus (AVPV) of 
the hypothalamus (Mikkelsen et al., 2009). Although in these encephalic districts the 
kisspeptin-immunoreactive neuron distribution is highly similar in both male and female, 
the number of cell bodies detected in the AVPV shows a substantial sexual dimorphism 
being higher in female than in male, at least in rodents (Clarkson & Herbison, 2006). In 
contrast, in sheep and primates, hypothalamic kisspeptin neurons are especially located in 
the ARC/infundibular region (Estrada et al., 2006). In this neuro-anatomical picture, 
although GPR54 and kisspeptin immunoreactivities are rather overlapping, there are some 
examples of receptor-ligand mismatch. In particular, the ARC is rich in kisspeptin fibres and 
devoid of GPR54 (Herbison et al., 2010). Over again, the existence of unidentified receptors 
or ligands appears an intriguing interpretation of this phenomenon.  

Key aspect of kisspeptin populations is the high degree of anatomical heterogeneity that 
may underlie a functional discernable network in the control of GnRH secretion. In this 
view, in the ARC - but not in the POA/AVPV - kisspeptin neurons co-localize two other 
neuropeptides, neurokinin B (NKB) and dynorphin (DYN), in several species analyzed to 
date. For convenience, these cells have been termed KNDy (Kisspeptin, Neurokinin B, 
Dynorphin) (Cheng et al., 2010). They constitute a central node in the control of GnRH 
secretion, given also the recent observation that genetic inactivation of TAC3 or TACR3, 
which encode NKB peptide and its receptor, respectively, causes hypogonadotropic 
hypogonadism (Topaloglu et al., 2009). KNDy cells establish an interconnected network, 
through extensive reciprocal connections, which might serve to promote auto-regulatory 
mechanisms; in addition, they have a suggested dual peptidergic as well as glutamatergic 
phenotype (Lehman et al., 2010a). Conversely, in the AVPV kisspeptin neurons co-localize 
galanin, a neuropeptide involved in female reproductive functions (Vida et al., 2009), and 
tyrosine hydroxylase, a marker for dopaminergic neurons (Kauffman et al., 2007). Starting 
from ARC and AVPV nuclei, both trans-synaptic (indirect) and direct kisspeptin appositions 
respectively reach GnRH neurons (Clarkson & Herbison, 2006). Evidence for potential 
inputs at GnRH terminals in the median eminence has also been reported (Lehman et al., 
2010a). Anyway, the presence of GPR54 at GnRH nerve terminal level has yet to be 
demonstrated. 

Most work has emphasized the ability of kisspeptin neurons to mediate gonadal steroid 
feedback on GnRH release. Indistinctly from the specific kisspeptin population observed, all 
neurons co-localize estradiol (ER), progesterone (PR) and androgen (AR) receptors; 
particular attention concerns ER, since the greatest percentage of both ARC and AVPV 
kisspeptin neurons expresses the isoform ERα, in comparison with GnRH neurons that 
express the isoform ß (Lehman et al., 2010b and references therein). In female, throughout 
most of the cycle, GnRH/LH secretion is under a negative feedback from ovarian steroids, 
with estradiol that controls pulse amplitude and progesterone pulse frequency. The 
feedback becomes positive at the end of the follicular phase to sustain pre-ovulatory 
GnRH/LH surge and the ovulation (Karsch, 1987). This sexually dimorphic event - only 
females of most species exhibit it – specifically depends on ERα and occurs via a classical 
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mechanism involving transcriptional regulation of gene expression. Of important note, 
AVPV kisspeptin neurons mediate this positive feedback triggering ovulation; in this 
respect, kisspeptin signalling might have potential therapeutic roles in the control of 
ovulation (Clarkson & Herbison, 2009). On the other hand, ARC KNDy neurons convey to 
GnRH neurons the estrogen negative feedback, at least in rodents, sheep and primates 
(Roa et al., 2008). Differently, in ewes, KNDy neurons alone govern both inhibitory and 
stimulatory estrogen effects on GnRH secretion, leaving open the question of how the 
same sub-population of neurons is able to discern these inputs; a possible explanation 
could lie in DYN that has the well known ability to mediate the inhibitory feedback of 
progesterone on GnRH secretion (Goodman et al., 2004). Although some aspects of ARC 
KNDy neurons have been elucidated, their physiology and their ability to integrate inputs 
in the control of reproduction are still partially unknown. The use of experimental 
approach such as cell ablation, that consists in the complete elimination of a whole cell 
type, can result in quite different phenotypes from complementary gene KO approach. 
This is the case of kisspeptin/GPR54 neuron ablation (Mayer & Boehm, 2011). The major 
upsetting observations coming from this study concern the loss of effect of 
kisspeptin/GPR54 ablation on the timing of puberty onset in female mice, suggesting a 
regulatory circuit upstream GnRH pulse, independent from kisspeptin signalling. Despite 
the formation of smaller ovaries, these animals are fertile and, even if GPR54 neuron 
ablation notably reduces the number of GnRH neurons to almost 10%, this limited 
percentage seems to be sufficient for a normal reproductive development. Only in the case 
of acute kisspeptin neuron ablation, animals show acyclicity and infertility, suggesting an 
essential role for kisspeptin neurons themselves, but not for kisspeptin signalling in 
ovulatory cyclicity (Mayer & Boehm, 2011). 

Reproductive success strongly depends on energy balance, environmental and stressor cues 
(Bouret et al., 2004). In this perspective, ARC KNDy neurons have been suggested to convey 
metabolic and stressor information on HPG by means of the expression of glucocorticoid 
and leptin receptor - where leptin is a hormone secreted by white adipose tissue in 
proportion to the amount of body energy stores (Bouret et al., 2004, Kinsey-Jones et al., 
2009). Conditions of hypoleptinemia have been linked to decreased hypothalamic 
expression of kiss1 mRNA and to the inhibition of reproductive functions (Smith et al., 2006). 
Since GnRH neurons do not directly respond to nutritional conditions (Louis et al., 2011), 
current hypothesis is that kisspeptin neurons represent intermediate obligate pathways to 
transmit leptin actions to GnRH neurons that do not express leptin receptor (Castellano et 
al., 2009, Smith et al., 2006, Tena-Sempere, 2010).  

Thus, not only kisspeptins represent a new well consolidated class of modulators of GnRH 
neuron activity, but also there is an intricate network of regulators that operate up-stream 
kisspeptin neurons making the study of their physiology much more complicate. Therefore, 
it is interesting to include in this scenario also the GnIH; it is remarkable that GnIH - 
through its ability to induce an increase of kiss1 expression in the the ARC - could act up-
stream and not always opposite to kisspeptin neurons, thus to completely upset the idea of 
the balance kisspeptin/GnIH conceived to date (Ancel et al., 2012).  
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mechanism involving transcriptional regulation of gene expression. Of important note, 
AVPV kisspeptin neurons mediate this positive feedback triggering ovulation; in this 
respect, kisspeptin signalling might have potential therapeutic roles in the control of 
ovulation (Clarkson & Herbison, 2009). On the other hand, ARC KNDy neurons convey to 
GnRH neurons the estrogen negative feedback, at least in rodents, sheep and primates 
(Roa et al., 2008). Differently, in ewes, KNDy neurons alone govern both inhibitory and 
stimulatory estrogen effects on GnRH secretion, leaving open the question of how the 
same sub-population of neurons is able to discern these inputs; a possible explanation 
could lie in DYN that has the well known ability to mediate the inhibitory feedback of 
progesterone on GnRH secretion (Goodman et al., 2004). Although some aspects of ARC 
KNDy neurons have been elucidated, their physiology and their ability to integrate inputs 
in the control of reproduction are still partially unknown. The use of experimental 
approach such as cell ablation, that consists in the complete elimination of a whole cell 
type, can result in quite different phenotypes from complementary gene KO approach. 
This is the case of kisspeptin/GPR54 neuron ablation (Mayer & Boehm, 2011). The major 
upsetting observations coming from this study concern the loss of effect of 
kisspeptin/GPR54 ablation on the timing of puberty onset in female mice, suggesting a 
regulatory circuit upstream GnRH pulse, independent from kisspeptin signalling. Despite 
the formation of smaller ovaries, these animals are fertile and, even if GPR54 neuron 
ablation notably reduces the number of GnRH neurons to almost 10%, this limited 
percentage seems to be sufficient for a normal reproductive development. Only in the case 
of acute kisspeptin neuron ablation, animals show acyclicity and infertility, suggesting an 
essential role for kisspeptin neurons themselves, but not for kisspeptin signalling in 
ovulatory cyclicity (Mayer & Boehm, 2011). 

Reproductive success strongly depends on energy balance, environmental and stressor cues 
(Bouret et al., 2004). In this perspective, ARC KNDy neurons have been suggested to convey 
metabolic and stressor information on HPG by means of the expression of glucocorticoid 
and leptin receptor - where leptin is a hormone secreted by white adipose tissue in 
proportion to the amount of body energy stores (Bouret et al., 2004, Kinsey-Jones et al., 
2009). Conditions of hypoleptinemia have been linked to decreased hypothalamic 
expression of kiss1 mRNA and to the inhibition of reproductive functions (Smith et al., 2006). 
Since GnRH neurons do not directly respond to nutritional conditions (Louis et al., 2011), 
current hypothesis is that kisspeptin neurons represent intermediate obligate pathways to 
transmit leptin actions to GnRH neurons that do not express leptin receptor (Castellano et 
al., 2009, Smith et al., 2006, Tena-Sempere, 2010).  

Thus, not only kisspeptins represent a new well consolidated class of modulators of GnRH 
neuron activity, but also there is an intricate network of regulators that operate up-stream 
kisspeptin neurons making the study of their physiology much more complicate. Therefore, 
it is interesting to include in this scenario also the GnIH; it is remarkable that GnIH - 
through its ability to induce an increase of kiss1 expression in the the ARC - could act up-
stream and not always opposite to kisspeptin neurons, thus to completely upset the idea of 
the balance kisspeptin/GnIH conceived to date (Ancel et al., 2012).  
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Evidence Reference 
- Hypothalamus  
GnRH antagonists completely abrogate kisspeptin 
releasing effects on LH and FSH 

Matsui et al., 2004; Navarro 
et al., 2005a; Navarro et al., 
2005b 

GnRH neurons in the rat forebrain express GPR54 gene Irwig et al., 2004 
Kisspeptin induces c-fos expression in rodent GnRH 
neurons 

Irwig et al., 2004 

Kisspeptin induces long-lasting depolarization responses 
of GnRH neurons 

Han et al., 2005 

Kisspeptin loses its stimulatory effect upon LH secretion 
in GnRH-deficient hpg mice  

Roa et al., 2009 

- Hypothalamus cell lines  
GT1-7 cell lines - parentally related to GnRH neurons - 
express GPR54 and respond to kisspeptin stimulation 

Quaynor et al., 2007 

- Pituitary  
Kiss1 and GPR54 expression is differentially regulated by 
steroids 

Richard et al., 2008 

- Pituitary cell lines  
GPR54 is expressed in fractions of ovine pituitary cells 
enriched for gonadotropes, somatotropes and lactotropes 

Smith et al., 2008b 

Gonadotrope and somatotrope functions are regulated by 
kisspeptins in nonhuman primate pituitary 

Luque et al., 2011 

Kisspeptin inhibits LH expression in eel Pasquier et al., 2011 

This table provides a list of references in which the involvement of kisspeptins in the control of GnRH neuron activity 
as well as of gonadotropin discharge has been demonstrated. 

Table 1. Experimental evidences supporting the mechanisms of action of kisspeptins. 

As puberty, physiological conditions as pregnancy, lactation and aging suppose a strong 
contribution of kisspeptins in the regulation of gonadotropin secretion. 

During pregnancy, in particular, hypothalamic kiss1 expression increases and global state of 
hyper-responsiveness to kisspeptin, probably due to elevated levels of estradiol and 
progesterone, emerges. Moreover, circulating levels of kisspeptin - mainly derived from the 
placenta - dramatically increase, suggesting a possible involvement of this signalling in the 
regulation of trophoblast invasion during the first trimester (Horikoshi et al., 2003). Instead, 
the suckling stimulus during lactation might be responsible for the suppression of kiss1 
expression in the ARC and so for LH reduction (Yamada et al., 2007). Lastly, aging causes a 
high degree of reproductive system disruption, most obviously in females; this defect 
mainly concerns AVPV nucleus. Of note, during menopause, kisspeptin neurons are 
subjected to a high degree of hypertrophy (Downs & Wise, 2009). 
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Besides mammals, some important evidences concerning kisspeptin system have also been 
obtained in non-mammalian species. Recent advances have let to the identification of 
multiple isoforms of both kiss and GPR54 in non-mammalian vertebrates, contrarily to 
mammals where only one gene coding for both the ligand and the receptor is present. This 
complication has been suggested as a consequence of genome duplication events (Tena-
Sempere et al., 2012; Um et al., 2010). In this light, fish have two forms of kisspeptin (kiss1 
and kiss2) and GPR54 (GPR54-1 and GPR54-2), whereas in amphibians a second round of 
gene duplication may have contributed to the generation of subtypes for both ligand and 
receptor (kiss1a, -1b, -2; GPR54-1a, -1b, -2) (Tena-Sempere et al., 2012; Um et al., 2010). As 
previously suggested for GnRH, the presence of two kisspeptin systems might indicate a 
diversity of roles. Accordingly, zebrafish possess two independent kisspeptin systems, with 
kiss2 mostly involved in the control of reproductive functions, through interactions with 
GnRH neurons, whereas kiss1 is supposed to be implicated in the perception of 
environmental and metabolic signals (Servili et al., 2011). A possible relationship between 
food intake and kisspeptin signalling has been proposed in Senegalese sole, as well; this 
function has been attributed to kiss2, being the only isoform found in this specie, in contrast 
to the evident situation in most fish (Mechaly et al., 2011). 

Lower vertebrates, as in particular fish models, strongly respond to environmental 
conditions, mostly thermal and light cues. In tilapia brain, GPR54 co-localizes with neurons 
expressing GnRH1, GnRH2 and GnRH3, suggesting an involvement of kisspeptin system in 
the regulation of GnRH system expression as in mammals (Parhar et al., 2004). Higher levels 
of GPR54 expression in the brain have been discovered in mature than in immature animals, 
thus to hypothesize a link between gonadal development and encephalic GPR54 expression 
(Parhar et al., 2004). Similarly to mammals, kiss1 gene has been identified in two distinct 
neuronal populations that exhibited a differential response to steroid milieu (Kanda et al., 
2008). Furthermore, in fish, light has been shown to have a strong impact on kisspeptin 
system; in particular, long day - a typical permissive light condition - induces an increase in 
kisspeptin neuron number, supporting a role for this system in the mediation of light 
response and reproduction. Such a mediation has been evaluated in mammals, as well. In 
particular, kiss1  mRNA and protein expression in ARC of Syrian hamsters decreases in 
short day condition, in correlation with decreased reproductive activity (Revel et al., 2006). 
Taken together these findings assign to kisspeptins an important role in the photoperiodic 
control of reproduction, processes under control of melatonin signals, whose actions on 
GnRH neurons are not direct. Currently, another wedge has been added to the picture, just 
in Syrian hamster with the demonstration that RFRP-3 is able to reactivate the reproductive 
axis blocked under photoinhibitory short-day conditions, thus suggesting that RFRP-3 could 
be the missing link between melatonin and kisspeptins (Ancel et al., 2012). In sheep, 
reproductive function is activated by short-day and inhibited by long-day photoperiods; 
during the breeding season, ARC shows an increase of Kiss1 and a decrease of RFRP 
expression. Furthermore, the number of kisspeptin fibres onto GnRH neurons increases in 
comparison to that of RFRP, thus suggesting that these two peptides act in concert, with 
opposing effects, to regulate GnRH neuron activity (Smith et al., 2008a). 
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placenta - dramatically increase, suggesting a possible involvement of this signalling in the 
regulation of trophoblast invasion during the first trimester (Horikoshi et al., 2003). Instead, 
the suckling stimulus during lactation might be responsible for the suppression of kiss1 
expression in the ARC and so for LH reduction (Yamada et al., 2007). Lastly, aging causes a 
high degree of reproductive system disruption, most obviously in females; this defect 
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subjected to a high degree of hypertrophy (Downs & Wise, 2009). 
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Besides mammals, some important evidences concerning kisspeptin system have also been 
obtained in non-mammalian species. Recent advances have let to the identification of 
multiple isoforms of both kiss and GPR54 in non-mammalian vertebrates, contrarily to 
mammals where only one gene coding for both the ligand and the receptor is present. This 
complication has been suggested as a consequence of genome duplication events (Tena-
Sempere et al., 2012; Um et al., 2010). In this light, fish have two forms of kisspeptin (kiss1 
and kiss2) and GPR54 (GPR54-1 and GPR54-2), whereas in amphibians a second round of 
gene duplication may have contributed to the generation of subtypes for both ligand and 
receptor (kiss1a, -1b, -2; GPR54-1a, -1b, -2) (Tena-Sempere et al., 2012; Um et al., 2010). As 
previously suggested for GnRH, the presence of two kisspeptin systems might indicate a 
diversity of roles. Accordingly, zebrafish possess two independent kisspeptin systems, with 
kiss2 mostly involved in the control of reproductive functions, through interactions with 
GnRH neurons, whereas kiss1 is supposed to be implicated in the perception of 
environmental and metabolic signals (Servili et al., 2011). A possible relationship between 
food intake and kisspeptin signalling has been proposed in Senegalese sole, as well; this 
function has been attributed to kiss2, being the only isoform found in this specie, in contrast 
to the evident situation in most fish (Mechaly et al., 2011). 

Lower vertebrates, as in particular fish models, strongly respond to environmental 
conditions, mostly thermal and light cues. In tilapia brain, GPR54 co-localizes with neurons 
expressing GnRH1, GnRH2 and GnRH3, suggesting an involvement of kisspeptin system in 
the regulation of GnRH system expression as in mammals (Parhar et al., 2004). Higher levels 
of GPR54 expression in the brain have been discovered in mature than in immature animals, 
thus to hypothesize a link between gonadal development and encephalic GPR54 expression 
(Parhar et al., 2004). Similarly to mammals, kiss1 gene has been identified in two distinct 
neuronal populations that exhibited a differential response to steroid milieu (Kanda et al., 
2008). Furthermore, in fish, light has been shown to have a strong impact on kisspeptin 
system; in particular, long day - a typical permissive light condition - induces an increase in 
kisspeptin neuron number, supporting a role for this system in the mediation of light 
response and reproduction. Such a mediation has been evaluated in mammals, as well. In 
particular, kiss1  mRNA and protein expression in ARC of Syrian hamsters decreases in 
short day condition, in correlation with decreased reproductive activity (Revel et al., 2006). 
Taken together these findings assign to kisspeptins an important role in the photoperiodic 
control of reproduction, processes under control of melatonin signals, whose actions on 
GnRH neurons are not direct. Currently, another wedge has been added to the picture, just 
in Syrian hamster with the demonstration that RFRP-3 is able to reactivate the reproductive 
axis blocked under photoinhibitory short-day conditions, thus suggesting that RFRP-3 could 
be the missing link between melatonin and kisspeptins (Ancel et al., 2012). In sheep, 
reproductive function is activated by short-day and inhibited by long-day photoperiods; 
during the breeding season, ARC shows an increase of Kiss1 and a decrease of RFRP 
expression. Furthermore, the number of kisspeptin fibres onto GnRH neurons increases in 
comparison to that of RFRP, thus suggesting that these two peptides act in concert, with 
opposing effects, to regulate GnRH neuron activity (Smith et al., 2008a). 
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In goldfish, in vivo administration of kisspeptin induces LH release, indicating a conserved role 
from fish to mammals (Li et al., 2009). Anyway, the physiology of kisspeptin system seems to 
be rather controversial even among piscine species. This is the case of the eel, Anguilla anguilla, 
where kisspeptin - through a direct activity on the pituitary has an inhibitory - and not a 
stimulatory - effect on LHβ expression; this effect is also specific, since no action on other 
pituitary glycoprotein hormone subunits has been shown (Pasquier et al., 2011).  

In amphibian model, the presence of three isoforms for both ligand and receptor makes the 
evaluation of possible physiological roles for each component likely complex. As in fish, in 
amphibian all isoforms of kisspeptin and GPR54 are highly expressed in the brain, notably 
in the hypothalamus, allowing to hypothesize a conserved neuroendocrine and 
neuromodulatory role in the control of puberty onset and reproduction. Moreover, the 
expression of GPR54-1a and -2 in the pituitary would support a direct neuroendocrine action 
at pituitary level (Lee et al., 2009). In Rana catesbeiana, in particular, GPR54 is primarily 
expressed in the hypothalamus and pituitary, and weakly expressed in the testis. Of note, 
neither a faint signal has been detected in other peripheral tissues, such as heart, spleen, 
liver, supporting an exclusive role for kisspeptin system in the control of central functions 
(Moon et al., 2009). 

Peripheral administration of kisspeptin also stimulates LH as well as GH and PRL secretion 
(Kadokawa et al., 2008; Yang et al., 2010). Therefore, an additional target of kisspeptin might 
be outside the blood-brain barrier (Matsui et al., 2004) and some evidences suggest 
autocrine/paracrine actions of kisspeptins at the pituitary level. Hence, indicative results as 
the presence of a functional kisspeptin receptor in the pituitary, combined with the finding 
that kisspeptin is released in hypophyseal portal blood, reinforce the idea that kisspeptin 
could be able of a dual action at both the hypothalamus and pituitary level. In support of 
this hypothesis, both kiss and GPR54 are expressed in the pituitary of several species 
investigated to date (Richard et al., 2009); GPR54 has also been detected in ovine cellular 
fractions enriched of gonadotropes, somatotropes and lactotropes (Smith et al., 2008b). Once 
again, this duality suggested in many species is not the rule, since in a sheep model of 
hypothalamo-pituitary disconnection, kisspeptin loses its stimulatory action on LH 
secretion, thus assuming an exclusive effect upstream of the pituitary (Smith et al. 2008b). 
Anyway, this debate is still open and surely warrants further investigations. 

3. Gonadic action of GnRH molecular forms 

3.1. GnRH molecular forms and GnRHRs expression and activity in male and 
female gonads 

An intriguing question is the synthesis of GnRH at gonadal level. Despite in 
hypophysectomised animals GnRH agonist administration induces steroidogenesis and 
GnRH like molecules have been detected in the main circulation of elasmobranches, in 
tetrapods the peptide has never been detected in plasma (King et al., 1992). Extra brain 
synthesis and function of GnRH - expecially GnRH2 - and GnRHRs (both mRNA and 
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protein) have been detected in vertebrate gonads, humans included, endometrium, placenta, 
and endometrial cancer cells (Pierantoni et al., 2002; Ramakrishnappa et al., 2005; Singh et 
al., 2007; Wu et al., 2009). 

In males, GnRH involvement in paracrine Sertoli/Leydig cell communication has been 
postulated in both mammals and lower vertebrates (Pierantoni et al., 2002; Sharpe 1986). In 
rodent and human testis, the main source of testicular GnRH are Sertoli cells, as well as 
spermatogenetic cells whereas GnRHR has been mainly located in interstitial Leydig cells 
(Bahk et al., 1995). Thus, GnRH likely acts as paracrine mediator for steroidogenesis and 
spermatogenesis progression. GnRH involvement in sperm release has also been reported 
since GnRH agonist/antagonist, induces/suppresses the spermiation in amphibians and 
lampreys (Deragon & Sower 1994; Pierantoni et al., 1984a, 1984b). Despite the presence of a 
functional GnRHR in spermatozoa is questionable, GnRH involvement in sperm function at 
fertilization has also been proposed, since GnRH antagonists inhibit in vivo and in vitro 
fertilization in rodents (Morales et al., 2002a). Most information concerning the local activity 
of GnRH derived from studies carried out in lower vertebrates, where, as in humans, 
GnRH2 is the main form detected at peripheral level (Pierantoni et al., 2002; White et al., 
1998). However, it is not excluded that the existence of multiple forms of GnRH might be 
linked to the development of specific functions. For instance, in the amphibian, Rana 
esculenta, we have just cloned and characterized two GnRH molecular forms (GnRH1 and 
GnRH2) and three GnRHRs, with a specific expression pattern in testis, a specific testicular 
localization and probably, a specific function during the spermatogenesis (Chianese et al., 
unpublished). In the frog Rana esculenta, GnRH cooperates with estradiol in order to gain 
spermatogonial proliferation in a mechanism involving the protooncogene c-fos (Cobellis et 
al., 2002). During the frog annual sexual cycle, FOS protein appeared inside the cytoplasm of 
spermatogonia before the proliferative period, whereas it appeared inside the nucleus as 
soon as spermatogonia proliferation resumes (Cobellis et al., 2002). Estradiol, produced by 
Leydig cells, induces the transcription of c-fos inside the spermatogonia and the protein is 
stored in cytoplasmic compartment (Cobellis et al., 2002); then, at the end of the winter 
stasis, GnRH, produced by Sertoli cells, induces FOS activity by means of FOS protein 
traslocation from cytoplasmic to nuclear compartment (Cobellis et a., 2003) with a 
consequent increase of spermatogonial mitotic index. The involvement of c-fos as well as of 
estradiol in spermatogonial proliferation has recently been confirmed also in cell lines (He et 
al., 2008; Sirianni et al., 2008). However, GnRH role in spermatogonial proliferation is an 
evolutionarily conserved mechanism since it has been demonstrated also in bivalve mollusc 
(Treen et al., 2012). 

As for testis, also in the ovary of mammalian and non-mammalian vertebrates GnRH 
binding sites as well as at least one GnRH molecular form and one GnRHR have been 
detected (Pierantoni et al., 2002). Besides testis, in the ovary GnRH activity highly depends 
on the state of maturation (Guilgur et al., 2009; Pierantoni et al., 2002; Uzbekova et al., 2002; 
Wu et al., 2009). In lamprey, GnRH induces both steroidogenesis and ovulation, whereas in 
teleost fish different GnRH molecular forms differentially modulate both meiosis 
resumption and steroidogenesis (Nabissi et al. 2000; Pati & Habibi, 2000). In rodents, 
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protein) have been detected in vertebrate gonads, humans included, endometrium, placenta, 
and endometrial cancer cells (Pierantoni et al., 2002; Ramakrishnappa et al., 2005; Singh et 
al., 2007; Wu et al., 2009). 

In males, GnRH involvement in paracrine Sertoli/Leydig cell communication has been 
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stored in cytoplasmic compartment (Cobellis et al., 2002); then, at the end of the winter 
stasis, GnRH, produced by Sertoli cells, induces FOS activity by means of FOS protein 
traslocation from cytoplasmic to nuclear compartment (Cobellis et a., 2003) with a 
consequent increase of spermatogonial mitotic index. The involvement of c-fos as well as of 
estradiol in spermatogonial proliferation has recently been confirmed also in cell lines (He et 
al., 2008; Sirianni et al., 2008). However, GnRH role in spermatogonial proliferation is an 
evolutionarily conserved mechanism since it has been demonstrated also in bivalve mollusc 
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As for testis, also in the ovary of mammalian and non-mammalian vertebrates GnRH 
binding sites as well as at least one GnRH molecular form and one GnRHR have been 
detected (Pierantoni et al., 2002). Besides testis, in the ovary GnRH activity highly depends 
on the state of maturation (Guilgur et al., 2009; Pierantoni et al., 2002; Uzbekova et al., 2002; 
Wu et al., 2009). In lamprey, GnRH induces both steroidogenesis and ovulation, whereas in 
teleost fish different GnRH molecular forms differentially modulate both meiosis 
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GnRHR expression rate and localization change during the reproductive cycle, with high 
expression levels observed in granulosa cells of atretic follicles as well as in mural granulosa 
cells of Graffian and preovulatory follicles (Bauer-Dantoin & Jameson, 1995; Kogo et al., 
1995). Thus, GnRH seems to have a direct role in follicular atresia, a well known 
phenomenon of cell death. In in vitro cultures, GnRH inhibits DNA synthesis (Saragueta et 
al., 1997) or induces apoptosis in rat granulosa cells (Billig et al., 1994). Studies have shown 
the evidence for GnRH-induced remodelling of the extra cellular matrix by inducing 
structural luteolysis in superovulated rats through stimulation of specific matrix 
metalloproteinase (Goto et al., 1999). In human ovary, GnRH acts as an autocrine modulator 
of granulosa cells and has the ability to inhibit progesterone biosynthesis (Peng et al, 1994). 
Lastly, in addition to endocrine regulation, GnRH is also known to act in an autocrine and 
paracrine manner in order to suppress cell proliferation and to activate apoptosis in the 
endometrium and endometrial cancer cells through several mechanisms (Wu et al., 2009). In 
human ovary cell lines, such a mechanism involves GnRH2 and not GnRH1, and opens 
question of a functional GnRHR2 in humans (Leung et al., 2003). Hypothesis of remnant 
GnRHR2 genes in human, mouse and rat genomes is reported in literature (Pawson et al., 
2003); at present, it remains unknown whether or not GnRHR2 is expressed as a full-length, 
properly processed and functional transcript in humans.  

However, both GnRH1 and GnRH2 exhibit regulatory roles in tissue remodelling during 
embryo implantation and placentation, which suggests that these hormones may have 
important roles in embryo implantation and early pregnancy (Wu et al., 2009). 

3.2. Are ECBs and kisspeptin putative local modulators of GnRH/gonadotropin 
activity? 

As for GnRH, also ECBs and kisspeptin biosynthesis and activity have been reported at 
gonadal levels, thus opening new questions in their possible local crosstalk. Besides the well 
known suppression of LH in both marijuana smokers and animal model, events due to 
hypothalamic GnRH suppression, ECBs deeply affect male and female reproductive 
functions (Wang et al., 2006; Wenger et al., 2001) and they have been detected in 
reproductive fluids (Schuel et al., 2002; Wang et al., 2006). In males, ECS modulates the 
progression of spermatogenesis, spermatozoa functions and the activity of testicular somatic 
cells in mammalian, non-mammalian vertebrates as well as in invertebrates. (Battista et al., 
2012; Cacciola et al 2008; Cobellis et al., 2006; Cottone et al., 2008; Grimaldi et al., 2009; 
Maccarrone et al., 2003, 2005; Pierantoni et al., 2009, Schuel et al., 1991; Wang et al., 2006). In 
females, ECBs represent fertility signals in folliculogenesis, follicle maturation, oocyte 
maturation and ovulation (El-Talatini et al., 2009). Then, ECBs and CBs drive embryo 
transport, survival, implantation, development and growth, placentation and labour 
(Battista et al., 2012). Consistently, marijuana smokers exhibit several reproductive 
dysfunctions such as decreased LH levels in both sexes, decreased testosterone level, 
decreased sperm quality (oligospermia), sperm abnormality and block of acrosome reaction 
in males, whereas menstrual cycle disorders, reduced birth rates, preterm birth, low foetal 
birth weight have been described in women (Bari et al., 2011; Wang et al., 2006).  
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As for kisspeptin concerns, at present, the physiological significance of kisspeptin signalling 
at gonadal level is under investigation. Besides hypothalamic kisspeptin signalling is critical 
for puberty onset (Mayer & Boehm, 2011), human and rodent gonads express both GPR54 
and kiss1 genes (Funes et al., 2003; Terao et al., 2004). With respect to GnRH and ECS, in rat 
ovary, in particular, kiss1 mRNA expression shows a fluctuation dependent on the phase of 
the cycle, with a strong increase before ovulation and a dramatic decrease when ovary is at 
an immature state (Roa et al., 2007). Also in zebrafish females, GPR54 expression follows the 
ovarian development with a decline of expression going toward the reproductive maturity; 
conversely, an increase of kiss1 expression coincides with the appearance of mature oocytes 
(Biran et al., 2008; Filby et al., 2008). 

At 7 weeks of age, GPR54 KO mice display a reduced size of the internal and external 
reproductive organs with hypoplasia of seminiferous tubules, interstitial Leydig cells, 
uterine horns and mammary glands; these results let to hypothesize an involvement of 
GPR54 in cell proliferation and differentiation that are properly necessary for gonadal 
development (Funes et al., 2003). Interestingly, in zebrafish male, high levels of both ligand 
and receptor expression have been observed during the first stages of spermatogenesis, 
when testis is mainly populated by type A spermatogonia to decrease after puberty (Biran et 
al., 2008; Filby et al., 2008). Kisspeptin expression is modulated by estradiol (Clarkson & 
Herbison, 2009) and estradiol cooperates with GnRH in order to induce proliferation of 
spermatogonia (Cobellis et al., 2003), thus raising the possibility of kisspeptin involvement 
in such a process. The presence of CB2 protein in mouse differentiating spermatogonia 
(Grimaldi et al., 2009) makes such an item an interesting issue for future investigations.  

In disagreement with the general idea that kisspeptin signalling might have a positive 
impact on reproductive functions, also at a local level, a degenerative effect of kisspeptin 
administration on maturing rat testes has been reported (Ramzan & Qureshi, 2011). In 
particular, LH and testosterone suppression and severe degeneration of spermatogenesis in 
prepubertal testes in a dose-dependent manner have been reported. Such a disruption 
consists in: Sertoli cells impairment, meiosis inhibition concomitantly to increased 
spermatogonial proliferation. Already at low doses of kisspeptins, seminiferous tubules 
show intraepithelial vacuolizations that could be the cause of their massive degeneration, 
germ cells undergo necrosis, round and elongated spermatids have abnormal acrosome and 
the interstitial compartment is enlarged. Anyway, testicular degeneration observed after 
kisspeptin treatment has been suggested to be centrally mediated, and specifically due to an 
acute hyper-stimulation of the HPG axis (Thompson et al., 2009). 

Worth mentioning, the negative effect of kisspeptin on testosterone secretion just reported in 
rats is in total disagreement with many other evidences provided in both rodents and 
humans where kisspeptin administration increases testosterone levels (Dhillo et al., 2005; 
Patterson et al., 2006). Such a point might represent a key switch in autocrine-paracrine 
communications in Leydig-Sertoli cells - germ cells circuitry involving also GnRH and ECS. 
AEA administration suppresses testosterone levels (Wenger et al., 2001). Such an issue is 
surely a consequence of hypothalamic GnRH inhibition, but it is not excluded a direct action 



 
Gonadotropin 72 

GnRHR expression rate and localization change during the reproductive cycle, with high 
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properly processed and functional transcript in humans.  

However, both GnRH1 and GnRH2 exhibit regulatory roles in tissue remodelling during 
embryo implantation and placentation, which suggests that these hormones may have 
important roles in embryo implantation and early pregnancy (Wu et al., 2009). 
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kisspeptin treatment has been suggested to be centrally mediated, and specifically due to an 
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Worth mentioning, the negative effect of kisspeptin on testosterone secretion just reported in 
rats is in total disagreement with many other evidences provided in both rodents and 
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communications in Leydig-Sertoli cells - germ cells circuitry involving also GnRH and ECS. 
AEA administration suppresses testosterone levels (Wenger et al., 2001). Such an issue is 
surely a consequence of hypothalamic GnRH inhibition, but it is not excluded a direct action 
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at testicular level. Leydig cells are the main source of testicular steroids and express both 
GnRHR and CB1 (Bahk et al., 1995; Wenger et al 2001); Sertoli cells are the suggested source 
of GnRH and, in a FSH dependent fashion, modulate ECB tone and aromatase activity (Bahk 
et al., 1995; Rossi et al., 2007); germ cells are a suggested source of ECBs and have the ability 
to respond to ECBs and GnRH (Grimaldi et al., 2009). In such a story, the localization of 
kisspeptin/GPR54 inside the testis, to our knowledge, is completely lacking.  

Really interesting might be the sequential activation of ECS, kisspeptin and GnRH in the 
diachronic process of epididymal sperm motility acquisition, post-ejaculatory events 
(capacitation and hyperactivation), and the capacity to recognize and to bind to the oocyte 
investments and egg plasma membrane. Mammalian spermatozoa acquire the ability to 
swim during their transit from the testis to the oviduct under the control of several external 
and intracellular factors. In vertebrates, spermatozoa possess a complete ECS and, at least in 
humans, evidence of kisspeptin system activity has been provided (Pinto et al., 2012; Wang 
et al., 2006). ECBs, via CB1, operate into the epididymis to regulate sperm motility 
acquisition and to prevent premature acrosome reaction (Cobellis et al., 2010; Ricci et al., 
2007; Wang et al., 2006). To date, in species with external fertilization ECBs control the 
number of motile spermatozoa keeping sperm motility quiescent until their release in 
aquatic environment (Cobellis et al., 2006). In vitro, kisspeptin stimulates an irregular 
flagellar beating that is typical of a hyperactivation state, a condition critical for fertilization 
(Pinto et al., 2012). Then, it is intriguing to note that CB1, but not kisspeptin, controls the 
zona pellucida induced acrosome reaction (Wang et al., 2006) and GnRH increases sperm-
zona pellucida binding in humans (Morales et al., 2002b).  

4. Closing remarks 
Astonishing progress has been accomplished the understanding of how intricate is the 
scenario that sustains the functionality of the reproductive axis. However, numerous new 
regulators are still emerging thus suggesting that many other key aspects have to be 
unravelled. A deep involvement of ECS and kisspeptin system in the modulation of GnRH 
activity clearly emerged at hypothalamic level. Nevertheless, a functional crosstalk between 
kisspeptin system, ECS and GnRH has never been investigated so far, neither in the brain 
nor in male and female gonads. At central level, ECBs and kisspeptins have opposite effects 
upon GnRH secreting neurons and glutamatergic glial cell surrounding GnRH neurons. In 
this respect, the balance between AEA and kisspeptin tone might represent a cooperative 
switch on/off signal for the activity of HPG axis. This aspect becomes more intriguing 
whether related to the existence of a complicate and multifunctional hypothalamic/gonadal 
GnRH system in non- mammalian vertebrates and humans.  

Most work has attempted to rapidly decipher molecular mechanisms that control 
kisspeptin, ECBs and GnRH activity at peripheral level, but at moment many aspects of this 
debate are far from being fully elucidated and warrant further investigation.  

Thus, altogether, the putative crosstalk among ECS, kisspeptin system and GnRH might 
provide a deep insight into the complex field of reproductive biology, opening the avenue to 
novel therapeutic approaches able to cure and prevent human infertility.  
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to respond to ECBs and GnRH (Grimaldi et al., 2009). In such a story, the localization of 
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whether related to the existence of a complicate and multifunctional hypothalamic/gonadal 
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1. Introduction 

Neuropeptide- glutamic acid isoleucine (NEI) is a peptide related to reproduction. Although 
it also has an important function on behavior [2-6], we will focus here on the relationship 
between NEI and LH. 

NEI is derived from the precursor pre- prohormone named pp melanin-concentrating 
hormone (pp-MCH). This precursor also gives rise to melanin concentrating hormone 
(MCH) and to neuropeptide-glycine-glutamic acid (NGE) [7-9].  

Some studies have suggested a role of NGE at the level of the hypothalamus. For instance, 
NGE increases the number of neurofilaments and the production of synaptophysin in rat 
neurons within 18 days of development [10-12]. 

Immunoreactivity and mRNA expression of both MCH and NEI have been observed in 
certain regions of the central nervous system. The first region is the diencephalon including 
the rostralmedial part of the zona incerta, later refer to as the incerto-hypothalamic area 
(Ihy) by Sita et al. [13]; the three subdivisions (anterior, tuberal and posterior) of the lateral 
hypothalamus (LHA); the area between the dorsomedial and ventromedial nuclei of the 
hypothalamus, which Swanson [14] designated as the internuclear area, the anterior 
periventricular nucleus; and the dorso medial aspects of the tuberomammillary complex. 
The second region includes the olfatory tubercle, located in the basal forebrain. The third 
region includes the paramedian pontine reticular formation in the pons [7]. It is important to 
note that the highest concentration of MCH/NEI ir cells is found in the Ihy and the LHA. We 
found nearly all the cells in these two regions were immureactive for both MCH and NEI 
(mean +-S.E.M, 96 +-3%) (Fig.1 and 2) 
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Figure 1. Diencephalic distribution of NEI-immunoreactivity-containing cells. Brightfield 
photomicrographs of immunoperoxidase material stained for NEI-ir. (A) NEI-ir-containing cells in the 
incerto-hypothalamic area. (B) NEI-ircontaining cells in the lateral hypothalamic area. Abbreviations: 
mt, mammilothalamic tract; bv, blood vessels; IHy, incerto hypothalamic area; 3v, third ventricle; ic, 
internal capsule; LHA, lateral hypothalamic area; f, fornix. Bar = 200 mm. - Reproduced from 
Bittencourt and Celis, 2008, with permission from Peptides (29:1441-50). 

 

 
Figure 2. Deduced structure of rat prepro-MCH. The relative positions of the amino (NH2) terminal 
signal peptide (SP), and the putative MCH, NEI and NGE sequences at the carboxy (COOH) terminus 
are indicated. The amino acids sequence of NEI is expanded below it. The putative proteolitic 
processing sites are marked with arrowheads. - Reproduced from Bittencourt and Celis, 2008, with 
permission from Peptides (29:1441-50). 

Peptides such as NGE, NEI and MCH are highly conserved among vertebrates, being 
abundant and widely distributed in the brain, suggesting that they could be performing 
important physiological functions. NEI is a 13 aminoacid peptide and has an extensive 
distribution in the central nervous system (CNS), acting as a neurotransmitter or 
neuromodulator [15-17]. Neurotranmitter NEI induces grooming behavior, locomotor 
activity, and stimulates sexual receptivity in female rats [1-6]. NEI injections can modify the 
levels of noradrenaline and dopamine in specific areas of the brain [4], and earlier studies 
demonstrated that MCH injection into the preoptic area or median eminence induces 
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luteinizing hormone (LH) secretion. Subsequent studies have shown that modified 
circulating hormonal levels might modulate ppMCH neurons [18] It has been reported that 
treatment with 17β-estradiol increases MCH and NEI immunoreactivity throughout the 
entire diencephalon of ovariectomized cynomologous monkeys [18]. Similar effects were 
observed in ovariectomized rats receiving no gonadal estradiol treatment [19]. Levels of 
ppMCH mRNA are only increased in the medial zone incerta (ZI) [15], which houses the 
A13 group, a collection of dopaminergic neurons that have been previously demonstrated to 
play a stimulating role in gonadotropin release [20]. 

More recently, various studies have explored the potential mechanisms by which MCH 
induces LH secretion [21-27]. Surprisingly, few have examined the role played by NEI in 
this process. 

2. Ovarian steroids effects 

Viale et al (1999) proposed a central role of the MCH/NEI neuronal system in the regulation 
of reproductive functions in rats [18]. In fact, the MCH/NEI system of immunoreactive fibers 
and terminals that is encountered in hypothalamic areas such as the medial preoptic area 
(MPOA), is well known to be involved in the control of pre-ovulatory LH surge. These 
authors studied the effects of the treatment with estrogen on the immunoreactivity of NEI 
and MCH in OVX animals, using the non-human primate (M. Fasscicularis). A slight increase 
of MCH-IR after 30 days post treatment with estrogen, along with a concurrent significant 
rise in NEI-IR was observed. A three-fold increase in MCH and NEI –Ir was seen at 72 h 
post estrogen treatment, compared with the amount of both peptides-ir at 48h post 
treatment. These facts suggest the possible involvement of these peptides in the regulation 
of the pre-ovulatory mid- cycle LH surge in primates [19]. 

The MCH receptors are classified into five subtypes: MC1-R to MC5-R [28]. MCH stimulates 
gonadotropin-releasing hormone (GnRH) release from hypothalamic explants, and it is 
interesting to note that MCH affects the release of LH [23] in the female rat. When MCH was 
injected bilaterally into the rostral preoptic area (rPOA) or medial preoptic area (mPOA) of 
estrogen-primed ovariectomized rats, LH release was stimulated. Two MCH receptors are 
involved in the MCH effect. The stimulatory action of MCH in the rPOA was inhibited by 
administration of antagonists for either MC-1 R or MC-5R, indicating that both ones, MC-1R 
and MC-5 are involved in the central control of GnRH release by MCH [19-27]. 

3. The effect of neuropeptide EI on LH regulation 

For this study we used male and female rats, aged 10-14 weeks which were bred in our 
laboratory and maintained with food and water ad libitum, with a cycle of 14h/ light/10h 
dark and a temperature controlled environment (22±2ºC). The animal procedures were 
consistent with the standards established by the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (1996) and the AmericanVeterinarian Guidelines of 
Eutanasia. 
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The first evidence, on the effects of NEI on LH regulation was provided by Attademo et al 
[1], using male and ovariectomized rats treated with estrogen benzoate (10 ug) and low 
doses of progesterone (40ug). These animals revealed the following: when male rats were 
treated with intraventricular injections of NEI (1ug/1ul), the peptide induced an increase of 
serum LH concentration throughout the entire period studied (10-90 min). At 90 min the 
serum LH slightly decreased, possibly signaling initiation of the recovery of normal LH 
serum levels. Control rats injected with artificial cerebrospinal fluid showed practically no 
changes on serum LH concentrations (Fig. 3). It was also possible to see the NEI effect on 
ovariectomized female rats treated with estrogen plus progesterone, by using a low dose of 
progesterone to permit the visualization of modifications in the LH surge. Again, the 
neuropeptide increased LH release compared with control animals (Fig.4)  

The fact that the effect of NEI may be mediated by the noradrenergic system must be taken 
into consideration. The peptide is known to modify DA and NA in the nucleus accumbens 
and caudate putamen during grooming behavior and locomotion activity [4]. As NEI 
behaves similarly to α-MSH, it is important to note that there is some relation between 
MCH-NEI and α-MSH, indicating that all three peptides are associated in a complex inter-
relationship [1]. 

 

 

 

Figure 3. Effect of icv administration of NEI or ACSF (controls) on plasma LH concentration in male 
rats. Blood samples were collected at 0 (before NEI or ACSF injection), 10, 30, 60 and 90 min post-
injection. Bars represent the mean ± S.E.M. ∗P < 0.05 compared to controls. - Reproduced from 
Attademo et al, 2004, with permission from Peptides. 
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Figure 4. Time course of LH release in CHR-OVX-EB-progesterone treated female rats in the presence 
(◦) or absence (•) of NEI. CHR-OVX rats were subcutaneously injected with 10 ug EB and 3 days later 
with 40 ug progesterone at 13:00 h. On the same day of the progesterone injection, the animals were 
injected icv 1 ug/ul of NEI or ASCF (controls) at 12:00 and 14:00 h. Blood samples were obtained 
between 15:00 and 21:00 h via the jugular vein, and the plasma levels of LH were measured. The plotted 
values represent the mean ± S.E.M. (n = 6). ∗P < 0.05 compared to controls. - Reproduced from Attademo 
et al, 2004, with permission from Peptides. 

4. Distribution of NEI immunoreactivity  

In this study, we described the anatomical substrate underlying the NEI effect of inducing 
LH secretion, using techniques of double and triple label immunohitochemistry, as well as 
dual label immunofluorescence. A group of female rats were perfused on day 15 
postovariectomy; a second group received10 µg of estradiol benzoate and were perfused 
two days later and a third group received 10 µg of estradiol benzoate and two days later 40 
µg of progesterone and were perfused 5 h after treatment. To mimic the manipulation of the 
animals, we used a fourth group of ovariectomized rats treated with sesame oil, and also 
used female intact rats at proestrus and diestrus [28]. 

Using these techniques, we were able to obtain the following results: 

NEI-ir neurons were observed in the medial ZI, in the perifornix at the tuberal hypothalamic 
level and in the lateral hypothalamus. Fibers were distributed throughout the forebrain, 
including areas related to reproductive control and LH secretion. We observed a dense 
number of NEI-ir fibers in the medial septal nucleus, the diagonal band of Broca, the environs 
of OVLT, the preoptic area and in the internal layer of the median eminence (Fig. 5). 

All fibers seen in these areas show varicosities and terminal-like structures. NEI and 
terminal-like structures were in close apposition with portal blood vessels and GnRH 
neurons expressing Fos (Fig. 6 A and B) 
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Attademo et al, 2004, with permission from Peptides. 
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Figure 4. Time course of LH release in CHR-OVX-EB-progesterone treated female rats in the presence 
(◦) or absence (•) of NEI. CHR-OVX rats were subcutaneously injected with 10 ug EB and 3 days later 
with 40 ug progesterone at 13:00 h. On the same day of the progesterone injection, the animals were 
injected icv 1 ug/ul of NEI or ASCF (controls) at 12:00 and 14:00 h. Blood samples were obtained 
between 15:00 and 21:00 h via the jugular vein, and the plasma levels of LH were measured. The plotted 
values represent the mean ± S.E.M. (n = 6). ∗P < 0.05 compared to controls. - Reproduced from Attademo 
et al, 2004, with permission from Peptides. 

4. Distribution of NEI immunoreactivity  

In this study, we described the anatomical substrate underlying the NEI effect of inducing 
LH secretion, using techniques of double and triple label immunohitochemistry, as well as 
dual label immunofluorescence. A group of female rats were perfused on day 15 
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two days later and a third group received 10 µg of estradiol benzoate and two days later 40 
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Using these techniques, we were able to obtain the following results: 

NEI-ir neurons were observed in the medial ZI, in the perifornix at the tuberal hypothalamic 
level and in the lateral hypothalamus. Fibers were distributed throughout the forebrain, 
including areas related to reproductive control and LH secretion. We observed a dense 
number of NEI-ir fibers in the medial septal nucleus, the diagonal band of Broca, the environs 
of OVLT, the preoptic area and in the internal layer of the median eminence (Fig. 5). 

All fibers seen in these areas show varicosities and terminal-like structures. NEI and 
terminal-like structures were in close apposition with portal blood vessels and GnRH 
neurons expressing Fos (Fig. 6 A and B) 
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Figure 5. Distribution of NEI-ir fibers in forebrain areas related to reproduction. Bright-field 
photomicrographs of reference sections with thionine staining showing the OVLT ( A ) and AVPV ( C ). 
Dark-field photomicrographs showing the distribution of NEI-ir fibers in the environs of the OVLT ( B ) 
and in the AVPV ( D ). E Bright-field photomicrograph showing the distribution of NEI-ir fibers in the 
median eminence (ME). F Dark-field photomicrograph of the same section showing the distribution of 
NEIir fibers in the ME. MEi = Internal layer of the median eminence; MEe = external layer of the median 
eminence; ox = optic chiasm; 3v = third ventricle; ac = anterior commissure; DB = nucleus of the diagonal 
band; MPO = medial preoptic nucleus; MS = medial septal nucleus. Scale bar: 400 µm ( A–D ), 200 µm ( 
E , F ). - Reproduced from Attademo et al, 2006, with permission from Neuroendocrinology. 
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Figure 6. Alternative pathways for NEI induction of LH secretion. A , B Bright-field photomicrographs 
showing NEI-ir varicosities and terminal-like structures in the median eminence (ME). Note the close 
proximity to blood vessels (arrows). C Bright-field photomicrograph showing NEI-ir varicosities in 
close apposition with AVPV neurons expressing Fos (Fos-ir) in the afternoon of the proestrus day 
(arrows). D Bright-field photomicrograph showing NEI-ir fibers in close apposition with GnRH-ir 
neurons expressing Fos in the afternoon of the proestrus day (arrows). E Bright-field photomicrograph 
showing NEI-ir varicosities (in black) in close apposition with GnRH-ir fibers (in light brown) in the 
ME. F Fluorescence photomicrograph showing the close association between NEI-ir (in green, 
AlexaFluor 488) and TH-immunoreactive (TH-ir, in red, AlexaFluor 594) neurons in the medial zona 
incerta (ZIm). G Fluorescence photomicrograph showing TH-ir fibers in close apposition with NEI-ir 
neurons in the ZIm (arrow). v = Blood vessel; MPO = medial preoptic nucleus. Scale bar: 50 µm ( A–E , 
G ); 100 µm ( F ). - Reproduced from Attademo et al, 2006, with permission from Neuroendocrinology. 
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5. NEI-ir fibers innervate GnRH and AVPV neurons expresing fos 

We observed an increased expression of Fos immunoreactivity in the anteroventral 
periventricular nucleus (AVPV) neurons of rats perfused during the afternoon of the day of 
proestrus, as well as in ovariectomized rats treated with estradiol benzoate plus 
progesterone, as described by others [30, 31]. Close to a 10% of the AVPV neurons 
expressing Fos receive NEI fibers in close apposition. Very little Fos immunoreactivity was 
observed in rats perfused in the afternoon of the diestrus day, for either of the following 
conditions: ovariectomized treated with estradiol benzoate or ovariectomized treated with 
sesame oil. In addition, all groups, showed a sparse distribution of Fos immunoreactivity in 
the medial zone incerta and in the LHA, whereas co-localization of NEI fibers with any of 
these cells was not observed (Fig. 6 D). 

It has been reported that Fos protein is expressed in a portion of GnRH neurons that are active 
in the afternoon of the proestrus day, as well as in the GnRH neurons of ovariectomized rats 
treated with estradiol benzoate plus progesterone [31-33]. Based on these results, we 
investigated the pattern of NEI innervations in areas that expressed GnRH neurons in these 
animals. Most of the neurons expressing Fos were found to be in the vicinity of the organum 
vasculosum of the lamina terminalis (OVLT) and of the preoptic area. NEI fibers were also 
found in the median eminence, and NEI and GnRH varicosities presented similar distribution, 
thus revealing close apposition between them. Immediately before and during LH surge (on 
the afternoon of the proestrus day or following treatment with estrogen plus progesterone), 
only a portion of the GnRH neurons expressed Fos [30,31,33,34-36].  

AVPV, is a nucleus that also expresses Fos in the afternoon of the proestrus day and has 
been widely implicated in the control of reproduction [32], with Fos expression indicating 
neuronal response [36]. However, in rats perfused on the diestrus day or in ovariectomized 
rats receiving estradiol benzoate or sesame oil, we did not find Fos expression in GnRH 
neurons. The pattern of distribution of NEI-ir and GnRH ir in the median eminence, showed 
NEI fibers to be denser in the internal layer than in the external one. Nevertheless, in the 
external layer, NEI and GnRH varicosities presented similar distributions, revealing an 
apparent close apposition between them. In the present study, we labeled distinctive cell 
compartments by using dual and triple-label immunohistochemistry which revealed NEI-ir 
fibers to be innervating the Fos-positive neurons in the AVPV, as well as the GnRH neurons 
positive for Fos immunoreactivity. In these experiments we labeled distinct cell compartments 
(cytoplasm, nuclei and terminals) using various antisera, all raised in rabbit. In the control 
tests, the second or third antisera were omitted, and no reaction was evident. This indicates 
that the observed labeling of cell bodies, fibers or both was not the result of cross-reactivity of 
the secondary antibody. In addition, evaluation of the data under light microscopy at a high 
magnification revealed only a suggestion of synaptic contact (Fig 6 A-B). 

6. NEI innervation of GnRH neurons 

Our results indicated that NEI fibers were in close apposition with GnRH neurons 
expressing Fos in the afternoon of the proestrus day. Since Fos protein expression in GnRH 
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neurons increases in parallel with rises in the plasma LH levels [27, 31, 32], it can be 
assumed that these neurons project to the median eminence and induce LH secretion during 
proestrus. Therefore, we can suggest that NEI (through projections to a subset of GnRH 
neurons) modulated GnRH activity and, consequently, LH surges.  

The role that NEI plays in GnRH secretion has not been investigated. However, NEI 
varicosities in some parts of the median eminence display a pattern of distribution similar to 
that of GnRH, revealing a possible effect on the modulation of GnRH secretion directly at 
the terminals. This may represent one of the mechanisms by which intracerebroventricular 
administration of NEI causes an increase in LH secretion (Fig. 6 E) 

Experiments using in vitro preparations or intracerebroventricular injections have shown 
that various neurotransmitters can regulate gonadotropin release [38-40]. One such 
neurotransmitters is the cocaine- and amphetamine- regulated transcript (CART) peptide, 
which has been shown to increase the GnRH pulse amplitude in cycling female rats and to 
decrease GnRH pulse intervals in prepubertal rats [41-43]. These effects can be achieved 
through direct CART innervation of the GnRH neurons [39, 40]. Interestingly, in the medial 
ZI and lateral hypothalamus, MCH/NEI neurons coexpress CART [44, 46]. In the present 
study, we did not explore the origins of NEI innervation of GnRH neurons or areas related 
to reproductive behavior. However, it is intriguing that the number of NEI-ir neurons in 
ovariectomized rats was increased only in the medial ZI, a brain region that projects to the 
AVPV and GnRH- containing areas [47,48], as well as to the circumventricular organs, 
probably including the median eminence [44, 45]. This result is in agreement with those of 
other studies in which ppMCH mRNA expression was found to be greater in the medial ZI 
of untreated ovariectomized rats than in that of ovariectomized rats primed with estradiol 
benzoate or estradiol benzoate plus progesterone.  

7. In vitro studies 

Taken into account the above results, we decided to investigate whether NEI could act directly 
at the pituitary level by modulating hormone secretion. With this purpose the effects of NEI 
were studied in pituitary cell cultures from female rats on the release of several pituitary 
hormones (GH, LH and prolactin). Furthermore, the ability of NEI to activate pituitary cells 
was evaluated by electron microscopy and immunocitochemistry [49], and finally, the ability 
of NEI to potentiate GnRH-induced LH release was tested. The study of the effects of 
physiological stimuli involved in the regulation of pituitary hormone secretion was facilitated 
by the availability of a system consisting of a suspension of single dispersed pituitary cells, in 
which the cell functions were essentially the same as in situ [50]. For this study we used female 
rats in order to obtain a primary culture. The results were as follows: 

NEI induced a fast release of LH in the culture cell media. In addition, there were 
differences in the LH levels obtained for the various time periods of hormonal stimuli 
assayed, which were closely associated with the doses applied. The lowest dose of NEI (100x 
10-8M) induced a significant increase of LH secretion after 2h of stimulus, achieving 
maximum response after 4h of NEI treatment. At this time, the LH levels almost reached a 
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five-fold increase over controls and then maintained these values (Fig.7). In spite of NEI 
being effective in stimulating LH secretion, none of the assayed doses were capable of 
significantly promoting FSH secretion from gonadotrophs. In addition, no significant 
increases were observed on prolactin or GH secretion, at doses ranging from 100x10-8 to 
400x10-8 M NEI in primary cell cultures, thus confirming the specificity of NEI stimuli on LH 
secretion (Table 1). To determine whether or not NEI was able to synergize with GnRH in 
stimulating LH release, pituitary cells were simultaneously incubated with GnRH (0.1 or 
1x10-9M) and different concentrations of NEI (1, 10 or 100x10-8M) for 3 h and then the media 
was collected and tested for LH by RIA (Fig. 8). Although NEI at the dose of 10x10-8M had 
no effect on LH secretion, GnRH 1x10-9M plus NEI 10x10-8M induced a slight but significant 
increase in LH concentrations (16%; p< 0.01). A combined treatment with the highest doses 
of both NEI and GnRH significantly stimulated the secretory response, which was more 
effective than that observed with the same dose of GnRH alone [49] (Fig.8).  

When pituitary cells from female rats were cultured, different types of secretory cells were 
observed (Fig. 9). These were identifiable by their ultra structural characteristics, essentially 
by the profile of the secretory granules, which constituted a distinctive feature. The most 
frequent populations observed were lactotroph and somatotroph cells, which were in close 
contact with gonadotrph cells. In the control group, the lactotroph and somatotroph cells 
have numerous polymorphic and round mature secretory granules respectively. These also 
had high electron densities and were stored in the cytoplasm. The gonadotroph were 

 
Figure 7. Time-course study of the effects of NEI on LH secretion in the culture media. The cell cultures 
were treated with NEI 100 or 400 x 10-8 M for 1–5 h, in serum free conditions. The data are represented as 
mean ± S.E.M. of three independent experiments. Data were evaluated by the ANOVA–Fisher test; *p < 
0.01 vs Control group. – Reproduced from De Paul et al, 2009, with permission from Peptides. 
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Table 1. Time-course study of the effects of NEI on FSH, PRL and GH secretion accumulated in the 
culture media (ng/ml of culture medium). Pituitary cells were treated with NEI 100 or 400×10-8M for 1–5 
h. The data are shown as the mean ±S.E.M. of three independent experiments and were evaluated by 
the ANOVA–Fisher test. 

 
Figure 8. NEI and GnRH combined treatments on LH secretion. The presence of 10 and 100 x 10-8 M 
NEI in the culture media for 3 h promoted a significant increase in LH release stimulated by GnRH 1 
x10-9 M. Data are shown as the mean ± S.E.M. of three independent experiments. ANOVA–Fisher test; 
*p < 0.01 vs control group; **p < 0.01 vs GnRH 1 x 10-9 M. – Reproduced from De Paul et al, 2009, with 
permission from Peptides. 

characterized by a conspicuous accumulation of round secretory granules of two different 
sizes and by electron densities in the cytoplasm. The most abundant granules were about 
150nm in diameter and filled with homogenous material, whereas the others less frequent 
but larger in size (about 400nm) (Fig. 10 A and B).Stimulation with NEI (100 x 10-8 and 400 
x 10 -8) for 2 and 4 hour, promoted several subtle structural changes, particularly in the  
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Figure 9. (A) Electron micrograph of a pituitary cell culture from control rats illustrating different 
pituitary cell populations. Two lactotroph cells (L) exhibit an accumulation of large and polymorphic 
mature secretory granules (about 500– 900 nm in diameter) in the cytoplasm. The somatotroph cell (S) 
can be easily recognized by the mature, round GH secretory granules ranging from 200 to 350 nm in 
diameter and scattered throughout the cytoplasm. In close contact with both secretory cell types, a 
gonadotroph cell (G) displays small (ssg) and large (lsg) round secretory granules (about 150 or 400 nm 
in diameter respectively, with different electron densities, homogeneously disseminated in the 
cytoplasm (m = mitochondria, N = nucleus). Bar: 1 µm. (B) Gonadotroph cell specifically 
immunostained for LH. The cytoplasm shows a noticeable accumulation of characteristic small (ssg) 
and large (lsg) round secretory granules (m = mitochondria, N = nucleus). Bar: 0.5 µm. – Reproduced 
from De Paul et al, 2009, with permission from Peptides. 
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Figure 10. (A) Electron microscopy of two cultured gonadotroph cells treated with 400 x 10-8 M NEI for 
4 h. The cytoplasm contains a remarkably well developed rough endoplasmic reticulum (RER) and 
Golgi complex (GC) and also scarce small secretory granules (ssg) that are mostly in contact with the 
plasma membrane. Bar: 0.5 µm. (B) Electron micrograph of a cultured gonadotroph cell (G) after 
exposition to 100 x 10-8 M NEI for 2 h which is shown exhibiting small secretory granules (ssg) 
mobilized toward the plasmalemma, where they will then be subsequently discharged by exocytosis. 
Bar: 0.5 mm. Inset: small round secretory granules from a gonadotroph cell specifically identified by 
immunocytochemistry for LH. Bar: 0.5 mm. (C) Detail of two adjacent gonadotroph cells after NEI 
treatment displaying evidence of secretory activity. The secretory granules are aligned alongside the cell 
membrane and are in the process of exocytosis (arrows). Bar: 0.5 µm. – Reproduced from De Paul et al, 
2009, with permission from Peptides. 
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from De Paul et al, 2009, with permission from Peptides. 
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gonadotroph cell population. For this cell type, the most prominent changes consisted of a 
striking development of the rough endoplasmic reticulum (RER) and Golgi complex (Fig 
10B) when compared to the control group. Many secretory granules were located to the 
cell membrane and presented images of exocytosis after NEI treatment (Fig. 10 C) Other 
pituitary cell populations, the lactotrophs, thyrotrophs and somatotrophs, did not exhibit 
any features indicating a significant activation of hormone release after NEI treatment. 

The present results were the first demonstration of a specific and direct action of NEI in 
cultured pituitary cells without modifying other pituitary hormones. Moreover, the analysis 
of the electron microscope images taken 2 and 4h after NEI treatment was indicative of the 
stimulation of LH release occurring at these times. 

From the present study, it is possible to conclude that NEI is effective when injected into the 
brain to release LH in male and female rats. The anatomical substrate underlying this effect 
was identified using combined methods of immunohistochemistry. A schematic 
representation of the proposed pathways by which NEI participates in LH secretion is 
depicted in Figure 11.  

NEI is also capable of inducing a marked release of LH without modifying the other 
pituitary hormones in the pituitary cultured cells. There is an interaction between NEI and 
GnRH in vivo and in vitro. 

 

 
Figure 11. Schematic representation of the proposed pathways by which NEI participates in LH 
secretion. NEI-ir neurons in the medial zona incerta (ZIm) or LHA receive dopaminergic innervation 
from TH neurons located in the ZIm and project directly to the median eminence or to GnRH neurons 
in the preoptic area. In addition, NEI might modulate LH secretion by innervating the AVPV. – 
Reproduced from Attademo et al, 2006, with permission from Neuroendocrinology. 
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1. Introduction 

Reproductive efficiency in dairy and beef cows is dependent on achieving high submission 
rates and high conception rates per service. However, to achieve good submission and 
conception rates cows must resume ovarian cyclicity, have normal uterine involution, be 
detected in estrus, and inseminated at an optimum time. In seasonally calving herds the aim 
is to achieve conception by 85 days following parturition so that calving to calving intervals 
are maintained at 365 days. Reproductive performance of cows affects the efficiency of milk 
production in the herd because of its influence on the calving to first service interval, calving 
pattern, length of lactation and culling rate. 

The pattern of resumption of ovarian function in both dairy and beef cows was recently 
reviewed (Crowe 2008). Resumption of ovarian cyclicity is largely dependent on LH pulse 
frequency. Both dairy and beef cows have early resumption of follicular growth within 7 to 
10 days post partum. The fate of the dominant follicle within the first follicular wave is 
dependent on LH pulsatility. This chapter will focus on the factors contributing to 
resumption of ovulation in postpartum dairy and beef cows. 

2. Ovarian follicle growth in cattle 

Ovarian follicle growth takes a period of 3-4 months and can be categorized into 
gonadotropin independent and gonadotropin dependent stages (Webb et al. 2004). 
Gonadotropin dependent follicle growth in cattle occurs in waves (Rajakoski 1960; Matton 
et al. 1981; Ireland and Roche 1987; Savio et al. 1988; Sirois and Fortune 1988). Each wave 
of growth involves emergence, selection and dominance followed by either atresia or 
ovulation. Emergence of a follicle wave is defined as growth of a cohort of follicles ≥ 5mm 
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pattern, length of lactation and culling rate. 

The pattern of resumption of ovarian function in both dairy and beef cows was recently 
reviewed (Crowe 2008). Resumption of ovarian cyclicity is largely dependent on LH pulse 
frequency. Both dairy and beef cows have early resumption of follicular growth within 7 to 
10 days post partum. The fate of the dominant follicle within the first follicular wave is 
dependent on LH pulsatility. This chapter will focus on the factors contributing to 
resumption of ovulation in postpartum dairy and beef cows. 
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in diameter and coincides with a transient increase in FSH secretion (Adams et al. 1992; 
Sunderland et al. 1994). Selection is the process by which the growing cohort of follicles is 
reduced to the ovulatory quota for the species (in cattle it is generally one), selection 
occurs in the face of declining FSH concentrations (Sunderland et al. 1994). The selected 
follicle survives in an environment of reduced FSH due to the development of LH 
receptors in granulosa cells (Xu et al. 1995, Bao et al. 1997) and increased intrafollicular 
bioavailable insulin-like growth factor-I (IGF-I; Austin et al. 2001; Canty et al. 2006). The 
increased bioavailable IGF-I is achieved by reduced IGF-I binding proteins (IGFBP) due to 
increased IGFBP protease activity. Dominance is the phase during which the single 
selected follicle actively suppresses FSH concentrations and ensures suppression of all 
other follicle growth on the ovaries (Sunderland et al. 1994). The fate of the dominant 
follicle is then dependent on the prevailing LH pulse frequency during the dominance 
phase. In the presence of elevated progesterone (luteal phase of cyclic animals) LH pulse 
frequency is maintained at 1 pulse every 4 hours and the dominant follicle undergoes 
atresia, in the follicular phase (preovulatory period in cyclic animals) the LH pulse 
frequency increases to one pulse per hour and this stimulates final maturation, increased 
estradiol concentrations and positive feedback on gonadotropin-releasing hormone 
(GnRH), LH (and FSH) in a surge that induces ovulation (Sunderland et al. 1994). Normal 
follicle waves have an inherent lifespan of 7 to 10 days in duration from the time of 
emergence of a wave until emergence of the next wave (indicating either ovulation or 
physiological atresia of the dominant follicle). In cyclic heifers during the normal 21 day 
estrous cycle there are normally 3 waves (sometimes 2 waves and rarely 1 or 4 waves; 
Savio et al. 1988; Murphy et al. 1991). 

2.1. Pattern of gonadotropin secretion and follicle growth during pregnancy 

During pregnancy follicular growth continues during the first two trimesters (Ginther et al. 
1989; Ginther et al. 1996) at regular 7 to 10 day intervals. In late pregnancy (last 22 days) the 
strong negative feedback of progestagens (mostly from the CL of pregnancy and partly of 
placental origin) and estrogens (mostly placental in origin) suppresses the recurrent 
transient FSH rises that stimulate follicle growth (Ginther et al. 1996; Crowe et al. 1998; 
Figure 1) so that the ovaries during the last 20 – 25 days are largely quiescent.  

2.2. Resumption of gonadotropin secretion and follicle growth post partum 

At the time of parturition progesterone and estradiol concentrations cascade to basal 
concentrations. This allows for the almost immediate resumption of recurrent transient 
increases in FSH concentrations (within 3 to 5 days of parturition) that occur at 7 to 10 day 
intervals (Crowe et al. 1998). The first of these increases stimulates the first postpartum 
wave of follicle growth that generally produces a dominant follicle by 7-10 days post 
partum (Savio et al. 1990a; Murphy et al. 1990; Crowe et al. 1993). The fate of this first 
follicular wave dominant follicle is dependent on its ability to secrete sufficient estradiol to 
induce a gonadotropin surge. The capacity for estradiol secretion is in turn dependent on 
the prevailing LH pulse frequency during the dominance phase of the follicle wave, the size 
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of the dominant follicle and IGF-I bioavailability (Austin et al. 2001; Canty et al. 2006). So the 
major driver for ovulation of a dominant follicle during the postpartum period is the LH 
pulse frequency. This has been tested and validated by the LH pulsatile infusion studies of 
Duffy et al. (2000) in early postpartum anestrous beef cows. The LH pulse frequency 
required to stimulate a dominant follicle towards ovulation is one LH pulse per hour. Figure 
2 is a schematic indicating the likely fate of the early postpartum dominant follicles in beef 
and dairy cows. In beef cows the first dominant follicle generally does not ovulate (Murphy 
et al. 1990, Stagg et al. 1995), but rather it undergoes atresia. With beef cows in good body 
condition the first postpartum dominant follicle to ovulate is generally from wave 3.2 ± 0.2 
(~ 30 days; Murphy et al. 1990); whereas for beef cows in poor body condition there are 
typically 10.6 ± 1.2 waves of follicular growth before ovulation occurs (~ 70-100 days; Stagg 
et al. 1995; Figure 3). In the case of dairy cows ovulation of the first postpartum dominant 
follicle typically occurs in 50 to 80% of cows, it undergoes atresia in 15 to 60% of cows or 
becomes cystic in 1-5% of cows (Savio et al. 1990b; Beam and Butler 1997; Sartori et al. 2004; 
Sakaguchi et al. 2004). 

 
Figure 1. Follicle-stimulating hormone (FSH), progesterone (P4), estradiol (E2) and follicular diameter 
profiles in two representative beef cows from ~30 days prepartum until 50 days postpartum (Crowe et 
al. 1998). 
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Figure 2. Diagrammatic scheme of resumption of dominant follicles and ovarian cycles during the 
postpartum period in dairy and beef suckler cows not nutritionally stressed. LH pulse frequency is that 
occurring during an 8 h window where cows are blood sampled every 15 min. Short cycles occur in 
most (70%), but not all cows after first ovulation (Reprinted with permission Crowe, 2008). 

First ovulation in both dairy and beef cows is generally silent (i.e., no behavioural estrus; 
Kyle et al. 1992) and is generally (>70%) followed by a short cycle, usually containing just 
one follicle wave. This first luteal phase is reduced in length due to the premature release of 
prostaglandin F2α (PGF2α; Peter et al. 1989) presumably arising from the increased estradiol 
produced from the formation of the post-ovulatory dominant follicle on days 5-8 of the cycle 
inducing premature estradiol and oxytocin (Zollers et al., 1993) receptors. Thus the corpus 
luteum regresses prematurely around days 8-10 of the cycle, with the second ovulation (of 
this post-ovulatory dominant follicle) occurring around days 9-11 after the first ovulation. 
This second ovulation is generally associated with the expression of estrus and a normal 
length luteal phase.  

Cyclic postpartum cows may have 2, 3 or occasionally 4 follicle waves during the estrous 
cycles that occur in the postpartum period (Savio et al. 1990a; Sartori et al. 2004). Unlike 
non-lactating heifers, lactating Holstein postpartum dairy cows tend to have two follicle 
waves per 18-23 day cycle (Sartori et al. 2004). Progesterone concentration is the major factor 
that affects LH pulse frequency in cyclic animals. Generally lactating Holstein dairy cows 
tend to have lower progesterone concentrations during the cycle than cyclic heifers (Sartori 
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et al. 2004; Wolfenson et al. 2004). These lower progesterone concentrations tend to allow a 
subtle increase in LH pulse frequency and allows for prolonged growth of each dominant 
follicle rather than the faster atresia that occurs in cyclic heifers. Cows with prolonged luteal 
phases tend to have a fourth follicle wave (Savio et al. 1990a). The number of follicle waves 
or rate of turnover of dominant follicles are directly related to the duration of dominance of 
each dominant follicle, and cattle with shorter durations of dominance for the ovulatory 
dominant follicles tend to have higher conception rates (Austin et al. 1999). Therefore 
nutrition, by altering metabolic clearance of progesterone can affect the duration of 
dominance of a dominant follicle, the number of follicle waves per cycle and have an 
indirect effect on conception rates. 

 
Figure 3. Pattern of growth and regression of dominant follicles from calving to second ovulation in (a) 
a beef suckler cow with two non-ovulatory follicle waves prior to first ovulation, and (b) a beef suckler 
cow with 14 non-ovulatory waves prior to first ovulation. Arrows indicate ovulation. Reproduced with 
permission Stagg et al. (1995); Crowe 2008. 
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3. Post-partum anestrus 

3.1. Factors contributing to LH pulse frequency in early post-partum beef cows 

The major factors that control LH pulse frequency (and therefore the fate of early 
postpartum dominant follicles) in postpartum beef cows include maternal bond / calf 
presence (presumably due to effects on opioid release), suckling inhibition (Myers et al. 
1989), and poor body condition (Canfield and Butler 1990). Calf presence has a very clear 
negative effect on resumption of ovulation in beef suckler cows nursing calves. Restricted 
suckling of beef cows (once per day) from day 30, where calves were in an isolated pen 
away from sight of the cows, significantly advanced the interval from calving to first 
ovulation (51 days) compared with ad libitum suckled control cows (79 days). The effect of 
calf presence can be further compartmentalized into suckling stimuli (mammary sensory 
pathways) and maternal behaviour / bonding effects (Silveira et al. 1993; Williams et al. 
1993) but requires positive calf identification by either sight or olfaction (Griffith and 
Williams 1996). Beef cows that calve down in poor BCS (<2.5; scale 1-5 as described by 
Lowman et al. 1976) are more likely to have a prolonged anestrous period (Stagg et al. 1995) 
due presumably to lower LH pulse frequency (Stagg et al. 1998). Similarly anestrus can be 
induced by chronic nutrition restriction in post-partum beef cows, and occurs when cows 
lose 22-24% of their initial body weight (Richards et al, 1989). 

As beef suckler cows (with prolonged anovulatory anestrus) approach their first postpartum 
ovulation LH pulse frequency increases (observed during each sequential follicle wave from 
6 waves before ovulation until the ovulatory wave; Stagg et al. 1998). Concentrations of IGF-
I increased linearly from 75 days before first ovulation until ovulation which was associated 
with a linear decrease in growth hormone concentrations during the same period (Stagg et 
al. 1998). Thus postpartum beef cows require increased LH pulse frequency that is mediated 
largely by suckling inhibition and plane of nutrition, in addition to increased IGF-I 
concentrations to help stimulate dominant follicle maturation and growth so that there is 
sufficient secretion of estradiol to induce an LH surge and ovulation. Management may be 
used to encourage earlier ovulation by restricting suckling / access of the cows to the calves 
from approximately day 30 post partum (Stagg et al. 1988) or by increased plane of nutrition 
and body condition. 

3.2. Factors contributing to LH pulse frequency in early postpartum dairy cows 

In dairy cows the major factors affecting resumption of ovulation include BCS and energy 
balance (yield and dry matter intake), parity, season and disease (Bulman and Lamming 
1978; Beam and Butler 1997; Beam and Butler 1999; Opsomer et al. 2000; Wathes et al. 2007). 
Energy intake, BCS and milk yield interact to affect energy balance in dairy cows. There is 
evidence to link many of these factors to reduced LH pulse frequency; indeed a negative 
association between energy balance and prolonged post-partum anestrous interval is well 
established for dairy cows (Butler et al. 1981; Canfield and Butler 1990; Staples et al. 1990) 
and is mediated by reduced LH pulse frequency (Canfield and Butler, 1990). A number of 
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studies have been conducted in dairy cows of various yield potential that have categorised 
the pattern of resumption of ovarian function with the use of milk progesterone. These 
range from a study by Fagan and Roche (1986) using what would now be classified as 
traditional moderate yielding Friesian cows (4,000 – 5,000 kg milk per lactation) to that of 
Opsomer et al. (1998) using modern high yielding Holstein type cows (6,900 – 9,800 kg milk 
per lactation). The data from these two studies are summarised in Table 1. Furthermore, this 
pattern of resumption of ovarian function has been validated in a series of equivalent papers 
and the two key problem categories (prolonged interval to first ovulation and prolonged 
luteal phase) are summarized in Figure 4. Risk factors for these two ovarian abnormalities 
have been determined in a large epidemiological study by Opsomer et al. (2000). The major 
risk factors for a prolonged interval to first ovulation included (odds ratio in parentheses): 
acute body condition score loss up to 60 days post calving (18.7 within 30 days, 10.9 within 
60 days), clinical ketosis (11.3), clinical diseases (5.4), abnormal vaginal discharge (4.5), and 
difficult calving (3.6).  

 
Figure 4. Percentage of cows defined as having either i) delayed resumption of ovulation or ii) 
prolonged luteal phases based on evaluation of milk progesterone profiles across a number of studies in 
dairy cows (compiled by Benedicte Grimard, France, personal communication; Reproduced with 
permission, Crowe 2008). 

The greatest of these risk factors is acute body condition score loss. Current evidence 
suggests that dairy cows should calve down in a BCS of 2.75 – 3.0 (Scale 1-5; as described by 
Edmonson et al. 1989) and not lose more than 0.5 of a BCS unit between calving and first 
service (Overton and Waldron 2004; Mulligan et al. 2006) rather than earlier 
recommendations of 3.0 – 3.5 (Buckley et al. 2003). Cows that lose excessive body condition 
(≥ 1.0 BCS unit) have a longer postpartum interval to first ovulation. Thus monitoring BCS 
from before calving to first service is essential to good reproductive management. Body 
condition score changes are good indicators of energy balance and reflect milk yield and dry 
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largely by suckling inhibition and plane of nutrition, in addition to increased IGF-I 
concentrations to help stimulate dominant follicle maturation and growth so that there is 
sufficient secretion of estradiol to induce an LH surge and ovulation. Management may be 
used to encourage earlier ovulation by restricting suckling / access of the cows to the calves 
from approximately day 30 post partum (Stagg et al. 1988) or by increased plane of nutrition 
and body condition. 

3.2. Factors contributing to LH pulse frequency in early postpartum dairy cows 

In dairy cows the major factors affecting resumption of ovulation include BCS and energy 
balance (yield and dry matter intake), parity, season and disease (Bulman and Lamming 
1978; Beam and Butler 1997; Beam and Butler 1999; Opsomer et al. 2000; Wathes et al. 2007). 
Energy intake, BCS and milk yield interact to affect energy balance in dairy cows. There is 
evidence to link many of these factors to reduced LH pulse frequency; indeed a negative 
association between energy balance and prolonged post-partum anestrous interval is well 
established for dairy cows (Butler et al. 1981; Canfield and Butler 1990; Staples et al. 1990) 
and is mediated by reduced LH pulse frequency (Canfield and Butler, 1990). A number of 
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studies have been conducted in dairy cows of various yield potential that have categorised 
the pattern of resumption of ovarian function with the use of milk progesterone. These 
range from a study by Fagan and Roche (1986) using what would now be classified as 
traditional moderate yielding Friesian cows (4,000 – 5,000 kg milk per lactation) to that of 
Opsomer et al. (1998) using modern high yielding Holstein type cows (6,900 – 9,800 kg milk 
per lactation). The data from these two studies are summarised in Table 1. Furthermore, this 
pattern of resumption of ovarian function has been validated in a series of equivalent papers 
and the two key problem categories (prolonged interval to first ovulation and prolonged 
luteal phase) are summarized in Figure 4. Risk factors for these two ovarian abnormalities 
have been determined in a large epidemiological study by Opsomer et al. (2000). The major 
risk factors for a prolonged interval to first ovulation included (odds ratio in parentheses): 
acute body condition score loss up to 60 days post calving (18.7 within 30 days, 10.9 within 
60 days), clinical ketosis (11.3), clinical diseases (5.4), abnormal vaginal discharge (4.5), and 
difficult calving (3.6).  

 
Figure 4. Percentage of cows defined as having either i) delayed resumption of ovulation or ii) 
prolonged luteal phases based on evaluation of milk progesterone profiles across a number of studies in 
dairy cows (compiled by Benedicte Grimard, France, personal communication; Reproduced with 
permission, Crowe 2008). 

The greatest of these risk factors is acute body condition score loss. Current evidence 
suggests that dairy cows should calve down in a BCS of 2.75 – 3.0 (Scale 1-5; as described by 
Edmonson et al. 1989) and not lose more than 0.5 of a BCS unit between calving and first 
service (Overton and Waldron 2004; Mulligan et al. 2006) rather than earlier 
recommendations of 3.0 – 3.5 (Buckley et al. 2003). Cows that lose excessive body condition 
(≥ 1.0 BCS unit) have a longer postpartum interval to first ovulation. Thus monitoring BCS 
from before calving to first service is essential to good reproductive management. Body 
condition score changes are good indicators of energy balance and reflect milk yield and dry 
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matter intake. It is necessary to prevent a steep decline in energy balance and shorten the 
duration of postpartum negative energy balance. This is best achieved by ensuring that dry 
matter intake in the early postpartum period is maximized and by having cows in 
appropriate BCS (2.73 – 3.0) at calving. Cows that are mobilizing tissue at a high rate have 
increased blood non-esterified fatty acids, and β-hydroxy butyrate, but reduced 
concentrations of insulin, glucose and IGF-I (Grummer et al. 2004). The metabolic status 
associated with high rates of tissue mobilization increases the risk of hypocalcaemia, 
acidosis, fatty liver, ketosis and displaced abomasa (Gröhn and Rajala-Schultz 2001; Overton 
and Waldron 2004, Maizon et al. 2004). Cows affected by these metabolic disorders are more 
prone to anestrus, mastitis, lameness and reduced conception rate to AI (Fourichon et al. 
1999; Gröhn and Rajala-Schultz 2001; Lucy 2001; Lopez-Gatius et al. 2002; Maizon et al. 
2004). It is hypothesized that serum IGF-I concentrations could be useful as a predictor of 
nutritional status and hence reproductive efficiency in dairy cows (Zulu et al. 2002a). Plasma 
IGF-I concentrations before calving and in the first few weeks of lactation have been linked 
to subsequent cyclicity and conception rate (Taylor et al. 2006). This emphasizes the critical 
role of correct nutritional management to ensure that the deficit in energy balance post 
calving is mild rather than severe. Current approaches to minimize the energy balance 
deficit post calving includes: the optimization of body condition score at calving (2.75 - 3.0), 
shorter dry periods and maintenance of normal rumen function (Mulligan et al. 2006). 
 

Item 
Fagan and Roche 1986 

Moderate yielding 
Friesian cows 

Opsomer et al. 1998 
High yielding Holstein 

cows 
No. of cows / postpartum periods 463 448 
Normal cyclic patterns (%) 78 53.5* 
Prolonged interval to 1st ovulation (%) 7 20.5* 
Prolonged luteal phase (%) 3 20* 
Temporary cessation of ovulation (%) 3 3 
Short cycles (%) 4 0.5 
Other irregular patterns (%) 4 2.5 

Table 1. Pattern of resumption of ovarian cyclicity in postpartum dairy cows (traditional moderate 
yielding Friesians vs modern high yielding Holsteins), using milk progesterone profiling (samples 
collected twice weekly). *Categories with a major disparity between the two studies. 

Disease state may also regulate follicle fate via LH and other mechanisms. Uterine 
conditions such as retained foetal membranes, endometritis and metritis contribute to 
reproductive efficiency via various mechanisms. Local infection of the uterus in postpartum 
cows delays uterine involution, causes inflammation of the endometrium, reduce 
conception rate to first insemination (Sheldon 2004), but may also affect follicle growth, 
decrease estradiol secretion from dominant follicles, and delay the interval to first ovulation 
(LeBlanc et al. 2002; Sheldon et al. 2002; Sheldon and Dobson 2004; Williams et al. 2007; 
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Sheldon et al. 2008). These effects on follicle growth and ovulation implicate potential roles 
mediated by either direct effects within follicles and reduced LH secretion / failure of the 
gonadotropin surge. Indeed the evidence supports both possible mechanisms: uterine 
disease associated with E. Coli or infusion of endotoxins reduces estradiol secretion from 
dominant follicles (Sheldon et al. 2002; Herath et al. 2007) and delays the LH surge and 
ovulation (Suzuki et al. 2001). Other diseases such as mastitis (Huzenicza et al. 2005) and 
lameness (Petersson et al. 2006) delay resumption of luteal activity by 7 to 17 days, 
respectively. For these there is considerable evidence that this is mediated due to acute 
stressors reducing GnRH and hence LH pulse frequency, leading to decreased estradiol 
production by dominant follicles and preventing or reducing the gonadotropin surge, thus 
delaying ovulation. 

4. Abnormal ovarian function during the post-partum period 

4.1. Prolonged luteal phases 

Irregular estrous cycles in cows once they have resumed ovulation tend to be predominantly 
prolonged luteal phases. The incidence of prolonged luteal phases has increased from 3% 
(Fagan and Roche 1986) to 11-22% (Lamming and Darwash 1998; Opsomer et al. 1998; 
Shrestra et al. 2004; Figure 4). It is generally considered that prolonged luteal phases are 
associated with an abnormal uterine environment that disrupts prostaglandin production. 
Interestingly in the study of Opsomer et al. (1998), where the incidence of cows with 
prolonged luteal phases was 20% (89/448 cows), only 43/89 cows had abnormal uterine 
content, 2/89 had ovarian cysts and 44/89 had no detectable abnormalities. However in this 
study abnormalities were identified only by rectal palpation. The major risk factors for a 
prolonged luteal phase in cows having resumed ovulation included (odds ratio in 
parentheses; Opsomer et al. 2000): metritis (11.0), abnormal vaginal discharge (4.4), retained 
placenta (3.5), parity (2.5 for parity 4+ vs primiparous), earlier resumption of ovulation (2.8 
for resumption < 19 days post partum, 2.4 for resumption 19-24 days post partum). These 
data support the concept that prolonged luteal phases are related to uterine problems rather 
than ovarian problems. 

4.2. Follicular cysts 

These occur where dominant follicles in the early postpartum period (often the first 
dominant follicle postpartum) fail to ovulate. Cysts typically continue to grow to diameters 
>20-25 mm over a 10 to 40 day period in the absence of a CL (Savio et al. 1990a; Gümen et al. 
2002, Hatler et al. 2003). This continued growth appears to be due to lack of positive 
feedback induced by estradiol and thus failure of the LH/FSH pre-ovulatory surge, despite 
increased LH pulse frequency (to an intermediate level). At this time progesterone 
concentrations are low, while estradiol concentrations are elevated above normal pro-estrus 
concentrations (Savio et al. 1990b; Hatler et al. 2003), resulting in many cases in strong 
exhibition of estrous behaviour by cows in the early phases of a follicular cyst. This is 
followed by a period of time when there is an absence of estrous behaviour in the second 
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matter intake. It is necessary to prevent a steep decline in energy balance and shorten the 
duration of postpartum negative energy balance. This is best achieved by ensuring that dry 
matter intake in the early postpartum period is maximized and by having cows in 
appropriate BCS (2.73 – 3.0) at calving. Cows that are mobilizing tissue at a high rate have 
increased blood non-esterified fatty acids, and β-hydroxy butyrate, but reduced 
concentrations of insulin, glucose and IGF-I (Grummer et al. 2004). The metabolic status 
associated with high rates of tissue mobilization increases the risk of hypocalcaemia, 
acidosis, fatty liver, ketosis and displaced abomasa (Gröhn and Rajala-Schultz 2001; Overton 
and Waldron 2004, Maizon et al. 2004). Cows affected by these metabolic disorders are more 
prone to anestrus, mastitis, lameness and reduced conception rate to AI (Fourichon et al. 
1999; Gröhn and Rajala-Schultz 2001; Lucy 2001; Lopez-Gatius et al. 2002; Maizon et al. 
2004). It is hypothesized that serum IGF-I concentrations could be useful as a predictor of 
nutritional status and hence reproductive efficiency in dairy cows (Zulu et al. 2002a). Plasma 
IGF-I concentrations before calving and in the first few weeks of lactation have been linked 
to subsequent cyclicity and conception rate (Taylor et al. 2006). This emphasizes the critical 
role of correct nutritional management to ensure that the deficit in energy balance post 
calving is mild rather than severe. Current approaches to minimize the energy balance 
deficit post calving includes: the optimization of body condition score at calving (2.75 - 3.0), 
shorter dry periods and maintenance of normal rumen function (Mulligan et al. 2006). 
 

Item 
Fagan and Roche 1986 

Moderate yielding 
Friesian cows 

Opsomer et al. 1998 
High yielding Holstein 

cows 
No. of cows / postpartum periods 463 448 
Normal cyclic patterns (%) 78 53.5* 
Prolonged interval to 1st ovulation (%) 7 20.5* 
Prolonged luteal phase (%) 3 20* 
Temporary cessation of ovulation (%) 3 3 
Short cycles (%) 4 0.5 
Other irregular patterns (%) 4 2.5 

Table 1. Pattern of resumption of ovarian cyclicity in postpartum dairy cows (traditional moderate 
yielding Friesians vs modern high yielding Holsteins), using milk progesterone profiling (samples 
collected twice weekly). *Categories with a major disparity between the two studies. 

Disease state may also regulate follicle fate via LH and other mechanisms. Uterine 
conditions such as retained foetal membranes, endometritis and metritis contribute to 
reproductive efficiency via various mechanisms. Local infection of the uterus in postpartum 
cows delays uterine involution, causes inflammation of the endometrium, reduce 
conception rate to first insemination (Sheldon 2004), but may also affect follicle growth, 
decrease estradiol secretion from dominant follicles, and delay the interval to first ovulation 
(LeBlanc et al. 2002; Sheldon et al. 2002; Sheldon and Dobson 2004; Williams et al. 2007; 
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Sheldon et al. 2008). These effects on follicle growth and ovulation implicate potential roles 
mediated by either direct effects within follicles and reduced LH secretion / failure of the 
gonadotropin surge. Indeed the evidence supports both possible mechanisms: uterine 
disease associated with E. Coli or infusion of endotoxins reduces estradiol secretion from 
dominant follicles (Sheldon et al. 2002; Herath et al. 2007) and delays the LH surge and 
ovulation (Suzuki et al. 2001). Other diseases such as mastitis (Huzenicza et al. 2005) and 
lameness (Petersson et al. 2006) delay resumption of luteal activity by 7 to 17 days, 
respectively. For these there is considerable evidence that this is mediated due to acute 
stressors reducing GnRH and hence LH pulse frequency, leading to decreased estradiol 
production by dominant follicles and preventing or reducing the gonadotropin surge, thus 
delaying ovulation. 

4. Abnormal ovarian function during the post-partum period 

4.1. Prolonged luteal phases 

Irregular estrous cycles in cows once they have resumed ovulation tend to be predominantly 
prolonged luteal phases. The incidence of prolonged luteal phases has increased from 3% 
(Fagan and Roche 1986) to 11-22% (Lamming and Darwash 1998; Opsomer et al. 1998; 
Shrestra et al. 2004; Figure 4). It is generally considered that prolonged luteal phases are 
associated with an abnormal uterine environment that disrupts prostaglandin production. 
Interestingly in the study of Opsomer et al. (1998), where the incidence of cows with 
prolonged luteal phases was 20% (89/448 cows), only 43/89 cows had abnormal uterine 
content, 2/89 had ovarian cysts and 44/89 had no detectable abnormalities. However in this 
study abnormalities were identified only by rectal palpation. The major risk factors for a 
prolonged luteal phase in cows having resumed ovulation included (odds ratio in 
parentheses; Opsomer et al. 2000): metritis (11.0), abnormal vaginal discharge (4.4), retained 
placenta (3.5), parity (2.5 for parity 4+ vs primiparous), earlier resumption of ovulation (2.8 
for resumption < 19 days post partum, 2.4 for resumption 19-24 days post partum). These 
data support the concept that prolonged luteal phases are related to uterine problems rather 
than ovarian problems. 

4.2. Follicular cysts 

These occur where dominant follicles in the early postpartum period (often the first 
dominant follicle postpartum) fail to ovulate. Cysts typically continue to grow to diameters 
>20-25 mm over a 10 to 40 day period in the absence of a CL (Savio et al. 1990a; Gümen et al. 
2002, Hatler et al. 2003). This continued growth appears to be due to lack of positive 
feedback induced by estradiol and thus failure of the LH/FSH pre-ovulatory surge, despite 
increased LH pulse frequency (to an intermediate level). At this time progesterone 
concentrations are low, while estradiol concentrations are elevated above normal pro-estrus 
concentrations (Savio et al. 1990b; Hatler et al. 2003), resulting in many cases in strong 
exhibition of estrous behaviour by cows in the early phases of a follicular cyst. This is 
followed by a period of time when there is an absence of estrous behaviour in the second 
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half of the cysts lifespan. The elevated estradiol in conjunction with elevated inhibin 
suppresses FSH concentrations, so that no new follicle waves emerge during the early active 
phase of a follicular cyst. The cyst then becomes estrogen inactive (despite being 
morphologically still present) and a new follicle wave emerges. The dominant follicle of this 
new wave may either ovulate, undergo atresia or become cystic. Many cows with follicular 
cysts correct themselves, but some develop sequential follicular cysts. The metabolic risk 
factors associated with cows that develop cysts in the early postpartum period are over 
conditioned cows, a reduction in insulin (Vanholder et al. 2005) and IGF-I, and increased 
non-esterified fatty acids (Zulu et al. 2002b). 

5. Induction of estrus and ovulation in anovulatory anestrous cows 

From the previous sections it is clear that in many cases (especially with dairy cows) 
anovulatory anestrus is associated with management risk factors and other diseases 
(excessive loss of BCS, severe lameness, uterine disease, displaced abomasum, etc). 
Therefore before embarking on a specific treatment for anestrus, the underlying factors and 
diseases should be first addressed before commencement of specific treatments for the 
ovarian problems. 

5.1. GnRH 

The major cause of delayed ovulation in postpartum cows is an infrequent LH pulse 
frequency (and by inference GnRH pulse frequency). GnRH treatment was used with 
variable effectiveness in numerous studies of postpartum cows when the follicle status of 
the animals was unknown. A single injection, two injections 10 days apart, or frequent low 
dose injections at 1- to 4-h intervals of GnRH or GnRH analogues failed consistently to 
induce ovulation in over 90% of treated anestrous cows (Mawhinney et al. 1979; Riley et al. 
1981; Walters et al. 1982; Edwards et al. 1983). However, when a GnRH analogue (20 µg 
Buserelin) was used at known stages of follicle growth (determined by daily ultrasound 
scanning) of the first postpartum DF, all cows ovulated when administered during the 
growing phase of the DF (12/12) and the majority (7/10) ovulated when the first postpartum 
DF was in its plateau / early declining phase of growth (Crowe et al. 1993). In a further 
study conducted by Ryan et al. (1998), 250 µg GnRH resulted in ovulation in 20 of 20 cows 
when given at dominance of a follicular wave, this was followed by emergence of a new 
wave of ovarian follicular growth 1.6 ± 0.3 days later and dominance of the subsequent 
wave was attained in 5 ± 0.3 days. However, there was no effect of GnRH on follicular 
dynamics when given at emergence of a follicular wave. The existing cohort of follicles 
continued to develop unaffected in 17 of 17 cows, and dominance occurred 3.6 ± 0.5 days 
later. Thus, GnRH may cause ovulation or no effect on follicle development depending on 
the animal’s stage of follicle development at treatment. Thus when GnRH is used as part of 
an ovsynch protocol (GnRH-PGF2α-GnRH treatment) in postpartum anestrous cows the 
effectiveness of the treatment is wholly dependent on the presence or absence of a DF at the 
time the first GnRH injection is administered. 
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5.2. Progesterone 

Treatment of anestrous cows with progesterone (and estradiol) will induce estrus and shorten 
the postpartum interval to conception (Rhodes et al. 2003). Anestrous cows require 
progesterone treatment to ensure that the first ovulation is associated with expression of estrus 
and a normally functioning luteal phase. The use of eCG may accompany progesterone 
treatment in cows that are in deep anovulatory anestrus to ensure ovulation (Mulvehill and 
Sreenan 1977), but care must be taken not to induce too high an ovulation rate. 

5.3. Restricted suckling (beef cows) 

Earlier onset of ovulation in beef cows may be induced by restricting suckling by calves 
from 30 days post partum (Stagg et al. 1998). Restricted suckling involves once or twice 
daily access of calves to cows for suckling and at other times of the day the calves are 
isolated and out of sight of the cows (Stagg et al. 1998).  

6. Conclusions 

Follicular growth generally resumes within 7-10 days post partum in the majority of cows 
associated with a transient FSH rise that occurs within 3 to 5 days of parturition. A 
summary of reproductive parameters for beef and dairy cows is presented in Table 2. 
Delayed resumption of ovulation is invariably due to a lack of LH pulse frequency whether 
it is due to suckling inhibition in beef cows or metabolic related stressors in high yielding 
dairy cows. First ovulation in both dairy and beef cows is generally silent and followed by a 
short cycle. The key to optimizing resumption of ovulation in both beef and dairy cows is 
appropriate pre-calving nutrition and management so that cows calve down in optimal 
body condition (body condition score 2.75-3.0) with postpartum body condition loss 
restricted to <0.5 body condition score units. 
 

 Dairy cows Beef cows 
Emergence of the 1st follicle wave 
(days post partum) 

 
5-10 

 
5-10 

% cows that ovulate the 1st 
dominant follicle 

 
50-80 

 
20-35 

Postpartum interval to first estrus 
(days) 

 
25-45 

 
30-130 

Nature of 1st ovulation silent silent 
% short cycles after 1st ovulation >70 >70 
Regulation of LH pulse frequency  declining energy 

balance 
 BCS at calving 
 dry matter intake 

 suckling 
 maternal bond 
 declining energy balance 
 BCS at calving 

Table 2. Reproductive parameters in the early postpartum period of dairy and beef suckler cows 
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half of the cysts lifespan. The elevated estradiol in conjunction with elevated inhibin 
suppresses FSH concentrations, so that no new follicle waves emerge during the early active 
phase of a follicular cyst. The cyst then becomes estrogen inactive (despite being 
morphologically still present) and a new follicle wave emerges. The dominant follicle of this 
new wave may either ovulate, undergo atresia or become cystic. Many cows with follicular 
cysts correct themselves, but some develop sequential follicular cysts. The metabolic risk 
factors associated with cows that develop cysts in the early postpartum period are over 
conditioned cows, a reduction in insulin (Vanholder et al. 2005) and IGF-I, and increased 
non-esterified fatty acids (Zulu et al. 2002b). 

5. Induction of estrus and ovulation in anovulatory anestrous cows 

From the previous sections it is clear that in many cases (especially with dairy cows) 
anovulatory anestrus is associated with management risk factors and other diseases 
(excessive loss of BCS, severe lameness, uterine disease, displaced abomasum, etc). 
Therefore before embarking on a specific treatment for anestrus, the underlying factors and 
diseases should be first addressed before commencement of specific treatments for the 
ovarian problems. 

5.1. GnRH 

The major cause of delayed ovulation in postpartum cows is an infrequent LH pulse 
frequency (and by inference GnRH pulse frequency). GnRH treatment was used with 
variable effectiveness in numerous studies of postpartum cows when the follicle status of 
the animals was unknown. A single injection, two injections 10 days apart, or frequent low 
dose injections at 1- to 4-h intervals of GnRH or GnRH analogues failed consistently to 
induce ovulation in over 90% of treated anestrous cows (Mawhinney et al. 1979; Riley et al. 
1981; Walters et al. 1982; Edwards et al. 1983). However, when a GnRH analogue (20 µg 
Buserelin) was used at known stages of follicle growth (determined by daily ultrasound 
scanning) of the first postpartum DF, all cows ovulated when administered during the 
growing phase of the DF (12/12) and the majority (7/10) ovulated when the first postpartum 
DF was in its plateau / early declining phase of growth (Crowe et al. 1993). In a further 
study conducted by Ryan et al. (1998), 250 µg GnRH resulted in ovulation in 20 of 20 cows 
when given at dominance of a follicular wave, this was followed by emergence of a new 
wave of ovarian follicular growth 1.6 ± 0.3 days later and dominance of the subsequent 
wave was attained in 5 ± 0.3 days. However, there was no effect of GnRH on follicular 
dynamics when given at emergence of a follicular wave. The existing cohort of follicles 
continued to develop unaffected in 17 of 17 cows, and dominance occurred 3.6 ± 0.5 days 
later. Thus, GnRH may cause ovulation or no effect on follicle development depending on 
the animal’s stage of follicle development at treatment. Thus when GnRH is used as part of 
an ovsynch protocol (GnRH-PGF2α-GnRH treatment) in postpartum anestrous cows the 
effectiveness of the treatment is wholly dependent on the presence or absence of a DF at the 
time the first GnRH injection is administered. 
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5.2. Progesterone 

Treatment of anestrous cows with progesterone (and estradiol) will induce estrus and shorten 
the postpartum interval to conception (Rhodes et al. 2003). Anestrous cows require 
progesterone treatment to ensure that the first ovulation is associated with expression of estrus 
and a normally functioning luteal phase. The use of eCG may accompany progesterone 
treatment in cows that are in deep anovulatory anestrus to ensure ovulation (Mulvehill and 
Sreenan 1977), but care must be taken not to induce too high an ovulation rate. 

5.3. Restricted suckling (beef cows) 

Earlier onset of ovulation in beef cows may be induced by restricting suckling by calves 
from 30 days post partum (Stagg et al. 1998). Restricted suckling involves once or twice 
daily access of calves to cows for suckling and at other times of the day the calves are 
isolated and out of sight of the cows (Stagg et al. 1998).  

6. Conclusions 

Follicular growth generally resumes within 7-10 days post partum in the majority of cows 
associated with a transient FSH rise that occurs within 3 to 5 days of parturition. A 
summary of reproductive parameters for beef and dairy cows is presented in Table 2. 
Delayed resumption of ovulation is invariably due to a lack of LH pulse frequency whether 
it is due to suckling inhibition in beef cows or metabolic related stressors in high yielding 
dairy cows. First ovulation in both dairy and beef cows is generally silent and followed by a 
short cycle. The key to optimizing resumption of ovulation in both beef and dairy cows is 
appropriate pre-calving nutrition and management so that cows calve down in optimal 
body condition (body condition score 2.75-3.0) with postpartum body condition loss 
restricted to <0.5 body condition score units. 
 

 Dairy cows Beef cows 
Emergence of the 1st follicle wave 
(days post partum) 

 
5-10 

 
5-10 

% cows that ovulate the 1st 
dominant follicle 

 
50-80 

 
20-35 

Postpartum interval to first estrus 
(days) 

 
25-45 

 
30-130 

Nature of 1st ovulation silent silent 
% short cycles after 1st ovulation >70 >70 
Regulation of LH pulse frequency  declining energy 

balance 
 BCS at calving 
 dry matter intake 

 suckling 
 maternal bond 
 declining energy balance 
 BCS at calving 

Table 2. Reproductive parameters in the early postpartum period of dairy and beef suckler cows 



 
Gonadotropin 118 

Author details 

Mark A. Crowe* and Michael P. Mullen 
School of Veterinary Medicine, University College Dublin, Ireland 

7. References 

Adams, G.P., Matteri, R.L., Kastelic, J.P., Ko, J.C.H. & Ginther, O.J. (1992). Association 
between surges in follicle-stimulating hormone and emergence of follicular waves in 
heifers. Journal of Reproduction and Fertility 94: 177-188. 

Austin, E.J., Mihm, M., Evans, A.C.O., Knight, P.G., Ireland, J.L.H., Ireland, J.J. & Roche, J.F. 
(2001). Alterations in intrafollicular regulatory factors and apoptosis during selection of 
follicles in the first follicular wave of the bovine oestrous cycle. Biology of Reproduction 
64: 839-848. 

Austin, E.J., Mihm, M., Ryan, M.P., Williams, D.H. & Roche, J.F. (1999). Effect of duration of 
dominance of the ovulatory follicle on the onset of estrus and fertility in heifers. Journal 
of Animal Science 77: 2219-2226. 

Bao, B., Garverick, H.A., Smith, G.W., Smith, M.F., Salfen, B.E. & Youngquist, R.S. (1997). 
Changes in messenger ribonucleic acid encoding luteinizing hormone receptor, 
cytochrome P450-side chain cleavage, and aromatase are associated with recruitment 
and selection of bovine ovarian follicles. Biology of Reproduction 56: 1158-1168 

Beam, S.W. & Butler, W.R. (1997). Energy balance and ovarian follicle development prior to 
the first ovulation postpartum in dairy cows receiving three levels of dietary fat. Biology 
of Reproduction 56: 133-142. 

Beam, S.W. & Butler, W.R. (1999). Effects of energy balance on follicular development and 
first ovulation in post-partum dairy cows. Journal of Reproduction and Fertility 
Supplement 54: 411–424. 

Buckley, F., O’Sullivan, K., Mee, J.F., Evans, R.D. & Dillon, P. (2003). Relationships among 
milk yield, body condition, cow weight, and reproduction in spring-calved Holstein-
Friesians. Journal of Dairy Science 86: 2308-2319. 

Bulman, D.C. & Lamming, G.E. (1978). Milk progesterone levels in relation to conception, 
repeat breeding and factors influencing acyclicity in dairy cows. Journal of 
Reproduction and Fertilty 54: 447-458. 

Butler, W.R., Everett, R.W. & Coppock, C.E. (1981). The relationships between energy 
balance, milk production and ovulation in post-partum Holstein cows. Journal of Animal 
Science 53: 742–748 

Canfield, R.W. & Butler, W.R. (1990). Energy balance and pulsatile LH secretion in early 
postpartum dairy cattle. Domestic Animal Endocrinology 7: 323-330. 

Canty, M.J., Boland, M.P., Evans, A.C.O. & Crowe, M.A. (2006). Alterations in follicular 
IGFBP-2, -3 and –4 mRNA expression and intrafollicular IGFBP concentrations during 
the first follicle wave in beef heifers. Animal Reproduction Science 93: 199-217. 

                                                                 
* Corresponding Author 

Regulation and Differential Secretion of Gonadotropins During  
Post Partum Recovery of Reproductive Function in Beef and Dairy Cows 119 

Crowe, M.A., Goulding, D., Baguisi, A., Boland, M.P. & Roche, J.F. (1993). Induced ovulation 
of the first postpartum dominant follicle in beef suckler cows using a GnRH analogue. 
Journal of Reproduction and Fertilty 99: 551-555. 

Crowe, M.A., Padmanabhan, V., Mihm, M., Beitins, I.Z. & Roche, J.F. (1998) Resumption of 
follicular waves in beef cows is not associated with periparturient changes in follicle-
stimulating hormone heterogeneity despite major changes in steroid and luteinizing 
hormone concentrations. Biology of Reproduction 58: 1445-1450. 

Duffy, P., Crowe, M.A., Boland, M.P. & Roche, J.F. (2000). Effect of exogenous LH pulses on 
the fate of the first dominant follicle in postpartum beef cows nursing calves. Journal of 
Reproduction and Fertilty 118: 9-17. 

Edmonson, A.J., Lean, I.J., Weaver, L.D., Farver, T. & Webster, G., 1989. A body condition 
scoring chart for Holstein dairy cows. Journal of Dairy Science 72, 68–78. 

Edwards, S., Roche, J.F. & Niswender, G.D. (1983). Response of suckling beef cows to 
multiple, low-dose injections of Gn-RH with or without progesterone pretreatment. 
Journal of Reproduction and Fertilty 69: 65-72. 

Fagan, J.G. & Roche, J.F. (1986). Reproductive activity in postpartum dairy cows based on 
progesterone concentrations in milk or rectal examination. Irish Veterinary Journal 40: 
124-131. 

Fourichon, C., Seegers, H. & Malher, X. (1999). Effects of disease on reproduction in the 
dairy cow. A meta-analysis. Theriogenology 53: 1729-1759. 

Ginther, O.J., Knopf, L. & Kastelic, J.P. (1989). Ovarian follicular dynamics in heifers during 
early pregnancy. Biology of Reproduction 41: 247-254. 

Ginther, O.J., Kot, K., Kulick, L.J., Martin, S. & Wiltbank, M.C. (1996). Relationship between 
FSH and ovarian follicular waves during the last six months of pregnancy in cattle. 
Journal of Reproduction and Fertilty 108: 271-279. 

Griffith, M.K. & Williams, G.L. (1996) Roles of maternal vision and olfaction in suckling-
mediated inhibition of luteinizing hormone secretion. Expression of maternal 
selectivity, and lactational performance of beef cows. Biology of Reproduction 54: 761-768. 

Grimard, B., Touze, J.L., Laigre, P. & Thomeret, F. (2005) Abnormal patterns of resumption 
of ovarian postpartum cyclicity in Prim’Holstein dairy cows: risk factors ad 
consequences on reproductive efficiency. Reproduction in Domestic Animals (Abstract) 40: 
342. 

Gröhn, Y.T. & Rajala-Schult, P.J. (2000). Epidemiology of reproductive performance in dairy 
cows. Animal Reproduction Science 60/61: 605-614. 

Grummer, R.R., Mashek, D.G. & Hayirli, A. (2004). Dry matter intake and energy balance in 
the transition period. Veterinary Clinics of North America: Food Animal Practice 20: 447-470. 

Herath, S., Williams, E.J., Lilly, S.T., Gilbert, R.O., Dobson, H., Bryant, C.E. & Sheldon, I.M. 
(2007). Ovarian follicular cells have innate immune capabilities that modulate their 
endocrine function. Reproduction 134: 683-693. 

Huszenicza, G., Janosi, S., Kulcsar, M., Korodi, P., Reiczigel, J., Katai, L., Peters, A.R. & de 
Rensis, F. (2005). Effects of clinical mastitis on ovarian function in post-partum dairy 
cows. Reproduction in Domestic Animals 40: 199-204. 



 
Gonadotropin 118 

Author details 

Mark A. Crowe* and Michael P. Mullen 
School of Veterinary Medicine, University College Dublin, Ireland 

7. References 

Adams, G.P., Matteri, R.L., Kastelic, J.P., Ko, J.C.H. & Ginther, O.J. (1992). Association 
between surges in follicle-stimulating hormone and emergence of follicular waves in 
heifers. Journal of Reproduction and Fertility 94: 177-188. 

Austin, E.J., Mihm, M., Evans, A.C.O., Knight, P.G., Ireland, J.L.H., Ireland, J.J. & Roche, J.F. 
(2001). Alterations in intrafollicular regulatory factors and apoptosis during selection of 
follicles in the first follicular wave of the bovine oestrous cycle. Biology of Reproduction 
64: 839-848. 

Austin, E.J., Mihm, M., Ryan, M.P., Williams, D.H. & Roche, J.F. (1999). Effect of duration of 
dominance of the ovulatory follicle on the onset of estrus and fertility in heifers. Journal 
of Animal Science 77: 2219-2226. 

Bao, B., Garverick, H.A., Smith, G.W., Smith, M.F., Salfen, B.E. & Youngquist, R.S. (1997). 
Changes in messenger ribonucleic acid encoding luteinizing hormone receptor, 
cytochrome P450-side chain cleavage, and aromatase are associated with recruitment 
and selection of bovine ovarian follicles. Biology of Reproduction 56: 1158-1168 

Beam, S.W. & Butler, W.R. (1997). Energy balance and ovarian follicle development prior to 
the first ovulation postpartum in dairy cows receiving three levels of dietary fat. Biology 
of Reproduction 56: 133-142. 

Beam, S.W. & Butler, W.R. (1999). Effects of energy balance on follicular development and 
first ovulation in post-partum dairy cows. Journal of Reproduction and Fertility 
Supplement 54: 411–424. 

Buckley, F., O’Sullivan, K., Mee, J.F., Evans, R.D. & Dillon, P. (2003). Relationships among 
milk yield, body condition, cow weight, and reproduction in spring-calved Holstein-
Friesians. Journal of Dairy Science 86: 2308-2319. 

Bulman, D.C. & Lamming, G.E. (1978). Milk progesterone levels in relation to conception, 
repeat breeding and factors influencing acyclicity in dairy cows. Journal of 
Reproduction and Fertilty 54: 447-458. 

Butler, W.R., Everett, R.W. & Coppock, C.E. (1981). The relationships between energy 
balance, milk production and ovulation in post-partum Holstein cows. Journal of Animal 
Science 53: 742–748 

Canfield, R.W. & Butler, W.R. (1990). Energy balance and pulsatile LH secretion in early 
postpartum dairy cattle. Domestic Animal Endocrinology 7: 323-330. 

Canty, M.J., Boland, M.P., Evans, A.C.O. & Crowe, M.A. (2006). Alterations in follicular 
IGFBP-2, -3 and –4 mRNA expression and intrafollicular IGFBP concentrations during 
the first follicle wave in beef heifers. Animal Reproduction Science 93: 199-217. 

                                                                 
* Corresponding Author 

Regulation and Differential Secretion of Gonadotropins During  
Post Partum Recovery of Reproductive Function in Beef and Dairy Cows 119 

Crowe, M.A., Goulding, D., Baguisi, A., Boland, M.P. & Roche, J.F. (1993). Induced ovulation 
of the first postpartum dominant follicle in beef suckler cows using a GnRH analogue. 
Journal of Reproduction and Fertilty 99: 551-555. 

Crowe, M.A., Padmanabhan, V., Mihm, M., Beitins, I.Z. & Roche, J.F. (1998) Resumption of 
follicular waves in beef cows is not associated with periparturient changes in follicle-
stimulating hormone heterogeneity despite major changes in steroid and luteinizing 
hormone concentrations. Biology of Reproduction 58: 1445-1450. 

Duffy, P., Crowe, M.A., Boland, M.P. & Roche, J.F. (2000). Effect of exogenous LH pulses on 
the fate of the first dominant follicle in postpartum beef cows nursing calves. Journal of 
Reproduction and Fertilty 118: 9-17. 

Edmonson, A.J., Lean, I.J., Weaver, L.D., Farver, T. & Webster, G., 1989. A body condition 
scoring chart for Holstein dairy cows. Journal of Dairy Science 72, 68–78. 

Edwards, S., Roche, J.F. & Niswender, G.D. (1983). Response of suckling beef cows to 
multiple, low-dose injections of Gn-RH with or without progesterone pretreatment. 
Journal of Reproduction and Fertilty 69: 65-72. 

Fagan, J.G. & Roche, J.F. (1986). Reproductive activity in postpartum dairy cows based on 
progesterone concentrations in milk or rectal examination. Irish Veterinary Journal 40: 
124-131. 

Fourichon, C., Seegers, H. & Malher, X. (1999). Effects of disease on reproduction in the 
dairy cow. A meta-analysis. Theriogenology 53: 1729-1759. 

Ginther, O.J., Knopf, L. & Kastelic, J.P. (1989). Ovarian follicular dynamics in heifers during 
early pregnancy. Biology of Reproduction 41: 247-254. 

Ginther, O.J., Kot, K., Kulick, L.J., Martin, S. & Wiltbank, M.C. (1996). Relationship between 
FSH and ovarian follicular waves during the last six months of pregnancy in cattle. 
Journal of Reproduction and Fertilty 108: 271-279. 

Griffith, M.K. & Williams, G.L. (1996) Roles of maternal vision and olfaction in suckling-
mediated inhibition of luteinizing hormone secretion. Expression of maternal 
selectivity, and lactational performance of beef cows. Biology of Reproduction 54: 761-768. 

Grimard, B., Touze, J.L., Laigre, P. & Thomeret, F. (2005) Abnormal patterns of resumption 
of ovarian postpartum cyclicity in Prim’Holstein dairy cows: risk factors ad 
consequences on reproductive efficiency. Reproduction in Domestic Animals (Abstract) 40: 
342. 

Gröhn, Y.T. & Rajala-Schult, P.J. (2000). Epidemiology of reproductive performance in dairy 
cows. Animal Reproduction Science 60/61: 605-614. 

Grummer, R.R., Mashek, D.G. & Hayirli, A. (2004). Dry matter intake and energy balance in 
the transition period. Veterinary Clinics of North America: Food Animal Practice 20: 447-470. 

Herath, S., Williams, E.J., Lilly, S.T., Gilbert, R.O., Dobson, H., Bryant, C.E. & Sheldon, I.M. 
(2007). Ovarian follicular cells have innate immune capabilities that modulate their 
endocrine function. Reproduction 134: 683-693. 

Huszenicza, G., Janosi, S., Kulcsar, M., Korodi, P., Reiczigel, J., Katai, L., Peters, A.R. & de 
Rensis, F. (2005). Effects of clinical mastitis on ovarian function in post-partum dairy 
cows. Reproduction in Domestic Animals 40: 199-204. 



 
Gonadotropin 120 

Ireland, J.J. & Roche, J.F. (1987). Hypothesis regarding development of dominant follicles 
during a bovine estrous cycle. In: Roche, J.F. and O’Callaghan, D. (eds), Follicular growth 
and ovulation rate in farm animals. Martinus Nijhoff The Netherlands, pp. 1-18. 

Kyle, S.D., Callahan, C.J. & Allrich, R.D. (1992). Effect of progesterone on the expression of 
estrus at the first postpartum ovulation in dairy cattle. Journal of Dairy Science 75: 1456-
1460. 

Lamming, G.E. & Darwash, A.O. (1998). The use of milk progesterone profiles to 
characterize components of subfertility in milked dairy cows. Animal Reproduction 
Science 52: 175-190. 

LeBlanc, S.J., Duffield, T.F., Leslie, K.E., Bateman, K.G., Keefe, G.P., Walton, J.S. & Johnson, 
W.H. (2002). Defining and diagnosing postpartum clinical endometritis and its impact 
on reproductive performance in dairy cows. Journal of Dairy Science 85: 2223-2236. 

López-Gatius, F., Santolaria, P., Yániz, J., French, M. & López-Béjar, M. (2002). Risk factors 
for postpartum ovarian cysts and their spontaneous recovery or persistence in lactating 
dairy cows. Theriogenology 58: 1723-1632. 

Lowman, B.G., Scott, N.A. & Somerville S.H. (1976). Condition scoring of cattle. Review 
Edition Bulletin, East of Scotland College of Agriculture, no. 6, Scotland. 

Lucy, M.C. (2001). Reproductive loss in high-producing dairy cattle: where will it end? 
Journal of Dairy Science 84: 1277-1293. 

Maizon, D.O., Oltenacu, P.A., Gröhn, Y.T., Strawderman, R.L. & Emanuelson, U. (2004). 
Effects of diseases on reproductive performance in Swedish red and white dairy cattle. 
Preventive Veterinary Medicine 66: 113-126. 

Matton, P., Adelakoun, V., Couture, Y. & Dufour, J. (1981). Growth and replacement of the 
bovine ovarian follicles during the estrous cycle. Journal of Animal Science 52: 813-818. 

Mawhinney, S., Roche, J.F., Gosling, J.P. (1979). The effects of oestradiol benzoate (OB) and 
gonadotrophin releasing hormone (GnRH) on reproductive activity in beef cows at 
different intervals post partum. Annales de Biologie Animale, Biochimie, Biophysique 19: 
1575-1587. 

Mayne, C.S., McCoy, M.A., Lennox, S.D., Mackey, D.R., Verner, M., Catney, D.C., 
McCaughey, W.J., Wylie, A.R., Kennedy, B.W. & Gordon, F.J. (2002). Fertility of dairy 
cows in Northern Ireland. Veterinary Record 150: 707-713. 

Mulligan, F.J., O’Grady, L., Rice, D.A. & Doherty, M.A. (2006) A herd health approach to 
dairy cow nutrition and production diseases of the transition cow. Animal Reproduction 
Science 96: 331-353. 

Mulvehill, P. & Sreenan, J.M. (1977) Improvement of fertility in postpartum beef cows by 
treatment with PMSG and progestagen. Journal of Reproduction and Fertilty 50: 323-325. 

Murphy, M.G., Boland, M.P. & Roche, J.F. (1990) Pattern of follicular growth and 
resumption of ovarian activity in post-partum beef suckler cows. Journal of Reproduction 
and Fertility 90: 523-533. 

Murphy, M.G., Enright, W.J., Crowe, M.A., McConnell, K., Spicer, L.J., Boland, M.P. & 
Roche, J.F. (1991). Effect of dietary intake on pattern of growth of dominant follicles 
during the oestrous cycle in beef heifers. Journal of Reproduction and Fertilty 92 333-338. 

Regulation and Differential Secretion of Gonadotropins During  
Post Partum Recovery of Reproductive Function in Beef and Dairy Cows 121 

Myers, T.R., Myers, D.A., Gregg, D.W. & Moss, G.E. (1989). Endogenous opioid suppression 
of release of luteinizing hormone during suckling in postpartum anestrous beef cows. 
Domestic Animal Endocrinology 6: 183-190. 

Nakao, T., Tomita, M., Kanbayashi, H., Takagi, H., Abe, T., Takeuchi, Y., Ochiai, H., 
Moriyoshi, M. & Kawata, K. (1991). Comparisons of several dosages of a GnRH analog 
with the standard dose of hCG in the treatment of follicular cysts in dairy cows. 
Theriogenology 38: 137-145. 

Opsomer, G., Coryn, M., Deluyker, H., de Kruif, A. (1998). An analysis if ovarian 
dysfunction in high yielding dairy cows after calving based on progesterone profiles. 
Reproduction in Domestic Animals 33: 193-204. 

Opsomer, G., Grohn, Y.T., Hertl, J., Coryn, M., Deluyker, H. & de Kruif, A. (2000). Risk 
factors for post partum ovarian dysfunction in high producing dairy cows in Belgium: a 
field study. Theriogenology 53: 841-857. 

Overton, T.R. & Waldron, M.R. (2004). Nutritional management of transitions dairy cows: 
strategies to optimize metabolic health. Journal of Dairy Science 87: E105-E119. 

Peter, A.T., Bosu, W.T., Liptrap, R.M. & Cummings, E. (1989). Temporal changes in serum 
prostaglandin F(2alpha) and oxytocin in dairy cows with short luteal phases after the 
first postpartum ovulation. Theriogenology 32: 277-284. 

Petersson, K.J., Strandberg, E., Gustafsson, H. and Berglund, B. (2006). Environmental effects 
on progesterone profile measures of dairy cow fertility. Animal Reproduction Science 91: 
201-214. 

Rajakoski, E. (1960). The ovarian follicular system in sexually mature heifers with special 
reference to seasonal, cyclical. and left-right variations. Acta Endocrinology 51: 1-68. 

Rhodes, F.M., McDougall, S., Burke, C.R., Verkerk, G.A. and Macmillan, K.L. (2003). Invited 
review: treatment of cows with an extended postpartum anestrous interval. Journal of 
Dairy Science 86: 1876-1918. 

Richards, M.W., Wettemann, R.P. & Schoenemann, H.M. (1989). Nutritional anestrus in beef 
cows: body weight change, body condition, luteinizing hormone in serum and ovarian 
activity. Journal of Animal Science 67: 1520–1526 

Riley, G.M., Peters, A.R. and Lamming, G.E. (1981). Induction of pulsatile LH release and 
ovulation in post partum cyclic beef cows by repeated small doses of GnRH. Journal of 
Reproduction and Fertility 63: 559-565. 

Royal, M.D., Darwash, A.O., Flint, A.P.F., Webb, R., Woolliams, J.A. & Lamming, G.E. (2000) 
Declining fertility in dairy cattle: changes in traditional and endocrine parameters of 
fertility. Animal Science 70: 487-501. 

Ryan, M., Mihm, M., and Roche, J.F. (1998). Effect of GnRH given before or after dominance 
on gonadotrophin response and the fate of that follicle wave in postpartum dairy cows. 
Journal of Reproduction and Fertilty Abstract Series 21: 28. 

Sakaguchi, M., Sasamoto, Y., Suzuki, T., Takahashi, Y. and Yamada, Y. (2004). Postpartum 
ovarian follicular dynamics and estrous activity in lactating dairy cows. Journal of Dairy 
Science 87: 2114-2121. 



 
Gonadotropin 120 

Ireland, J.J. & Roche, J.F. (1987). Hypothesis regarding development of dominant follicles 
during a bovine estrous cycle. In: Roche, J.F. and O’Callaghan, D. (eds), Follicular growth 
and ovulation rate in farm animals. Martinus Nijhoff The Netherlands, pp. 1-18. 

Kyle, S.D., Callahan, C.J. & Allrich, R.D. (1992). Effect of progesterone on the expression of 
estrus at the first postpartum ovulation in dairy cattle. Journal of Dairy Science 75: 1456-
1460. 

Lamming, G.E. & Darwash, A.O. (1998). The use of milk progesterone profiles to 
characterize components of subfertility in milked dairy cows. Animal Reproduction 
Science 52: 175-190. 

LeBlanc, S.J., Duffield, T.F., Leslie, K.E., Bateman, K.G., Keefe, G.P., Walton, J.S. & Johnson, 
W.H. (2002). Defining and diagnosing postpartum clinical endometritis and its impact 
on reproductive performance in dairy cows. Journal of Dairy Science 85: 2223-2236. 

López-Gatius, F., Santolaria, P., Yániz, J., French, M. & López-Béjar, M. (2002). Risk factors 
for postpartum ovarian cysts and their spontaneous recovery or persistence in lactating 
dairy cows. Theriogenology 58: 1723-1632. 

Lowman, B.G., Scott, N.A. & Somerville S.H. (1976). Condition scoring of cattle. Review 
Edition Bulletin, East of Scotland College of Agriculture, no. 6, Scotland. 

Lucy, M.C. (2001). Reproductive loss in high-producing dairy cattle: where will it end? 
Journal of Dairy Science 84: 1277-1293. 

Maizon, D.O., Oltenacu, P.A., Gröhn, Y.T., Strawderman, R.L. & Emanuelson, U. (2004). 
Effects of diseases on reproductive performance in Swedish red and white dairy cattle. 
Preventive Veterinary Medicine 66: 113-126. 

Matton, P., Adelakoun, V., Couture, Y. & Dufour, J. (1981). Growth and replacement of the 
bovine ovarian follicles during the estrous cycle. Journal of Animal Science 52: 813-818. 

Mawhinney, S., Roche, J.F., Gosling, J.P. (1979). The effects of oestradiol benzoate (OB) and 
gonadotrophin releasing hormone (GnRH) on reproductive activity in beef cows at 
different intervals post partum. Annales de Biologie Animale, Biochimie, Biophysique 19: 
1575-1587. 

Mayne, C.S., McCoy, M.A., Lennox, S.D., Mackey, D.R., Verner, M., Catney, D.C., 
McCaughey, W.J., Wylie, A.R., Kennedy, B.W. & Gordon, F.J. (2002). Fertility of dairy 
cows in Northern Ireland. Veterinary Record 150: 707-713. 

Mulligan, F.J., O’Grady, L., Rice, D.A. & Doherty, M.A. (2006) A herd health approach to 
dairy cow nutrition and production diseases of the transition cow. Animal Reproduction 
Science 96: 331-353. 

Mulvehill, P. & Sreenan, J.M. (1977) Improvement of fertility in postpartum beef cows by 
treatment with PMSG and progestagen. Journal of Reproduction and Fertilty 50: 323-325. 

Murphy, M.G., Boland, M.P. & Roche, J.F. (1990) Pattern of follicular growth and 
resumption of ovarian activity in post-partum beef suckler cows. Journal of Reproduction 
and Fertility 90: 523-533. 

Murphy, M.G., Enright, W.J., Crowe, M.A., McConnell, K., Spicer, L.J., Boland, M.P. & 
Roche, J.F. (1991). Effect of dietary intake on pattern of growth of dominant follicles 
during the oestrous cycle in beef heifers. Journal of Reproduction and Fertilty 92 333-338. 

Regulation and Differential Secretion of Gonadotropins During  
Post Partum Recovery of Reproductive Function in Beef and Dairy Cows 121 

Myers, T.R., Myers, D.A., Gregg, D.W. & Moss, G.E. (1989). Endogenous opioid suppression 
of release of luteinizing hormone during suckling in postpartum anestrous beef cows. 
Domestic Animal Endocrinology 6: 183-190. 

Nakao, T., Tomita, M., Kanbayashi, H., Takagi, H., Abe, T., Takeuchi, Y., Ochiai, H., 
Moriyoshi, M. & Kawata, K. (1991). Comparisons of several dosages of a GnRH analog 
with the standard dose of hCG in the treatment of follicular cysts in dairy cows. 
Theriogenology 38: 137-145. 

Opsomer, G., Coryn, M., Deluyker, H., de Kruif, A. (1998). An analysis if ovarian 
dysfunction in high yielding dairy cows after calving based on progesterone profiles. 
Reproduction in Domestic Animals 33: 193-204. 

Opsomer, G., Grohn, Y.T., Hertl, J., Coryn, M., Deluyker, H. & de Kruif, A. (2000). Risk 
factors for post partum ovarian dysfunction in high producing dairy cows in Belgium: a 
field study. Theriogenology 53: 841-857. 

Overton, T.R. & Waldron, M.R. (2004). Nutritional management of transitions dairy cows: 
strategies to optimize metabolic health. Journal of Dairy Science 87: E105-E119. 

Peter, A.T., Bosu, W.T., Liptrap, R.M. & Cummings, E. (1989). Temporal changes in serum 
prostaglandin F(2alpha) and oxytocin in dairy cows with short luteal phases after the 
first postpartum ovulation. Theriogenology 32: 277-284. 

Petersson, K.J., Strandberg, E., Gustafsson, H. and Berglund, B. (2006). Environmental effects 
on progesterone profile measures of dairy cow fertility. Animal Reproduction Science 91: 
201-214. 

Rajakoski, E. (1960). The ovarian follicular system in sexually mature heifers with special 
reference to seasonal, cyclical. and left-right variations. Acta Endocrinology 51: 1-68. 

Rhodes, F.M., McDougall, S., Burke, C.R., Verkerk, G.A. and Macmillan, K.L. (2003). Invited 
review: treatment of cows with an extended postpartum anestrous interval. Journal of 
Dairy Science 86: 1876-1918. 

Richards, M.W., Wettemann, R.P. & Schoenemann, H.M. (1989). Nutritional anestrus in beef 
cows: body weight change, body condition, luteinizing hormone in serum and ovarian 
activity. Journal of Animal Science 67: 1520–1526 

Riley, G.M., Peters, A.R. and Lamming, G.E. (1981). Induction of pulsatile LH release and 
ovulation in post partum cyclic beef cows by repeated small doses of GnRH. Journal of 
Reproduction and Fertility 63: 559-565. 

Royal, M.D., Darwash, A.O., Flint, A.P.F., Webb, R., Woolliams, J.A. & Lamming, G.E. (2000) 
Declining fertility in dairy cattle: changes in traditional and endocrine parameters of 
fertility. Animal Science 70: 487-501. 

Ryan, M., Mihm, M., and Roche, J.F. (1998). Effect of GnRH given before or after dominance 
on gonadotrophin response and the fate of that follicle wave in postpartum dairy cows. 
Journal of Reproduction and Fertilty Abstract Series 21: 28. 

Sakaguchi, M., Sasamoto, Y., Suzuki, T., Takahashi, Y. and Yamada, Y. (2004). Postpartum 
ovarian follicular dynamics and estrous activity in lactating dairy cows. Journal of Dairy 
Science 87: 2114-2121. 



 
Gonadotropin 122 

Sartori, R., Haughian, J.M., Shaver, R.D., Rosa, G.J.M. and Wiltbank, M.C. (2004). 
Comparison of ovarian function and circulating steroids in estrous cycles of Holstein 
heifers and lactating cows. Journal of Dairy Science 87: 905-920. 

Savio, J.D., Boland, M.P. and Roche, J.F. (1990a). Development of dominant follicles and 
length of ovarian cycles in post-partum dairy cows. Journal of Reproduction and Fertilty 
88: 581-591. 

Savio, J.D., Boland, M.P., Hynes, N. and Roche, J.F. (1990b). Resumption of follicular activity 
in the early post-partum period of dairy cows. Journal of Reproduction and Fertilty 88: 
569-579. 

Savio, J.D., Keenan, L., Boland, M.P. and Roche, J.F. (1988). Pattern of dominant follicles 
during the oestrous cycle of heifers. Journal of Reproduction and Fertilty 83: 663-671. 

Schallenberger, E. (1985). Gonadotrophins and ovarian steroids in cattle. III. Pulsatile 
changes of gonadotrophin concentrations in the jugular vein post partum. Acta 
Endocrinology (Copenh) 109: 37-43. 

Sheldon, I.M. & Dobson, H. 2004. Postpartum uterine health in cattle. Animal Reproduction 
Science 82/83: 295-306. 

Sheldon, I.M. (2004). The postpartum uterus. Veterinary Clinics of North America Food Animal 
Practice 569-591. 

Sheldon, I.M., Noakes, D.E., Rycroft, A.N., Pfeiffer, D.U. & Dobson, H. (2002). Influence of 
uterine bacterial contamination after parturition on ovarian dominant follicle selection 
and follicle growth and function in cattle. Reproduction 123: 837-845. 

Sheldon, I.M., Williams, E.J., Miller, A.N.A., Nash, D.M. & Herath, S. (2008). Uterine 
diseases in cattle after parturition. The Veterinary Journal 176: 115-121. 

Shrestha, H.K., Nakao, T., Higaki, T., Suzuki, T. & Akita, M. (2004). Effects of abnormal 
ovarian cycles during pre-service period postpartum on subsequent reproductive 
performance of high-producing Holstein cows. Theriogenology 61: 1559-1571. 

Shrestha, H.K., Nakao, T., Higaki, T., Suzuki, T. & Akita, M. (2004). Resumption of 
postpartum ovarian cyclicity in high-producing Holstein cows. Theriogenology 61: 637-
649. 

Silveira, P.A., Spoon, R.A., Ryan, D.P. & Williams, G.L. (1993). Evidence for maternal 
behavior as a requisite link in suckling-mediated anovulation in cows. Biology of 
Reproduction 49: 1338-1346. 

Sirois, J. & Fortune, J.E. (1988). Ovarian follicular dynamics during the estrous cycle in 
heifers monitored by real-time ultrasonography. Biology of Reproduction 39: 308-317. 

Stagg, K., Diskin, M.G., Sreenan, J.M. & Roche, J.F. (1995). Follicular development in long-
term anestorus suckler beef cows fed two levels of energy postpartum. Animal 
Reproduction Science 38: 49-61. 

Stagg, K., Spicer, L.J., Sreenan, J.M., Roche, J.F. & Diskin, M.G. (1998). Effect of calf isolation 
on follicular wave dynamics, gonadotropin, and metabolic hormone changes, and 
interval to first ovulation in beef cows fed either of two energy levels postpartum. 
Biology of Reproduction 59: 777-783. 

Regulation and Differential Secretion of Gonadotropins During  
Post Partum Recovery of Reproductive Function in Beef and Dairy Cows 123 

Staples, C.R., Thatcher, W.W. & Clark, J.R. (1990). Influence of supplemental fats on 
reproductive tissues and performance of lactating cows. Journal of Dairy Science 81: 
856–871 

Sunderland, S.J., Crowe, M.A., Boland, M.P., Roche, J.F. & Ireland, J.J. (1994). Selection, 
dominance and atresia of follicles during the oestrous cycle of heifers. Journal of 
Reproduction and Fertilty 101: 547-555. 

Suzuki, C., Yoshioka, K., Iwamura, S. & Hirose, H. (2001). Endotoxin induces delayed 
ovulation following endocrine aberration during the proestrous phase in Holstein 
heifers. Domestic Animal Endocrinology 20: 267-278. 

Taylor, V.J., Beever, D.E., Bryant, M.J. & Wathes, D.C. (2003). Metabolic profiles and 
progesterone cycles in first lactation dairy cows. Theriogenology 59: 1661-1677. 

Taylor, V.J., Beever, D.E., Bryant, M.J. & Wathes, D.C. (2006). Pre-pubertal measurements of 
the somatotrophic axis as predictors of milk production in Holstein-Friesian dairy cows. 
Domestic Animal Endocrinology 31: 1-18. 

Vanholder, T., Leroy, J.L.M.R., Dewulf, J., Duchateau, L., Coryn, M., deKruif, A. and 
Opsomer, G. (2005). Hormonal and metabolic profiles of high-yielding dairy cows prior 
to ovarian cyst formation or first ovulation post-partum. Reproduction in Domestic 
Animals 40: 460-467. 

Walters, D.L., Short, R.E., Convey, E.M., Staigmiller, R.B., Dunn, T.G. & Kaltenbach, C.C. 
(1982). Pituitary and ovarian function in postpartum beef cows. II. Endocrine changes 
prior to ovulation in suckled and nonsuckled postpartum cows compared to cycling 
cows. Biology of Reproduction 26: 647-654. 

Wathes, D.C., Bourne, N., Cheng, Z., Mann, G.E., Taylor, V.J. & Coffey, M.P. (2007). Multiple 
correlation analyses of metabolic and endocrine profiles with fertility in primiparous 
and multiparous cows. Journal of Dairy Science 90: 1310-1325. 

Webb, R, Garnsworthy, P.C., Gong, J-C., Armstrong, D.G. (2004). Control of follicular 
growth: local interactions and nutritional influences. Journal of Animal Science 82: E63-
E74. 

Williams, E.J., Fischer, D.P., Noakes, D.E., England, G.C.W., Rycroft, A., Dobson, H. & 
Sheldon, I.M. (2007). The relationship between uterine pathogen growth density and 
ovarian function in the postpartum dairy cow. Theriogenology 68: 549-559. 

Williams, G.L., Mcvey, W.R. & Hunter JF, 1993: Mammary somatosensory pathways are not 
required for suckling-mediated inhibition of luteinizing hormone secretion and delay of 
ovulation of cows. Biology of Reproduction 49 1328-1337. 

Wolfenson, D., Inbar, G., Roth, Z., Kaim, M., Bloch, A. & Braw-Tal, R. (2004). Follicular 
dynamics and concentrations of steroids and gonadotropins in lactating cows and 
nulliparous heifers. Theriogenology 62: 1042-1055. 

Xu, Z.Z., Garverick, H.A., Smith, G.W., Smith, M.E., Hamilton, S.A. & Youngquist, R.S. 
(1995) Expression of follicle-stimulating hormone and luteinizing hormone receptor 
messenger ribonucleic acids in bovine follicles during the first follicular wave. Biology of 
Reproduction 52: 464-469 

Zollers, W.G. Jr., Garverick, H.A., Smith, M.F., Moffatt, R.J., Salfen, B.E., Youngquist, R.S. 
(1993) Concentrations of progesterone and oxytocin receptors in endometrium of 



 
Gonadotropin 122 

Sartori, R., Haughian, J.M., Shaver, R.D., Rosa, G.J.M. and Wiltbank, M.C. (2004). 
Comparison of ovarian function and circulating steroids in estrous cycles of Holstein 
heifers and lactating cows. Journal of Dairy Science 87: 905-920. 

Savio, J.D., Boland, M.P. and Roche, J.F. (1990a). Development of dominant follicles and 
length of ovarian cycles in post-partum dairy cows. Journal of Reproduction and Fertilty 
88: 581-591. 

Savio, J.D., Boland, M.P., Hynes, N. and Roche, J.F. (1990b). Resumption of follicular activity 
in the early post-partum period of dairy cows. Journal of Reproduction and Fertilty 88: 
569-579. 

Savio, J.D., Keenan, L., Boland, M.P. and Roche, J.F. (1988). Pattern of dominant follicles 
during the oestrous cycle of heifers. Journal of Reproduction and Fertilty 83: 663-671. 

Schallenberger, E. (1985). Gonadotrophins and ovarian steroids in cattle. III. Pulsatile 
changes of gonadotrophin concentrations in the jugular vein post partum. Acta 
Endocrinology (Copenh) 109: 37-43. 

Sheldon, I.M. & Dobson, H. 2004. Postpartum uterine health in cattle. Animal Reproduction 
Science 82/83: 295-306. 

Sheldon, I.M. (2004). The postpartum uterus. Veterinary Clinics of North America Food Animal 
Practice 569-591. 

Sheldon, I.M., Noakes, D.E., Rycroft, A.N., Pfeiffer, D.U. & Dobson, H. (2002). Influence of 
uterine bacterial contamination after parturition on ovarian dominant follicle selection 
and follicle growth and function in cattle. Reproduction 123: 837-845. 

Sheldon, I.M., Williams, E.J., Miller, A.N.A., Nash, D.M. & Herath, S. (2008). Uterine 
diseases in cattle after parturition. The Veterinary Journal 176: 115-121. 

Shrestha, H.K., Nakao, T., Higaki, T., Suzuki, T. & Akita, M. (2004). Effects of abnormal 
ovarian cycles during pre-service period postpartum on subsequent reproductive 
performance of high-producing Holstein cows. Theriogenology 61: 1559-1571. 

Shrestha, H.K., Nakao, T., Higaki, T., Suzuki, T. & Akita, M. (2004). Resumption of 
postpartum ovarian cyclicity in high-producing Holstein cows. Theriogenology 61: 637-
649. 

Silveira, P.A., Spoon, R.A., Ryan, D.P. & Williams, G.L. (1993). Evidence for maternal 
behavior as a requisite link in suckling-mediated anovulation in cows. Biology of 
Reproduction 49: 1338-1346. 

Sirois, J. & Fortune, J.E. (1988). Ovarian follicular dynamics during the estrous cycle in 
heifers monitored by real-time ultrasonography. Biology of Reproduction 39: 308-317. 

Stagg, K., Diskin, M.G., Sreenan, J.M. & Roche, J.F. (1995). Follicular development in long-
term anestorus suckler beef cows fed two levels of energy postpartum. Animal 
Reproduction Science 38: 49-61. 

Stagg, K., Spicer, L.J., Sreenan, J.M., Roche, J.F. & Diskin, M.G. (1998). Effect of calf isolation 
on follicular wave dynamics, gonadotropin, and metabolic hormone changes, and 
interval to first ovulation in beef cows fed either of two energy levels postpartum. 
Biology of Reproduction 59: 777-783. 

Regulation and Differential Secretion of Gonadotropins During  
Post Partum Recovery of Reproductive Function in Beef and Dairy Cows 123 

Staples, C.R., Thatcher, W.W. & Clark, J.R. (1990). Influence of supplemental fats on 
reproductive tissues and performance of lactating cows. Journal of Dairy Science 81: 
856–871 

Sunderland, S.J., Crowe, M.A., Boland, M.P., Roche, J.F. & Ireland, J.J. (1994). Selection, 
dominance and atresia of follicles during the oestrous cycle of heifers. Journal of 
Reproduction and Fertilty 101: 547-555. 

Suzuki, C., Yoshioka, K., Iwamura, S. & Hirose, H. (2001). Endotoxin induces delayed 
ovulation following endocrine aberration during the proestrous phase in Holstein 
heifers. Domestic Animal Endocrinology 20: 267-278. 

Taylor, V.J., Beever, D.E., Bryant, M.J. & Wathes, D.C. (2003). Metabolic profiles and 
progesterone cycles in first lactation dairy cows. Theriogenology 59: 1661-1677. 

Taylor, V.J., Beever, D.E., Bryant, M.J. & Wathes, D.C. (2006). Pre-pubertal measurements of 
the somatotrophic axis as predictors of milk production in Holstein-Friesian dairy cows. 
Domestic Animal Endocrinology 31: 1-18. 

Vanholder, T., Leroy, J.L.M.R., Dewulf, J., Duchateau, L., Coryn, M., deKruif, A. and 
Opsomer, G. (2005). Hormonal and metabolic profiles of high-yielding dairy cows prior 
to ovarian cyst formation or first ovulation post-partum. Reproduction in Domestic 
Animals 40: 460-467. 

Walters, D.L., Short, R.E., Convey, E.M., Staigmiller, R.B., Dunn, T.G. & Kaltenbach, C.C. 
(1982). Pituitary and ovarian function in postpartum beef cows. II. Endocrine changes 
prior to ovulation in suckled and nonsuckled postpartum cows compared to cycling 
cows. Biology of Reproduction 26: 647-654. 

Wathes, D.C., Bourne, N., Cheng, Z., Mann, G.E., Taylor, V.J. & Coffey, M.P. (2007). Multiple 
correlation analyses of metabolic and endocrine profiles with fertility in primiparous 
and multiparous cows. Journal of Dairy Science 90: 1310-1325. 

Webb, R, Garnsworthy, P.C., Gong, J-C., Armstrong, D.G. (2004). Control of follicular 
growth: local interactions and nutritional influences. Journal of Animal Science 82: E63-
E74. 

Williams, E.J., Fischer, D.P., Noakes, D.E., England, G.C.W., Rycroft, A., Dobson, H. & 
Sheldon, I.M. (2007). The relationship between uterine pathogen growth density and 
ovarian function in the postpartum dairy cow. Theriogenology 68: 549-559. 

Williams, G.L., Mcvey, W.R. & Hunter JF, 1993: Mammary somatosensory pathways are not 
required for suckling-mediated inhibition of luteinizing hormone secretion and delay of 
ovulation of cows. Biology of Reproduction 49 1328-1337. 

Wolfenson, D., Inbar, G., Roth, Z., Kaim, M., Bloch, A. & Braw-Tal, R. (2004). Follicular 
dynamics and concentrations of steroids and gonadotropins in lactating cows and 
nulliparous heifers. Theriogenology 62: 1042-1055. 

Xu, Z.Z., Garverick, H.A., Smith, G.W., Smith, M.E., Hamilton, S.A. & Youngquist, R.S. 
(1995) Expression of follicle-stimulating hormone and luteinizing hormone receptor 
messenger ribonucleic acids in bovine follicles during the first follicular wave. Biology of 
Reproduction 52: 464-469 

Zollers, W.G. Jr., Garverick, H.A., Smith, M.F., Moffatt, R.J., Salfen, B.E., Youngquist, R.S. 
(1993) Concentrations of progesterone and oxytocin receptors in endometrium of 



 
Gonadotropin 124 

postpartum cows expected to have a short or normal oestrous cycle. Journal of 
Reproduction and Fertilty 97: 329-337. 

Zulu, V.C., Nakao, T. & Sawamukai, Y. (2002a). Insulin-like growth factor-I as a possible 
hormonal mediator of nutritional regulation of reproduction in cattle. Journal of 
Veterinary Medical Science 64: 657-665. 

Zulu, V.C., Sawamukai, Y., Nakada, D., Kida, K. & Moriyoshi, M. (2002b). Relationship 
among insulin-like growth factor-I blood metabolites and postpartum ovarian function 
in dairy cows. Journal of Veterinary Medical Science 64: 879-885. 

Chapter 6 

 

 

 
 

© 2013 Crowe and Mullen, licensee InTech. This is an open access chapter distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Relative Roles of FSH and LH in Stimulation of 
Effective Follicular Responses in Cattle 

Mark A. Crowe and Michael P. Mullen 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/50272 

1. Introduction 

The growth development and maturation of ovarian follicles is a fundamental process for 
effective reproduction in farm animals. Initial stages of follicle growth occur independent of 
gonadotropic hormones, antral follicles then become responsive to and subsequently 
dependent on FSH. In heifers, there are usually 2-3 waves of gonadotropin dependent 
follicle growth during the estrous cycle (Ireland and Roche, 1987; Savio et al., 1988; Sirois 
and Fortune, 1988; Knopf et al., 1989) each involving emergence of the wave, selection of the 
dominant follicle (DF) and a period of dominance, followed by either atresia or ovulation of 
the DF. The objective is to review some of the data on the mechanisms of gonadotropic 
control of antral follicle growth in cattle. 

2. Pattern of follicle growth in cattle 

The pattern of follicle growth in cattle has been clearly characterized with the use of 
ultrasound. Several reports (Savio et al., 1988; Sirois and Fortune, 1988; Knopf et al., 1989; 
Ginther et al., 1989) have shown that there are either two, three or occasionally four waves 
of follicle growth during the estrous cycle of cattle. During each wave of follicle growth, a 
cohort of 2 to 5 follicles emerges to grow beyond 4 mm in diameter to medium (5-9 mm) size 
classes (emergence). From the pool of medium follicles that emerge a single follicle is 
selected to become the dominant follicle (selection). Selection is a fundamental process that 
determines the species-specific ovulation rate in females (Goodman and Hodgen, 1983) 
thereby playing a major role in determining the number of offspring born per pregnancy. 
The selected DF continues to grow in size, while other follicles in the cohort undergo atresia. 
Finally the DF will either undergo atresia (during the luteal phase) or ovulate (during the 
follicular phase). 
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3. Association between gonadotropin concentrations and follicle growth 

The initial stages of folliculogenesis occur independently of gonadotropic hormones. Antral 
follicles initially become responsive to and then dependent on FSH for their continued 
growth. In cattle, follicle growth above 4 mm in diameter is considered to be gonadotropin 
dependent (Campbell et al., 1995). 

Associated with each new wave of follicular development, FSH concentrations increase as 
emergence occurs (Adams et al., 1992; Sunderland et al., 1994; Hamilton et al., 1995). This 
transient rise in FSH concentrations occurs over a period of 1 to 2 days during emergence of 
each new wave of follicle growth (Sunderland et al., 1994; Cooke et al., 1997). Thus, in a 
typical 3-wave estrous cycle, recurrent FSH rises occur on days 0.5 to 1.5, 8 to 10, and 13.5 to 
15; each follicular wave lasts for approximately 7 days. Whereas in a 2-wave estrous cycle 
only the first two recurrent FSH rises occur; with each wave of follicular growth lasting 
approximately 10 days. The process of selection of the DF occurs during a period when FSH 
returns to nadir concentrations. It has now been clearly demonstrated that during all 
physiological states where follicle waves occur, associated transient increases in FSH 
concentrations coincide with follicle wave emergence (cyclic cattle: Adams et al., 1992; 
Sunderland et al., 1994; Cooke et al., 1997; pregnancy: Ginther et al., 1996; post-partum cows 
during anestrus: Crowe et al., 1998; and pre-pubertal heifers: Adams et al., 1994a). 

The precise pattern of pulsatile LH during each wave of follicle growth has been less clearly 
characterized. The earlier studies of Rahe et al. (1980) characterized the pattern of LH 
secretion on days 3 (early luteal), 10 or 11 (mid luteal) and 18 or 19 of the estrous cycle of 
cows. During the early luteal phase pulses were low amplitude and high frequency (20-30 
pulses / 24 h), in the mid-luteal period pulses were high amplitude and low frequency (6-8 
pulses / 24 h) and pre-ovulatory surges occurred on day 18 / 19 with high frequency and 
high amplitude pulses occurring during the surge. However, this study was performed 
before characterization of the pattern of follicular growth, so no recognition regarding stage 
of follicular development was possible. A more recent study demonstrated that LH pulse 
frequency is at a minimum during the mid-luteal phase (days 7 through 13 of the estrous 
cycle; 2.7 to 3.4 pulses per 12 h window); LH pulse amplitude increases from early (0.5 ng / 
ml) to mid luteal phase (1.04 to 1.3 ng / ml on days 8-11); subsequently decreases to 0.7 to 0.8 
ng / ml on days 12-14; and recovers to about 1.0 ng/ml from days 15 - 19 (Cupp et al., 1995). 
However, this study also failed to align animals by stage of the follicle wave before 
analyzing the LH pulse characteristics. In a study reported by Mihm et al. (1995), the pattern 
of pulsatile secretion of LH was characterized at three stages of the first DF: first day of 
dominance (day 5 of estrous cycle), end of growth phase of the first DF (day 8 of estrous 
cycle) and at emergence of the second follicle wave (loss of dominance of the first wave DF; 
day 11 of estrous cycle). LH pulse frequency decreased (p = 0.08) between day 5 and 8 (7.5 ± 
0.4 vs 5.7 ± 0.8 pulses per 12 hours) and LH pulse amplitude increased (p < 0.05) between 
days 5 and 11 (0.45 ± 0.04 vs 1.1 ± 0.2 ng /ml). These data are largely confirmed by a similar 
study (Evans et al., 1997), where LH pulse amplitude and frequency were characterized on 
days 3 or 4 (early dominance), 7 or 8 (end of growth phase) and 11, 12 or 13 (loss of 
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dominance) of the estrous cycle. LH pulse frequency was lower at the end of the growth 
phase than at early dominance, with an intermediate LH pulse frequency at loss of 
dominance; LH pulse amplitude was greater at the end of the growth phase of the first DF 
than at either early dominance or at loss of dominance. Thus, while there are good 
characterizations of the pattern of LH secretion during the estrous cycle, the relationship of 
LH pulse pattern to the stage of the follicle wave has only been characterized for the first 
wave, so the precise role of LH in controlling follicular dynamics throughout the entire 
estrous cycle remains unclear. These data, however, support the hypothesis that LH pulse 
frequency decreases once a follicle is selected to become dominant, with an associated 
increase in LH pulse amplitude; an increase in LH pulse frequency and a decrease in 
amplitude occurs when a non-ovulatory DF undergoes atresia (Roche, 1996) or both 
frequency and amplitude increase as a DF proceeds to ovulate during the follicular phase 
(Rahe et al., 1980). Further evidence for the role of increased LH pulse frequency at later 
stages of follicular development is provided by studies where dominant follicles were 
maintained for prolonged periods of time during artificial induction of luteal phases using 
low levels of progesterone, in the absence of endogenous CL, and associated increased LH 
pulse frequencies (Sirois and Fortune, 1990; Savio et al., 1993; Mihm et al., 1994). Thus the 
pattern of secretion of LH at the time when a DF is selected is responsible for determination 
of the fate of that DF. Luteal phase LH pulse frequencies allow dominant follicles to 
turnover and undergo atresia; whereas, follicular phase LH pulse frequencies are associated 
with DF that ovulate. Experimental induction of intermediary LH pulse frequencies induces 
persistent DF that maintains their physiological health for an extended time period, but 
when ovulated is associated with reduced pregnancy rates (Mihm et al., 1994). This 
reduction in pregnancy rate, associated with oocytes from persistent DF, appears to be due 
to loss of developmental competence due to premature resumption of meiosis relative to 
time of ovulation (Mihm et al., 1999). 

4. Models to study the role of gonadotropins in folliculogenesis in cattle 

While the characterization studies mentioned in the previous section relate stage of the 
estrous cycle (and / or follicle wave) to gonadotropin concentrations, little work has been 
done to demonstrate cause and effect in terms of how gonadotropins control the process of 
follicle growth. There are some appropriate in vivo models to address these fundamental 
issues. 

4.1. GnRH immunization 

GnRH immunization involves immunization of animals against GnRH conjugated to a 
carrier protein (to render it immunogenic) and then administration of this immunogen 
mixed with an adjuvant to a subcutaneous injection site. For example, Prendiville et al. 
(1995) used human serum albumin (HSA)-Cys-Gly-GnRH as immunogen in DEAE-dextran 
adjuvant injected subcutaneously as a primary and booster (28 days post primary 
immunization) immunization. Vizcarra et al. (2012) has used subcutaneous and intra dermal 
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pattern of secretion of LH at the time when a DF is selected is responsible for determination 
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turnover and undergo atresia; whereas, follicular phase LH pulse frequencies are associated 
with DF that ovulate. Experimental induction of intermediary LH pulse frequencies induces 
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when ovulated is associated with reduced pregnancy rates (Mihm et al., 1994). This 
reduction in pregnancy rate, associated with oocytes from persistent DF, appears to be due 
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4. Models to study the role of gonadotropins in folliculogenesis in cattle 

While the characterization studies mentioned in the previous section relate stage of the 
estrous cycle (and / or follicle wave) to gonadotropin concentrations, little work has been 
done to demonstrate cause and effect in terms of how gonadotropins control the process of 
follicle growth. There are some appropriate in vivo models to address these fundamental 
issues. 

4.1. GnRH immunization 

GnRH immunization involves immunization of animals against GnRH conjugated to a 
carrier protein (to render it immunogenic) and then administration of this immunogen 
mixed with an adjuvant to a subcutaneous injection site. For example, Prendiville et al. 
(1995) used human serum albumin (HSA)-Cys-Gly-GnRH as immunogen in DEAE-dextran 
adjuvant injected subcutaneously as a primary and booster (28 days post primary 
immunization) immunization. Vizcarra et al. (2012) has used subcutaneous and intra dermal 
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immunizations into the mammary gland using various conjugates (GnRH-Ovalbumin, 
GnRH human serum albumin, or GnRH- keyhole limpet hemocyanin) along with various 
adjuvants (Freunds complete, Freunds incomplete, DEAE-dextran and mineral oil) in 
various combinations. Optimal immunization responses (decent antibody titers, estrous 
cycle suppression and minimal granulomas at the injection sites) were achieved using 
GnRH-Ovalbumin as adjuvant and Freunds incomplete adjuvant in conjunction with 
DEAE-dextran. Recombinant DNA techniques to fuse GnRH to carrier proteins has also 
been used with success as part of the approach to achieving an efficacious vaccination 
protocol against GnRH (Stevens et al., 2005). Following GnRH immunization pulsatile 
secretion of LH is reduced (Adams and Adams, 1986; Prendiville et al., 1996), pituitary 
content of LH and LHRH-receptors are reduced by approximately 50% (Adams and Adams, 
1990); resulting in anestrus with follicular growth arrested at ≤ 4 mm in diameter for at least 
80 days (Prendiville et al., 1995). It has also been demonstrated that GnRH immunization 
prevents recurrent transient increases in FSH concentrations (Crowe et al., 2001a). 

Administration of 12 mg recombinant bovine FSH (rbFSH) as 24 equal doses over 6 days to 
GnRH-immunized anestrous heifers caused a significant increase in serum FSH 
concentrations (Figure 1) and emergence of 4.3 ± 1.1 medium (5-9 mm diameter) and 2.0 ± 
1.1 large (≥ 10 mm) follicles. Using a higher dose of rbFSH (24 mg administered as 16 equal 
doses over 4 days) stimulated emergence of 9.2 ± 0.9 medium and 8.4 ± 1.2 large follicles 
(Crowe et al., 2001a). However, regardless of dose of FSH used, selection of a single DF 
failed to occur. The failure of selection of a single DF in this study can be explained by either 
the lack of pulsatile LH secretion or excessive dose or duration of rbFSH treatment. 
Furthermore, growth of medium and large follicles following FSH treatment was not 
associated with any change in estradiol concentrations (Crowe et al., 2001a). The lack of 
estradiol secretion in animals where large follicles are present on the ovary is likely 
associated with the absence of LH to stimulate the synthesis of androgen precursor required 
for estradiol secretion from the granulosa cells of large healthy follicles. 

A further study was performed to determine the specific roles of FSH and LH in the process 
of follicle selection (Crowe et al., 2001b). Seventeen GnRH-immunized anestrous heifers, 
were assigned to receive either i) FSH alone (1.5 mg pFSH i.m.; Folltropin, Vetrepharm Inc., 
Ontario, Canada; every 6 hours for 48 hours), ii) pulses of LH alone (150 µg pLH; Lutropin, 
Vetrepharm Inc., Ontario, Canada; every 4 hours for 132 hours) or iii) a combination of FSH 
and LH (at the same doses and schedules as in treatments (i) and (ii), respectively). Ovaries 
were collected following slaughter 134 - 137 hours after initiation of gonadotropin 
treatments. Heifers treated with FSH and LH grew substantial numbers of medium and 
estrogen active large follicles (some of which had associated aromatase activity), those 
treated with FSH alone grew large numbers of medium sized follicles, but much fewer large 
follicles (Table 1) and those treated with LH alone grew no follicles greater than 4 mm in 
diameter. Serum estradiol concentrations were 10- to 14-fold higher in heifers treated with 
both pFSH and pLH than in heifers treated with either pFSH alone or pLH alone (Figure 2). 
Follicular fluid taken from heifers treated with a combination of pFSH and pLH had E2  
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Figure 1. Mean ± SEM FSH concentrations in GnRH-immunized anestrous heifers treated with either 
saline  4 x/d for 4 d (n = 5), 0.5 mg equivalent (USDA bFSH BP 1) of recombinant bovine FSH (rbFSH) 4 
x/d for 6 d (n = 6; 12 mg in total; LOW FSH) or 1.5 mg rbFSH 4 x/d for 4 d (n = 5; 24 mg in total; HIGH 
FSH). Line with P value indicates period during which a significant elevation above pre-treatment 
baseline occurred (Modified and reprinted with permission, Animal Science, Crowe et al., 2001a). 
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Figure 1. Mean ± SEM FSH concentrations in GnRH-immunized anestrous heifers treated with either 
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Figure 2. Changes in mean ± SEM serum concentrations of a) FSH and b) estradiol in GnRH-immunized 
anestrous heifers treated with pFSH alone (1.5 mg porcine FSH; pFSH; injected i.m. 4 x/d for 2d), pLH 
alone (150 µg pLH infused i.v. 6 x/d for 6d) or pFSH and pLH (combination of FSH alone and LH alone 
treatments; reprinted with permission from Biology of Reproduction, Crowe et al., 2001b).  

(a) 

(b) 
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 Medium Follicles  Large Follicles 
Day pFSH pFSH+pLH pFSH pFSH+pLH 
-1 0 0 0 0 
0 0 0 0 0 
1 0 1.0 ± 0.6 0 0 
2 5.0 ± 1.4a 11.7 ± 2.6b 0 0.2 ± 0.2 
3 7.2 ± 2.7 12.2 ± 2.6 0.6 ± 0.4a 7.5 ± 2.4b 
4 4.0 ± 2.0 5.4 ± 2.2 2.4 ± 1.0a 13.0 ± 4.4b 
5 3.4 ± 1.5 5.8 ± 2.0 3.4 ± 1.1a 12.7 ± 3.2b 
6 2.8 ± 1.0 3.5 ± 1.2 4.4 ± 1.6a 14.8 ± 3.0b 

Table 1. Mean ± SEM number of medium (5-9 mm) and large (≥ 10 mm) sized follicles, detected by 
daily ultrasonography, in GnRH-immunized anestrous heifers treated with pFSH alone (1.5 mg porcine 
FSH; pFSH; injected i.m. 4 x/d for 2d) or both pFSH and pLH (FSH as for FSH alone and 150 µg pLH 
infused i.v. 6 x/d for 6d). Heifers treated with pLH alone (150 µg pLH infused i.v. 6 x/d for 6d) failed to 
grow follicles > 4 mm in diameter (Crowe et al., 2001b). a,bMeans, within follicle class and rows, with 
different superscripts are different (P < 0.05 for medium follicles; P < 0.01 for large follicles). 

concentrations and E2:P4 ratios that were highly correlated with aromatase activity. This 
was not the case with follicular fluid taken from heifers treated with pFSH alone. In the 
study of Crowe et al. (2001b) the dose of FSH used and/or the pattern of administration of 
LH was still inappropriate to induce physiological selection of a single DF, despite 
stimulating follicles that were estrogen active using a combination of both FSH and LH. 
The lack of ability to achieve normal DF selection may reflect an excessive dose of FSH 
used or an inappropriate pattern of LH infusion. In a further study using GnRH-
immunized anestrous heifers administered a lower dose of FSH (1 mg oFSH i.m.; Ovagen, 
ICP, Auckland, New Zealand; every 6 hours for 30 hours) which gave rise to a transient 
increase in serum FSH concentration which was similar in both amplitude (although 
marginally higher peak concentrations were attained) and duration to that seen in cyclic 
animals (Figure 3a; DJ Cooke and MA Crowe, unpublished observations). A second 
treatment group received the same dose of FSH coupled with pulses of LH (50 mg pLH; 
Lutropin; every hour for 48 or 96 hours) generating a high frequency, low amplitude LH 
pulse pattern similar to that seen during the follicular phase of the normal estrous cycle. A 
greater (p < 0.05) number of animals treated with FSH and LH produced large follicles (8-
12 mm size class) compared with those treated with FSH alone (10/14 vs. 4/14 
respectively). As with the previous study (Crowe et al., 2001b) an increase in serum 
estradiol concentrations was observed in response to FSH and LH treatment compared 
with controls or with the FSH only group (Figure 3b). Interestingly, the dynamics of this 
increase in serum estradiol were very similar to that seen during the early luteal phase of 
the cyclic heifer (Cooke et al., 1997), following emergence of the first follicle wave and 
selection of the first dominant follicle. Intriguingly, despite an almost "ideal" 
physiological gonadotropin treatment, and indeed a near perfect follicular response in 
terms of cohort emergence and presumably activation of steroid biosynthesis, as 
evidenced by the increase in serum estradiol, a morphologically dominant follicle (as 
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12 mm size class) compared with those treated with FSH alone (10/14 vs. 4/14 
respectively). As with the previous study (Crowe et al., 2001b) an increase in serum 
estradiol concentrations was observed in response to FSH and LH treatment compared 
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previously defined, Cooke et al., 1997) was not formed. This may indicate that either i) 
further manipulation of the replacement pattern of FSH may be required to more 
precisely mimic a normal recurrent FSH increase in terms of the peak amplitude, the 
declining phase and / or the nadir pattern of FSH attained, or ii) perhaps a vital "selection 
factor" has not been provided through mere replacement of gonadotropin support. 

4.2. GnRH analogue administration 

Similar to GnRH immunization, chronic GnRH agonist administration (Gong et al., 1995) 
prevents pulsatile release of LH. However, the effect of GnRH agonist on FSH 
concentrations is variable depending on the treatment regime used. Chronic treatment 
with 5 or 10 µg buserelin (a GnRH analog) twice a day for 21 days blocks pulsatile LH, 
but maintains elevated FSH concentrations with follicles progressing to 7-9 mm in 
diameter (Gong et al., 1995). Furthermore, extended treatment with buserelin infused for a 
48-day period using a 28-day minipump followed by replacement with a second 
minipump for a further 20 days resulted in a reduction of FSH concentrations following 
insertion of the second minipump and prevention of follicle growth above 4 mm in 
diameter (Gong et al., 1996). This approach to suppressing gonadotropin secretion from 
the anterior pituitary gland is more acute than GnRH immunization, but for long-term 
studies it has the limitation of requiring continuous administration of the GnRH agonist. 
To date, no studies in the literature are reported where various combinations of 
gonadotropin hormones have been replaced to cattle treated with this method of 
achieving a gonadotropin deficient model. 
 

 
 

Figure 3. Mean ± SEM serum FSH (a) and estradiol (b) concentrations in GnRH-immunized anestrous 
heifers treated with either saline, FSH (1 mg ovine FSH i.m. every 6 hours for 30 hours; panel b only) or 
FSH and pulsatile LH (50 mg porcine LH every hour for 96 hours; DJ Cooke and MA Crowe, 
unpublished observations).  
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4.3. Requirement for LH to stimulate androgens and ovulation in post-partum 
anestrus cows 

Post-partum beef cows are an interesting model for study of the mechanisms by which FSH 
and LH interact to control folliculogenesis. It is now clear that, during post-partum anestrus, 
recurrent, non-ovulatory follicle waves occur. In cows in good body condition score (BCS) 
there are typically two non-ovulatory waves of follicle growth before ovulation occurs 
(Murphy et al., 1990; Crowe et al., 1993), whereas cows in poor BCS have a mean of 9.6 ± 1.2 
non-ovulatory follicle waves post-partum before ovulation occurs (Stagg et al., 1995). This 
lack of ovulation of dominant follicles in post-partum beef cows is associated with a lack of 
LH pulses, assumed to be required to induce sufficient androgen precursor for FSH 
stimulated estradiol secretion and subsequently a pre-ovulatory gonadotropin surge and 
ovulation (Crowe, 2008). 

The first post-partum DF is capable of ovulating provided a sufficient gonadotropin 
signal is available. Crowe et al. (1993) demonstrated that administration of 20 µg 
Buserelin during the growing/plateau phase of the first postpartum DF in beef cows will 
induce it to ovulate. Thus, to test the hypothesis that failure of ovulation of dominant 
follicles during post-partum anestrus in beef cows is due to inadequate LH pulse 
frequency to stimulate androgen precursor for estradiol synthesis, Duffy et al. (1998) 
assigned post-partum beef cows to receive either saline, 50 or 100 µg pLH hourly 
(administration via pulse infusion pumps) for 3 days commencing on the second day of 
dominance of the first post-partum DF. In 3 of 7 cows receiving 100 µg pLH / hour, 
ovulation of the first post-partum DF occurred. This result suggests that if sufficient LH is 
present to stimulate androgen precursor for FSH-induced estradiol production, a positive 
feedback effect of estradiol on GnRH release can occur, causing an LH surge and hence 
ovulation of the first DF post-partum. The inconsistent response may be due to a number 
of possible factors: i) the time of initiation of LH pulses (second day of dominance) may 
be borderline; ii) the dose of LH may have been inadequate to stimulate sufficient 
estradiol secretion in some animals or iii) the fact that porcine LH was used in this study 
rather than bovine LH may have resulted in a lower biopotency of the LH administered 
than predicted from the dose used. In any event, this study helps confirm the hypothesis 
that failure of ovulation of early dominant follicles during the post-partum period of beef 
cows is due to inadequate secretion of LH. 

Alternatively studies using nutritional restriction to induce a state of anestrus in cows and 
then subsequent administration of GnRH has be used to determine the appropriate GnRH 
pulse frequency to stimulate LH, FSH and ovarian follicular responses. Pulsatile infusion of 
GnRH once every hour induced ovulation in 6 of 8 nutritionally anestrous cows, whereas 
continuous infusion of the equivalent amout of GnRH or infusion of a GnRH pulse every 4 
hours was much less effective at stimulating resumption of ovulation (Vizcarra et al., 1997). 
In a further study using nutritionally restricted ovariectomized cows, pulsatile infusion of 2 
µg GnRH at a low frequency (once per 4 h) predominantly stimulated LH release only, 
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where as pulsatile infusion of 2 µg GnRH every hour stimulated LH and FSH. At higher 
doses of GnRH (4 µg) a downregulation of the LH and FSH responses occurred with LH 
and FSH release only occurring on the 1st and 3rd days of treatment (Vizcarra et al., 1999). 
These studies suggest that concentrations of LH and FSH in blood of cows, and the ratio of 
LH to FSH, can be altered by the frequency and amount of GnRH stimulation. Changes in 
the ratio of LH to FSH that occur in cows in different physiological states may be due to the 
frequency that GnRH pulses are released from the hypothalamus. Furthermore the ability to 
induce follicle growth and ovulation is dependent on the pattern and frequency of GnRH 
pulses and the concomitant effect on differential secretion of LH and FSH. 

4.4. Delayed follicle selection 

Adams et al. (1993) and Mihm et al. (1997) demonstrated that administration of FSH, 
before the end of selection, delays the end of selection and attainment of dominance by 1.5 
days. Indeed Mihm et al. (1997) concluded that exogenous FSH administered in 
physiological amounts on days 2 and 3 of the estrous cycle of cattle delayed selection of 
the first DF and atresia of subordinate follicles and blocked most of the alterations in 
intrafollicular hormones and growth factors that normally occur during the selection 
process. These data support the hypothesis that the decline in FSH concentrations to basal 
levels, following an FSH increase, causes the diverse alterations in FSH-dependent growth 
factors and hormones within the cohort of pre-selection follicles that lead to the end of the 
selection process and thus is responsible for differentially inducing both continued 
growth and enhanced estradiol-producing capacity of the DF and atresia of the 
subordinate follicles in the cohort. 

5. Superovulation in cattle 

Superovulation is used as part of commercial multiple ovulation and embryo transfer 
(MOET) programs as the major method to produce embryos as part of cattle breeding 
improvement. Superovulatory responses are highly variable ranging from 2 to 80 
ovulations and producing 0 to 60 blastocysts following non-surgical flushing. Various 
factors contribute to the variability in response to superovulatory treatments. These 
include choice of gonadotropin, animal condition and health, follicle population 
associated with each wave emergence, presence or absence of a dominant follicle at the 
time of initiation of gonadotropin treatment, and presence or absence of a CL while 
treating with FSH.  

The options for gonadotropins for use with superovulation in cattle is really between FSH 
products or equine chorionic gonadotropin (eCG). FSH has a relatively short half-life and 
must be administered as twice daily injections over 4 days. eCG is predominantly FSH like 
in action, but has a longer half life and therefore a single injection is sufficient. One problem 
with eCG is that the prolonged half life can mean that residual FSH activity continues to 
stimulate follicle growth after ovulation occurs. This has a negative effect on fertilization 
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rate and/or zygote development (likely due to the high estradiol concentrations from these 
additional growing follicles). For this reason eCG gives high variability when used for 
superovulation. Therefore repeated FSH injections are generally the preferred treatment to 
use in cattle. 

Traditionally superovulation treatments commenced between days 8 and 12 post estrus. 
This required synchronization of estrus and then commencing gonadotropin treatment 8 
to 12 days after the onset of estrus. Generally the protocols required observation for the 
synchronized estrus so that day of commencement of treatment was accurately 
determined. The initiation of superovulation treatment on days 8 to 12 was considered to 
be optimal. But the mechanisms as to why were not understood. None of the early studies 
actually monitored follicular status as this work was generally completed before the 
advent of ultrasound scanning of ovaries for follicle structures. With the advent of 
transrectal ultrasonography in the late 1980s studies have characterized the pattern of 
follicular growth throughout the estrous cycle in cattle (Savio et al., 1988; Knopf et al., 
1989; Sirois and Fortune 1988). Days 8 to 12 coincides with emergence of the second 
follicular wave, and the FSH used for ovarian stimulation augments the spontaneous FSH 
rise that stimulates emergence of the second follicular wave of the cycle (reviewed by Bo 
et al., 1995). However the precise day of emergence of the second follicular wave is 
actually dependent on whether the animal has 2 or 3 waves of follicles per cycle. With 
animals having a 3 wave cycle the day of emergence of the second wave is typically 1-2 
days  earlier (ie day 7 / 8 of the cycle) than those having a 2-wave cycle (ie days 9/10 of the 
cycle). It has been clearly shown that initiation of the gonadotropin treatment for 
superovulation at follicle wave emergence gives a better response than at a later stage of 
follicle wave development (Adams et al., 1994; Nasser et al., 1993). Starting the FSH 
treatment as little as one day after emergence of the wave reduced the superovulatory 
response compared with commencement on the day of follicle wave emergence (Adams et 
al., 1994b; Nasser et al., 1993). 

One approach to manipulating the time of follicle wave emergence is to ablate all follicles 
(≥5mm diameter) across both ovaries by transvaginal ultrasound guided follicle 
aspiration. Then superovulation treatment with gonadotropin can commence 1-2 days 
later at the time of emergence of the next follicle wave (Baracaldo et al., 2000; Bergfelt et 
al., 1997). This treatment is quite difficult to implement routinely on farm. Therefore 
manipulation of follicle waves by hormonal treatments is preferered. Estradiol treatment 
at the commencement of a progesterone based treatment (CIDR or PRID) will suppress 
FSH and allow FSH to rebound to stimulate follicle wave emergence 48-72 h after 
administration of estradiol (Lane et al., 2000). However use of estradiol as part of an 
estrous synchronization program in cattle is now not permitted in many countries (Lane 
et al., 2008). While GnRH may be used to control follicle waves at the start of a 
progesterone based treatment, it will only have an effect if there is a healthy dominant 
follicle (≥10 mm) at the time of GnRH administration, so this is not an ideal option (Lane 
et al., 2008) to regulate follicle waves before commencement of a superovulatory 
treatment. 
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rate and/or zygote development (likely due to the high estradiol concentrations from these 
additional growing follicles). For this reason eCG gives high variability when used for 
superovulation. Therefore repeated FSH injections are generally the preferred treatment to 
use in cattle. 

Traditionally superovulation treatments commenced between days 8 and 12 post estrus. 
This required synchronization of estrus and then commencing gonadotropin treatment 8 
to 12 days after the onset of estrus. Generally the protocols required observation for the 
synchronized estrus so that day of commencement of treatment was accurately 
determined. The initiation of superovulation treatment on days 8 to 12 was considered to 
be optimal. But the mechanisms as to why were not understood. None of the early studies 
actually monitored follicular status as this work was generally completed before the 
advent of ultrasound scanning of ovaries for follicle structures. With the advent of 
transrectal ultrasonography in the late 1980s studies have characterized the pattern of 
follicular growth throughout the estrous cycle in cattle (Savio et al., 1988; Knopf et al., 
1989; Sirois and Fortune 1988). Days 8 to 12 coincides with emergence of the second 
follicular wave, and the FSH used for ovarian stimulation augments the spontaneous FSH 
rise that stimulates emergence of the second follicular wave of the cycle (reviewed by Bo 
et al., 1995). However the precise day of emergence of the second follicular wave is 
actually dependent on whether the animal has 2 or 3 waves of follicles per cycle. With 
animals having a 3 wave cycle the day of emergence of the second wave is typically 1-2 
days  earlier (ie day 7 / 8 of the cycle) than those having a 2-wave cycle (ie days 9/10 of the 
cycle). It has been clearly shown that initiation of the gonadotropin treatment for 
superovulation at follicle wave emergence gives a better response than at a later stage of 
follicle wave development (Adams et al., 1994; Nasser et al., 1993). Starting the FSH 
treatment as little as one day after emergence of the wave reduced the superovulatory 
response compared with commencement on the day of follicle wave emergence (Adams et 
al., 1994b; Nasser et al., 1993). 

One approach to manipulating the time of follicle wave emergence is to ablate all follicles 
(≥5mm diameter) across both ovaries by transvaginal ultrasound guided follicle 
aspiration. Then superovulation treatment with gonadotropin can commence 1-2 days 
later at the time of emergence of the next follicle wave (Baracaldo et al., 2000; Bergfelt et 
al., 1997). This treatment is quite difficult to implement routinely on farm. Therefore 
manipulation of follicle waves by hormonal treatments is preferered. Estradiol treatment 
at the commencement of a progesterone based treatment (CIDR or PRID) will suppress 
FSH and allow FSH to rebound to stimulate follicle wave emergence 48-72 h after 
administration of estradiol (Lane et al., 2000). However use of estradiol as part of an 
estrous synchronization program in cattle is now not permitted in many countries (Lane 
et al., 2008). While GnRH may be used to control follicle waves at the start of a 
progesterone based treatment, it will only have an effect if there is a healthy dominant 
follicle (≥10 mm) at the time of GnRH administration, so this is not an ideal option (Lane 
et al., 2008) to regulate follicle waves before commencement of a superovulatory 
treatment. 
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An alternative strategy is to initiate the superovulatory treatment at the start of a 
synchronized cycle (day 1 after estrus) when the first follicle wave is emerging, but requires 
use of a CIDR device to be inserted during the gonadotropin treatments, and PGF 
treatments on day 4 (pm) and day 5 (am). This treatment strategy was reviewed by Bo et al. 
(2008), and provides an acceptable alternative where estrus observation is not going to be 
done to aid with superovulation by the conventional approach of initiating FSH treatment 
on days 10 – 12 of a previously synchronized cycle.  

It has been shown that following the administration of an experimental GnRH agonist in 
cattle, follicles grew to ~8 mm in diameter, when pulsatile LH release was inhibited, and to 
~4 mm in diameter, when both FSH release and LH pulses were inhibited (Gong et al., 1996; 
section 4.2 this chapter). Similarly, when an anti-GnRH vaccine was administered 
(Prendiville et al., 1995; Crowe et al., 2001a; Crowe et al., 2001b; section 4.1 this chapter), 
follicles grew to 3 mm, but not larger. The growth of follicles to a larger size resumed upon 
treatment with exogenous FSH and their growth rate in response to exogenous FSH was 
similar to controls (Crowe et al., 2001a), but with FSH treatment alone the follicles were not 
estrogen active (Crowe et al., 2001b). Stimulation with a combination of FSH and pulsatile 
LH stimulated estrogen active follicles to grow (Crowe et al., 2001b), and this would be an 
appropriate strategy for superovulation. Both approaches provides for the possibility of 
preparing donor cows that are in a constant state of readiness with follicles that never 
achieve dominance unless exogenous gonadotropins are administered. 

D’Occhio et al. (1997) developed a model in which two implants impregnated with the 
GnRH agonist, deslorelin, were inserted to desensitize the pituitary gland to GnRH and 
block the endogenous LH surge. Each implant released 20 mg of deslorelin per 24 h. Seven 
days after treatment at random stages of the estrous cycle, superstimulatory FSH treatments 
were initiated and 2 days later PGF2α was administered; 60 h after the PGF2α treatment, 
ovulation was induced with an injection of pLH (D’Occhio et al., 1997). This treatment 
protocol was compared with the EB-CIDR superstimulation protocol in Nelore cows and the 
number of transferable embryos did not differ (Barros and Nogueira, 2001). Unfortunately, 
deslorelin implants are not commercially available for use in cattle. 

6. Conclusions 

In conclusion, the mechanisms by which FSH and LH control follicle growth in cattle are 
complex. Recent models have started to tease apart some of the mechanisms involved. 
Certainly emergence of follicles > 4 mm in size is FSH dependent and the subsequent fate of 
selected dominant follicles is dependent on the LH environment present during the 
dominance phase. Growth of normal estrogen-active follicles beyond 8-9 mm in size is 
dependent on the presence of adequate LH. Normal luteal phase LH pulse frequencies / 
amplitudes are required to cause DF turnover (atresia of DF); increased LH pulse 
frequencies maintained by the presence of continuous progestogens (in the absence of a 
corpus luteum) will maintain estrogen-active DF for an extended period of time; and 
follicular phase LH pulse frequencies stimulate final maturation and ovulation of DF. 
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The precise mechanisms by which follicles achieve the capacity to be selected to become 
dominant, while subordinates undergo atresia in the face of declining FSH concentrations 
is still somewhat unclear. However, it can be hypothesized that the follicle destined to 
become dominant maintains an ability to grow in the presence of declining FSH 
concentrations due to a number of possible mechanisms: i) increased bioavailability of 
insulin-like growth factor-I (IGF-I) in that follicle due to reduced total IGF-I binding 
protein activity (Mihm et al., 1997; Stewart et al., 1996; Canty et al., 2006); ii) expression of 
LH-receptor messenger RNA (Bao et al., 1997) and LH-receptors (Ireland and Roche, 1983) 
in granulosa cells of that follicle rendering it more responsive to LH than other follicles in 
the cohort. Further use of the models discussed in this paper along with identification of 
expression of key genes involved with these processes should provide further insights in 
the near future. 

Gonadotropin treatments to achieve superovulation are best achieved when administered at 
the time of emergence of a follicle wave. While strategies have been developed to facilitate 
this, precise protocols that minimize the need for observation of estrous behavior and 
achieving optimal superovulatory responses are still being developed. 

Author details 

Mark A. Crowe* and Michael P. Mullen 
School of Veterinary Medicine, University College Dublin, Ireland 

7. References 

Adams, G.P., Matteri, R.L., Kastelic, J.P., Ko, J.C.H, & Ginther, O.J. (1992). Association 
between surges of follicle-stimulating hormone and the emergence of follicular waves 
in heifers. Journal of Reproduction and Fertility 94: 177-188. 

Adams, T.E. & Adams, B.M. (1986). Gonadotrope function in ovariectomized ewes actively 
immunized against gonadotropin-releasing hormone (GnRH). Biology of Reproduction 
35: 360-367. 

Adams, T.E. & Adams, B.M. (1990). Reproductive function and feedlot performance of 
beef heifers actively immunized against GnRH. Journal of Animal Science 68: 2793-
2802. 

Adams, G.P., Kot, K., Smith, C.A. & Ginther, O.J. (1993). Selection of a dominant follicle 
and suppression of follicular growth in heifers. Animal Reproduction Science 30: 259-
271. 

Adams, G.P., Evans, A.C.O. & Rawlings, N.C. (1994a). Follicular waves and circulating 
gonadotrophins in 8-month-old prepubertal heifers. Journal of Reproduction and Fertility 
100: 27-33. 

                                                                 
* Corresponding Author 



 
Gonadotropin 136 

An alternative strategy is to initiate the superovulatory treatment at the start of a 
synchronized cycle (day 1 after estrus) when the first follicle wave is emerging, but requires 
use of a CIDR device to be inserted during the gonadotropin treatments, and PGF 
treatments on day 4 (pm) and day 5 (am). This treatment strategy was reviewed by Bo et al. 
(2008), and provides an acceptable alternative where estrus observation is not going to be 
done to aid with superovulation by the conventional approach of initiating FSH treatment 
on days 10 – 12 of a previously synchronized cycle.  

It has been shown that following the administration of an experimental GnRH agonist in 
cattle, follicles grew to ~8 mm in diameter, when pulsatile LH release was inhibited, and to 
~4 mm in diameter, when both FSH release and LH pulses were inhibited (Gong et al., 1996; 
section 4.2 this chapter). Similarly, when an anti-GnRH vaccine was administered 
(Prendiville et al., 1995; Crowe et al., 2001a; Crowe et al., 2001b; section 4.1 this chapter), 
follicles grew to 3 mm, but not larger. The growth of follicles to a larger size resumed upon 
treatment with exogenous FSH and their growth rate in response to exogenous FSH was 
similar to controls (Crowe et al., 2001a), but with FSH treatment alone the follicles were not 
estrogen active (Crowe et al., 2001b). Stimulation with a combination of FSH and pulsatile 
LH stimulated estrogen active follicles to grow (Crowe et al., 2001b), and this would be an 
appropriate strategy for superovulation. Both approaches provides for the possibility of 
preparing donor cows that are in a constant state of readiness with follicles that never 
achieve dominance unless exogenous gonadotropins are administered. 

D’Occhio et al. (1997) developed a model in which two implants impregnated with the 
GnRH agonist, deslorelin, were inserted to desensitize the pituitary gland to GnRH and 
block the endogenous LH surge. Each implant released 20 mg of deslorelin per 24 h. Seven 
days after treatment at random stages of the estrous cycle, superstimulatory FSH treatments 
were initiated and 2 days later PGF2α was administered; 60 h after the PGF2α treatment, 
ovulation was induced with an injection of pLH (D’Occhio et al., 1997). This treatment 
protocol was compared with the EB-CIDR superstimulation protocol in Nelore cows and the 
number of transferable embryos did not differ (Barros and Nogueira, 2001). Unfortunately, 
deslorelin implants are not commercially available for use in cattle. 

6. Conclusions 

In conclusion, the mechanisms by which FSH and LH control follicle growth in cattle are 
complex. Recent models have started to tease apart some of the mechanisms involved. 
Certainly emergence of follicles > 4 mm in size is FSH dependent and the subsequent fate of 
selected dominant follicles is dependent on the LH environment present during the 
dominance phase. Growth of normal estrogen-active follicles beyond 8-9 mm in size is 
dependent on the presence of adequate LH. Normal luteal phase LH pulse frequencies / 
amplitudes are required to cause DF turnover (atresia of DF); increased LH pulse 
frequencies maintained by the presence of continuous progestogens (in the absence of a 
corpus luteum) will maintain estrogen-active DF for an extended period of time; and 
follicular phase LH pulse frequencies stimulate final maturation and ovulation of DF. 

 
Relative Roles of FSH and LH in Stimulation of Effective Follicular Responses in Cattle 137 

The precise mechanisms by which follicles achieve the capacity to be selected to become 
dominant, while subordinates undergo atresia in the face of declining FSH concentrations 
is still somewhat unclear. However, it can be hypothesized that the follicle destined to 
become dominant maintains an ability to grow in the presence of declining FSH 
concentrations due to a number of possible mechanisms: i) increased bioavailability of 
insulin-like growth factor-I (IGF-I) in that follicle due to reduced total IGF-I binding 
protein activity (Mihm et al., 1997; Stewart et al., 1996; Canty et al., 2006); ii) expression of 
LH-receptor messenger RNA (Bao et al., 1997) and LH-receptors (Ireland and Roche, 1983) 
in granulosa cells of that follicle rendering it more responsive to LH than other follicles in 
the cohort. Further use of the models discussed in this paper along with identification of 
expression of key genes involved with these processes should provide further insights in 
the near future. 

Gonadotropin treatments to achieve superovulation are best achieved when administered at 
the time of emergence of a follicle wave. While strategies have been developed to facilitate 
this, precise protocols that minimize the need for observation of estrous behavior and 
achieving optimal superovulatory responses are still being developed. 

Author details 

Mark A. Crowe* and Michael P. Mullen 
School of Veterinary Medicine, University College Dublin, Ireland 

7. References 

Adams, G.P., Matteri, R.L., Kastelic, J.P., Ko, J.C.H, & Ginther, O.J. (1992). Association 
between surges of follicle-stimulating hormone and the emergence of follicular waves 
in heifers. Journal of Reproduction and Fertility 94: 177-188. 

Adams, T.E. & Adams, B.M. (1986). Gonadotrope function in ovariectomized ewes actively 
immunized against gonadotropin-releasing hormone (GnRH). Biology of Reproduction 
35: 360-367. 

Adams, T.E. & Adams, B.M. (1990). Reproductive function and feedlot performance of 
beef heifers actively immunized against GnRH. Journal of Animal Science 68: 2793-
2802. 

Adams, G.P., Kot, K., Smith, C.A. & Ginther, O.J. (1993). Selection of a dominant follicle 
and suppression of follicular growth in heifers. Animal Reproduction Science 30: 259-
271. 

Adams, G.P., Evans, A.C.O. & Rawlings, N.C. (1994a). Follicular waves and circulating 
gonadotrophins in 8-month-old prepubertal heifers. Journal of Reproduction and Fertility 
100: 27-33. 

                                                                 
* Corresponding Author 



 
Gonadotropin 138 

Adams, G.P.,  Nasser L.F., Bo, G.A., Mapletoft, R.J., Garcia, A, Del Campo, M.R. (1994b). 
Superstimulatory response of ovarian follicles of wave 1 versus wave 2 in heifers. 
Theriogenology 42: 1103-1113. 

Baracaldo, M.I., Martinez, M., Adams, G.P. & Mapletoft R.J. 2000. Superovulatory 
response following transvaginal follicle ablation in cattle. Theriogenology 53: 1239-
1250. 

Bao, B., Garverick, H.A., Smith, G.W., Smith, M.F., Salfen, B.E. & Youngquist, R.S. (1997). 
Changes in messenger ribonucleic acid encoding luteinizing hormone receptor, 
cytochrome P450-side chain cleavage, and aromatase are associated with recruitment 
and selection of bovine ovarian follicles. Biology of Reproduction 56: 1158-1168. 

Barros, C.M. and Nogueira, M.F.G. (2001). Embryo transfer in Bos indicus cattle. 
Theriogenology 56: 1483-1496. 

Bergfelt, D.R., Bo, G.A., Mapletoft R.J. & Adams, G.P. (1997). Superovulatory response 
following ablation-induced follicular wave emergence at random stages of the oestrous 
cycle in cattle. Animal Reproduction Science 49: 1-12. 

Bo, G.A., Adams, G.P., Pierson, R.A. & Mapletoft, R.J. (1995). Exogenous control of follicular 
wave emergence in cattle. Theriogenology 43: 31-40. 

Bo, G.A., Guerrero, D.C. & Adams, G.P. (2008). Alternative approaches to setting up donar 
cows for superstimulation. Theriogenology 69: 81-87. 

Campbell, B.K., Scaramuzzi, R.J. & Webb, R. (1995). Control of antral follicle development 
and selection in sheep and cattle. Journal of Reproduction and Fertility Supplement 49: 
335-350. 

Canty, M.J., Boland, M.P., Evans, A.C.O. & Crowe, M.A. (2006). Alterations in follicular 
IGFBP-2, -3 and –4 mRNA expression and intrafollicular IGFBP concentrations 
during the first follicle wave in beef heifers. Animal Reproduction Science 93: 199-217. 

Cooke, D.J., Crowe, M.A. and Roche, J.F. (1997). Circulating FSH isoform patterns during 
recurrent increases in FSH throughout the oestrous cycle of heifers. Journal of 
Reproduction and Fertility 110: 339-345. 

Crowe, M.A. (2008). Resumption of ovarian cyclicity in postpartum beef and dairy cows. 
Reproduction in Domestic Animals 43 (Suppl. 5): 20-28. 

Crowe, M.A., Goulding, D., Baguisi, A., Boland, M.P. & Roche, J.F. (1993). Induced ovulation 
of the first postpartum dominant follicle in beef suckler cows using a GnRH analogue. 
Journal of Reproduction and Fertility 99: 551-555. 

Crowe, M.A., Padmanabhan, V., Mihm, M., Beitins, I.Z. & Roche, J.F. (1998). Resumption of 
follicular waves in beef cows is not associated with periparturient changes in follicle-
stimulating hormone heterogeneity despite major changes in steroid and luteinizing 
hormone concentrations. Biology of Reproduction 58, 1445-1450. 

Crowe, M.A., Enright, W.J., Boland, M.P. & Roche, J.F. (2001a). Follicular growth and serum 
follicle-stimulating hormone (FSH) responses to recombinant bovine FSH in GnRH-
immunized heifers. Animal Science 73: 115-122. 

 
Relative Roles of FSH and LH in Stimulation of Effective Follicular Responses in Cattle 139 

Crowe, M.A., Kelly, P., Driancourt, M.A., Boland, M.P. & Roche, J.F. (2001b). Effects of FSH 
with and without LH on serum hormone concentrations, follicle growth and intra-
follicular estradiol and aromatase activity in GnRH-immunized heifers. Biology of 
Reproduction 64: 368-374. 

Cupp, A.S., Stumpf, T.T., Kojima, F.N., Werth, L.A., Wolfe, M.W., Roberson, M.S., Kittok, 
R.J. & Kinder, J.E. (1995). Secretion of gonadotrophins change during the luteal phase of 
the bovine oestrous cycle in the absence of corresponding changes in progesterone or 17 
β-oestradiol. Animal Reproduction Science 37: 109-119. 

D’Occhio, M.J., Sudha, G., Jillella, D., White, T., MacLellan, L.J., Walsh, J., Trigg, T .E. & 
Miller, D. (1997). Use of GnRH agonist to prevent the endogenous LH surge and 
injection of exogenous LH to induce ovulation in heifers superstimulated with FSH: a 
new model for superovulation. Theriogenology 47:601–613. 

Duffy, P., Crowe, M.A., Boland, M.P. & Roche, J.F. (2000). The effect of exogenous LH pulses 
on the fate of the first dominant follicle in post-partum beef cows nursing calves. Journal 
of Reproduction and Fertility 118: 9-17. 

Evans, A.C.O., Komar, C.M., Wandji, S-A., Fortune, J.E. (1997). Changes in androgen 
secretion and luteinizing hormone pulse amplitude are associated with the recruitment 
and growth of ovarian follicles during the luteal phase of the bovine estrous cycle. 
Biology of Reproduction 57: 394-401. 

Ginther, O.J., Kastelic, J.P. & Knopf, L. (1989). Composition and characteristics of follicular 
waves during the bovine estrous cycle. Animal Reproduction Science 20: 187-200. 

Ginther, O.J., Kot, K., Kulick, L.J., Martin, S. & Wiltbank, M.C. (1996). Relationships between 
FSH and ovarian follicular waves during the last six months of pregnancy in cattle. 
Journal of Reproduction and Fertility 108: 271-279. 

Gong, J.G., Bramley, T.A., Gutierrez, C.G., Peters, A.R. & Webb, R. (1995). Effects of chronic 
treatment with a gonadotrophin-releasing hormone agonist on peripheral 
concentrations of FSH and LH, and ovarian function in heifers. Journal of Reproduction 
and Fertility 105: 263-270. 

Gong, J.G., Campbell, B.K., Bramley, T.A., Gutierrez, C.G., Peters, A.R. & Webb, R. (1996). 
Suppression in the secretion of follicle-stimulating hormone and luteinizing hormone, 
and ovarian follicle development in heifers continuously infused with a gonadotrophin-
releasing hormone agonist. Biology of Reproduction 55: 68-74. 

Goodman, A.L. and Hodgen, G.D. (1983). The ovarian triad of the primate menstrual cycle. 
Recent Progress in Hormone Research 39: 1-73. 

Hamilton, S.A., Garverick, H.A., Keisler, D.H., Xu, Z.Z., Loos, K., Youngquist, R.S. & Salfen, 
B.E. (1995). Characterization of ovarian follicular cysts and associated endocrine profiles 
in dairy cows. Biology of Reproduction 53: 890-898. 

Ireland, J.J. & Roche, J.F. (1983). Development of nonovulatory antral follicles in heifers: 
changes in steroids in follicular fluid and receptors for gonadotropins. Endocrinology 
112: 150-156. 



 
Gonadotropin 138 

Adams, G.P.,  Nasser L.F., Bo, G.A., Mapletoft, R.J., Garcia, A, Del Campo, M.R. (1994b). 
Superstimulatory response of ovarian follicles of wave 1 versus wave 2 in heifers. 
Theriogenology 42: 1103-1113. 

Baracaldo, M.I., Martinez, M., Adams, G.P. & Mapletoft R.J. 2000. Superovulatory 
response following transvaginal follicle ablation in cattle. Theriogenology 53: 1239-
1250. 

Bao, B., Garverick, H.A., Smith, G.W., Smith, M.F., Salfen, B.E. & Youngquist, R.S. (1997). 
Changes in messenger ribonucleic acid encoding luteinizing hormone receptor, 
cytochrome P450-side chain cleavage, and aromatase are associated with recruitment 
and selection of bovine ovarian follicles. Biology of Reproduction 56: 1158-1168. 

Barros, C.M. and Nogueira, M.F.G. (2001). Embryo transfer in Bos indicus cattle. 
Theriogenology 56: 1483-1496. 

Bergfelt, D.R., Bo, G.A., Mapletoft R.J. & Adams, G.P. (1997). Superovulatory response 
following ablation-induced follicular wave emergence at random stages of the oestrous 
cycle in cattle. Animal Reproduction Science 49: 1-12. 

Bo, G.A., Adams, G.P., Pierson, R.A. & Mapletoft, R.J. (1995). Exogenous control of follicular 
wave emergence in cattle. Theriogenology 43: 31-40. 

Bo, G.A., Guerrero, D.C. & Adams, G.P. (2008). Alternative approaches to setting up donar 
cows for superstimulation. Theriogenology 69: 81-87. 

Campbell, B.K., Scaramuzzi, R.J. & Webb, R. (1995). Control of antral follicle development 
and selection in sheep and cattle. Journal of Reproduction and Fertility Supplement 49: 
335-350. 

Canty, M.J., Boland, M.P., Evans, A.C.O. & Crowe, M.A. (2006). Alterations in follicular 
IGFBP-2, -3 and –4 mRNA expression and intrafollicular IGFBP concentrations 
during the first follicle wave in beef heifers. Animal Reproduction Science 93: 199-217. 

Cooke, D.J., Crowe, M.A. and Roche, J.F. (1997). Circulating FSH isoform patterns during 
recurrent increases in FSH throughout the oestrous cycle of heifers. Journal of 
Reproduction and Fertility 110: 339-345. 

Crowe, M.A. (2008). Resumption of ovarian cyclicity in postpartum beef and dairy cows. 
Reproduction in Domestic Animals 43 (Suppl. 5): 20-28. 

Crowe, M.A., Goulding, D., Baguisi, A., Boland, M.P. & Roche, J.F. (1993). Induced ovulation 
of the first postpartum dominant follicle in beef suckler cows using a GnRH analogue. 
Journal of Reproduction and Fertility 99: 551-555. 

Crowe, M.A., Padmanabhan, V., Mihm, M., Beitins, I.Z. & Roche, J.F. (1998). Resumption of 
follicular waves in beef cows is not associated with periparturient changes in follicle-
stimulating hormone heterogeneity despite major changes in steroid and luteinizing 
hormone concentrations. Biology of Reproduction 58, 1445-1450. 

Crowe, M.A., Enright, W.J., Boland, M.P. & Roche, J.F. (2001a). Follicular growth and serum 
follicle-stimulating hormone (FSH) responses to recombinant bovine FSH in GnRH-
immunized heifers. Animal Science 73: 115-122. 

 
Relative Roles of FSH and LH in Stimulation of Effective Follicular Responses in Cattle 139 

Crowe, M.A., Kelly, P., Driancourt, M.A., Boland, M.P. & Roche, J.F. (2001b). Effects of FSH 
with and without LH on serum hormone concentrations, follicle growth and intra-
follicular estradiol and aromatase activity in GnRH-immunized heifers. Biology of 
Reproduction 64: 368-374. 

Cupp, A.S., Stumpf, T.T., Kojima, F.N., Werth, L.A., Wolfe, M.W., Roberson, M.S., Kittok, 
R.J. & Kinder, J.E. (1995). Secretion of gonadotrophins change during the luteal phase of 
the bovine oestrous cycle in the absence of corresponding changes in progesterone or 17 
β-oestradiol. Animal Reproduction Science 37: 109-119. 

D’Occhio, M.J., Sudha, G., Jillella, D., White, T., MacLellan, L.J., Walsh, J., Trigg, T .E. & 
Miller, D. (1997). Use of GnRH agonist to prevent the endogenous LH surge and 
injection of exogenous LH to induce ovulation in heifers superstimulated with FSH: a 
new model for superovulation. Theriogenology 47:601–613. 

Duffy, P., Crowe, M.A., Boland, M.P. & Roche, J.F. (2000). The effect of exogenous LH pulses 
on the fate of the first dominant follicle in post-partum beef cows nursing calves. Journal 
of Reproduction and Fertility 118: 9-17. 

Evans, A.C.O., Komar, C.M., Wandji, S-A., Fortune, J.E. (1997). Changes in androgen 
secretion and luteinizing hormone pulse amplitude are associated with the recruitment 
and growth of ovarian follicles during the luteal phase of the bovine estrous cycle. 
Biology of Reproduction 57: 394-401. 

Ginther, O.J., Kastelic, J.P. & Knopf, L. (1989). Composition and characteristics of follicular 
waves during the bovine estrous cycle. Animal Reproduction Science 20: 187-200. 

Ginther, O.J., Kot, K., Kulick, L.J., Martin, S. & Wiltbank, M.C. (1996). Relationships between 
FSH and ovarian follicular waves during the last six months of pregnancy in cattle. 
Journal of Reproduction and Fertility 108: 271-279. 

Gong, J.G., Bramley, T.A., Gutierrez, C.G., Peters, A.R. & Webb, R. (1995). Effects of chronic 
treatment with a gonadotrophin-releasing hormone agonist on peripheral 
concentrations of FSH and LH, and ovarian function in heifers. Journal of Reproduction 
and Fertility 105: 263-270. 

Gong, J.G., Campbell, B.K., Bramley, T.A., Gutierrez, C.G., Peters, A.R. & Webb, R. (1996). 
Suppression in the secretion of follicle-stimulating hormone and luteinizing hormone, 
and ovarian follicle development in heifers continuously infused with a gonadotrophin-
releasing hormone agonist. Biology of Reproduction 55: 68-74. 

Goodman, A.L. and Hodgen, G.D. (1983). The ovarian triad of the primate menstrual cycle. 
Recent Progress in Hormone Research 39: 1-73. 

Hamilton, S.A., Garverick, H.A., Keisler, D.H., Xu, Z.Z., Loos, K., Youngquist, R.S. & Salfen, 
B.E. (1995). Characterization of ovarian follicular cysts and associated endocrine profiles 
in dairy cows. Biology of Reproduction 53: 890-898. 

Ireland, J.J. & Roche, J.F. (1983). Development of nonovulatory antral follicles in heifers: 
changes in steroids in follicular fluid and receptors for gonadotropins. Endocrinology 
112: 150-156. 



 
Gonadotropin 140 

Ireland, J.J. and Roche, J.F. (1987). Hypothesis regarding development of dominant follicles 
during a bovine estrous cycle. In Follicular Growth and Ovulation Rate in Farm Animals, 
pp 1-18 Eds J.F. Roche & D. O'Callaghan. Martinus Nijhoff, The Hague. 

Knopf, L., Kastelic, J.P., Schallenberger, E. & Ginther, O.J. (1989). Ovarian follicular 
dynamics in heifers: test of two-wave hypothesis by ultrasonically monitoring 
individual follicles. Domestic Animal Endocrinology 6: 111-119. 

Lane, E.A., Austin, E.J., Roche, J.F. & Crowe, M.A. (2001). The effect of estradiol benzoate or 
a synthetic gonadotropin-releasing hormone used at the start of a progesterone 
treatment on estrous response in cattle. Theriogenology 56: 79-90. 

Lane, E.A., Austin, E.J. & Crowe, M.A. (2008). Oestrous synchronisation in cattle - current 
options following the EU regulations restricting use of oestrogenic compounds in food 
producing animals: a review. Animal Reproduction Science 109: 1-16. 

Mihm, M., Baguisi, A., Boland, M.P. & Roche, J.F. (1994). Association between the duration 
of dominance of the ovulatory follicle and pregnancy rate in beef heifers. Journal of 
Reproduction and Fertility 102: 123-130. 

Mihm, M., Curran, N., Hyttel, P., Knight, P.G., Boland, M.P. & Roche, J.F. (1999). Effect of 
dominant follicle persistence on follicular fluid oestradiol and inhibin and on oocyte 
maturation in heifers.. Journal of Reproduction and Fertility 116: 293-304. 

Mihm, M., Boland, M.P., Knight, P.G. & Roche, J.F. (1995). Relationship between 
gonadotrophins and follicular fluid oestradiol and inhibin during the loss of dominance 
of the first dominant follicle in beef heifers  Proceedings of the A.E.T.E. 11th Scientific 
Meeting, Hannover p. 208. 

Mihm, M., Good, T.E.M., Ireland, J.L.H., Ireland, J.J., Knight, P.G. & Roche, J.F. (1997). 
Decline in serum follicle-stimulating hormone concentrations alters key intrafollicular 
growth factors involved in selection of the dominant follicle in heifers. Biology of 
Reproduction 57: 1328-1337. 

Murphy, M.G., Boland, M.P. & Roche, J.F. (1990). Pattern of follicular growth and 
resumption of ovarian activity in post-partum beef suckler cows. Journal of Reproduction 
and Fertility 90: 523-533. 

Nasser, L., Adams, G.P., Bo, G.A. & Mapletoft R.J. (1993). Ovarian superstimulatory 
response relative top follicular wave emergence in heifers. Theriogenology 40: 713-
724. 

Prendiville, D.J., Enright, W.J., Crowe, M.A., Finnerty, M., Hynes, N. & Roche, J.F. (1995). 
Immunization of heifers against gonadotropin-releasing hormone: antibody titers, 
ovarian function, body growth, and carcass characteristics. Journal of Animal Science 73: 
2382-2389. 

Prendiville, D.J., Enright, W.J., Crowe, M.A., Finnerty, M. & Roche, J.F. (1996). Normal or 
induced secretory patterns of luteinising hormone and follicle-stimulating hormone in 
anoestrous gonadotrophin-releasing hormone-immunized and cyclic control heifers. 
Animal Reproduction Science 45: 177-190. 

 
Relative Roles of FSH and LH in Stimulation of Effective Follicular Responses in Cattle 141 

Rahe, C.H., Owens, R.E., Fleeger, J.L., Newton, H.J. & Harms, P.G. (1980). Pattern of plasma 
luteinizing hormone in the cyclic cow: dependence upon the period of the cycle. 
Endocrinology 107: 498-503. 

Roche, J.F. (1996). Control and regulation of folliculogenesis - a symposium in perspective. 
Reviews of Reproduction 1: 19-27. 

Savio, J.D., Keenan, L., Boland, M.P. & Roche, J.F. (1988). Pattern of growth of dominant 
follicles during the oestrous cycle of heifers. Journal of Reproduction and Fertility 83: 663-
671. 

Savio, J.D., Thatcher, W.W., Morris, G.R., Entwistle, K., Drost, M. & Mattiacci, M.R. (1993). 
Effects of induction of low plasma progesterone concentrations with a progesterone-
releasing intravaginal device on follicular turnover and fertility in cattle. Journal of 
Reproduction and Fertility 98: 77-84. 

Sirois, J. & Fortune, J.E. (1988). Ovarian follicular dynamics during the estrous cycle in 
heifers monitored by real-time ultrasonography. Biology of Reproduction 39: 308-317. 

Sirois, J. & Fortune, J.E. (1990). Lengthening of the bovine estrous cycle with two levels of 
exogenous progesterone: a model for studying ovarian follicular dominance. 
Endocrinology 127: 916-925. 

Stagg, K., Diskin, M.G., Sreenan, J.M. & Roche, J.F. (1995). Follicular development in long-
term anoestrous suckler beef cows fed two levels of energy postpartum. Animal 
Reproduction Science 38: 49-61. 

Stevens, J. D., Sosa, J. M., deAvila, D. M., Oatley, J. M., Bertrand, K. P., Gaskins, C. T. & 
Reeves, J. J. (2005). Luteinizing hormone-releasing hormone fusion protein vaccines 
block estrous cycle activity in beef heifers. Journal of Animal Science 83: 152-159. 

Stewart, R.E., Spicer, L.J., Hamilton, T.D., Keefer, B.E., Dawson, L.J., Morgan, G.L. & 
Echternkamp, S.E. (1996). Levels of insulin-like growth factor (IGF) binding proteins, 
luteinizing hormone and IGF-I receptors, and steroids in dominant follicles during the 
first follicular wave in cattle exhibiting regular estrous cycles. Endocrinology 137: 2842-
2850. 

Sunderland, S.J., Crowe, M.A., Boland, M.P., Roche, J.F. & Ireland, J.J. (1994). Selection, 
dominance and atresia of follicles during the oestrous cycle of heifers. Journal of 
Reproduction and Fertility 101: 547-555. 

Vizcarra, J.A., Wettemann, R.P., Braden, T., Turzillo, A.M. & Nett, T. (1997). Effect of 
gonadotropin-releasing hormone (GnRH) pulse frequency on serum and pituitary 
concentrations of luteinizing hormone and follicle-stimulating hormone, GnRH 
receptors, and messenger ribonucleic acid for gonadotropin subunits in cows. 
Endocrinology 138: 594-601. 

Vizcarra, J.A., Wettemann, R.P. & Morgan, G.L. (1999). Influence of dose, frequency and 
duration of infused gonadotropin releasing hormone on secretion of luteinizing 
hormone and follicle-stimulating hormone in nutritionally anestrous beef cows. 
Domestic Animal Endocrinology 16: 171-181. 



 
Gonadotropin 140 

Ireland, J.J. and Roche, J.F. (1987). Hypothesis regarding development of dominant follicles 
during a bovine estrous cycle. In Follicular Growth and Ovulation Rate in Farm Animals, 
pp 1-18 Eds J.F. Roche & D. O'Callaghan. Martinus Nijhoff, The Hague. 

Knopf, L., Kastelic, J.P., Schallenberger, E. & Ginther, O.J. (1989). Ovarian follicular 
dynamics in heifers: test of two-wave hypothesis by ultrasonically monitoring 
individual follicles. Domestic Animal Endocrinology 6: 111-119. 

Lane, E.A., Austin, E.J., Roche, J.F. & Crowe, M.A. (2001). The effect of estradiol benzoate or 
a synthetic gonadotropin-releasing hormone used at the start of a progesterone 
treatment on estrous response in cattle. Theriogenology 56: 79-90. 

Lane, E.A., Austin, E.J. & Crowe, M.A. (2008). Oestrous synchronisation in cattle - current 
options following the EU regulations restricting use of oestrogenic compounds in food 
producing animals: a review. Animal Reproduction Science 109: 1-16. 

Mihm, M., Baguisi, A., Boland, M.P. & Roche, J.F. (1994). Association between the duration 
of dominance of the ovulatory follicle and pregnancy rate in beef heifers. Journal of 
Reproduction and Fertility 102: 123-130. 

Mihm, M., Curran, N., Hyttel, P., Knight, P.G., Boland, M.P. & Roche, J.F. (1999). Effect of 
dominant follicle persistence on follicular fluid oestradiol and inhibin and on oocyte 
maturation in heifers.. Journal of Reproduction and Fertility 116: 293-304. 

Mihm, M., Boland, M.P., Knight, P.G. & Roche, J.F. (1995). Relationship between 
gonadotrophins and follicular fluid oestradiol and inhibin during the loss of dominance 
of the first dominant follicle in beef heifers  Proceedings of the A.E.T.E. 11th Scientific 
Meeting, Hannover p. 208. 

Mihm, M., Good, T.E.M., Ireland, J.L.H., Ireland, J.J., Knight, P.G. & Roche, J.F. (1997). 
Decline in serum follicle-stimulating hormone concentrations alters key intrafollicular 
growth factors involved in selection of the dominant follicle in heifers. Biology of 
Reproduction 57: 1328-1337. 

Murphy, M.G., Boland, M.P. & Roche, J.F. (1990). Pattern of follicular growth and 
resumption of ovarian activity in post-partum beef suckler cows. Journal of Reproduction 
and Fertility 90: 523-533. 

Nasser, L., Adams, G.P., Bo, G.A. & Mapletoft R.J. (1993). Ovarian superstimulatory 
response relative top follicular wave emergence in heifers. Theriogenology 40: 713-
724. 

Prendiville, D.J., Enright, W.J., Crowe, M.A., Finnerty, M., Hynes, N. & Roche, J.F. (1995). 
Immunization of heifers against gonadotropin-releasing hormone: antibody titers, 
ovarian function, body growth, and carcass characteristics. Journal of Animal Science 73: 
2382-2389. 

Prendiville, D.J., Enright, W.J., Crowe, M.A., Finnerty, M. & Roche, J.F. (1996). Normal or 
induced secretory patterns of luteinising hormone and follicle-stimulating hormone in 
anoestrous gonadotrophin-releasing hormone-immunized and cyclic control heifers. 
Animal Reproduction Science 45: 177-190. 

 
Relative Roles of FSH and LH in Stimulation of Effective Follicular Responses in Cattle 141 

Rahe, C.H., Owens, R.E., Fleeger, J.L., Newton, H.J. & Harms, P.G. (1980). Pattern of plasma 
luteinizing hormone in the cyclic cow: dependence upon the period of the cycle. 
Endocrinology 107: 498-503. 

Roche, J.F. (1996). Control and regulation of folliculogenesis - a symposium in perspective. 
Reviews of Reproduction 1: 19-27. 

Savio, J.D., Keenan, L., Boland, M.P. & Roche, J.F. (1988). Pattern of growth of dominant 
follicles during the oestrous cycle of heifers. Journal of Reproduction and Fertility 83: 663-
671. 

Savio, J.D., Thatcher, W.W., Morris, G.R., Entwistle, K., Drost, M. & Mattiacci, M.R. (1993). 
Effects of induction of low plasma progesterone concentrations with a progesterone-
releasing intravaginal device on follicular turnover and fertility in cattle. Journal of 
Reproduction and Fertility 98: 77-84. 

Sirois, J. & Fortune, J.E. (1988). Ovarian follicular dynamics during the estrous cycle in 
heifers monitored by real-time ultrasonography. Biology of Reproduction 39: 308-317. 

Sirois, J. & Fortune, J.E. (1990). Lengthening of the bovine estrous cycle with two levels of 
exogenous progesterone: a model for studying ovarian follicular dominance. 
Endocrinology 127: 916-925. 

Stagg, K., Diskin, M.G., Sreenan, J.M. & Roche, J.F. (1995). Follicular development in long-
term anoestrous suckler beef cows fed two levels of energy postpartum. Animal 
Reproduction Science 38: 49-61. 

Stevens, J. D., Sosa, J. M., deAvila, D. M., Oatley, J. M., Bertrand, K. P., Gaskins, C. T. & 
Reeves, J. J. (2005). Luteinizing hormone-releasing hormone fusion protein vaccines 
block estrous cycle activity in beef heifers. Journal of Animal Science 83: 152-159. 

Stewart, R.E., Spicer, L.J., Hamilton, T.D., Keefer, B.E., Dawson, L.J., Morgan, G.L. & 
Echternkamp, S.E. (1996). Levels of insulin-like growth factor (IGF) binding proteins, 
luteinizing hormone and IGF-I receptors, and steroids in dominant follicles during the 
first follicular wave in cattle exhibiting regular estrous cycles. Endocrinology 137: 2842-
2850. 

Sunderland, S.J., Crowe, M.A., Boland, M.P., Roche, J.F. & Ireland, J.J. (1994). Selection, 
dominance and atresia of follicles during the oestrous cycle of heifers. Journal of 
Reproduction and Fertility 101: 547-555. 

Vizcarra, J.A., Wettemann, R.P., Braden, T., Turzillo, A.M. & Nett, T. (1997). Effect of 
gonadotropin-releasing hormone (GnRH) pulse frequency on serum and pituitary 
concentrations of luteinizing hormone and follicle-stimulating hormone, GnRH 
receptors, and messenger ribonucleic acid for gonadotropin subunits in cows. 
Endocrinology 138: 594-601. 

Vizcarra, J.A., Wettemann, R.P. & Morgan, G.L. (1999). Influence of dose, frequency and 
duration of infused gonadotropin releasing hormone on secretion of luteinizing 
hormone and follicle-stimulating hormone in nutritionally anestrous beef cows. 
Domestic Animal Endocrinology 16: 171-181. 



 
Gonadotropin 142 

Vizcarra, J.A., Wettemann, R.P. & Karges S.L. (2012). Immunization of beef heifers against 
gonadotropin-releasing hormone prevents luteal activity and pregnancy: Effect of 
conjugation to different proteins and effectiveness of adjuvants. Journal of Animal Science 
90: 1479-1488. 

Chapter 7 

 

 

 
 

© 2013 Crowe and Mullen, licensee InTech. This is an open access chapter distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Regulation and Function of Gonadotropins 
Throughout the Bovine Oestrous Cycle 

Mark A. Crowe and Michael P. Mullen 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/53870 

1. Introduction 

Gonadotropins are protein hormones secreted by the pituitary gland and include luteinizing 
hormone (LH) and follicle stimulating hormone (FSH).  Both LH and FSH govern the estrous 
cycle i.e. the cyclical pattern of ovarian activity that facilitates the transition of female animals 
between periods of reproductive non-receptivity to receptivity enabling mating and 
subsequent pregnancy. The onset of estrous cycles occurs at the time of puberty. In heifers 
puberty occurs at 6–12 months of age, generally at a weight of 200–250 kg. The normal 
duration of an estrous cycle in cattle is 18–24 days. The cycle consists of two discrete phases: 
the luteal phase (14–18 days) and the follicular phase (4–6 days). The luteal phase is the period 
following ovulation when the corpus luteum (CL) is formed (often further designated as met-
estrus and diestrus), while the follicular phase is the period following the demise of the corpus 
luteum (luteolysis) until ovulation (often further designated as pro-oestrus and oestrus). 
During the follicular phase, final maturation and ovulation of the ovulatory follicle occurs, the 
oocyte is released into the oviduct allowing the potential for fertilization.  

2. Gonadotropin regulation of follicle growth during the estrous cycle 

Cattle are polyestrous animals and display estrous behavior approximately every 21 days. 
The estrous cycle is regulated by the hormones of the hypothalamus (gonadotropin-
releasing hormone; GnRH), the anterior pituitary (follicle-stimulating hormone; FSH and 
luteinizing hormone; LH), the ovaries (progesterone; P4, estradiol; E2 and inhibins) and the 
uterus (prostaglandin F2; PGF). These hormones function through a system of positive and 
negative feedback to govern the estrous cycle of cattle [1]. GnRH was first isolated from the 
hypothalamus of pigs and is a decapeptide [2, 3]. Its control of the estrous cycle is mediated 
via its actions on the anterior pituitary which regulates the secretion of the gonadotrophs, 
LH and FSH [4].  
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The pulsatile secretion of basal levels of GnRH from the tonic center of the hypothalamus 
and the pre-ovulatory surge of GnRH from the surge center of the hypothalamus prevents 
the desensitisation of the GnRH receptor on the gonadotroph cells of the anterior pituitary. 
After transportation of GnRH from the hypothalamus to the pituitary gland via the 
hypophyseal portal blood system [5], GnRH binds to its G-protein coupled receptor on the 
cell surface of the gonadotroph cells [6]. This binding releases intracellular calcium which 
activates intermediaries in the mitogen activated protein kinases (MAPK) signaling pathway 
culminating in the release of FSH and LH from storage compartments in the cytoplasm [7]. 
FSH is only stored in secretory granules in the cytoplasm for short periods of time, whereas 
LH is stored for longer periods during the estrous cycle [8]. During the follicular phase of 
the estrous cycle there is a hormonal environment of basal progesterone due to the 
regression of the corpus luteum (CL). The increased E2 concentrations, derived from the 
rapid proliferation of the pre-ovulatory dominant follicle (DF), concomitant with the 
decrease in circulating concentrations of progesterone, induces a surge in GnRH and allows 
the display of behavioral estrus during which heifers/cows are sexually receptive and will 
stand to be mounted [9]. This pre-ovulatory GnRH surge induces a coincidental LH and 
FSH surge [10]. Only when serum progesterone concentrations are basal and LH pulse 
frequency increases to one per hour for 2–3 days does the DF ovulate [1]. Ovulation occurs 
10–14 h after estrus and is followed by the luteal phase of the estrous cycle. The beginning of 
the luteal phase is also known as met-estrus and typically lasts 3–4 days. It is characterised 
by the formation of the CL from the collapsed ovulated follicle (corpus haemorragicum). 
Following ovulation, progesterone concentrations begin to increase due to the formation of 
the CL in which the granulosa and theca cells of the ovulated DF lutenize and produce 
progesterone in readiness for the establishment and maintenance of pregnancy and/or 
resumption of the estrous cycle [11]. During the di-estrous phase, progesterone 
concentrations remain elevated and recurrent waves of follicle development continue to be 
initiated by release of FSH from the anterior pituitary. However, these DFs that grow during 
the luteal phase of the estrous cycle do not ovulate, due to inadequate LH pulse frequency. 

The progesterone dominant luteal phase of the estrous cycle, through negative feedback, 
only allows the secretion of greater amplitude but less frequent LH pulses (one pulse per 3 
to 4 hours) that are inadequate for ovulation of the DF [12]. Finally, during the pro-estrous 
period, progesterone concentrations decrease when the CL regresses in response to PGF 
secretion from the uterus [13]. 

3. Gonadotropin regulation of final maturation of the pre-ovulatory 
follicle and ovulation 

The growth, development and maturation of ovarian follicles are fundamental processes for 
high reproductive efficiency in farm animals. A fixed number of primordial follicles are 
established during fetal development with ovarian follicle growth taking a period of 3–4 
months and categorized into gonadotropin independent and gonadotropin dependent 
stages [14]. Gonadotropin dependent follicle growth in cattle occurs in waves with 2–3 
waves per estrous cycle [15, 16 Fig.1]. 
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line), luteinizing hormone (LH; green lines), and progesterone (P4; orange line); and the pattern of 
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are shaded red. A surge in LH and FSH concentrations occurs at the onset of estrus and induces 
ovulation. The pattern of secretion of LH pulses during an 8-h window early in the luteal phase (greater 
frequency, lesser amplitude), the mid-luteal phase (lesser frequency, lesser amplitude) and the follicular 
phase (high frequency, building to the surge) is indicated in the inserts in the top panel. Taken from 
[17]. 

Each wave of growth involves emergence, selection and dominance followed by either 
atresia or ovulation of the DF. As mentioned above both FSH and LH have a prominent role 
in ovarian follicle development. Given that follicles are involved in the positive and negative 
feedback mechanisms of the hypothalamic–pituitary–gonadal (HPG) axis (estradiol and 
inhibins), these hormones have a governing role in the regulation of the estrous cycle of 
cattle. The beginning of gonadotropin dependent follicle development is typified by the 
emergence of a follicle cohort typically consisting of 5–20 follicles ≥5mm and is correlated 
with a transient increase in FSH concentrations [10, 18]. This marks the beginning of 
dependency of follicle growth on FSH [19] with FSH receptors (FSH-R) localized within the 
granulosa cells of the follicles by Day 3 of the follicle wave [20, 21]. This enables FSH to 
perform its required down stream signalling effects including promoting cellular growth 
and proliferation [22, 23]. These transient increases in FSH concentrations also leads to an 
increase in aromatase enzyme activity (P450arom; CYP19), in the granulosa cells of ovarian 
follicles, which converts androgen to estrogen [24]. As the DF is selected from the cohort of 
follicles, the diameter increases and it is recognized as the largest healthy follicle in the 
cohort [25].  This increase in size leads to an increase in follicular fluid estradiol and inhibin 
concentrations [24].  Dominance occurs when the the DF reaches 9 mm in diameter, and it 
actively suppresses FSH, thus preventing further follicle wave emergence until the DF either 
undergoes atresia or ovulated.  The increase in estradiol concentrations in concert with 
inhibin are the key endocrine signals that suppress FSH concentrations from the anterior 
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pituitary gland via negative feedback reducing FSH to basal concentrations [10, 26, 27]. The 
selected DF becomes increasingly responsive to LH [27] and continues growth in the face of 
decreasing FSH concentrations.  Irrespective of the stage of the estrous cycle during which 
follicles develop, the switch from FSH [18] to LH dependency [28] is propagated through the 
presence of LH receptors (LH-R) on the granulosa cells [29]. LH-R are localised to the theca 
and granulosa cells of healthy follicles, at different stages of follicle development [20]. As the 
follicle grows, the theca cell LH-R increases and LH-R is acquired by the granulosa cells of 
the follicle undergoing selection to become the DF [29-31]. Moreover, evidence suggests 
transient increases in circulating LH concentrations that occur at or around the time of 
follicle selection [32], allows the DF to continue E2 production and grow in the face of 
declining FSH concentrations [33]. During the early luteal phase lesser amplitude and 
greater frequency (20–30 pulses/24 h) LH pulses occur, in the mid-luteal period LH pulses 
are of greater amplitude and lesser frequency (6–8 pulses/24 h) both of which are of 
insufficient amplitude and frequency for final maturation and subsequent ovulation of the 
DF [12]. Thus, the DFs produced during the luteal phase of the estrous cycle undergo 
atresia, E2 and inhibin production decreases, and removes this negative feedback block to 
the hypothalamus/pituitary, FSH secretion can increase and a new follicle wave emerges. 
The production of high concentrations of estradiol is a defining characteristic of the DF [33, 
34] and prior to visible differences in follicle diameter; the putative DF has greater follicular 
fluid concentrations of estradiol compared with other follicles in its cohort [10, 35, 36]. The 
synthesis of estradiol is dependent on the production of androgens in the theca cells and 
subsequent aromatisation of these androgens to estrogens in the granulosa cells known as 
the two cell/two gondatropin model [37]. Production of estradiol from growing follicles is 
dependent on sufficient LH pulse frequency [38, 39]. The binding of LH to its receptors in 
the theca cells drives the conversion of cholesterol to testosterone through a series of 
catalytic reactions [40].  Testosterone, once produced in the theca cells, diffuses out into the 
granulosa cells where it is converted to estrogens by the aromatase enzyme [40]. Estradiol 
not only has a local effect on follicle development, but it also has a systemic role via a 
positive feedback mechanism to the hypothalamus and pituitary gland.  During the 
follicular phase of the estrous cycle, when progesterone concentrations are basal, this large 
concentration of estradiol produced by the pre-ovulatory DF induces a GnRH surge from 
the hypothalamus. The resulting LH surge is of sufficient amplitude and frequency to 
stimulate final maturation and ovulation of the DF [10]. The increased estradiol 
concentrations also induces expression of estrous behavour, required for successful mating 
[41]. Other intra-ovarian produced factors play a role in regulating the estrous cycle either 
indirectly by altering the synthesis of estradiol or via direct negative feedback mechanisms 
to the hypothalamus and the anterior pituitary gland. The insulin like growth factor (IGF) 
super-family consisting of its two ligands IGF-I and IGF-II [42-44], two receptors IGFR-I and 
IGFR-II [45], and it numerous binding proteins and proteases (IGFBP 1-6, pregnancy-
associated plasma protein-A: PAPP-A) are responsible for the bioavailability of IGF-1 in the 
ovarian follicle. The bioavailability of IGF-I contributes to the growth, proliferation and 
steroidogenic capacity of the future DF [36, 46, 47], indirectly affecting the estradiol induced 
negative feedback mechanism to the hypothalamus and pituitary. This in addition to early 
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acquisition of LH receptors by the granulosa cell layer of the follicle undergoing selection 
are considered to be the main mechanisms facilitating the process of follicle selection [48]. 
The transforming growth factor beta (TGF) super-family contains over 30 structurally 
related proteins including ligands (TGF, anti-mullerian hormone, inhibins, activins, and 
bone morphogenetic proteins (BMP’s), receptors (TGFRI and II, activin receptor-like kinases; 
ALK’s, accessory receptors (TGF-RIII) and downstream signaling molecules (similar to 
mothers against decapentaplegic; SMADS). The ligand members of this super-family were 
first identified in follicular fluid through their modulation of secreted FSH [49]. Activin can 
increase the production of estradiol in follicular fluid [50] whereas follistatin impedes 
activins’ positive steroidogenic effects, both of which can alter the estradiol feedback 
mechanism to the hypothalamus and pituitary [51]. Inhibins which have been detected in 
granulosa cells in cattle play a role in the suppression of FSH secreted in the anterior 
pituitary also regulating the oestrous cycle [52]. 

4. Estrous behavior 

A recent review of the literature [53] reported mean inter-ovulatory intervals of 22.9 and 
22.0 days for lactating dairy cows and heifers, respectively. Standing to be mounted by a 
bull or herd mate is the primary and most definitive sign of oestrus in cattle. Estrogen, 
specifically, estradiol, is the primary signal to the brain that induces expression of estrus, but 
only in the absence of progesterone [54]. It appears that stressors which elevate blood 
concentrations of cortisol are capable of delaying or blocking the pre-ovulatory LH surge 
and affecting the expression of estrus without altering pro-oestrous concentrations of blood 
oestradiol (see review by [55]). In a recent review, Diskin [56] calculated that for dairy cows 
the average duration of standing estrus was 8.1 h with 9.1 standing events or mounts 
recorded during standing estrus. There is evidence [57] that the duration of standing estrus 
decreases as milk production increases (14.7 and 2.8 h in cows yielding 25 or 55 kg milk, 
respectively). For heifers it would appear that the duration of standing estrus is somewhat 
longer, 12–14 h [56]. For beef cows, kept indoors, the average duration of standing estrus has 
been reported to be less than 8.5 h [56]. Both the duration of standing estrus and intensity of 
estrous expression are affected by a range of environmental factors including under foot 
surface type, size of the sexually active group and the presence of a bull [56]. Breaks or 
quiescent interludes in standing activity have also been observed in 30% of dairy cows at 
[58] while breaks with an average duration of 2.6 h in 67% of beef heifers have been 
recorded [59]. There is no evidence from dairy cows [60], beef cows or heifers [56] that either 
the onset of standing estrus or end of estrus follows any distinct diurnal pattern. 

5. Gonadotropin regulation of Corpus luteum function  

The CL originates from the cells of the ovulatory follicle. LH, the major luteotropic hormone 
in cattle [61], is responsible for stimulating luteinization of the theca and granulosa cells of 
the pre-ovulatory follicle into luteal cells [62]. The function of the CL is to produce sufficient 
concentrations of progesterone throughout the luteal phase of the estrous cycle to maintain 
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pituitary gland via negative feedback reducing FSH to basal concentrations [10, 26, 27]. The 
selected DF becomes increasingly responsive to LH [27] and continues growth in the face of 
decreasing FSH concentrations.  Irrespective of the stage of the estrous cycle during which 
follicles develop, the switch from FSH [18] to LH dependency [28] is propagated through the 
presence of LH receptors (LH-R) on the granulosa cells [29]. LH-R are localised to the theca 
and granulosa cells of healthy follicles, at different stages of follicle development [20]. As the 
follicle grows, the theca cell LH-R increases and LH-R is acquired by the granulosa cells of 
the follicle undergoing selection to become the DF [29-31]. Moreover, evidence suggests 
transient increases in circulating LH concentrations that occur at or around the time of 
follicle selection [32], allows the DF to continue E2 production and grow in the face of 
declining FSH concentrations [33]. During the early luteal phase lesser amplitude and 
greater frequency (20–30 pulses/24 h) LH pulses occur, in the mid-luteal period LH pulses 
are of greater amplitude and lesser frequency (6–8 pulses/24 h) both of which are of 
insufficient amplitude and frequency for final maturation and subsequent ovulation of the 
DF [12]. Thus, the DFs produced during the luteal phase of the estrous cycle undergo 
atresia, E2 and inhibin production decreases, and removes this negative feedback block to 
the hypothalamus/pituitary, FSH secretion can increase and a new follicle wave emerges. 
The production of high concentrations of estradiol is a defining characteristic of the DF [33, 
34] and prior to visible differences in follicle diameter; the putative DF has greater follicular 
fluid concentrations of estradiol compared with other follicles in its cohort [10, 35, 36]. The 
synthesis of estradiol is dependent on the production of androgens in the theca cells and 
subsequent aromatisation of these androgens to estrogens in the granulosa cells known as 
the two cell/two gondatropin model [37]. Production of estradiol from growing follicles is 
dependent on sufficient LH pulse frequency [38, 39]. The binding of LH to its receptors in 
the theca cells drives the conversion of cholesterol to testosterone through a series of 
catalytic reactions [40].  Testosterone, once produced in the theca cells, diffuses out into the 
granulosa cells where it is converted to estrogens by the aromatase enzyme [40]. Estradiol 
not only has a local effect on follicle development, but it also has a systemic role via a 
positive feedback mechanism to the hypothalamus and pituitary gland.  During the 
follicular phase of the estrous cycle, when progesterone concentrations are basal, this large 
concentration of estradiol produced by the pre-ovulatory DF induces a GnRH surge from 
the hypothalamus. The resulting LH surge is of sufficient amplitude and frequency to 
stimulate final maturation and ovulation of the DF [10]. The increased estradiol 
concentrations also induces expression of estrous behavour, required for successful mating 
[41]. Other intra-ovarian produced factors play a role in regulating the estrous cycle either 
indirectly by altering the synthesis of estradiol or via direct negative feedback mechanisms 
to the hypothalamus and the anterior pituitary gland. The insulin like growth factor (IGF) 
super-family consisting of its two ligands IGF-I and IGF-II [42-44], two receptors IGFR-I and 
IGFR-II [45], and it numerous binding proteins and proteases (IGFBP 1-6, pregnancy-
associated plasma protein-A: PAPP-A) are responsible for the bioavailability of IGF-1 in the 
ovarian follicle. The bioavailability of IGF-I contributes to the growth, proliferation and 
steroidogenic capacity of the future DF [36, 46, 47], indirectly affecting the estradiol induced 
negative feedback mechanism to the hypothalamus and pituitary. This in addition to early 
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acquisition of LH receptors by the granulosa cell layer of the follicle undergoing selection 
are considered to be the main mechanisms facilitating the process of follicle selection [48]. 
The transforming growth factor beta (TGF) super-family contains over 30 structurally 
related proteins including ligands (TGF, anti-mullerian hormone, inhibins, activins, and 
bone morphogenetic proteins (BMP’s), receptors (TGFRI and II, activin receptor-like kinases; 
ALK’s, accessory receptors (TGF-RIII) and downstream signaling molecules (similar to 
mothers against decapentaplegic; SMADS). The ligand members of this super-family were 
first identified in follicular fluid through their modulation of secreted FSH [49]. Activin can 
increase the production of estradiol in follicular fluid [50] whereas follistatin impedes 
activins’ positive steroidogenic effects, both of which can alter the estradiol feedback 
mechanism to the hypothalamus and pituitary [51]. Inhibins which have been detected in 
granulosa cells in cattle play a role in the suppression of FSH secreted in the anterior 
pituitary also regulating the oestrous cycle [52]. 

4. Estrous behavior 

A recent review of the literature [53] reported mean inter-ovulatory intervals of 22.9 and 
22.0 days for lactating dairy cows and heifers, respectively. Standing to be mounted by a 
bull or herd mate is the primary and most definitive sign of oestrus in cattle. Estrogen, 
specifically, estradiol, is the primary signal to the brain that induces expression of estrus, but 
only in the absence of progesterone [54]. It appears that stressors which elevate blood 
concentrations of cortisol are capable of delaying or blocking the pre-ovulatory LH surge 
and affecting the expression of estrus without altering pro-oestrous concentrations of blood 
oestradiol (see review by [55]). In a recent review, Diskin [56] calculated that for dairy cows 
the average duration of standing estrus was 8.1 h with 9.1 standing events or mounts 
recorded during standing estrus. There is evidence [57] that the duration of standing estrus 
decreases as milk production increases (14.7 and 2.8 h in cows yielding 25 or 55 kg milk, 
respectively). For heifers it would appear that the duration of standing estrus is somewhat 
longer, 12–14 h [56]. For beef cows, kept indoors, the average duration of standing estrus has 
been reported to be less than 8.5 h [56]. Both the duration of standing estrus and intensity of 
estrous expression are affected by a range of environmental factors including under foot 
surface type, size of the sexually active group and the presence of a bull [56]. Breaks or 
quiescent interludes in standing activity have also been observed in 30% of dairy cows at 
[58] while breaks with an average duration of 2.6 h in 67% of beef heifers have been 
recorded [59]. There is no evidence from dairy cows [60], beef cows or heifers [56] that either 
the onset of standing estrus or end of estrus follows any distinct diurnal pattern. 

5. Gonadotropin regulation of Corpus luteum function  

The CL originates from the cells of the ovulatory follicle. LH, the major luteotropic hormone 
in cattle [61], is responsible for stimulating luteinization of the theca and granulosa cells of 
the pre-ovulatory follicle into luteal cells [62]. The function of the CL is to produce sufficient 
concentrations of progesterone throughout the luteal phase of the estrous cycle to maintain 
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pregnancy (if a conceptus is present) and during pregnancy, to decrease gonadotropin 
secretion and prevent behavioral oestrus occurring. Progesterone is required for the 
maintenance of pregnancy with many studies reporting a positive association between 
progesterone concentrations and the probability of embryo survival [63-66]. The proposed 
mechanisms by which progesterone affects embryo survival are indirect, not acting on the 
embryo itself but via effects on the uterine endometrium [67, 68]. Available evidence in both 
cattle and sheep, has identified that sustained increased concentrations of progesterone 
during the luteal phase of the estrous cycle alters the expression pattern of genes in the 
uterus [69-73] which in turn alters the composition of the uterine histotroph i.e. availability 
of enzymes, carrier proteins, hormones and nutrients to the developing embryo prior to 
implantation [68]. Moreover, alterations in systemic progesterone during the early luteal 
phase have been shown to have significant effects on conceptus elongation [67, 71, 74]. 
During the mid-luteal phase, these sustained high concentrations of circulating 
progesterone down regulate the nuclear progesterone receptor in the luminal epithelium of 
the endometrium [75]. This is a critical switch in allowing the synchronous increase or 
decrease in genes of the endometrium that are required to initiate uterine receptivity – 
regardless of the pregnancy status of the animal [76]. If, by Day 16 of the estrous cycle, the 
maternal recognition of pregnancy signal (interferon tau) has not been detected in sufficient 
quantities, luteolysis of the CL occurs. PGF is secreted by the uterus in the bovine [77] and is 
the major luteolytic hormone in ruminants [78-80]. Oxytocin receptors in the uterus binds 
oxytocin which propagates the episodic secretion of PGF from the uterus. PGF then 
mediates the luteolytic mechanism via countercurrent exchange between the uterine vein 
and the ovarian artery (Fig. 2), inducing regression of the CL. This reduces circulating 
progesterone concentrations, estradiol concentrations increase and GnRH in the 
hypothalamus is stimulated as the animal enters the follicular phase of the estrous cycle. 

6. Conclusions 

The estrous cycle in cattle is typically 18–24 days in duration, with estrous behavior 
expressed for a 2–24-h period during the late follicular phase. During normal estrous cycles 
there are typically two to three and occasionally four waves of follicular growth each 
involving a period of emergence, selection and dominance followed by either atresia or 
ovulation of the DF. The gonadotropin hormones FSH and LH are the main regulators of 
folliculogenesis and steroidogenesis with LH being the major luteotrophic hormone. LH 
pulse frequency is the major determinant affecting the ultimate fate of a selected DF. 
Pulsatile PGF of uterine origin is the main hormonal signal that induces luteolysis of the CL 
and the switch from the luteal to the follicular phase of the estrous cycle. 
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pregnancy (if a conceptus is present) and during pregnancy, to decrease gonadotropin 
secretion and prevent behavioral oestrus occurring. Progesterone is required for the 
maintenance of pregnancy with many studies reporting a positive association between 
progesterone concentrations and the probability of embryo survival [63-66]. The proposed 
mechanisms by which progesterone affects embryo survival are indirect, not acting on the 
embryo itself but via effects on the uterine endometrium [67, 68]. Available evidence in both 
cattle and sheep, has identified that sustained increased concentrations of progesterone 
during the luteal phase of the estrous cycle alters the expression pattern of genes in the 
uterus [69-73] which in turn alters the composition of the uterine histotroph i.e. availability 
of enzymes, carrier proteins, hormones and nutrients to the developing embryo prior to 
implantation [68]. Moreover, alterations in systemic progesterone during the early luteal 
phase have been shown to have significant effects on conceptus elongation [67, 71, 74]. 
During the mid-luteal phase, these sustained high concentrations of circulating 
progesterone down regulate the nuclear progesterone receptor in the luminal epithelium of 
the endometrium [75]. This is a critical switch in allowing the synchronous increase or 
decrease in genes of the endometrium that are required to initiate uterine receptivity – 
regardless of the pregnancy status of the animal [76]. If, by Day 16 of the estrous cycle, the 
maternal recognition of pregnancy signal (interferon tau) has not been detected in sufficient 
quantities, luteolysis of the CL occurs. PGF is secreted by the uterus in the bovine [77] and is 
the major luteolytic hormone in ruminants [78-80]. Oxytocin receptors in the uterus binds 
oxytocin which propagates the episodic secretion of PGF from the uterus. PGF then 
mediates the luteolytic mechanism via countercurrent exchange between the uterine vein 
and the ovarian artery (Fig. 2), inducing regression of the CL. This reduces circulating 
progesterone concentrations, estradiol concentrations increase and GnRH in the 
hypothalamus is stimulated as the animal enters the follicular phase of the estrous cycle. 

6. Conclusions 

The estrous cycle in cattle is typically 18–24 days in duration, with estrous behavior 
expressed for a 2–24-h period during the late follicular phase. During normal estrous cycles 
there are typically two to three and occasionally four waves of follicular growth each 
involving a period of emergence, selection and dominance followed by either atresia or 
ovulation of the DF. The gonadotropin hormones FSH and LH are the main regulators of 
folliculogenesis and steroidogenesis with LH being the major luteotrophic hormone. LH 
pulse frequency is the major determinant affecting the ultimate fate of a selected DF. 
Pulsatile PGF of uterine origin is the main hormonal signal that induces luteolysis of the CL 
and the switch from the luteal to the follicular phase of the estrous cycle. 
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1. Introduction 

The gonadotropins, a family of closely related glycoprotein hormones, include follicle 
stimulating-hormone (FSH) and luteinizing hormone (LH) which are produced by the same 
pituitary cells, the gonadotrophs and chorionic gonadotropin (CG) which is of placental 
origin. Thyroid-stimulating hormone (TSH) is a structurally related glycoprotein hormone 
produced by pituitary thyrotroph cells. Gonadotropin-releasing hormone (GnRH) is a 
decapeptide secreted from the pre-optic and arcuate nuclei of the hypothalamus into the 
hypophyseal-portal blood vessels which transports it to the anterior pituitary. At the 
anterior pituitary GnRH stimulates the secretion of LH and FSH, both of which play a 
central role in ovarian function. The classical studies in sheep (conducted by the Karsch lab 
in University of Michigan, Ann Arbor), that involved collection of hypophyseal portal blood 
[1], have shown that pulsatile secretion of GnRH from the hypothalamus is virtually 100% 
coincident with pulsatile secretion of LH from the anterior pituitary. However, increases in 
serum FSH levels do not always coincide with increases in levels of LH [2], implying that 
there may be other mechanisms modifying FSH secretory patterns. The growth, 
development and maturation of ovarian follicles are fundamental to effective reproduction 
in animals. In heifers, there are two to three periods or cycles of dominant follicle 
development during the estrous cycle [3-5]. The key hormone regulating follicular growth is 
FSH, while pulsatile LH appears to be involved in regulating normal follicular turnover. 
Our knowledge of the chemistry of the gonadotropic hormones has greatly increased our 
understanding of the mechanisms of mammalian reproduction. The structural features and 
the biological properties of the gonadotropins have been under intense investigation for 
many years as illustrated in several reviews [6-8]. For example, the nucleotide and the 
amino acid sequences of the gonadotropins from many species are now known and there is 
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extensive information regarding the composition and structure of associated carbohydrate 
moieties [9-12]. Studies using deglycosylated hormones have played a critical role in the 
elucidation of the functional properties of both carbohydrate and protein components of the 
hormones. From these studies it has become evident that isoforms of each hormone arise 
from variations in the carbohydrate moiety present in the hormone, as opposed to varying 
amino acid sequences. The ability to detect and quantify levels of gonadotropins has been 
central to their study. The measurement of biological responses in test animals in vivo were 
the earliest assays used for these hormones. Today, a variety of in vitro bioassays [13-15] 
and immunoassays [16] are in use. However, a discrepancy exists between bioassays and 
immunoassays for gonadotropins: i.e. immunologically active hormone may not always  
be biologically active [16]. Immunogenicity of glycoprotein hormones is, for the most part, 
dependent on a peptide epitope while the carbohydrate moieties contribute to the overall 
bioactivity of the hormone [9, 17, 18]. It should follow then, that isoforms of a particular 
gonadotropin have different bioactivities, due to the variation in carbohydrates found  
in them. 

This book chapter describes the structural features of the gonadotropins, their proposed 
biosynthetic pathways and the molecular basis for their heterogeneity. It is now widely 
accepted that the observed heterogeneity is, to a large extent, due to the variation in the 
carbohydrate component of these molecules. The nature of this carbohydrate has been 
shown to influence their biopotency. For example, circulatory half-life, receptor binding 
and ability to stimulate signal transduction have all been shown to be influenced by the 
oligosaccharides present in the gonadotropins. The influence of various factors, such as 
age, puberty, pregnancy, estradiol, GnRH and nutrition on heterogeneity patterns in 
various species is also discussed. 

2. Structural features of the gonadotropins 

The gonadotropins are glycoprotein hormones consisting of non-covalently associated - 
and -subunits [19, 20]. These heterodimers contain two types of oligosaccharides, N-linked 
and O-linked. O-linked oligosaccharides are covalently bonded to the hydroxyl oxygen of 
serine (Ser) or threonine (Thr), while N-linked are covalently bonded to the amide nitrogen 
of asparagine (Asn) [21]. Both types of oligosaccharide are found in the gonadotropins; 
however, the N-linked type predominate.  

Within a particular species, the -subunits of all the gonadotropins are identical in amino 
acid sequence, as a single gene encodes the -subunit [22, 23]. Target cell specificity arises 
from the -subunit [24, 25], which is encoded by a distinct gene. Although the amino acid 
sequences of the -subunits of LH, FSH, TSH and CG show some homology, they are not 
identical. For example, LH and CG of human origin are approximately 70% homologous, 
while ovine LH and ovine FSH are approximately 34% homologous and bovine LH and 
bovine FSH are approximately 30% homologous. One exception to this is equine LH and 
equine CG, which have identical amino acid sequences [26].  
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The Asn-linked oligosaccharides of the  and -subunits of the glycoprotein hormones, of 
both pituitary and placental origin, consist of a heterogenous array of neutral, sialylated, 
sulphated and mixed sialylated/sulphated oligosaccharides giving rise to extensive 
heterogeneity in their molecular forms. Thus, while any one gonadotropin consists of two 
polypeptide chains, the  and -subunits, the heterogeneity of the attached carbohydrate 
gives rise to multiple molecular forms of that particular gonadotropin [11].  

3. The α-subunit 

Within a given species, the amino acid sequence of the -subunits of the various 
glycoprotein hormones is identical, arising from a single mRNA. The molecular 
heterogeneity generated by variations in carbohydrate content gives rise to gonadotropin 
isoforms of variable bioactivity [27-29]. The amino acid sequences of the -subunits of 
human, bovine, ovine, porcine and equine gonadotropins have been published from data 
obtained either by direct amino acid sequencing or from the nucleotide sequences of their 
respective cDNAs [23, 24, 30]. The amino acid sequence is highly conserved across species 
(Fig. 1), for example, bovine and ovine -subunits are identical, bovine and equine are 
approximately 82% homologous and bovine and human -subunits show approximately 
75% amino acid sequence homology. The human -subunit gene has a 12 base pair deletion 
that is reflected in the mature protein as having four fewer amino acids close to the N-
terminus. The positions of the ten cysteine residues in the -subunits of various species are 
highly conserved.  
 

 
 

Figure 1. The amino acid sequences of the mature alpha subunits of gonadotropic hormones from five 
species [24, 31, 32] using single letter code (A, alanine; B, either asparagine or aspartic acid; C, cysteine; 
D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, 
leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, 
valine; W, tryptophan; Y, tyrosine; Z, either glutamine or glutamic acid). Sequences are aligned with 
their cysteine residues in register. There is evidence for disulphide bonds linking residue 11 with 35 and 
14 with 36 but there is still uncertainty concerning the postulated bonds linking residue 30 with 64, 63 
with 91 and 86 with 88 [33, 34]. 
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Data from Cornell and Pierce [33] and from Mise and Bahl [34] provide information for 
the tentative pairings of cysteine residues in disulphide bridges indicated by the solid 
lines in Fig. 1. As the positions of cysteine residues are so highly conserved across species, 
this implies that the disulphide bridges found within the α-subunit are identical among α-
subunits of different species. This indicates that the folding of the α-subunits of the 
different species is likely to be identical. This concept is supported by the fact that it is 
possible to produce a ‘hybrid hormone’ containing the α-subunit from one species 
combined with the β-subunit of another, which displays in vitro biological activity. For 
example, in studies involving hybrids made from the subunits of human CG 
gonadotropin (hCG) and ovine and porcine LH, Strickland and  Puett [35] have shown 
that the activity of a given hybrid hormone, as measured by its ability to stimulate 
steroidogenesis in vitro, has the highest correlation with that of the hormone from which 
the β-subunit is derived. Indeed, some hybrids show increased activity in in vitro 
bioassays, as shown by Bousfield et al [36]. In this case, the equine LHα-porcine LHβ 
hybrid hormone was shown to be 49 times as active as porcine LH in stimulating 
steroidogenesis by Leydig cells.  

While the positions of the various cysteine residues are known, there is little agreement 
between laboratories on the exact cysteine pairings [33, 34, 37-39]. The alignment of 
disulphide bridges proposed by Cornell and Pierce [33] for bovine LHα and by Mise and 
Bahl [34] for human CGα are in exact agreement. Owing to the clustering of cysteine 
residues in the α-subunit (two groups of two, and two groups of three), definitive 
identification of disulphide bridges has proven difficult. The positions of the carbohydrate 
residues on the α-subunits from various species are indicated in Fig. 2. The subunits have 
been aligned by their cysteine residues as these are so highly conserved. This allows for easy 
comparison of the homologous regions of the hormones. Hence, the glycosylation sites in 
the human α-subunit match those in all other α-subunits, even though it contains four fewer 
amino acids near the N-terminus. Asn-linked glycosylation occurs co-translationally [40, 41] 
when Asn is encountered in the sequence Asn-X-Ser/Thr, where X is any amino acid, except 
proline, and the amino acid at the third position is either Ser or Thr. In sharp contrast to 
their amino acid sequences, the Asn-linked oligosaccharides on the various α-subunits 
within a species can and do differ significantly. Thus, it is the nature of the carbohydrate 
residues that distinguish the α-subunits of the various gonadotropins within a species. The 
α-subunits are found in two forms within the pituitary gland and placenta. These are (i) αβ-
dimer-associated α-subunits, and (ii) free α-subunits not combined with a β-subunit (free α). 
Free α-subunit has been shown to contain one O-linked oligosaccharide at position Thr43 [42, 
43] which is not present in the α-subunit of αβ-dimers. Hence, the uncombined α-subunit 
has a higher molecular weight than the α-subunit found in association with β-subunit [44, 
45]. Parsons and Pierce [46] have shown that α-subunits with an O-linked oligosaccharide 
will not combine with β-subunits to form αβ-dimers. 

This is in contrast to the α-subunits lacking O-linked oligosaccharides which readily 
combine with β-subunits forming dimeric structures. Post translational modification of the 
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gonadotropins occurs in the endoplasmic reticulum (ER) and subsequently, further 
modification occurs in the Golgi apparatus (GA) [21, 40, 41]. As αβ-dimerisation occurs in 
the ER [47, 48] and O-linked glycosylation is thought to occur in the GA, dimerisation may 
block a potential O-glycosylation site. 

 

 
 
Figure 2. Glycosylation sites on the alpha and uncombined alpha subunits of the gonadotropic 
hormones [17, 24, 49]. Amino acid sequences are represented by solid horizontal lines. Proteins are 
aligned with their cysteine residues in register. Numbers indicate the positions of the glycosylated 
amino acids. For convenience, numbering is based on ovine LH. 

4. The β-subunit 

As the -subunit determines the biological specificity of the gonadotropins [24], it is often 
referred to as the hormone specific subunit. The amino acid sequences of the -subunits of 
various gonadotropins from several species are compared in Fig. 3. The -subunits of LH, 
FSH, TSH and CG are proteins of varying lengths, ranging from 111 amino acids in bovine 
FSH (one of the shortest), to 149 amino acids in equine CG and equine LH (the 
longest). Human and equine CG have additional amino acids at the C-terminal [50, 51], 
compared with the other hormones (Fig. 3). This C-terminal extension peptide was 
originally thought to be a characteristic of CG and not of pituitary-derived glycoprotein 
hormones. However, it was subsequently discovered that equine LH also has a C-terminal 
extension peptide [52]. No other pituitary derived gonadotropin from any other species 
has this extension peptide.  

The C-terminal extension peptide is heavily glycosylated containing four O-linked 
oligosaccharides in the case of human CG and five or six in the case of equine CG and 
equine LH (Fig. 4). Unfortunately, there is no recognised consensus sequence to signal O-
linked glycosylation, in contrast to the Asn-X-Ser/Thr sequence which is required for N-
linked glycosylation.  
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This is in contrast to the α-subunits lacking O-linked oligosaccharides which readily 
combine with β-subunits forming dimeric structures. Post translational modification of the 
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gonadotropins occurs in the endoplasmic reticulum (ER) and subsequently, further 
modification occurs in the Golgi apparatus (GA) [21, 40, 41]. As αβ-dimerisation occurs in 
the ER [47, 48] and O-linked glycosylation is thought to occur in the GA, dimerisation may 
block a potential O-glycosylation site. 

 

 
 
Figure 2. Glycosylation sites on the alpha and uncombined alpha subunits of the gonadotropic 
hormones [17, 24, 49]. Amino acid sequences are represented by solid horizontal lines. Proteins are 
aligned with their cysteine residues in register. Numbers indicate the positions of the glycosylated 
amino acids. For convenience, numbering is based on ovine LH. 
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linked glycosylation, in contrast to the Asn-X-Ser/Thr sequence which is required for N-
linked glycosylation.  
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It is possible that a single gene may code for both the equine CGβ and equine LHβ subunits, 
as these have identical amino acid sequences (Fig. 3). Separate genes encode the separate β-
subunits of the various gonadotropins in all other animal species and these genes are located 
on different chromosomes with one exception, the human LH/CG β-subunit gene cluster 
which is found on chromosome 19 [53]. This cluster consists of a single copy of the human 
LHβ gene and six copies of the human CGβ gene; however, some of these are not 
transcribed. In contrast to equine LHβ and equine CGβ, analysis of the amino acid 
sequences of human LHβ and human CGβ shows these to have different amino acid 
sequences.  

 
 

 
 
 
Figure 3. Compilation of the reported amino acid sequences of the glycoprotein hormone beta subunits 
[49]. Original references are cited in several reviews [24, 31, 32]. For single letter code, see legend to Fig. 1. 
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Figure 4. Glycosylation patterns on the beta subunits of the gonadotropic hormones. Proteins are 
aligned with their cysteine residues in register [49]. Numbers indicate the positions of the glycosylated 
amino acids and numbering is based on ovine LH. Where actual numbers differ, the positions of the 
glycosylated amino acids are indicated by the numbers in parentheses. 

As in the α-subunit, cysteine residues are located in highly conserved positions in all the β-
subunits of all species with one exception, i.e. one cysteine residue from a salmon 
gonadotropic hormone, (sGTHbl), is not present [26]. Again, as with the α-subunit, 
alignment of the β-subunit sequences by placing their half cystines in register, allows 
comparisons of highly conserved regions, although some subunits are shorter at the N-
terminus than others. For example, the β-subunits of FSH and TSH from all species are 
shorter by six and seven amino acid residues, respectively, than the β-subunits of LH. The 
degree of amino acid sequence homology between β -subunits from different species varies. 
For example, ovine and bovine LHβ are approximately 96% homologous while equine and 
human CGβ display an homology of approximately 50%.  
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Each β-subunit contains 12 cysteine residues making up six intra-disulphide bonds. These 
12 cysteine residues are more evenly scattered through the molecule than those found in the 
α-subunit. Two groups of researchers, using different methodologies, have indicated 
identical disulphide bridge placements for ovine LHβ and human CGβ [34, 54]. However, 
agreement exists on only three of six disulphide bridges among all authors. As such, some 
uncertainty remains as to the exact cysteine pairings in the β-subunit, but this situation is 
less controversial than that in the case of the α-subunits. As with the α-subunits, the 
positioning of the cysteine residues among all β-subunits is likely to lead to similar 
disulphide bridge formation and therefore very similar, or identical, overall three-
dimensional structures. 

5. Structural features of the Asn-linked carbohydrates 

The α- and -subunits of the gonadotropins contain either one or two Asn-linked 
oligosaccharides. The positions of the oligosaccharides on the -subunits of the 
gonadotropins are indicated in Fig. 4. The position and structure of the Asn-linked 
carbohydrates found on gonadotropin subunits are varied [17, 24, 55] and consist of four 
types: (i) neutral, (ii) sialylated, (iii) sulphated and (iv) mixed sialylated/sulphated types. 
Oligosaccharides differ not only in their degree of sialylation or sulphation, but also in their 
core structures; these differences are the basis for the microheterogeneous molecular 
populations of individual hormones with varying biological activities [27, 29, 56-60]. Green 
and Baenziger [9, 11] have elucidated the structures and distributions of the sulphated (S) 
and sialylated (N) oligosaccharides on bovine, ovine and human pituitary glycoprotein 
hormones. The sulphated, sialylated and sulphated/sialylated structures were found to be 
highly heterogeneous and comprised 67-90% of the N-linked carbohydrate moieties present 
in pituitary-derived gonadotropins. As the hormone samples used in these studies were 
pituitary-derived, it should be borne in mind that some of the structures may represent 
partially synthesised/degraded oligosaccharides and may not correspond to secreted forms 
of the hormones. Nonetheless, these studies have provided a molecular basis for the 
observed heterogeneity of the gonadotropins. The oligosaccharides found in the placental 
gonadotropin, human CG, consist of typical neutral and sialylated di-branched structures 
[61-63] found in many serum glycoproteins. However, those found in pituitary-derived 
gonadotropins are more heterogeneous and complex in nature, perhaps reflecting partially 
processed forms of the molecules.  

6. Sulphated oligosaccharides in the pituitary glycoprotein hormones 

The oligosaccharide chains of glycoprotein hormones are of the complex type, as opposed to 
the mannose-rich type. The sulphated carbohydrates on bovine LH were among the first of 
the pituitary-derived gonadotropins to be fully characterized [55, 64]. The structures of the 
sulphated oligosaccharides found in the pituitary gonadotropins are illustrated in Fig. 5. 
These oligosaccharides vary in both the number of sulphate moieties and in the composition 
of the oligosaccharide structures (Fig. 5). 
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Figure 5. Structures of the sulphated N-linked oligosaccharides found in the pituitary-derived 
gonadotropins [11, 49]. Residues in bold italics are variably present. Both fucosylated and non-
fucosylated forms of oligosaccharide are found in the pituitary hormones. 

Each of the sulphated oligosaccharides has a core region consisting of three mannose and 
two N-acetylglucosamine (GlcNAc) residues [9, 55]. Additionally, each of the sulphated 
structures has one similar peripheral branch consisting of the sequence SO4-N-
acetylgalactosamine-N-acetylglucosamine-manose (SO4-GalNAc-GlcNAc-Man). The second 
peripheral branch always commences with a mannose residue bonded to the core mannose. 
Sulphated oligosaccharides are either mono-(S-1) or di-(S-2) sulphated. The sulphated/ 
sialylated (S-N) structure contains both sulphate and sialic acid residues. Sulphate is always 
found associated with GalNAc while sialic acid is always linked to a galactose residue. The 
relative amounts of sulphated oligosaccharides varies considerably among the different 
hormones [64]. For example, the bovine hormones were found to contain very little S-N (0-
2% of total oligosaccharides), while human and ovine hormones have relatively large 
amounts of S-N (10% of ovine FSH and 23% of human LH oligosaccharides are of the S-N 
type). However, bovine, ovine and human pituitary glycoprotein hormones display a very 
similar spectrum of sulphated oligosaccharides, i.e. most of the sulphated structures shown 
in Fig. 5 were isolated from each of the species’ pituitary gonadotropins. In terms of the 
relative biosynthetic and secretory pathways, the presence of significant amounts of S-N on 
some of the hormones is important. It demonstrates that hormones which receive SO4 and 
GalNAc do not traverse a physically distinct pathway to those hormones which receive 
sialic acid and galactose. 
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7. Sialylated oligosaccharides in the pituitary glycoprotein hormones  
In general, the terminal carbohydrate residue of gonadotropin oligosaccharides is either 
sulphated or sialylated [17]. Some hormones, for example bFSH and hFSH, contain a much 
greater proportion of sialic acid and galactose than sulphate and GalNAc [10, 65, 66]. The 
sialylated oligosaccharides found on the gonadotropins, like the sulphated ones, consist of a 
heterogeneous array of structures. Three major types of sialylated oligosaccharide exist. 
These are mono-, di- and tri-sialylated oligosaccharides, containing one (N-1), two (N-2) and 
three (N-3) sialic acid residues, respectively. These oligosaccharides include both di- and tri-
branched structures. The structures of the sialylated di- and tri-branched Asn-linked 
oligosaccharides found in pituitary gonadotropins are shown in Fig. 6. Additional details of 
all proposed structures for both sulphated and sialylated oligosaccharides are provided by  
Green and Baenziger [11]. 

The spectrum of sialylated structures found among the different hormones varies widely, in 
sharp contrast to the spectrum of sulphated oligosaccharides associated with each hormone. 
The relative amounts of particular sialylated structures also varies significantly among the 
various hormones. Some oligosaccharides are found exclusively associated with one 
particular hormone from one species. For example, N-3(D) (Fig. 6) and an N-2 form of this 
oligosaccharide are found exclusively on bovine FSH [12]. Hence, these oligosaccharides are 
both hormone and species specific. Human TSH was shown to have oligosaccharides 
bearing exclusively sialic acid residues while bovine TSH does not. Bovine TSH does have 
small amounts of S-N. Of all the bovine, ovine and human pituitary gonadotropins, only 
human LH and human FSH contained sialylated oligosaccharides bearing a β1,4 linked 
‘bisecting’ GlcNAc residue attached to the core mannose (Fig. 6, N-2(C)). This implies that 
the enzyme responsible for the addition of GlcNAc in this position is active only in human 
and not in bovine or ovine gonadotroph cells. 

Follicle-stimulating hormone contains sialylated oligosaccharides which are different to 
those found on LH or TSH. The most striking difference is the presence of tri-sialylated, N-3 
type, oligosaccharides on FSH but not on LH or TSH [12]. This is true for ovine, bovine and 
human. Hence the study of sialylated oligosaccharide structures has highlighted several 
examples of both hormone and animal species-specific differences. 

The distributions of the various oligosaccharide types in the pituitary glycoprotein 
hormones are illustrated in Table 1.  

It is interesting to note the distribution of sulphated and sialylated structures. Bovine LH bears 
exclusively sulphated oligosaccharides while, in bovine FSH, the sialylated type predominates. 
Similarly, ovine LH contains very few sialylated structures while ovine FSH contains roughly 
equal amounts of sulphated and sialylated oligosaccharides. This raises the question of how 
different glycosylation patterns occur on LH and FSH, as both are produced by the same 
pituitary cell, the gonadotroph, and both have α-subunits with identical amino acid sequences. 
Thus the difference in glycosylation pattern may reflect the presence of the hormone specific β-
subunits. Knowing the structural features and the distributions of the various types of 
oligosaccharide found on the gonadotropins, what are the functions of the various 
oligosaccharides and what effect, if any, do these carbohydrates have on biological activity?  
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Figure 6. Structures of the sialylated dibranched and tribranched Asn-linked oligosaccharides in the 
pituitary glycoprotein hormones [49]. Only the highly sialylated structures are shown; see Green and 
Baenziger [11] for additional structures. 

 

Gonadotrophin 
Glycosylation type 

Neutral S-1 S-2 S-N N-1 N-2 N-3 
bLH 33 45 22 0 0 0 0 
bFSH 32 11 1 1 5 39 11 
bTSH 18 32 48 2 0 0 0 
oLH 26 56 13 4 1 0 0 
oFSH 32 14 16 10 10 11 7 
hLH 16 19 7 23 19 16 0 
hFSH 10 2 0 5 19 39 25 
hTSH 18 25 18 21 5 12 0 

Table 1. Relative distributions of neutral, sulphated, sialylated and sulphated / sialylated 
oligosaccharides expressed as a percentage of total oligosaccharides found in the pituitary glycoprotein 
hormones [12, 49]. 
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8. Functions of the oligosaccharide residues of the gonadotropins 

The overall in vivo activity of the gonadotropins is dependent upon several distinct 
characteristics: (i) their clearance rate from circulation, (ii) their ability to recognise the 
correct target cell receptor and (iii) their ability to induce cell signal transduction pathways.  

The clearance rate of certain gonadotropins, for example FSH, is directly affected by the 
presence or absence of sialic acid. Removal of sialic acid by neuraminidase treatment 
decreases the in vivo biological activity of FSH due to its rapid elimination from the 
circulation by the hepatic asialoglycoprotein receptor [67, 68]. However, the in vitro 
biological response is not diminished [69, 70]. Aggarwal and Papkoff [71] examined the 
relationship of sialic acid residues to in vitro biological activities of the equine 
gonadotropins. In this study it was found that the in vitro LH activity of desialylated equine 
CG and equine LH was five and two times greater, respectively, than that of native 
hormone, as measured by the ability to stimulate steroidogenesis in rat Leydig cells. In 
contrast to this, Aggarwal and Papkoff [71] also showed that desialylating equine CG and 
equine FSH drastically reduced the ability of these hormones to stimulate CAMP production 
(FSH activity). So in the case of equine FSH at least, sialic acid appears to play an important 
role in in vitro biological activity. In agreement with Aggarwal and Papkoff, a study by 
West et al. [72] examined the effects of neuraminidase treated ovine pituitary FSH (reducing 
its acidity) in prepubertal lambs and observed an increased clearance rate and reduced 
ability to facilitate follicle development and maturation compared with more acidic FSH. 
However, most data support the hypothesis that sialic acid is present to prevent rapid 
clearance from circulation, and it is not essential for receptor binding or for signal 
transduction. 

When gonadotropins are totally deglycosylated, either by chemical or enzymic means, their 
receptor binding ability is not diminished [73] in fact in some cases, it is increased compared 
with native hormone. For example, Calvo et al. [74] demonstrated a three-fold increase in 
the ability of deglycosylated human FSH to bind to FSH receptors of bovine testes, when 
compared with native hormone. Berman et al. [75] showed that the relative binding affinity 
of deglycosylated human TSH (while not a gonadotropin, is a structurally very similar 
glycoprotein hormone) was six-fold higher than that of native TSH. However, 
deglycosylated gonadotropins have a greatly diminished capacity for the stimulation of 
cAMP production by target cells [76, 77]. Hence, a deglycosylated hormone may bind to its 
receptor but fail to stimulate a biological response.  

In apparent contrast to these findings, Cole et al. [78] has reported that significant 
steroidogenic activity of LH is maintained after enzymatic removal of oligosaccharides. 
Retention of some steroidogenic activity in the absence of CAMP production raises the 
possibility that deglycosylated hormones may act through alternative signal transducing 
systems and/or second messengers. 

Deglycosylated hormones become antagonists of the native hormone in in vitro bioassays 
[51, 79, 80]. However, some deglycosylated hormones show poor in vivo antagonism. For 
example, Liu et al. [81] have shown that deglycosylated human CG is a full agonist at the 
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LH/CG receptor in the primate in vivo despite being a near-complete antagonist of human 
CG in vitro. Similarly, Patton et al. [82] showed that neither deglycosylated human CG, nor 
deglycosylated α-intact β-human CG, succeeded in terminating luteal cell function when 
administered to healthy young women during the mid-luteal phase of their menstrual 
cycles. This demonstrates that neither of these CG preparations exhibit antagonistic 
properties. In this study, it was suggested that the failure to interfere with LH maintenance 
of postovulatory corpora lutea is a result of residual agonist activity of the deglycosylated 
human CG. Experiments carried out by deglycosylating α- or -subunits and then 
recombining the deglycosylated subunits with their native counterparts, support the 
premise that it is the oligosaccharides of the α-subunit, and not those of the β-subunit, 
which are essential for producing a biological response [73, 80, 83]. As stated earlier, 
uncombined α-subunit, which has been isolated from bovine pituitary is O-glycosylated. It 
is possible that such O-linked oligosaccharides may play a role in regulating dimerisation of 
pituitary gonadotropins [19]. Begeot et al. [84] demonstrated that uncombined α-subunit 
induces the development of lactotropes in the pituitary of 13-day-old rat foetuses, indicating 
that uncombined α-subunit may have a functional role other than that of a gonadotropin 
subunit. An additional role for uncombined α-subunit has been reported by Blithe et al. [85]. 
Using free α molecules isolated from the urine of pregnant women, as well as purified 
reference preparations of human CG α-subunit, Blithe et al. [85] have reported that free α-
molecules stimulate the release of prolactin from human decidual cells in culture. 

Hence this report suggests a novel role for free α in the paracrine regulation of decidual 
prolactin secretion. 

The gonadotroph cells of the pituitary have the ability to segregate LH and FSH into 
separate secretory granules. Baenziger and Green [86] have suggested that the 
oligosaccharides present on LH and FSH may act as ‘recognition-markers’ to allow the cells 
to carry out this function. The presence of predominantly sialic acid residues on FSH and 
sulphate residues on LH may result in the targeting of these hormones to separate secretory 
granules. 

9. Biosynthesis of gonadotropins bearing Asn-linked oligosaccharides 

Biosynthesis of glycoprotein hormones involves protein biosynthesis and both co and post-
translational modification by the addition of carbohydrate groups. The α- and -subunits  
of the gonadotropins are synthesised by translation of their respective mRNAs. The 
transcription of α- and -subunit genes is influenced by a number of factors including 
steroid hormones such as progesterone, estradiol and testosterone. The regulation  
of transcription of the gonadotropin subunit genes has been reviewed in several papers  
[87, 88]. 

Once mRNA has been produced, protein synthesis occurs on polysomes bound to the rough 
endoplasmic reticulum (RER). If gonadotropin subunit mRNA is subjected to translation 
using a cell-free translation system (i.e. ribosomes, mRNA etc., but no Golgi membrane-
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8. Functions of the oligosaccharide residues of the gonadotropins 
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with native hormone. For example, Calvo et al. [74] demonstrated a three-fold increase in 
the ability of deglycosylated human FSH to bind to FSH receptors of bovine testes, when 
compared with native hormone. Berman et al. [75] showed that the relative binding affinity 
of deglycosylated human TSH (while not a gonadotropin, is a structurally very similar 
glycoprotein hormone) was six-fold higher than that of native TSH. However, 
deglycosylated gonadotropins have a greatly diminished capacity for the stimulation of 
cAMP production by target cells [76, 77]. Hence, a deglycosylated hormone may bind to its 
receptor but fail to stimulate a biological response.  

In apparent contrast to these findings, Cole et al. [78] has reported that significant 
steroidogenic activity of LH is maintained after enzymatic removal of oligosaccharides. 
Retention of some steroidogenic activity in the absence of CAMP production raises the 
possibility that deglycosylated hormones may act through alternative signal transducing 
systems and/or second messengers. 

Deglycosylated hormones become antagonists of the native hormone in in vitro bioassays 
[51, 79, 80]. However, some deglycosylated hormones show poor in vivo antagonism. For 
example, Liu et al. [81] have shown that deglycosylated human CG is a full agonist at the 
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LH/CG receptor in the primate in vivo despite being a near-complete antagonist of human 
CG in vitro. Similarly, Patton et al. [82] showed that neither deglycosylated human CG, nor 
deglycosylated α-intact β-human CG, succeeded in terminating luteal cell function when 
administered to healthy young women during the mid-luteal phase of their menstrual 
cycles. This demonstrates that neither of these CG preparations exhibit antagonistic 
properties. In this study, it was suggested that the failure to interfere with LH maintenance 
of postovulatory corpora lutea is a result of residual agonist activity of the deglycosylated 
human CG. Experiments carried out by deglycosylating α- or -subunits and then 
recombining the deglycosylated subunits with their native counterparts, support the 
premise that it is the oligosaccharides of the α-subunit, and not those of the β-subunit, 
which are essential for producing a biological response [73, 80, 83]. As stated earlier, 
uncombined α-subunit, which has been isolated from bovine pituitary is O-glycosylated. It 
is possible that such O-linked oligosaccharides may play a role in regulating dimerisation of 
pituitary gonadotropins [19]. Begeot et al. [84] demonstrated that uncombined α-subunit 
induces the development of lactotropes in the pituitary of 13-day-old rat foetuses, indicating 
that uncombined α-subunit may have a functional role other than that of a gonadotropin 
subunit. An additional role for uncombined α-subunit has been reported by Blithe et al. [85]. 
Using free α molecules isolated from the urine of pregnant women, as well as purified 
reference preparations of human CG α-subunit, Blithe et al. [85] have reported that free α-
molecules stimulate the release of prolactin from human decidual cells in culture. 

Hence this report suggests a novel role for free α in the paracrine regulation of decidual 
prolactin secretion. 

The gonadotroph cells of the pituitary have the ability to segregate LH and FSH into 
separate secretory granules. Baenziger and Green [86] have suggested that the 
oligosaccharides present on LH and FSH may act as ‘recognition-markers’ to allow the cells 
to carry out this function. The presence of predominantly sialic acid residues on FSH and 
sulphate residues on LH may result in the targeting of these hormones to separate secretory 
granules. 

9. Biosynthesis of gonadotropins bearing Asn-linked oligosaccharides 

Biosynthesis of glycoprotein hormones involves protein biosynthesis and both co and post-
translational modification by the addition of carbohydrate groups. The α- and -subunits  
of the gonadotropins are synthesised by translation of their respective mRNAs. The 
transcription of α- and -subunit genes is influenced by a number of factors including 
steroid hormones such as progesterone, estradiol and testosterone. The regulation  
of transcription of the gonadotropin subunit genes has been reviewed in several papers  
[87, 88]. 

Once mRNA has been produced, protein synthesis occurs on polysomes bound to the rough 
endoplasmic reticulum (RER). If gonadotropin subunit mRNA is subjected to translation 
using a cell-free translation system (i.e. ribosomes, mRNA etc., but no Golgi membrane-
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bound processing enzymes), then the resultant gonadotropin subunits are of slightly higher 
molecular weight as the signal peptide is not removed [89-91]. Glycosylation does not occur 
as the enzymes and oligosaccharides required for glycosylation are not present, while the 
increased molecular weight of the subunit is due to the presence of an N-terminal signal 
peptide. In vivo, this signal sequence is cleaved from the nascent polypeptide, by a signal 
peptidase located on the luminal surface of the RER membrane, hence it is not present on 
mature secreted protein. Elements of the signal hypothesis are reviewed by Jackson and Blobel 
[92]. Immature gonadotropin subunits containing a signal sequence are termed pre-α and pre-
 subunits. Processing of pre-α and pre- subunits to their mature forms involves two events, 
i.e. the cleavage of the signal peptide and glycosylation. Signal peptide cleavage occurs co-
translationally [92] while glycosylation occurs both co- and post-translationally [24, 93].  

Baenziger and Green [86] have proposed the synthetic pathway, outlined in Fig. 7, for the 
synthesis of the sulphated and sialylated Asn-linked oligosaccharides of the pituitary 
glycoprotein hormones. This proposed pathway was based upon the established pathway 
for N-linked glycosylation [41] and the structures of the oligosaccharides found in pituitary 
glycoprotein hormones isolated from pituitary tissue [11]. 
 

 
Figure 7. Proposed pathway for the biosynthesis of the sulphated and sialylated oligosaccharides in the 
pituitary glycoprotein hormones [49, 86]. 
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The primary event in the process of N-linked glycosylation is the transfer of an 
oligosaccharide core of GlcManGlcNAc from a dolichol phosphate donor to specific Asn 
residues of the nascent polypeptide chain. As stated earlier, Asn must be in the sequence 
Asn-X-Ser/Thr in order to become glycosylated. This transfer process occurs co-
translationally and is mediated by the enzyme oligosaccharyl transferase. While the 
glycoprotein is still in the RER, the three peripheral glucose residues are cleaved (step 1; Fig. 
7). Specifically, α-glucosidase I removes the terminal glucose and α-glucosidase II cleaves 
the remaining two glucose residues. Different numbers of mannose residues, 0, 1, or 3 may 
be removed in the RER by specific glycosidases [94]. Formation of disulphide bonds and αβ-
dimerisation [47, 48] is also initiated in the RER. The αβ-dimeric precursor of the mature 
glycoprotein is packaged into transfer vesicles and transferred from the RER to the cis-
Golgi. The cis-Golgi is one of three compartmentalised areas of the organelle known as the 
Golgi apparatus. It is in the Golgi that vital post-translational modification events take place 
which play a pivotal role in determining the type of oligosaccharides which will be present 
in the mature glycoprotein. Hence, post-translational events in the Golgi determine, to some 
extent, the biological properties of the mature hormone. 

In the cis-Golgi, α-1,2-mannosidase may cleave additional mannose residues yielding the 
ManGlcNAc intermediate (step 1; Fig. 7). This intermediate serves as substrate for the 
addition of GlcNAc by GlcNAc transferase I in the medial-Golgi, (step 2; Fig. 7). The 
resulting intermediate, GlcNAcManGlcNAc, may be converted to mono sulphated hybrid 
oligosaccharides (S-l(A-D)) by the sequential addition of GalNAc and sulphate (step 3; Fig. 
7). Alternatively, sequential action of Golgi α-mannosidase II, which removes two mannose 
residues (step 4; Fig. 7) and GlcNAc transferase II which adds GlcNAc (step 5; Fig. 7) yields 
an intermediate from which all the remaining gonadotropin-associated Asn-linked 
oligosaccharides can be synthesised. This key intermediate is the GlcNAcManGlcNAc 
structure highlighted in Fig. 7 by a bold rectangle. 

Hence this key intermediate can act as a template for the production of either sulphated, 
sialylated or sulphated/sialylated oligosaccharides. If galactose and sialic acid are 
sequentially added to this key intermediate, then sialylated oligosaccharides are formed 
(steps 9, 10, 11; Fig. 7). Alternatively, sequential addition of GalNAc and sulphate produces 
sulphated oligosaccharides (steps 6, 7; Fig. 7). Step 8 (Fig. 7) illustrates how the S-N type 
carbohydrates are formed, i.e. by the addition of GalNAc and sulphate as well as galactose 
and sialic acid. 

Having discussed the nature of gonadotropin heterogeneity and the biosynthetic pathways 
by which such a heterogeneous population of hormones may be produced, several 
questions remain to be answered. For example, of all the isoforms which have been isolated 
and purified from pituitary extracts, which of these correspond to forms which are actually 
secreted into the blood and reach their target tissue? There is no doubt that the pituitary 
gonadotropins exist as multiple isoforms within the blood and that the isoform profile of a 
particular hormone in the blood does change under different physiological conditions. 
However, it still remains unclear what effect, if any, such a change in isoform profile has on 
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structure highlighted in Fig. 7 by a bold rectangle. 

Hence this key intermediate can act as a template for the production of either sulphated, 
sialylated or sulphated/sialylated oligosaccharides. If galactose and sialic acid are 
sequentially added to this key intermediate, then sialylated oligosaccharides are formed 
(steps 9, 10, 11; Fig. 7). Alternatively, sequential addition of GalNAc and sulphate produces 
sulphated oligosaccharides (steps 6, 7; Fig. 7). Step 8 (Fig. 7) illustrates how the S-N type 
carbohydrates are formed, i.e. by the addition of GalNAc and sulphate as well as galactose 
and sialic acid. 

Having discussed the nature of gonadotropin heterogeneity and the biosynthetic pathways 
by which such a heterogeneous population of hormones may be produced, several 
questions remain to be answered. For example, of all the isoforms which have been isolated 
and purified from pituitary extracts, which of these correspond to forms which are actually 
secreted into the blood and reach their target tissue? There is no doubt that the pituitary 
gonadotropins exist as multiple isoforms within the blood and that the isoform profile of a 
particular hormone in the blood does change under different physiological conditions. 
However, it still remains unclear what effect, if any, such a change in isoform profile has on 
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the regulation of gonadal function. The following section deals with the factors influencing 
isoform profiles and suggests how the above questions may be addressed. 

10. Factors influencing gonadotropin isoform profile 
It is now clear that the gonadotropic hormones are secreted as multiple forms into the blood; 
however, to date little work has been done to characterize the patterns of gonadotropin 
isoforms in circulation of farm animals during different physiological states. Much of the 
data generated to date is based on the patterns of isoforms present in the anterior pituitary 
rather than in circulation or using rat sertoli or granulosa cell bioassay culture systems to 
determine biological activity. Thus, further work is required to address the role of 
gonadotropin heterogeneity in ovarian function and to resolve some of the apparent 
incoherencies present in the literature.  

In prepubertal lambs, there is a high proportion of the more acidic (typically less biopotent) 
forms of FSH in serum; once lambs reach puberty, there is a shift towards the less acidic 
(typically more bioactive) forms of FSH in serum [95]. This is consistent with data from rats 
where an increase in bioactive forms of FSH within the pituitary was observed during the 
transition through puberty [96, 97]. However, in heifers Stumpf et al. [29] failed to detect a 
change in the distribution of either LH or FSH isoforms in pituitaries collected during sexual 
maturation.  

During the estrous cycle of ewes, there was little change in the pattern of LH isoforms in the 
pituitary between the luteal and follicular phases [98]. However, during aestrus there was a 
decrease in the proportion of basic forms of oLH and a marginal increase in the acidic forms 
of LH [98]. This is in contrast to data on FSH. In rats, there is an increase in the less acidic 
(more bioactive in terms of radioreceptor assay) forms of FSH in the anterior pituitary 
during the pro-estrous period [99] when high concentrations of estradiol are present. 
Similarly in humans, there is an increase in FSH bioactivity (and the less acidic forms of 
FSH) during the late follicular phase of the menstrual cycle [28] thought to be associated 
with the pro-estrus rise in estradiol. Anobile et al. [100] also observed an association 
between increased estradiol and basic FSH isoforms during the menstrual cycle and 
concluded that changes in gonadotropin isoforms through the human menstrual cycle are 
related to changes in the prevailing steroid environment.  In contrast, Kojima et al. [101] 
reported no change in FSH isoform distribution in the pituitary during the follicular phase 
of the estrous cycle in heifers. In agreement with this, Cooke et al. [102] also reported no 
changes in circulatory FSH isoforms during the first or second follicular waves in beef 
heifers, however, did  identify greater amounts of less acidic FSH isoforms during the 
preovulatory gonadotropin surge which was also associated with increased estradiol 
concentrations. In addition, Crowe et al. [103] examined the resumption of follicular waves 
post partum and identified no significant differences in FSH heterogeneity between late 
pregnancy and the early post partum period.    

Interestingly, a study by Timossi et al. [104] revealed the relationship between FSH isoform 
and bioactivity may also be dynamic, with naturally occurring human FSH isoforms 
observed exhibiting differential or even unique effects at the target cell level. 
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Alexander and Irvine [105] have demonstrated a significant increase in the bioactive: 
immunoactive (B:I) ratio of equine LH in serum before ovulation, compared with the B:I 
ratio after ovulation. It is suggested that the change in B:I ratio may be due to a change in 
the carbohydrate composition of the molecule, i.e. a change in LH isoforms. In agreement 
with this observation, Adams et al. [106] also observed enhanced biopotency of equine LH 
during the preovulatory period. Adams et al. [106] suggested that enhanced biological 
activity of LH may be required during the preovulatory and luteal phases of the cycle to 
promote ovulation and proper luteal function.  

Removal of gonadal steroids by ovariectomy also demonstrates a role for steroids in 
controlling gonadotropin isoform secretion. Ovariectomy of heifers causes a shift towards 
the more basic isoforms of LH and FSH, while supplementation of ovariectomised heifers 
with estradiol restored the LH and FSH isoform profiles to that of intact heifers [29]. 
However, in a further study Kojima et al. [101] failed to detect an effect of either 
ovariectomy or ovariectomy with estradiol supplementation on pituitary isoforms of FSH, 
while effects on LH were consistent with those of Stumpf et al. [29]. Where human patients 
suffering with polycystic ovaries were injected with estradiol there was a decrease in 
immunoactive FSH but not bioactive FSH resulting in an increase in serum B:I ratio, 
indicating a shift towards the more basic isoforms of FSH [107, 108].  

It is unclear whether the effects of estradiol are directly associated with changes in FSH 
heterogeneity at the anterior pituitary or whether it acts via altered GnRH secretory 
patterns. Treatment of young women during the mid-follicular [109] and post-menopause 
phases [110, 111] with a GnRH antagonist dramatically suppressed bioactive FSH 
concentrations but not immunoactive FSH. In contrast, attempts to alter FSH isoform 
profiles directly by administering GnRH pulses (2 ng kg-1 body weight every 2 h for 24 h 
and every 1 h for a further 12 h), using the nutritionally restricted ovariectomised model, 
were unsuccessful [112]. This suggests that in the absence of a source of steroid hormones, 
GnRH administration was unable to alter isoform patterns of FSH. Thus, it is possible that 
the effects of GnRH on gonadotropin heterogeneity are dependant on alterations in steroid 
concentrations (likely estradiol).  

Alexander and Irvine [105] have suggested that increased secretion of equine LH forms with 
higher biological activity during the preovulatory period occur due to the rising 
concentrations of serum estradiol and increased GnRH levels which may occur at this time 
[113]. Similarly, Adams et al. [106] propose that elevation of serum oestrogens may modify 
the process of post-translational processing of equine LH to effect secretion of a more 
biologically potent form. Alternatively, estradiol may be acting at an extra-hypophyseal site 
to control enzymes involved in the removal of sialic acid residues from glycoprotein 
hormones. Loss of sialic acid can affect equine LH in contrasting ways; increasing in vitro 
biological activity [71], but reducing in vivo half-life. 

Bioactive FSH in serum was reported to increase, indicating a shift towards the basic forms, 
during pregnancy in humans (i.e. when steroid concentrations are physiologically high) 
while immunoactive FSH remained low [111, 114]. However, some of this increase in FSH 
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the regulation of gonadal function. The following section deals with the factors influencing 
isoform profiles and suggests how the above questions may be addressed. 

10. Factors influencing gonadotropin isoform profile 
It is now clear that the gonadotropic hormones are secreted as multiple forms into the blood; 
however, to date little work has been done to characterize the patterns of gonadotropin 
isoforms in circulation of farm animals during different physiological states. Much of the 
data generated to date is based on the patterns of isoforms present in the anterior pituitary 
rather than in circulation or using rat sertoli or granulosa cell bioassay culture systems to 
determine biological activity. Thus, further work is required to address the role of 
gonadotropin heterogeneity in ovarian function and to resolve some of the apparent 
incoherencies present in the literature.  

In prepubertal lambs, there is a high proportion of the more acidic (typically less biopotent) 
forms of FSH in serum; once lambs reach puberty, there is a shift towards the less acidic 
(typically more bioactive) forms of FSH in serum [95]. This is consistent with data from rats 
where an increase in bioactive forms of FSH within the pituitary was observed during the 
transition through puberty [96, 97]. However, in heifers Stumpf et al. [29] failed to detect a 
change in the distribution of either LH or FSH isoforms in pituitaries collected during sexual 
maturation.  

During the estrous cycle of ewes, there was little change in the pattern of LH isoforms in the 
pituitary between the luteal and follicular phases [98]. However, during aestrus there was a 
decrease in the proportion of basic forms of oLH and a marginal increase in the acidic forms 
of LH [98]. This is in contrast to data on FSH. In rats, there is an increase in the less acidic 
(more bioactive in terms of radioreceptor assay) forms of FSH in the anterior pituitary 
during the pro-estrous period [99] when high concentrations of estradiol are present. 
Similarly in humans, there is an increase in FSH bioactivity (and the less acidic forms of 
FSH) during the late follicular phase of the menstrual cycle [28] thought to be associated 
with the pro-estrus rise in estradiol. Anobile et al. [100] also observed an association 
between increased estradiol and basic FSH isoforms during the menstrual cycle and 
concluded that changes in gonadotropin isoforms through the human menstrual cycle are 
related to changes in the prevailing steroid environment.  In contrast, Kojima et al. [101] 
reported no change in FSH isoform distribution in the pituitary during the follicular phase 
of the estrous cycle in heifers. In agreement with this, Cooke et al. [102] also reported no 
changes in circulatory FSH isoforms during the first or second follicular waves in beef 
heifers, however, did  identify greater amounts of less acidic FSH isoforms during the 
preovulatory gonadotropin surge which was also associated with increased estradiol 
concentrations. In addition, Crowe et al. [103] examined the resumption of follicular waves 
post partum and identified no significant differences in FSH heterogeneity between late 
pregnancy and the early post partum period.    

Interestingly, a study by Timossi et al. [104] revealed the relationship between FSH isoform 
and bioactivity may also be dynamic, with naturally occurring human FSH isoforms 
observed exhibiting differential or even unique effects at the target cell level. 
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Alexander and Irvine [105] have demonstrated a significant increase in the bioactive: 
immunoactive (B:I) ratio of equine LH in serum before ovulation, compared with the B:I 
ratio after ovulation. It is suggested that the change in B:I ratio may be due to a change in 
the carbohydrate composition of the molecule, i.e. a change in LH isoforms. In agreement 
with this observation, Adams et al. [106] also observed enhanced biopotency of equine LH 
during the preovulatory period. Adams et al. [106] suggested that enhanced biological 
activity of LH may be required during the preovulatory and luteal phases of the cycle to 
promote ovulation and proper luteal function.  

Removal of gonadal steroids by ovariectomy also demonstrates a role for steroids in 
controlling gonadotropin isoform secretion. Ovariectomy of heifers causes a shift towards 
the more basic isoforms of LH and FSH, while supplementation of ovariectomised heifers 
with estradiol restored the LH and FSH isoform profiles to that of intact heifers [29]. 
However, in a further study Kojima et al. [101] failed to detect an effect of either 
ovariectomy or ovariectomy with estradiol supplementation on pituitary isoforms of FSH, 
while effects on LH were consistent with those of Stumpf et al. [29]. Where human patients 
suffering with polycystic ovaries were injected with estradiol there was a decrease in 
immunoactive FSH but not bioactive FSH resulting in an increase in serum B:I ratio, 
indicating a shift towards the more basic isoforms of FSH [107, 108].  

It is unclear whether the effects of estradiol are directly associated with changes in FSH 
heterogeneity at the anterior pituitary or whether it acts via altered GnRH secretory 
patterns. Treatment of young women during the mid-follicular [109] and post-menopause 
phases [110, 111] with a GnRH antagonist dramatically suppressed bioactive FSH 
concentrations but not immunoactive FSH. In contrast, attempts to alter FSH isoform 
profiles directly by administering GnRH pulses (2 ng kg-1 body weight every 2 h for 24 h 
and every 1 h for a further 12 h), using the nutritionally restricted ovariectomised model, 
were unsuccessful [112]. This suggests that in the absence of a source of steroid hormones, 
GnRH administration was unable to alter isoform patterns of FSH. Thus, it is possible that 
the effects of GnRH on gonadotropin heterogeneity are dependant on alterations in steroid 
concentrations (likely estradiol).  

Alexander and Irvine [105] have suggested that increased secretion of equine LH forms with 
higher biological activity during the preovulatory period occur due to the rising 
concentrations of serum estradiol and increased GnRH levels which may occur at this time 
[113]. Similarly, Adams et al. [106] propose that elevation of serum oestrogens may modify 
the process of post-translational processing of equine LH to effect secretion of a more 
biologically potent form. Alternatively, estradiol may be acting at an extra-hypophyseal site 
to control enzymes involved in the removal of sialic acid residues from glycoprotein 
hormones. Loss of sialic acid can affect equine LH in contrasting ways; increasing in vitro 
biological activity [71], but reducing in vivo half-life. 

Bioactive FSH in serum was reported to increase, indicating a shift towards the basic forms, 
during pregnancy in humans (i.e. when steroid concentrations are physiologically high) 
while immunoactive FSH remained low [111, 114]. However, some of this increase in FSH 



 
Gonadotropin 172 

bioactivity has been questioned due to interference of high endogenous serum estradiol in 
the end point measurement in sertoli cell bioassays [115]. 

The following conclusions can be drawn. 

1. Within a species, the α subunit is common to all the gonadotropins, while the -subunit 
determines the biological specificity of the hormones. 

2. A heterogenous array of oligosaccharides are found associated with the gonadotropins, 
and that variations in these oligosaccharide moieties generate the various isoforms of 
the gonadotropins. 

3. Carbohydrate moieties of gonadotropins may play both a functional role in the binding 
of gonadotropins to their receptors but more likely play critical part in signal 
transduction. The precise role of the carbohydrate residues in signal transduction is not 
clearly understood; however in general, less acidic isoforms appear more bioactive than 
the more acidic isoforms with recent evidence also suggesting their bioactivity may be 
target specific.  

4. Terminal sialic acid residues appear to be involved in increasing the circulatory half-life 
of the gonadotropins. 

5. Estradiol concentrations are important in stimulating a shift towards bioactive forms of 
gonadotropin hormones during different physiological states; however the precise 
roles, if any, of GnRH in mediating these shifts are unclear. 

6. During puberty bioactive isoforms of the gonadotropins increase. 
7. There is an increase in bioactive forms of FSH during the follicular phase of the rat 

estrous cycle and the human menstrual cycle. 
8. During pregnancy in humans there is an apparent increase in bioactive FSH 

concentrations in serum. 
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bioactivity has been questioned due to interference of high endogenous serum estradiol in 
the end point measurement in sertoli cell bioassays [115]. 

The following conclusions can be drawn. 

1. Within a species, the α subunit is common to all the gonadotropins, while the -subunit 
determines the biological specificity of the hormones. 

2. A heterogenous array of oligosaccharides are found associated with the gonadotropins, 
and that variations in these oligosaccharide moieties generate the various isoforms of 
the gonadotropins. 

3. Carbohydrate moieties of gonadotropins may play both a functional role in the binding 
of gonadotropins to their receptors but more likely play critical part in signal 
transduction. The precise role of the carbohydrate residues in signal transduction is not 
clearly understood; however in general, less acidic isoforms appear more bioactive than 
the more acidic isoforms with recent evidence also suggesting their bioactivity may be 
target specific.  

4. Terminal sialic acid residues appear to be involved in increasing the circulatory half-life 
of the gonadotropins. 

5. Estradiol concentrations are important in stimulating a shift towards bioactive forms of 
gonadotropin hormones during different physiological states; however the precise 
roles, if any, of GnRH in mediating these shifts are unclear. 

6. During puberty bioactive isoforms of the gonadotropins increase. 
7. There is an increase in bioactive forms of FSH during the follicular phase of the rat 

estrous cycle and the human menstrual cycle. 
8. During pregnancy in humans there is an apparent increase in bioactive FSH 

concentrations in serum. 
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