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ABSTRACT

A series of experiments were conducted to evaluate the potential role of leptin in
bovine reproduction. In Experiment 1, mean circulating leptin concentrations of
postpartum cows were not affected by exogenous dexamethasone treatments. In
Experiment 2, mean leptin concentrations were not correlated with female age or body
weight but were positively correlated with body condition scores of beef cattle. Leptin
concentrations were higher in 1 year old heifers (8.9 ng/ml) compared with 2 year old
cows (6.0 ng/ml), but heifer leptin concentrations were not different than 4 to 6 year old
cows (8.0 ng/ml) and cows $7 years of age (10.5 ng/ml). Mean leptin concentrations
were negatively correlated with age in heifers and cows #2 years of age and positively
correlated with age in cows >3 years of age. In Experiment 3, there were no differences
in mean leptin concentrations for 56 days starting 14 days following Al among 2-year
old and 3-year old cows pregnant to Al (1.2 ng/ml), the clean-up bulls (1.2 ng/ml) and
nonpregnant females (2.2 ng/ml) after a 60-day breeding season. Plasma leptin
concentrations were lower for lactating cows (1.0 ng/ml) compared with nonlactating
cows (2.1 ng/ml). Female age did not affect circulating leptin concentrations. In
Experiment 4, oviduct and uterine epithelial cells from mid-luteal phase females stained
positive for the long form of the leptin receptor, and uterine biopsies revealed intense
staining for the long form of the leptin receptor on the luminal side of the uterine
endometrium. Bovine blastocysts stained positive for the long form of the leptin receptor
in the trophoblast cells. In Experiment 5, addition of leptin to culture medium at 0, 100
and 1,000 ng/ml did not affect the percentage embryos developing to the blastocyst
stage. Also, leptin did not affect the ratio of blastocysts:8- to 16-cell embryos among the
0 ng/ml treatment group, the 100 ng/ml treatment and the 1,000 ng/ml treatment groups.
Results indicate that in the beef cow, the release of leptin and subsequent role(s) of
leptin in reproductive processes are likely different than those that have been reported

for mice, rats and humans.
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CHAPTERI
INTRODUCTION

Zhang et al. (1994) first described leptin as a 146 amino acid, 16 kDa protein that
had a structure similar to that of cytokines and was produced by the obesity (0b) gene.
The ob/ob mice are characterized by obesity and infertility, however, when these ob/ob
mice are administered leptin, intake is decreased, weight is normalized and fertility is
restored. Chen et al. (1996) and Lee et al. (1996) reported that db/db mice (mice that
are similar in appearance and physiology as ob/ob mice) expressed mutated leptin
receptors, and exogenous leptin had no effect on energy homeostasis or fertility. With
the discovery of leptin a considerable amount of research has focused on its effects on
nutrition and energy metabolism, particularly in mice and humans. Most leptin research
has been directed toward the understanding of the role of leptin in body adiposity and
energy balance. It is now generally accepted that leptin is produced mainly by adipose
tissue and relays information to the brain concerning the amount of energy stores and
activates the hypothalamic centers that regulate energy uptake and expenditure (Flier,
1997). The effect(s) of body fat and body mass on the circulating levels of leptin has
been extensively studied (Maffei et al., 1995; Schwartz et al., 1996; Blum, 1997; Perry
et al., 1997; Shimizu et al., 1997; Langendonk et al., 1998; Blache et al., 2000), all with
similar findings. As body fat increases, circulating leptin also increases.

In nutritionally restricted ruminants decreased serum concentration of luteinizing
hormone (LH) and decreased LH pulse frequency characterize nutritional anestrus
(Richards et al., 1989), thus negatively impacting follicular growth. In a review of
reproduction, Randel (1990) speculated that the nutritional mechanism controlling
ovarian activity may have its effect on the hypothalamus, pituitary or ovary directly.
Because ovarian function is controlled by the hypothalamic release of GnRH causing a
release of gonadotropins from the pituitary, the hypothalamic-pituitary axis is where
control of the nutritional mechanism is most likely located. Strauch et al. (2002) first
reported that leptin may impact the postpartum interval in cows. They found that
females having a short (30 to 37 days) postpartum interval exhibited higher serum leptin

concentration than did cows having a longer (78 to 132 days) postpartum interval.



The human blastocyst produces leptin, and the production of leptin in healthy
blastocysts is greater than in arrested blastocysts (Gonzalez et al., 2000). In mice, Malik
et al. (2001) reported that using minimum daily doses of leptin past either 6.5 days
postcoitus or 14.5 days postcoitus when ob/ob females were mated resulted in normal
pregnancies. However, when leptin treatment was withdrawn at 3.5 days postcoitus,
females failed to achieve a pregnancy.

Ovarian tissues, including oocytes, express leptin receptors in several species
(Cioffi et al., 1997). In addition, both the short and long form of the leptin receptor have
been isolated in a number of fetal/placental tissues in the mouse (Hoggard et al., 1997),
baboon (Green et al., 2000), human (Bodner et al., 1999) and rat (Smith et al., 2002).
Furthermore, leptin has direct effects through steriodogenesis on the ovary (Francisco,
1997; Zachow and Magoffin, 1997; Spicer and Spicer and Francisco, 1998; Agarwal et
al., 1999; Brannian et al., 1999; Ryan et al., 2002; Ryan et al., 2003) in cell types such
as theca and granulosa cells. Research has shown the leptin receptor gene varies in
the rat ovary throughout the estrous cycle (Duggal et al., 2002), and it has been
hypothesized that these variations modulate the sensitivity of the ovary to the leptin
protein. Both the long and short forms of the receptor are expressed in the adult rat
ovary. RT-PCR results indicated that long form receptor gene expression was low
during proestrus and diestrus Il, while expression was high in estrus and diestrus |. The
short form receptor gene expression was highest in diestrus | and elevated in estrus,
while expression was low at proestrus and diestrus II.

Antczak et al. (1997) reported that leptin receptors are expressed in early human
and mouse embryos and oocytes. Using immunohistological techniques, Gonzalez et al.
(2000) reported that both leptin and its receptor are expressed in the embryo and the
luminal and glandular endometrium. Kitawaki et al. (2000) was also able to use
Northern and Western blot analysis to isolate leptin receptors from human endometrial
tissues. Results have indicated that leptin may facilitate invasion of the cytotrophoblast
into the endometrium and that leptin may play an autocrine or paracrine role in this
process (Gonzalez and Leavis, 2001). It has also been shown that the addition of

exogenous leptin to embryo culture medium increased the development of embryos



from the 2-cell stage to the blastocyst, expanded blastocyst and hatched blastocyst
stages in a dose dependent manner (Kawamura et al., 2002).

Therefore, in the present study, we characterized leptin in the beef cow as it
relates to age, body condition score, reproductive status and lactational status and
investigated the expression of the long form of the leptin receptor in both endometrial
epithelial cells and embryos. Also, we examined the effect of leptin on the culture of in
vitro-produced bovine embryos. Our hypothesis is that increased exogenous leptin

concentrations will increase embryo development.



CHAPTERII
LITERATURE REVIEW
Leptin

Kennedy et al. (1953) proposed the ‘Lipostatic’ theory, in which adipose tissue
must produce a substance that circulates through the body to regulate body weight.
Hervey et al. (1959) and Coleman et al. (1978) later verified Kennedy’s theory using
parabiosis experiments with mice and rats. These researchers proposed that mice with
the inability to synthesize the hormone leptin (ob/ob mice) did not possess this ‘factor’
and mice which lacked the receptor for leptin (db/db mice) were resistant to its action.

Zhang et al. (1994) first described leptin as a 146 amino acid, 16 kDa protein that
had a structure similar to that of cytokines and was produced by the obesity (ob) gene.
The ‘Lipostatic’ theory proved true when the leptin gene was identified, and it was
determined that ob/ob mice lacked this gene. Later, Chen et al. (1996) and Lee et al.
(1996) reported that db/db mice were resistant to leptin because of mutations in the
leptin receptor. With the discovery of a new protein hormone, a considerable amount of
research has focused on its effects on nutrition and energy metabolism, particularly in
mice and humans. Leptin has been reported to circulate bound to serum proteins with a
t/2 life of ~1.6 hours (Houseknecht et al., 1996). In humans, secretion of leptin from
adipocytes occurs in a pulsatile pattern with peaks occurring every 32 minutes (Licinio
et al., 1997).

Most research pertaining to leptin has been directed toward the understanding of
the role of leptin in body adiposity and energy balance. This hormone is produced
mainly by adipose tissue and relays information to the brain about energy stores and
activates the hypothalamic centers that regulate energy uptake and expenditure (Flier,
1997). In addition, it has been suggested that this hormone affects neuroendocrine
mechanisms and regulates multiple hypothalamic functions (Flier, 1997).

Leptin and Body Enerqgy Stores

Most experimental results that have been published pertain to the effect(s) of
body fat and body mass on the circulating levels of leptin (Maffei et al., 1995; Schwartz
et al., 1996; Blum, 1997; Perry et al., 1997; Shimizu et al., 1997; Langendonk et al.,

1998; Blache et al., 2000) all with similar findings, as body fat increases circulating



leptin also increases. Thong et al. (2000) measured circulating leptin levels in female
athletes and reported that circulating leptin concentrations were significantly lower in
noncyclic female athletes than in cyclic female athletes. These researchers
hypothesized that leptin was the signal to the hypothalamus of available energy for
reproduction, and thus was lower in athletes lacking significant amounts of energy
storage.

Animal studies have repeatedly shown that inadequate nutrition resulting in
diminished body condition results in a decrease in reproductive competence at the
hypothalamic level. Day et al. (1986) found no difference in LH pulse frequency of
prepubertal heifers compared with pubertal heifers fed a low energy diet, while a
contemporary group fed adequate energy exhibited increased LH pulse frequency and
attained a normal onset to puberty. Likewise, heifers receiving a low energy diet failed
to attain puberty during a reasonable period of time. Pulse frequency of LH in
ovariectomized ewe lambs primed with estradiol is also diminished following nutritional
restriction (Foster and Olster, 1985).

Mature bovine females have been shown to achieve an anovulatory and
anestrous state when maintained on a restricted diet (Schillo, 1992). Sansinanea et al.
(2001) reported that leptin was significantly higher in post-fed Hereford cows compared
with pre-feeding values. Serum free fatty acid, $-OH-butyrate and protein
concentrations were used to assess energetic indicators. Those females receiving a
restricted diet showed depressed free fatty acid, $-OH-butyrate and protein
concentrations indicating impaired adipogenesis, and also exhibited significantly lower
serum leptin levels.

It has also been shown that follicular development can be negatively impacted by
a reduction in energy reserves. Day et al. (1986) noted that follicular development was
arrested with follicles not progressing past Class Il size in Hereford crossbred beef cows
fed a restricted diet. It is generally accepted that the incompetence of the reproductive
system in nutritionally restricted ruminants is a result of decreased circulating LH
concentrations as well as a decrease in LH pulse frequency (Richards et al., 1989), thus

negatively impacting folliculogenesis. Schillo et al. (1992) proposed that the negative



effects of inadequate nutrition on the release of LH were due to the reduction in the
release of GnRH secretion.

Postpartum intervals in beef females have also been shown to be affected by the
lack of energy stores prior to breeding or at calving. Lalman et al. (1997) reported a
negative correlation between dietary energy and postpartum interval. In thin beef
heifers, as dietary energy increased the postpartum interval decreased. Later, Lalman
et al. (2000) noted that body condition scores were positively associated with IGF-1 and
insulin concentrations, suggesting both are indicators of amounts of energy storage in
primiparous beef heifers. Strauch et al. (2002) first reported a relationship of leptin to
the postpartum interval in cows. They found that females having a short (30 to 37 days)
postpartum interval exhibited higher circulating leptin levels than did cows having a
longer (78 to 132 days) postpartum interval. However, the authors offered no further
explanation of this finding.

An association between circulating leptin concentrations in Merino sheep and
backfat thickness and the ratio of backfat thickness to live weight have been reported
(Blache et al., 2000). Circulating leptin levels were highly correlated with backfat
thickness and the ratio of backfat thickness to live weight in both female and castrated
animals. It was also noted that the levels of leptin were higher in females than either the
castrated or intact males. These authors go on to state that the secretion of leptin
(based on frequent sampling) is episodic and is not pulsatile as found in humans (Licinio
etal., 1997) .

It would appear that leptin may be the ‘adipostat’ in cattle and possibly sheep
(Kennedy et al., 1953). In a review of reproduction mechanisms, Randel (1990)
speculated that the nutritional mechanism controlling ovarian activity may have its effect
directly on the hypothalamus, the pituitary and/or the ovary. Since ovarian function is
controlled by the hypothalamic release of GnRH causing a release of pituitary
gonadotropins, the nutritional control mechanism is most likely located in the
hypothalamic-pituitary axis.

The effects of leptin on the bovine hypothalamic-pituitary-gonadal axis likely is
limited to the control at the hypothalamic level. Therefore, the regulation of reproductive

function based on the nutritional status of the animal may be one of hypothalamic origin.



Very little research has been reported where researchers have tried to unlock some to
the potential roles leptin may play on embryo development. Because leptin appears to
be a regulator of the hypothalamic-pituitary axis, one should not overlook the effect of
leptin on the uterus and embryo interaction in beef cattle.

Hypothalamic-Pituitary Axis

The brain has been shown to monitor the body energy reserves to signal the
system when energy stores are adequate or low. The level of energy stores in the body
are thought to be the regulatory mechanism controlling various aspects of reproduction
(Day et al., 1986; Richards et al., 1989; Schillo, 1992). Ablation of the ventrobasal
hypothalamus has been shown to cause hyperphagia and obesity, while lateral
hypothalamic lesions can lead to inanition and death due to starvation ( Heterington,
1940; Anand and Brobeck, 1951). Based on these results the ventromedial
hypothalamus was proposed to contain a ‘feeding center’ which when stimulated can
cause satiety in the rat (Anand and Brobeck, 1951). For a species to propagate, the
energy reserves must be adequate enough to support gestation and subsequent
lactation.

Numerous researchers have reported that decreased levels of body fat result in
an anestrous state, where the reproductive system essentially becomes quiescent. As
the animal becomes nutritionally stressed there is a reduction in the secretion of GnRH,
however, as the level of nutrition increases the frequency of LH pulses and an increase
in serum FSH results, indicating that the release of GnRH is altered by nutritional stress
(Martin et al., 1994).

Anabolic neuropeptides (neuropeptide Y, agouti-related peptide, melanin-
concentrating hormone, glanin and orexins) and catabolic neuropeptides (corticotrophin-
releasing hormone, ""-melanocyte stimulating hormone, cocaine regulated transcript and
amphetamine regulated transcript) help regulate nutritional intake and energy
homeostasis in the brain (Aroa et al., 2006). Research has shown that acute injections
of neuropeptide Y results in increased food intake and daily gains in mice (Stanley et
al., 1986). It has also been shown that acute injections of neuropeptide Y results in
hyperphagia in satiated rats (Clark et al., 1984, Billington et al., 1991; McMinn et al.,
1998) and sheep (Miner et al., 1989; Sartin et al., 2001). However, chronic injections of



neuropeptide Y over 7 days results in a sustained increase in food intake and body fat
in rats (Zarjevski et al., 1993).

Both the neuropeptide Y and leptin receptors are expressed in the arcuate
nucleus (Mercer et al., 1996), and it has been reported that administration of leptin
reduces neuropeptide Y expression and synthesis in the hypothalamus of both food-
deprived and obese rodents (Cusin et al., 1996; Schwartz et al., 1996; Flynn et al.,
1998; Sahu, 1998b) and sheep (Henry et al., 1999). Results have shown that
neuropeptide Y secretion in the rat increases in the arcuate nucleus during fasting and
decreases during feeding (Sahu et al., 1988). Studies have shown that leptin receptors
are co-localized with melanin-concentrating hormone on the LH neuron (Bittencourt et
al., 1992), although not in as great a number as are expressed on neuropeptide Y
neurons (Schwartz et al., 1996). When leptin is administered, a decrease in
hypothalamic expression of melanin-concentrating hormone and the melanin-
concentrating hormone induced increase in food intake is ablated (Sahu, 1998a).

Administration of galanin to rats and mice results in increased food intake but to
a lesser extent than that of neuropeptide Y (Kyrkouli et al., 1986; Sahu, 1998b).
However, when leptin is administered intracerebroventricularly (icv) the galanin mRNA
expression is decreased (Sahu, 1998a; Sahu, 1998b; Cheung et al., 2001). Galanin-like
peptide is reduced in the arcuate nucleus during fasting, but, upon administration of
leptin the number of cells expressing galanin-like peptide is increased 4-fold (Jureus et
al., 2000).

Like leptin, corticotrophin-releasing hormone reduces intake in rodents (Arase et
al., 1988; Hotta et al., 1991; Richard, 1993) monkeys (Glowa and Gold, 1991) and cattle
(Ruckebusch and Malbert, 1986). Costa et al. (1997) reported that in rat hypothalamic
explants the secretion of corticotrophin-releasing hormone increases in response to
leptin administration and icv infusion of leptin has been shown to increase the
expression of corticotrophin-releasing hormone in the hypothalamus (Schwartz et al.,
1996).

Release of Leptin and Control at the Hypothalamic-Pituitary Axis

The mechanisms of leptin release from the adipose cells have apparently not

been conserved across species. Gentry et al. (2001) reported increased levels of



circulating leptin in mares that were treated with dexamethasone, while Maciel et al.
(2001) reported dairy cows treated with dexamethasone showed no increase in
endogenous leptin levels. Therefore, the mode of release across species may be
completely different.

Nitric oxide synthase (NOS) is needed to stimulate the production and release of
nitric oxide (NO) from the arcuate nucleus. Earlier, Rettori et al. (1993) reported that NO
controls the release of lutieinizing hormone releasing hormone (LHRH) both in vivo and
in vitro. Yu et al. (1997) found that in the rat leptin not only stimulates LHRH but also
stimulates the release of LH and FSH from anterior pituitary cells in vitro. Furthermore, it
has been previously shown that leptin reduces NOS in the hypothalamus of mice
(Calapai et al., 1999; Morley et al., 1999), however, Baratta et al. (2002) reported that
the incubation of pig pituitary cells in leptin (10 nM and 1 uM) for 4 or 24 hours
increased the amount of NO released for these cells.

There are only limited reports in the literature on the role of leptin in the release
of the pituitary gonadotropins. A general consensus is needed to explain this action and
certainly further experimentation is needed. To date, no research has addressed
whether leptin is involved in hypothalamic pituitary function in cattle. Monitoring
circulating leptin levels in cattle would be an important step in understanding if leptin is
involved in the nutritional regulatory control of reproduction function in cattle.

Although early studies have produced contrasting results, functional leptin
receptors have been identified in ovarian tissues (Karlsson et al., 1997). Shimizu et al.
(1997) reported that increased levels of circulating estrogen directly increased
circulating levels of leptin in mice. This may be a control mechanism regulating the
ovulatory release of pituitary LH. Shimizu et al., also showed that increased adipocyte
aromatase has been shown to increase the conversion of androstenedione to estrone in
mice, which in turn increases the amount of LH to FSH ratio of gonadotropins secreted
There is a possibility that this may play a role in the reduced fertility often noted in
obese beef females.

Leptin Sexual Dimorphism

Significant differences in circulating leptin levels have been well documented

across gender in humans (Montague et al., 1997; Licinio et al., 1998; Saad et al., 1998),



in human chord blood (Tome et al., 1997) and sheep (Blache et al., 2000). Montague et
al. (1997) reported that leptin mRNA levels in nonobese and mildly obese patients was
higher in women compared with men. It has been generally accepted that circulating
levels of leptin are ‘individualistic’ in humans and nonprimates meaning, the variation
within a population with similar amounts of adiposity may be quite large. Saad et al.
(1998) reported that in 267 human subjects, fasting leptin levels ranged from 1.8 to 79.6
ng/ml with a mean of 12.4 ng/ml, and that women had 40% higher leptin levels than
men at any level of adiposity, even after controlling for body fat in women. These
researchers go on to state that following regression analysis adiposity, gender and
insulinemia were the major determinants of leptin concentrations accounting for 42%,
29% and 2% of the variance, respectively.

In a study of frequent sampling in humans over a 24-hour period, women had
leptin levels that were twice as high as men, with pulse amplitude twice as high as men
(Licinio et al., 1998). However, both men and women exhibited a similar 24-hour
pattern. One interesting note was that the most distinctive difference between the sexes
was not the leptin concentrations, level of pulses or oscillation frequency, but the
amount of leptin released (or removed) per unit of time. These researchers implied that
women may be more resistant to the effects of leptin than men which could explain the
sexual dimorphism pattern.

Evidently the difference in leptin levels between the sexes do not only occur in
postnatal humans. Tome et al. (1997) reported significant differences in levels of
umbilical cord blood leptin between male and female infants which was not different
than the leptin levels of the mothers. They showed that irrespective of body weights,
cord blood concentrations of leptin from female infants were significantly higher (12.9
vs. 6.8 ng/ml) when compared with male infants. Also, the concentration of leptin in cord
blood was disproportionately higher in infants (18.7 ng/ml) compared with that of the
mothers (9.4 ng/ml). These findings suggest that the regulation of leptin levels from fetal
adipose tissues is likely different than that of adult adipose tissue.

Photoperiod and Diurnal Patterns

Circulation of serum leptin has been shown to be affected by photoperiod (Marie

et al., 2001). Rams exposed to 16 hours of light and 8 hours of darkness had higher
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serum leptin levels than rams exposed to 8 hours of light and 16 hours of darkness.
This is in agreement with an earlier report by Bocquier et al. (1998) where Lacaune
ewes subjected to short days exhibited decreased leptin levels irrespective of nutritional
state.

A leptin diurnal pattern has been reported in rats (Saladin et al., 1995), mice
(Ahren, 2000) and humans (Langendonk et al., 1998). On the other hand, Blache et al.
(2000) and Gentry et al. (2001) have reported no diurnal pattern in either sheep or
mares. However, Blache et al. (2000) did note that there were no feeding related leptin
fluctations found in rams, while Marie et al. (2001) reported that leptin increased 2 to 8
hours after feedings in Soay rams. Feeding related fluctuations have also been reported
in beef cattle (Amstalden et al., 2000; Sansinanea et al., 2001) and are thought to be
controlled by insulin release following food intake.

The Embryo and Endometrium

It has been reported that the human blastocyst produces leptin (Gonzalez et al.,
2000). Furthermore, it was noted that the production of leptin in arrested blastocyst
stage is lower than those embryos that are developing normally. It has been proposed
that leptin may mediate implantation in the human based on the protein’s ability to
physiologically change the uterine epithelium to facilitate invasion by trophoblast cells.

Malik et al. (2001) reported that when leptin treatment (5 mg/kg / day) in ob/ob
mice was withdrawn at 3.5 days postcoitus, pregnancies did not result, however, if leptin
treatment was continued to either 6.5 days postcoitus or 14.5 days postcoitus then
normal pregnancies resulted. These researchers also reported that when ob/ob leptin-
treated females were mated to ob/ob leptin-treated males the newborn pups failed to
survive in the 6.5 day postcoitus and 14.5 day postcoitus treated groups, even with
leptin supplementation after birth of litters due to lack of maternal mammary gland
development. It was hypothesized that leptin is essential for normal pre-implantation
and/or implantation processes and for normal mammary gland development, but is not
essential for either pregnancy or parturition once implantation has taken place.

Researchers have demonstrated that leptin affects the expression of "2, **5 and
"'6 integrin subunits in the endometrium (Gonzalez et al., 2001), as well as the up

regulation of MMP9. These results indicate that leptin may facilitate invasion of the
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cytotrophoblast into the endometrium and that leptin may play an autocrine or paracrine
role in this process (Gonzalez and Leavis, 2001).

It has been proposed that the IL-1 system may be an important factor in the
embryo maternal molecular interactions (communications) during the implantation
process (Sheth et al., 1991; Simon et al., 1993). Leptin has been shown to up regulate
$3 integrin expression (a molecular marker for endometrial receptivity) by endometrial
epithelial cells (Gonzalez and Leavis, 2001). These researchers also showed that leptin
exerts a greater effect on $3 integrin than its own ligand IL-1$ at similar concentrations,
and IL-1$ was shown to stimulate leptin secretion and Ob-Rb expression in endometrial
epithelial cells.

It has also been reported that leptin stimulated IL-1$ secretion and expression of
IL-1 receptor in both endometrial epithelial cells and endometrial stromal cells
(Gonzalez et al., 2003). Using specific antibodies, IL-1$ secretion was reduced and the
addition of leptin to the medium neutralized this effect. These researchers also reported
that when OB-R was blocked the effect of leptin and IL-1$ on the expression of the IL-
1% system and $3 integrin phosphorylation of STAT3 were neutralized. It was concluded
that leptin regulates the IL-1 system and that blocking of OB-R impairs both leptin and
IL-1$ functions at the endometrial level.

Only one report could be found describing the ability of the embryo to produce
and secrete leptin in the human (Gonzalez et al., 2000). These researchers reported the
detection of leptin in conditioned medium from both human blastocysts and endometrial
epithelial cells (EEC). Hatched blastocysts cultured alone secreted higher levels (453.3
1 43.3 pg/ml) compared with arrested blastocysts alone, blastocysts co-cultured with
EEC or EEC cultured alone. Furthermore, when blastocysts were co-cultured with EEC,
leptin concentrations were lower compared with arrested embryos co-cultured with EEC
(257 £ 14.5 pg/ml vs. 360 £ 30 pg/ml, respectively).

Gonzalez et al. (2000) hypothesized that expression of leptin receptors and leptin
protein within the secretory endometrium and cultured EEC could be interpreted as a
molecular communication between the embryo and uterine environment and may be an
important factor for implantation to proceed. However, it was theorized that because

leptin is produced and secreted locally by epithelial cells, leptin could act in an autocrine
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or paracrine manner to regulate biological functions that may mediate endometrial
receptivity to facilitate the implantation process. While regulation of leptin and leptin
receptor is not completely understood, expression of both in EEC and the human
blastocyst likely coordinates the molecular events allowing implantation to occur.

The first evidence that leptin influenced oocyte maturation and developmental
competence was reported by Swain et al. (2004). It was shown that fewer blastocysts
developed compared with controls when porcine oocytes were cultured with leptin
during in vitro maturation. Leptin has also been shown to enhance the resumption of
meiosis in preovulatory follicle enclosed oocytes with no effects on meiotic resumption
of denuded or cumulus-enclosed oocytes (Ryan et al., 2002).

Kawamura et al. (2002) reported that leptin mRNA was expressed in mouse
blastocysts and hatched blastocysts, with 2 isoforms of the OB-R (Ob-Ra and Ob-Rb)
found in oocytes, 1-cell, 2-cells, morulae, blastocysts and hatched blastocysts. Leptin
was detected in the epithelium of the oviduct and the uterine endometrium in pregnant
mice. It was also noted that leptin levels were higher in the uteri of pregnant mice than
nonpregnant mice.

It has also been shown by Kawamura et al. (2002) that the addition of exogenous
leptin to embryo culture medium increased the development of embryos from the 2-cell
stage to the blastocyst, expanded blastocyst and hatched blastocyst stages in a dose
dependent manner. These authors also reported that the addition of an antibody against
the extracellular domain of the Ob-Rb isoform ablated this increased growth response.

Genomic activation is generally accepted to occur during the 2-cell stage in the
mouse (Flach et al., 1982). However, Kawamura et al. (2002) reported that leptin mRNA
was detected after the blastocyst stage using a commercial ELISA kit, indicating that
leptin mRNA is likely originating from an embryonic gene. These authors also noted that
Ob-Ra and Ob-Rb isoforms mRNA were detected from oocytes through the hatched
blastocyst stage, which would indicate that they may be maternally derived since they
are expressed prior to genomic activation.

Kawamura et al. (2002) also reported that leptin mMRNA was expressed in the
oviduct and uterus endometrium of pregnant mice; however, there were differences in

concentrations at different physiological sites. Using immunohistochemistry, it was
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shown that leptin protein was more strongly expressed in the glandular and luminal
endometrial epithelial cells of pregnant mice on day 1 and day 4.5, which correspond to
the 2-cell and blastocyst stages in the mouse. These researchers hypothesized that
leptin is produced by the oviduct and uterine endometrium epithelium during early
pregnancy. These researchers also showed that circulating leptin concentrations were
not different in virgin, nonpregnant and pregnant mice. However, the uterine fluid of
pregnant mice had higher leptin concentrations than uterine fluid of nonpregnant mice.
Levels of leptin in the oviduct appeared to be below the sensitivity of the ELISA used in
their study.

The hypothesis that leptin plays a role in implantation of the human embryo may
be valid, however, one should not overlook that leptin may also play a role in the
communication between the blastocyst and endometrium and for enhancement of
maternal recognition or possibly for direct stimulation of embryo development.

Tumor Neurosis Factor (TNF) increases leptin levels while cytotrophoblastic cells
appear to mediate the release of leptin through the cytokine Interlukin 1 (IL-1) (Bischof,
2001). The secretion of TNF produced by the early embryo may be a signaling factor to
the endometrium that pregnancy has begun.

More research is needed to determine the affects of leptin on the early
developing embryo. To date most of the research centers on polycystic ovarian
syndrome (PCOS) and levels of circulating leptin in obese humans. More specifically,
the secretion of leptin from early developing embryos through to the blastocyst stage
needs further investigation.

Granulosa and Theca Cell Culture

Agarwal et al. (1999) reported that the administration of leptin to cultured murine
theca cells inhibited the production of androstenedione normally associated with
addition of IGF-1 to the culture system. They indicated that when LH was added to
murine theca cells in culture, it increased the amounts of androstenedione in the
medium. Furthermore the addition of IGF-1 to the culture further increased the
androstenedione secretion. When leptin was added, the increase of androstenedione

resulting from addition of IGF-1 was ablated.
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Spicer et al. (1998) have previously reported that when insulin was added to the
culture medium, the number of bovine theca cells increased 8% to 16%. However, when
leptin was added to the system there was a significant reduction in both progesterone
and androstenedione production. In contrast, Zachow et al. (1999) reported that leptin
had no effect on theca cell androgen production.

Other studies have described the effects of leptin on granulosa cell production of
progesterone and estradiol (Agarwal et al., 1999; Zachow et al., 1999). Agarwal et al.
(1999) reported that the addition of leptin to granulosa cell culture resulted in a
decrease in the amounts of progesterone and estradiol secreted in the rat. Although it
must be stated that the leptin levels used in this study were high (100 ng/ml), these
researchers reported similar results occurred with estradiol on granulosa cell culture
from the rat.

Leptin can reduce armotase cytochrome needed for the production of estrone
and estradiol in rat granulosa cell cultures (Zachow et al., 1999). When granulosa cell
cultures were supplemented with FSH and TGF$ the amounts of estrone and estradiol
increased in the culture medium. However, when compared with similarly supplemented
cultures, the addition of leptin abolished the augmentation of estrone and estradiol
caused by TGFS$.

Barkan et al. (1999) reported that the addition of leptin to rat and human
granulosa cell cultures had no effect on progesterone production, but increased
progesterone secretion was reported when FSH and dexamethasone both were added
to the cultures. However, when leptin was added to the cultures the increase in
progesterone from the dexamethasone was ablated. These researchers went on to
report that there was a significant reduction in estradiol production in LH and leptin
supplemented granulosa cell cultures when compared with cultures supplemented with
LH alone.

Lactation

Lactation is a continuous physiological function that requires increased energy
demands in the mouse and rat ( Vernon and Flint, 1984; Malabu et al., 1994; Barber et
al., 1997; Flint and Vernon, 1998) and the cow (Blum et al., 1983; Kunz et al., 1985;
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Bauman et al., 1988). There are a lot of endocrine and metabolic changes that increase
metabolic efficiency and decrease energy expenditure during lactation.

During lactation rats exhibit decreased thermogenesis of brown adipose tissue
(Trayhurn, 1989) and become hypoinsulinemic (Vernon and Pond, 1997). It has been
shown that rats mobilize approximately 1 g of fat/day at the peak of lactation (Barber et
al., 1997). Similar endocrine and metabolic changes are found in high producing dairy
cows (Blum et al., 1983; Kunz et al., 1985; Chilliard, 1988). It is generally accepted, due
to the high energy demand of lactation, that cyclicity is decreased in most animals due
to low circulating levels of LH.

In mice and rats the hormonal and metabolic changes that occur during lactation
are reflected by an increase in insulin receptors (Flint, 1982), decrease in thyroid
hormone levels (Oberkotter and Rasmussen, 1992; van Haasteren et al., 1996),
increase in food intake (Ota and Yokoyama, 1967) and an increase in neuropeptide Y
concentrations in the hypothalamus (Smith, 1993; Li et al., 1998).

Brogan et al. (1999) conducted a series of studies to determine whether there
are changes in leptin levels during lactation in the rat. These researchers reported that
leptin levels were significantly reduced in ovariectomized rats that were chronically
nursed by pups and also noted that this decrease in leptin paralleled the suppression of
pulsatile LH secretion. These authors also showed that if pups were removed on day 9
for 48 hours and then returned and allowed to nurse, the leptin and insulin levels were
reduced following nursing. These results indicate that after 48 hour of nursing pulsatile
LH secretion was significantly reduced compared with nonsuckled females.

Local production of leptin by mammary tissues in mice has been documented
(Aoki et al., 1999). Using virgin, pregnant, lactating and post-lactating mice, leptin gene
expression in the mammary glands and adipose tissues were detected before
pregnancy and decreased 30% to 50% after parturition. These levels remained low
during lactation and rebounded to pre-pregnancy levels following weaning of the pups.
Milk leptin measured just before weaning was 2-fold higher than milk collected later in
lactation, and there were no differences in serum leptin levels between mid-lactating
and late lactating mice. These researchers proposed that down regulation of leptin due

to lactation was associated with an autocrine/paracrine action of leptin in both the
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mammary and adipose tissue. Also, leptin was not only diffused from the maternal blood
stream into the mammary, but regional production and secretion by the mammary
epithelial cells was thought to be responsible for leptin level changes expressed in the
milk.

In dairy cows, similar endocrine and metabolic changes are indicative of lactation
as has been reported in mice. It is generally accepted that the onset of negative net
energy balance at parturition causes a reduction in circulating leptin and is also
associated with increased concentrations of growth hormone (GH). Block et al. (2003)
reported that in late lactating dairy cows fed either 120% of their nutrient requirement or
restricted to 33% of maintenance requirement, circulating GH increased and insulin
decreased following a 24-hour and a 48-hour feed restriction period. However, when
these dairy cows were treated with excipient (vehicle control) or bovine somatotropin in
early or late lactation there was no effect on circulating leptin concentrations irrespective
of stage of lactation. These authors also showed after 96 hours of hyperinsulinemia,
using euglycemic hyperinsulinemic clamps in mid-lactating dairy cows, that circulating
leptin was significantly increased. It was concluded that insulin regulated circulating
leptin in lactating dairy cows and that elevated circulating GH was unlikely to have a
major effect on circulating leptin levels.

Research has also shown that food intake restriction increased metabolic stress
and negative energy balance in dairy cattle fed concentrates at 30% of total dry matter
intake, compared with females fed concentrates at 50% of total dry matter intake with
those animals receiving 30% concentrated having lower circulating leptin levels (Reist et
al., 2003). It was noted that the metabolic stress in the 30% concentrate group was
expressed by lower glucose, insulin, IGF-1, triiodothyronine, milk protein and lactose
concentrations and higher nonesterifiied fatty acid, $-OH-butyrate and GH
concentrations and accelerated a decline in body condition score.

Reist et al. (2003) also found circulating leptin concentrations were positively
associated with body condition score, energy balance body weight, cholesterol,
albumin, insulin and IGF-1, but were negatively associated with dry matter intake and
triiodothyronine and was higher in the spring than in the fall during the first 20 weeks of

lactation.
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One report has shown that leptin was not different between lactating and
nonlactating women, but circulating leptin may have affected milk production indirectly
through its negative effect on serum prolactin (Butte et al., 1997). Serum leptin, body
fat, energy expenditure and milk production was measured in 65 women at 36 weeks of
gestation and at 3 and 6 months postpartum. When adjusted on a per unit of fat mass,
serum leptin was higher at 36 weeks of gestation than either 3 or 6 months postpartum.
It was shown that leptin levels were associated with changes in body weight, fat mass
and circulating insulin.

Sir-Petermann et al. (2001) made an effort to determine if leptin modulates
hypothalamic-pituitary-gonadal axis function in lactational amenorrhea in women, by
monitoring LH concentrations in lactating women with PCOS and lactating normal
women on the 4™ and 8" week postpartum. It was reported that LH concentration
increased between the 4™ and 8™ week postpartum, however serum leptin
concentrations remained unchanged. It was also shown that leptin pulse frequency was
higher than LH pulse frequency in both groups, with no synchronicity between the
hormone pulses. It was concluded that during lactational amenorrhea circulating leptin
is probably not involved in reactivation of pulsatile LH secretion in women.

Leptin Receptor

Tartaglia et al. (1995) was first to describe the leptin receptor (OB-R) and
subsequently identified 5 isoforms. These 5 isoforms have been isolated in a multitude
of tissues and subsequently divided into 3 categories: short form (OB-Rs), soluble form
(OB-Re) and long form (OB-R\). The extracellular domains of all isoforms are identical
and contain 816 amino acids, while the intracellular domains are quite different and
have been used to identify the different isoforms. The OB-Rs have 4 different isoforms
consisting of significantly different transmembrane domains (Ob-Ra, Ob-Rc, Ob-Rd, Ob-
Rf; (Tartaglia et al., 1995).

Tartaglia et al. (1995) was first to report that the OB-R was a single membrane-
spanning receptor of the Class | cytokine receptor family. The early predictions of extra
and intracellular domains were 816 and 34 amino acids, respectively. However, upon
complete analysis of cDNA libraries, deviations from the original OB-R isoform were

identified based on the length of the intracellular and transmembrane domain. An
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isoform containing 303 amino acids was identified (Tartaglia et al., 1995; Chen et al.,
1996; Cioffi et al., 1996; Lee et al., 1996) as the OB-R, and was thought to be the only
isoform having intracellular signaling capabilities.

As previously stated, the extracellular domains of both the OB-R. and OB-Rs are
identical throughout the entire length of the amino acid sequence, with the differences in
the isoforms being determined by the differing lengths of the transmembrane and
intracellular domains. The intracellular domains of all known isoforms are also identical
up to 30™ amino acid of the intracellular domain, at which point divergence in amino
acid sequence occurs.

There has also been a report of an OB-R without a transmembrane domain that
is considered soluble (Ob-Re) and its function remains unclear (Lee et al., 1996). The
sequence of the OB-R has been highly conserved across species with murine and
human receptors having similar homology of both the intracellular (71%) and
extracellular (78%) domains. Because of homology across species and isoforms, any
analysis from probes generated against the extracellular domain must be carefully
considered because results have indicated that expression has been indentified in
nearly all tissues at varying amounts (Tartaglia et al., 1995; Lee et al., 1996; Schwartz
et al., 1996).

Long Form Receptor (OB-Rb)

The nomenclature for the long form of the leptin receptor through out the

literature is inconsistent and the acronyms OB-R, Ob-Rb and Lep R are all the
considered to be the same receptor. For the remainder of this paper the acronym Ob-
Rb will be used for the long form of the leptin receptor. Class | cytokine receptors are
known to transduce signals through the Janis Kinase (JAK) and Signal Transduction
and Transcription (STAT) pathway (Kishimoto et al., 1994; Heldin, 1995). Briefly, JAK
upon ligand binding phosphorylates membrane-proximal sequences of the receptor.
After STAT phosphorylation by JAK, STAT translocates to the nucleus and
initiates transcription. Two reports (Baumann et al., 1996; Ghilardi et al., 1996) have
shown that Ob-Rb transient co-transfected proteins are capable of activation of STAT
signaling, while the OB-Rs proteins remain inactive. Ob-Rb proteins are also capable of

activating both the mitogen-activated protein and the phosphatidylinositol 3-kinase
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pathways as well, and it is believed that these pathways may be involved in the control
of body weight (Kishimoto et al., 1994; Heldin, 1995). Baumann et al. (1996) showed
that transcription could be initiated by Ob-Rb in hepatoma cells via response elements
of the Class | cytokine receptor family, while the OB-Rs has been shown to be incapable
of a similar response.

The full scope of the pathway(s) utilized by the Ob-Rb has yet to be determined.
Tartaglia et al. (1997) suggested that Ob-Rb could interact with a novel signaling chain
or may accomplish signal transduction through homodimerization or homo-
oligomerization as is reported in the literature for the GH receptor, erythropoietin
receptor and G-SCFR (Kishimoto, 1994; Heldin, 1995).

White et al. (1997) illustrated this signal transduction using G-CSFR/Ob-Rb
chimeric receptors. Fusing extracellular and intracellular domains of the receptors,
these researchers reported that these chimeric receptors had a signaling capability and
potency that was not different from that of the native receptors. This supports the
hypothesis that a regulatory chain may not be needed for signal transduction and
activation may be accomplished by simple homodimerization or homo-oligomerization.

Research has shown that there are at least 2 regions of the intracellular domain
that induce signal transduction in the Ob-Rb (White et al., 1997). An OB-R receptor with
the most C-terminal 50 amino acids removed cannot initiate transcription via an IL-6
response element. However, transcription is not interrupted when a hematopoietic
response element is used, even with the C-terminal 50 amino acids truncated. STAT1
and STAT3 activities are significantly lowered when Tyr 1141 was mutated to
phenylalanine, while STATS5 is only slightly affected (Baumann et al., 1996). These
results show that the Ob-Rb uses multiple signaling paths and suggests that the
complete pathway(s) have not been fully described.

Short Form Receptor (OB-Rs)

Five isoforms of the short form of the leptin receptor have been identified (Ob-Ra,

Ob-Rc, Ob-Rd, Ob-Re and Ob-Rf). However, it has been suggested that the short

intracellular domain of the OB-Rs may play a role in transporting leptin from the blood

into the cerebral spinal fluid (CSF) where it can diffuse into the brain center(s)

responsible for the regulation of body weight (Tartaglia, 1997). Banks et al. (1996)
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reported that leptin enters the brain by a specific and saturable transport mechanism. It
has also been shown that there are differences in leptin levels of obese and lean
individuals, where in obese individuals leptin concentrations are greater in the blood
than in CSF (Caro et al., 1996; Schwartz et al., 1996). Tartaglia et al. (1997) suggested
that adipose derived leptin levels may not be indicative of increased CSF leptin levels.

One receptor is considered a soluble receptor (Ob-Re) and is transported
through circulation and has no transmembrane domain, only an extracellular domain.
This Ob-Re isoform is also called a leptin binding protein (LBP) and is thought to act as
a biomodulator of receptor signaling or as a transporter of cytokines in circulation to
prevent their degradation and clearance (Huang et al., 2000). The LBP has been linked
to an mRNA encoding for the Ob-Re isoform in the mouse (Lee et al., 1996); however,
in humans no such mRNA has been found.

In mice a 20-fold to 40-fold increase in circulating leptin levels occurs during
pregnancy (Gavrilova et al., 1997). In these mice leptin mMRNA and protein levels of
maternal adipose tissue were not elevated and results from binding assays indicated
that leptin was in a high molecular weight complex, indicative of the presence of a
binding protein, and subsequent quantitative assays showed increases in LBP of 40-
fold.

Early on, researchers hypothesized that the LBP may be a result of proteolytic
cleavage of the OB-Rgsisoform Ob-Ra. Maamra et al. (2001) reported that ligand
mediated immunofuctional and immunofluorometric assays showed that LBP would bind
to leptin and OB-R specific antibodies. It was noted that levels of LBP were correlated
with receptor presence at the cell surface where Ob-Ra exhibited a higher expression
than Ob-Rb. Subsequently, it was concluded that human LBP is a result of proteolytic
cleavage of membrane bound leptin receptors by metalloprotease.

To further verify the findings of Maamra et al. (2001), that same year Lammert et
al. (2001) reported that LBP is a major leptin binding protein in circulating human blood.
Following size exclusion chromatography, a Western blot was used to visualize bands
of partially purified leptin binding activity of LBP. Crosslinking studies using '*I-leptin
indicated that there were formations of heterodimers and homodimers of LBP

complexed with and without leptin.
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Tartaglia et al. (1997) also proposed that the OB-Rs may be a source of the
soluble receptor playing a role in the clearance of leptin. These researchers went on to
state that there are distinct tissue distributions of the different short forms, but it is
unlikely that any marked differences in functionality between the different short forms
exist.

Hypothalamus and the Leptin Receptor

Shortly after the discovery of the leptin hormone studies began in earnest to
determine the pathways and signaling mechanisms of this new hormone. Tartaglia et al.
(1995) was the first to identify the Ob-Rb isoform. Using leptin alkaline phosphatase
fusion proteins and '?I- leptin these researchers reported high affinity binding sites in
the choroid plexus of the mouse. These researchers also were the first to describe this
isoform as a single membrane spanning receptor most related to the gp130 signal
transducing component of the IL-6 receptor, the G-CSF receptor and the LIF receptor.
These results were subsequently verified by Mercer et al. (1996) who used in situ
hybridization and found mRNA of known splice variants of the Ob-Rb isoform in the
cortex, hippocampus, thalamus with high expression in the hypothalamus (arcuate,
ventromedial, paraventricular and ventral premammillary nuclei), choroid plexus and
leptomeninges of the mouse.

To substantiate previous studies, Schwartz et al. (1996) reported Ob-Rb isoform
MRNA was concentrated around the arcuate nucleus, with the ventromedial and
dorsomedial hypothalamic nuclei, but with lower concentrations. These authors
suggested at that time that leptin action in the rat hypothalamus involved altered
expression of key neuropeptide genes, and implicated leptin in the hypothalamic
response to fasting. Mercer et al. (1997) used in situ hybridization to show that OB-R
mRNA was higher in the hypothalamus in obese mice than in lean mice. Twice daily
injections of leptin for 7 days profoundly reduced both food intake and OB-R mRNA in
the arcuate nucleus, while single leptin injections were ineffective in inducing any
physiological response.

Using immunohistochemistry, Hakansson et al. (1998) reported similar findings
where OB-R isoforms were visualized in the choroid plexus, cerebral cortex,

hippocampus, thalamus and hypothalamus; whereas, the ‘leptin receptor like
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immunoreactivity’ (LR-LI) were strongly expressed in the supraoptic nucleus and
paraventricular nucleus. Only weak signals following staining were noted in the lateral
and medial preoptic nuclei, suprachiasmatic nucleus, ventromedial and dorsomedial
nuclei and tuberomammollary nucleus.

Using confocal laser scanning microscopy these authors went on to show that
LR-LI occurred on the periphery of cells in magnocellular neurons of both the supraoptic
nucleus and paraventricular nucleus. Also of note, was the expression of LR-LI staining
that occurred in many corticotropin releasing neurons, vasopressin and oxytocin
containing neurons, with most of the staining occurring in the ventromedial aspect of the
arcuate nucleus where LR-L| were co-localized with neuropeptide Y. One should note at
this point that anitsera used in these studies recognized both the Ob-Rb and OB-Rs
isoforms of the leptin receptor. LR-LI staining was also expressed in large
adrenocorticotropic hormone-IR, proopiomelanocortin containing neurons and in
galanin, neurotensin and GHRH containing neurons.

All the evidence to date shows that when in situ hybridization methods are used
with probes that are specific for both the Ob-Rb and OB-RS isoforms, hybridization is
found in the hypothalamus (Mercer et al., 1996; Fei et al., 1997; Hakansson and
Meister, 1998). Likewise, probes against the Ob-Rb isoform show only minimal labeling
in the choroid plexus (Hakansson et al., 1996; Mercer et al., 1996). Using RT-PCR, Lee
et al. (1996) have shown that Ob-Rb is located primarily in the hypothalamus.
Considering these results it appears that the hypothalamus and choroid plexus both
show an affinity for OB-R with the Ob-Rb isoform and Ob-Ra isoform simultaneously
occupying different regions.

In pigs, Ob-Rb isoform expression increased in hypothalami from 106 day old
fetus to 3.5 month postnatal piglets based on semiquantitative reverse transcription
polymerase chain reaction compared with leptin mMRNA expression increasing only to
day 7 postnatal piglets. Expression of preproorexin, somatostatin and GnRH peaked at
3.5 months of age, while proopiomelanocortin mRNA continued to increase through 6
months of age (Lin et al., 2001). It was proposed that possible relationships might exist
between Ob-Rb isoform and other hypothalamic and peripheral peptides during the

development of the neuroendocrine axis in the neonatal pig.
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Pregnancy and the Leptin Receptor

Because pregnancy and subsequent lactation places an increased demand on
physiological systems, one would expect a decrease in leptin levels during pregnancy to
enhance food intake to meet this demand. However, research has shown that leptin
increases in the rat from mid-gestation through parturition (Kawai et al., 1997;
Tomimatsu et al., 1997; Lewandowski et al., 1999), while food consumption remains
unchanged (Shirley, 1984) or increases (Rosso, 1987; Seeber et al., 2002). Thus
researchers hypothesize that a state of leptin resistance is initiated in these pregnant
animals to ensure that energy demands are met for fetal growth.

As previously stated Maamra et al. (2001) and Lammert et al. (2001) showed that
the Ob-Re isoform was a result of Ob-Ra isoform being cleaved from the cell surface. It
appears as though this is a mechanism for inducing the leptin resistance in pregnant
females in at least 2 species (mouse and baboon). Because the placenta is a site that is
rich in the Ob-Ra isoform (Hoggard et al., 1997; Green et al., 2000; Seeber et al., 2002;
Smith and Waddell, 2002) and increases in Ob-Re isoforms occur at the same time as
increased circulating leptin levels (Seeber et al., 2002), it has been proposed that leptin
may play a role in fetal development and is sequestered by Ob-Re isoform so energy
intake is not decreased by low levels of hypothalamic neuropeptide Y.

OB-Rs and Ob-Rb isoforms have been isolated in a number of fetal/placental
tissues in the mouse (Hoggard et al., 1997), baboon (Green et al., 2000), human
(Bodner et al., 1999) and most recently in the rat (Smith et al., 2002). In the baboon,
Green et al. (2000) used reverse transcriptase polymerase chain reaction and in situ
hybridization and found that both Ob-Rb and OB-Rsisoforms were expressed in the
placenta (anmiochorion and decidua) and the corpus luteum throughout gestation. It
was also noted that OB-Rgisoforms were expressed in greater abundance than the Ob-
Rb isoform in all tissues. Henson et al. (2004) showed that transcripts for both Ob-Rb
and OB-Rs isoforms increased several fold in baboon fetal lungs between mid and late
gestation.

Hoggard et al. (1997) reported that high levels of leptin and its receptor were
expressed in fetal bone and cartilage and may be linked to hematopoiesis actions of

leptin in adults. Using the Western blot and immunocytochemistry, these researchers
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reported that expression of both mRNA and protein occurred in the ribs, scapula,
clavicle, humerus, ulna radius, femur and mandible, especially while these structures
were undergoing ossification in 14.5-day postcoitus mouse fetuses.

Several isoforms of the OB-Rs (short form of the leptin receptor) have been
reported in the rat placenta (Smith et al., 2002). Ob-Ra, Ob-Rb and Ob-Re mRNAs are
expressed in the functionally distinct basal and labyrinth zones of the rat placenta from
day 16 to day 22 postcoitus by real time quantitative reverse transcription polymerase
chain reaction. Also, Smith et al. (2002) reported that the spacial placental expression of
the Ob-Rb isoform was confirmed by the Western blot and immunolocalization, and was
most prominent in trophoblast and vascular tissues. The latter group goes on to report
that Ob-Ra and Ob-Re mRNA expression increased from day 16 to day 22 in the
labyrinth but not in the basal zone, while Ob-Rb remained stable through all sampling
periods.

Previous research findings not only support the hypothesis that females enter a
state of leptin resistance, but also provide experimental results that explain how
physiological mechanisms work to provide protection from the high maternal circulating
leptin concentrations on energy intake. Research has shown that leptin plays a critical
role in the fetal/placental unit late in pregnancy, and scientists are just starting to
unravel its mechanisms and impacts on the growing fetus.

Ovary and the Leptin Receptor

Studies have shown that OB-R are present in the ovarian tissues including
preovulatory oocytes in chickens (Cassy et al., 2004), in the rat (Duggal et al., 2002)
and humans (Cioffi et al., 1997; Karlsson et al., 1997; Ryan et al., 2002; Ryan et al.,
2003) However, at this time no studies have been found identifying mRNA for leptin
within the oocyte, thus, the mechanism by which leptin enters the oocyte remains to be
determined.

Cassy et al. (2004) reported significant changes in the Ob-Rb isoform in slow
growing domestic hens compared with fast growing hens. Ob-Rb mRNA (determined by
RT-PCR) expression in chicken theca cells did not change. However, in slow growing
hens Ob-Rb receptor isoforms decreased with follicular differentiation in the granulosa

cells, while in fast growing hens up-regulation of the OB-R isoform occurred in the
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granulosa cells. When food intake was restricted the overall expression of OB-R mRNA
was decreased. Also, these authors reported that circulating leptin and other metabolic
factors were not affected by altering nutritional status.

Furthermore, it has been shown that leptin has direct effects on the ovary, more
specifically, in ovarian cell types such as theca and granulosa cells, through
steriodogenesis pathways (Spicer and Francisco, 1997; Zachow and Magoffin, 1997;
Spicer and Francisco, 1998; Agarwal et al., 1999; Brannian et al., 1999; Ryan et al.,
2002; Ryan et al., 2003). Ryan et al. (2002) reported that the OB-R isoform is
expressed in the mouse in all of the primary ovarian tissue cell types, with the highest
staining levels occurring in the theca cells. In another study, Ryan et al. (2003) again
showed Ob-Rb isoforms present in theca cells, endothelial cells, oocytes and corpora
lutea in immature gonadotropin primed rat ovaries following human chorionic
gonadotropin administration.

Also, the leptin protein has been found in both mouse and human oocytes (Cioffi
et al., 1997; Matsuoka et al., 1999) but no studies to date have been able to show
mMRNA for leptin in either of these species (Antczak et al., 1997; Cioffi et al., 1997).
Antczak and Van Blerkom (1997) hypothesized that leptin is produced elsewhere and
transported into the oocyte by endocytosis. It has been suggested that the amount of
leptin increases in the oocyte as it matures from germinal vesicle stage to the second
metaphase (Matsuoka et al., 1999).

Research has shown that the OB-R gene varies in the rat ovary throughout the
follicular wave cycle (Duggal et al., 2002), and it has been suggested that these
variations modulate the sensitivity of the ovary to the leptin protein. These researchers
reported that both Ob-Rb and OB-Rs isoforms were present in the adult rat ovary. RT-
PCR results indicated that Ob-Rb gene expression was low during proestrus and
diestrus Il, while expression was high in estrus and diestrus | of the mouse. The OB-Rs
isoform gene expression was highest in diestrus | and elevated in estrus, while
expression was low during proestrus and diestrus Il.

In the human ovary, transcripts encoding for both Ob-Rb and OB-Rs isoforms
were detected in granulosa and theca cells (Cioffi et al., 1996; Karlsson et al., 1997).

Karlsson et al. (1997) reported that the OB-Rs isoform is expressed at much higher
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levels than the Ob-Rb isoform. Also, while no leptin gene expression was detected in
these ovaries, leptin was present in follicular fluid at levels similar to those found in the
serum. In contrast, Cioffi et al. (1997) reported leptin gene expression at both the mRNA
and protein levels demonstrated production by the granulosa and cumulus cells.

Zerani et al. (2004) examined the expression of the Ob-Rb isoform on day 9 of
pseudopregnancy in rabbits. Positive Western blot analysis confirmed the presence of
Ob-Rb isoforms in large luteal cells of the corpus luteum (CL) and granulosa cells of
follicles and oocytes. These researchers reported increased prostaglandin Fy-
production with decreased basal progesterone. The increased prostaglandin F,- was a
result of activation of the JAK pathway, while the decreased prostaglandin was a result
of the activation of mitogen-activated kinase and cAMP specific pathways.

Therefore, leptin may play a significant role in follicle somatic cells in the
regulation of oocyte maturation, CL formation, prostaglandin release and the decline in
circulating progesterone in farm animals. Further studies are needed to fully determine
and understand the role of leptin and its receptor isoforms in ovarian function.

The Embryo and Endometrium and the Leptin Receptors

Studies have shown that Ob-R are expressed in early human and mouse
embryos and oocytes (Antczak and Van Blerkom, 1997). Through immunofluorescence
these researchers have shown that the Ob-R receptor is expressed in mouse oocytes,
fertilized ova and early cleavage stage embryos. Using immunohistological techniques
Gonzalez et al. (2000) reported the Ob-R is expressed in the luminal and glandular
endometrial epithelium in the human. Both leptin and OB-R were detected in EEC
when cells were cultured with and without embryos, indicating that the embryos were
not the only source of leptin but the EEC themselves were able to produce this protein.

Kitawaki et al. (2000) used Northern and Western blot analyses to isolate leptin
receptors from human endometrial tissues. They went on to state that there were
different profiles of expression with leptin receptors gradually increasing during the early
proliferative phase toward ovulation and peaking during the early secretory phase then
declining during the middle and late secretory phase. However, no leptin prote