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ABSTRACT 

 
Experiments were conducted to evaluate nitric oxide (NO) involvment in the 

leptin effect on food intake in both broiler and Leghorn chickens.  The first experiment 
studied the effect of leptin combined with L-arginine on the food intake in broilers. 
Intracerebroventricular (ICV) administration of human recombinant leptin injection 
decreased (P=.01) food intake from 15 to 150 minutes compared to the control group 
treated with artificial cerebrospinal fluid ( aCSF) while food intake was increased by L-
arginine. Food intake between the group receiving leptin and L-arginine was similar to 
the control group. Therefore, broilers were sensitive to the anoregenic effects of leptin, 
while L-arginine, a NO precursor appeared to attenuate the leptin effect on food intake. 

The effect of leptin and L-NNA on food intake in broilers was measured in the 
second experiment. Lepin, L-NNA and leptin plus L-NNA decreased food intake. The 
NO inhibitor L-NNA tended to enhance the suppression of leptin on food intake. In the 
third experiment, using Leghorns instead of broilers, the ICV injection of leptin 
decreased food intake from 15 to 60 minutes postinjection  (P=.05). However, food intake 
was not affected by injection of L-arginine plus leptin. Therefore, L-arginine appeared to 
antagonize the leptin inhibitory effect on food intake. A small increase food intake 
induced by L-arginine was also observed (P=.09).  

The change of food intake in Leghorns administered leptin and L-NNA were 
measured in Experiment 4. Food intake was decreased by L-NNA and leptin with the 
effects lasting 60 minutes, similar to that observed in broilers (P<0.0l). For group B 
(leptin treatment), there was decreased food intake within 45 minutes (P=.04) and the 
effect disappeared 60 minutes, post injection. Also, the results along with Experiment 2 
demonstrated that NO mediated the effect of leptin in Leghorns. 

The fifth experiment investigated the change in concentration of metabolites of 
nitric oxide after injection of leptin within 30 minutes. The group treated with the leptin 
had a lower level of metabolites of nitric oxide in the hypothalamus than the control 
group (P=.004). This effect further demonstrates that leptin modulated feeding activity 
through its inhibition on nNOS activity  in the hypothalamus.  

These results showed that both leptin and NO participated in the regulation of 
food intake in broiler and Leghorn chickens, and the effect of hypothalamic 
neuropeptidergic circuitry leptin on food intake was mediated by NO. 
 
(Key words: Leptin, Nitric oxide, Food intake, Broilers, Leghorns)
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Chapter I 

 
Introduction 

 
 The hypothalamus plays a large role in body weight control as shown by lesion 
studies in the arcuate nucleus (ARC) resulting in hyperphagia and obesity (Cowley et al., 
2001), the paraventricular nucleus (PVN) resulting in obesity (Sarkar and Lechan 2003) 
and the lateral hypothatlamus (LH) resulting in aphagia and even death by starvation 
(Marsh et al., 2002). The role of hypothalamus acting as an integration site for several 
factors of central and peripheral origin for the regulation of energy homeostasis was 
further established in 2001. It was shown that if one of the parabiotic partners had an 
ARC lesion and developed obesity, the intact partner became anorexic and lean (Satoh et 
al., 2004). Overall, several hypothalamic sites including the ARC, PVN, and the LH are 
implicated in food intake and body weight regulation.  
 
 Mechanisms that regulate food intake and energy expenditure have been studied 
extensively since the cloning of the obese gene encoding for leptin (He et al., 1995). 
Mutations in the obese gene lead to obesity and type 2 diabetes which represent one of 
the typical symptoms of morbid obesity in humans (Zhang et al., 1995). Unlike in 
mammals, chicken leptin is an approximately 16kDa protein expressed not only in 
adipose cells but also in the liver (Taouis et al., 1998). It is well documented that both 
leptin and its receptors can change the lipid stores and food intake via its actions on 
specific hypothalamic nuclei. However, there is growing evidence that leptin and its 
receptors are widely expressed throughout the brain, such as cortex, cerebellum, and 
brainstem (Grill et al., 2002; Kurrimbux et al., 2004). In addition, it was reported that 
leptin decreases food intake in db/db mice (Chen et al., 1996). ICV injections of leptin 
have been reported to decrease food intake in avian species (Denbow et al., 2000). 
Furthermore, the effects of leptin have been reported to interact with many 
neurotransmitters and hormones, such as neuropeptide Y (NPY) (Ishii Set et al., 2003), 
corticotrophin releasing hormones (CRH) (Masaki et al., 2003), and melanin stimulating 
hormone (MSH) (Tritos et al., 1999). However, all mechanisms by which leptin exerts its 
effects on metabolism are largely unknown and are likely quite complex. 
 
 Nitric oxide (NO), a free radical gas produced by most cell types, acts via the 
second messenger cGMP. It is produced from its precursor L-arginine by the enzyme NO 
synthase (NOS). Three distinct NOS isoforms have been identified in mammalian cells: 
the constitutive calcium-dependent enzyme neuronal NOS (nNOS), endothelial NOS 
(eNOS), and the calcium-independent cytokine-induced isoform, inducible NOS (iNOS) 
(Gonzalez-Hernandez and Rustioni, 1999). Previous studies revealed that NOS is located 
in the PVN and the nucleus tractus solitarius (NTS), areas involved in feeding control 
(Dorner et al., 2003). In addition, NO-producing neurons widely localized in the 
peripheral nervous system and central nervous system, including the hypothalamus may 
participate in the regulation of food intake (Sugimoto et al., 2003; Yamada et al., 2003). 
In chickens, inhibition of NOS by NOS inhibitors results in a reduction of NO formation 
and decreased food intake (Morley et al., 1991). Likewise, NO has been reported to 
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interact with many neuropeptides known to have an effect on feeding, such as NPY and 
ghrelin which stimulate food intake through the NO pathway in the mouse (Cheng et al., 
2000). Leptin may at least partly influence NO concentrations by playing an important 
role in the regulation of NOS levels (Calapai et al., 1999), suggesting that leptin normally 
maintains a ‘tonic’ level of nNOS expression. Further evidence showed that the ability of 
leptin to reduce food intake was severely blunted in nNOS knockout mice (Gyurko et al., 
2002). These findings raise the possibility that there may be an interaction between NO 
and leptin in the regulation of food intake. The objective of this research was to 
investigate whether leptin modulated food intake working through the NO pathway in 
chickens.  
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Chapter II 

 
Literature Review 

 
During the past twenty years, obesity among adults has increased significantly in 

the United States. Over 60 million adults 20 years of age and older people in U.S are 
obese according to the latest data from the National Center for Health Statistics (Flegal et 
al., 2005). This increase is not limited to adults. The percentage of young people who are 
overweight has increased more than three times since 1980. Obesity is a big health 
problem around the world in humans, particularly in western societies. Children and teens 
aged 6-19 years, 16 percent are considered overweight in 2005 (Flegal et al., 2005). 
There are many factors involved in the development of obesity including age, gender, 
social status and life style (Table 2-1). Obesity developes from an increase in energy 
balance with a continuous increasing in fat mass eventually leading to obesity. Therefore, 
it is imperative to understand the mechanisms underlying food intake and body weight 
regulation. The hypothalamus is considered as a primary site which integrates several 
factors of central and peripheral origin for the regulation of energy homeostasis. 
Importantly, an understanding of the basic structure of hypothalamus and its function will 
provide useful information for better understanding research work in food regulation 
(Kristensen et al., 1998). 

 
Anatomy of the Hypothalamus 
 
 The hypothalamus was shown to alter feeding during the early 1940s and after 
that scientists identified the lateral hypothalamus and ventromedcal as “feeding” and 
“satiety” centers respectively in 1975 (Boudier et al., 1975). Presently, substantial 
evidence has shown that neural circuits regulating food intake are located in the 
hypothalamus.  Recent studies have expanded the definition of neuronal networks and 
their ramifications. The view of the functional “centers” has been replaced by discrete 
neurons populations, which express specific neurotransmitters that mediate particular 
effects on food intake and energy expenditure and that, are regulated by specific signals 
of nutritional state (Elmquist et al., 1998).  
 

Lying immediately above the median eminence, the ARC is situated around the 
base of the third ventricle. The ARC is an important brain area containing an elongated 
collection of neuronal cell bodies which are subdivided into different functional domains. 
Among them, neuropeptide Y (NPY) and agouti gene-related protein (AGRP) are two of 
the most important neurotransmitters in a population of neurons in the ARC to regulate 
food intake (Broberge et al., 1998), while pro-opiomelanocortin (POMC; the precursor of 
–melanocyte-stimulating hormone (-MSH) and cocaine- and amphetamine-regulated 
transcript (CART), which cause an anorexic response, are observed in an adjacent subset 
of ARC neurons (Kristensen et al., 1998). Interestingly, there are interactions between 
these two populations. The ARC connects reciprocally with other hypothalamic regions 
including the PVN, DMH, VMH and LH. Due to capillaries in the underlying median 
eminence which have loose junctions, this region lies outside the blood-brain barrier 

  3



 

(Elias et al., 1998a).  Therefore, a lot of neurotransmitters have accessibility to the ARC 
neurons, including leptin. Other signals may also gain access to the ARC by diffusion 
across the ependyma from the cerebrospinal fluid (CSF) in the third ventricle (Elmquist et 
al., 1998). 
 

The PVN lies near the top of the third ventricle acts as an integrating center 
receiving many neural pathways that influence energy homeostasis, and is richly supplied 
by axons projecting from the ARC-NPY/AGRP and POMC/CART neurons and from the 
orexin neurons of the LH (Elmquist et al., 1999). The PVN is particularly sensitive to 
appetite-modifying neurotransmitters including NPY, -MSH, serotonin (5-HT), galanin, 
noradrenaline and opioid peptides (Romanova et al., 2004) as shown by the nucleus 
containing terminals. Corticotrophin-releasing factor (CRF) is expressed by neurons in 
the PVN that project to the median eminence (Arase et al., 1998) and may have an effect 
to inhibit the NPY neurons of the ARC-PVN projection. 
 
  The VMH is one of the largest nuclei of the hypothalamus Stimulation of the 
VMH inhibits feeding, whereas a lesion in the region causes overeating and weight gain, 
and therefore was formerly considered to be the “satiety center”. (Meister et al., 1989). 
Recent studies have shown high abundance of leptin receptors in neurons of the VMH, 
and evidence indicates that this region may be an important target for circulating leptin 
(Chistophe et al., 1998). There are direct connections between the VMH with LH and the 
DMH. 
 
 The DMH is situated on dorsal to the VMH and has extensively direct 
connections with other hypothalamic nuclei such as the PVN, LH and the brainstem. No 
direct connections were observed between the VMH and LH, but connect indirectly 
through the DMH and the PVN. The PVN and the DMH may cooperate functionally as a 
unit, which is involved in initiating and maintaining food intake. The DMH contains both 
insulin and Ob-Rb. Some of ARC-NPY/AGRP neurons also terminate in the DMH (Kalra 
et al., 1999). 
 
 The LH contains a large population of neurons including some that express 
orexins and melanin-concentrating hormone (MCH) which stimulate food intake. 
Stimulation of the nucleus increases food intake, while its lesion attenuates feeding and 
causes weight loss. Previously, the LH was viewed classically as the “feeding center”. 
NPY terminals are abundant in the LH, and contact with orexins and MCH cells (Horvath 
et al., 1999). The perifornical part of the LH contains a high density of NPY-“Y5” 
receptors thought to mediate the appetite-stimulating effects of NPY (Hu et al., 1996; 
Bernardis et al., 1996). 
 
Leptin Biology Overlook 
 
 The discovery of leptin in 1994 has led to a better understanding of the regulation 
of energy balance in humans (Zhang and Proenca, 1994). The discovery of leptin 
receptors in hypothalamic regions known to regulate energy intake and body weight has 
induced considerable excitement in the field. Recently, most attention has focused on the 
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actions of leptin in the central nervous system. That is the reason why leptin was initially 
considered in a primary role as an anti-obesity hormone, but this role is commonly 
attenuated by leptin resistance (Ladyman and Grattan, 2005; Korhonen and Saarela, 
2005). Recent progress in understanding central leptin receptor signaling provides 
potential new targets for anti-obesity and anti-diabetes drug development. G-form 
receptor regulates multiple intracellular signaling cascades including the classic janus 
activating kinase-signal transducer and activator of transcription (JAK-STAT) pathway, 
consistent with belonging to the cytokine-receptor superfamily and the phosphinositol-3, 
kinase and adenosine monophosphate kinase pathways (Sanchez-Margalet and Martin-
Romero, 2001). Progress has been made in understanding the role of individual signaling 
pathways in vivo and the mechanisms by which specific neuropeptides are regulated. 
Regulation of the NPY and POMC genes by leptin are partly understood, and this raises 
the possibility that these may be important in the development of leptin resistance and 
obesity (Lee et al., 1999). 
 
Leptin and its Receptor 
 
 Leptin is produced from the ob gene that is synthesized by white adipose tissue. 
Circulating in the plasma as a 16kDa protein, leptin concentration is proportional to body 
fat content (Umemoto et al., 1997). Anatomical as well as functional data indicate that 
leptin regulates energy balance mainly by acting in the central nervous system. Leptin 
targets neurons in the arcuate, dorsomedial, ventromedial and ventral premammillary 
nuclei within close proximity to the median eminence. As mentioned before, since 
capillaries in the median eminence lack tight junctions, as in other circumventricular 
organs, leptin may reach neurons in the adjacent ventrobasal hypothalamus through 
diffusion. Also leptin may be transported into the brain via CSF (Banks et al., 1996).  

The multiple receptor isoforms share identical extracellular ligand binding 
domains at the amino-terminus but differ at the carboxy-terminus. These leptin receptor 
isoforms result from alternative mRNA splicing of the transcript of the leptin gene and/or 
from proteolytic processing of the subsequent protein products (Wang et al., 1998). With 
the exception of Ob-Re (obese receptor-e), these isoforms are membrane-spanning 
receptors that fall into two categories. There are short forms of the receptor (Ob-Ra, c, d 
& f), which typically consist of 30-40 cytoplasmic residues and a long form, Ob-Rb, 
which has an extended intracellular domain that contains various motifs required for 
interaction with other proteins and subsequent initiation of signaling pathways. The Ob-
Rb isoform plays a pivotal role in the regulation of the obese state (Lee et al., 1999). 
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Figure 2-1. Six different isoforms of leptin receptors in the cytoplasma membrane. 
The Ob-Ra, Ob-Rc, Ob-Rd, and Ob-Re are short forms; Ob-Rd is the long isoform. The 
Ob-Rb is located in the hypothalamus, and when leptin binds to the Ob-Rb, induction of 
the intracellular signal JAK/STAT pathway occurs to activate the action of leptin and 
leptin receptors may occur (Lee et al., 1999). 
 
Leptin Action in the Brain 

 
High levels of the Ob-Rb receptor isoforms are expressed in several 

hypothalamic nuclei including the ARC, VMN, and DMH, with the strongest signals 
localized to the ARC (Hakansson et al., 1998, Hakansson et al., 1999). Intravenous or 
intraperitoneal injection of leptin results in the activation of the ARC, VMN, DMH, and 
PVN hypothalamic neurons in all areas implicated in regulating feeding behavior and 
energy balance (Ahima et al., 1999). Furthermore, ICV administration of leptin to ob/ob 
mice and wild type mice inhibits food intake and decreases body weight (Ahima and Flier, 
2000). Among them, the ARC is the hypothalamic center that transduces peripheral leptin 
signals into neuronal responses and behavioral changes associated with alterations in food 
intake and body weight regulation (Tang-Christensen et al., 1999). Two neuronal 
subtypes are critical targets for leptin in the ARC, an orexigenic pathway compromising 
NPY and an anorexigenic pathway consisting of POMC. Mice deficient (ob/ob) or 
unresponsive (db/db) to leptin, or fasted rats, are characterized by increased levels of 
NPY mRNA and decreased levels of POMC mRNA, and direct administration of leptin 
to fasted rats or ob/ob mice reverses these changes (Ahima and Flier, 1999). 
 
Leptin Resistance 
 
 Initially, leptin was considered as a potential treatment for obesity. ICV and IP 
injection of leptin decreases food intake and increases energy expenditure in mice and 
rodent. However, with the exception of humans with a rare genetic form of leptin 
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deficiency, circulating leptin levels correlate with body mass index and total body-fat 
mass (Fruedman and Halaas, 1998). Hence, obese individuals have elevated circulating 
leptin levels that fail to mediate weight loss which indicates that in most humans obesity 
represents a form of leptin resistance. To address this issue, a rat model of chronic central 
leptin was developed. Rat chronic central leptin infusion resulted in an initial marked 
decrease in food intake followed by a recovery to the normal levels by two weeks of 
infusion, and food intake remained normalized throughout the rest of the 4 weeks of 
leptin infusion. These results suggest that rats develop resistance to the satiety action of 
leptin. In contrast, body weight was gradually decreased to reach a nadir by 10-12 days of 
infusion and thereafter, it remained stabilized at reduced level despite the normalization 
in food intake. However, withdrawal of chronic leptin infusion resulted in hyperphagia, 
and body weight was mostly normalized by 22 days post leptin. Although the 
stabilization of body weight at a reduced level in the face of normal food intake is of 
considerable interest, the underlying mechanism behind this remains to be determined.  
  
Leptin Effects on Food Intake 
 
  Initially, people thought that leptin was only a satiety factor to regulate food 
intake. An approximately 75-80% of food intake reduction was found in ob/ob mice after 
administration of leptin. More than that, leptin expression has been implicated in the 
regulation of food intake of ruminants. ICV injection of leptin affects food intake in 
lambs (Morrison et al., 2001). In cattle and ewes, the NPY is present at higher 
concentrations than in feed-restricted (Dyer at al., 1997a, and b). In sheep, a partial 
cDNA corresponding to the ovine long form leptin receptor in the VMH and ARC of the 
hypothalamus has been cloned. Leptin receptor mRNA expression was co-localized with 
cell bodies containing NPY mRNA in mentioned regions. It was determined that 
hypothalamic leptin receptor expression is greater in feed-restricted ewes than in well-fed 
ewes (Bocquiet et al., 1998). Importantly, the leptin receptor is markedly increased in 
feed-restricted compared with well-fed ewes (Dyer at al., 1997a). Infusion of NPY 
intravenously in sheep increased leptin and NPY receptors in adipose tissue (Dyer et al., 
1997b) and induced feeding behaviors in sheep (McShane et al., 1992). 
 
The ARC of the Hypothalamus as a Major Site of Leptin’s Actions 
 

The ARC resides above the median eminence and shares connections with 
regions such as the subfornical organ (Lind et al., 1987). Distinct subsets of hypothalamic 
neurons may respond to leptin by virtue of their location in regions where the blood-brain 
barrier is compromised. Recent studies have defined a core circuitry in the hypothalamus 
that appears to mediate many of the effects of leptin on feeding and energy balance. The 
effect of leptin in regulating energy stores is due to its direct access to hypothalamic 
neurons that control feeding behavior and other aspects of energy metabolism (Saper et 
al., 2002; Watts et al., 2000). The ARC has long been associated with obesity (Olney et 
al., 1969). Its cells express leptin receptors (Elmquist et al., 1998; Hakansson et al., 1998; 
Fei et al., 1999) and exhibit signal transducer and activator of transcription 3 
phosphorylation in response to central and peripheral injections of leptin, which is 
generally viewed as a molecular signature of leptin signaling (Vaisse, et al., 1996; 
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McCowen et al., 1998). Moreover, the projections of the ARC to other hypothalamic sites 
implicated in the control of feeding such as the PVN and DMH, as well as to LH 
(McAliste and Van Vugt, 2004), suggest that the ARC is a principle monitor of leptin 
signaling in the brain. Importantly, the distribution of ARC projections appears virtually 
identical in both rats and mice, and the organization of these pathways is quite similar in 
males and females.                     
 
Neuronal Targets of Leptin Action 
 
 Just mentioned before, the ARC contains two populations of neurons that play a 
particularly important role in distributing leptin signals centrally. NPY and AGRP are 
coexpressed within a subpopulation of arcuate neurons. There are separate 
subpopulations of neurons in the ARC, such as MSH, which are derived from POMC. 
These anatomically distinct populations of ARC neurons project to other key parts of the 
hypothalamus and appear to exert opposing regulatory functions: NPY and AGRP are 
orexigenic, whereas melanocortins are anorexigenic. The hypothesis was supported by 
the evidence that activation of neurons in the PVN and LH by leptin seems to occur only 
after they are innervated by ARC neurons (Morgan et al., 1991). It would appear that in 
the hypothalamus, the regulation of feeding by leptin; receptor mediated cellular 
activation in the ARC and activation of neurons in the PVN and LH is mediated primarily 
by transynaptic stimulus transcriptional coupling. These data suggest that ARC projection 
pathways may at least partially underlie the sensitivity to leptin observed during the effect 
on feeding regulation (Armstrong et al., 1993). 
 
Orexigenic Peptide-Producing Neurons as Leptin Target 
 
 Among the orexigenic neurotransmitters, NPY has become one of important 
stimulaters implicated in the mediation of leptin action in the hypothalamus. Firstly, NPY 
is the most potent endogenous orexigenic signal in various mammals, including rats 
(Kalra et al., 1991, 1999). Secondly, NPY production increased in animal hyperphagia 
model as well as in several experimental and genetic models of obesity (Woods et al., 
1998; White et al., 1999). Thirdly, continuous or repeated central injection of NPY 
produces hyperphagia, body weight gain and ultimately, obesity (Zarjevski et al., 1993). 
Leptin decreases hypothalamic NPY gene expression (Stephens et al., 1995). Leptin 
appears to oppose the enhancement action of NPY on feeding (Erickson et al., 1996), 
showing that NPY may act antagonistically against the anorectic effect of leptin. 
Furthermore, NPY neurons express Ob-Rb and signal transducer and activator of 
transcription 3 (STAT3) (Hakansson et al., 1998), suggesting a direct action of leptin on 
these neurons. Finally, genetic knockout of NPY reduces hyperphagia and obesity in 
ob/ob mice indicating that the full response to leptin deficiency requires NPY signaling 
(Erickson, et al., 1996). Interestingly, mice lacking NPY show no abnormality in food 
intake and body weight regulation, and in fact these mice are more sensitive to leptin 
(Erickson et al., 1996), suggesting further the antagonism of leptin action by NPY. This 
also indicates redundant signaling mechanisms in the hypothalamus, such that, in the 
absence of NPY, leptin acts through other pathways to maintain normal food intake and 
body weight. 
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 In obese and diabetic mutant mice, NPY neurons are co-expressed with AgRP, 
and AgRP is up-regulated (Shutter et al., 1997). Importantly, AgRP is an endogenous 
melanocortin antagonist (Wilson et al., 1999), and leptin decreases AgRP mRNA levels 
in the hypothalamus. All these results suggest that AgRP inhibition of food intake can be 
attenuated by leptin’s anorectic effect in the hypothalamus.  
 
 Recently, melanin-concentration hormone (MCH) neurons have received 
significant attention. MCH is primarily expressed in the LH.and central MCH 
administration stimulates feeding. In addition, MCH synthesis in the hypothalamus is 
elevated by both energy restriction and leptin deficiency. Because of its feeding and body 
weight regulation, and therefore leptin acts as a target of leptin signaling (Qu et al., 1996). 
MCH-knockout mice are hypophagic and have increased metabolic rate, despite low 
leptin levels, and are excessively lean (Shimada et al., 1998). MCH overexpression in the 
hypothalamus causes obesity, and MCH knockout in ob/ob mice results in decreased 
body weight mainly due to increased energy expenditure without any change in food 
intake (Segal-Lieberman et al., 2003). Along this line, study shows that leptin not only 
decreases MCH gene expression but also reduces food intake induced by MCH in rat 
(Bruhwyle et al., 1993). MCH is also a functional melanocortin antagonist in the 
hypothalamus. A functional interaction between MCH, NPY, and anorectic peptides 
occurs in the hypothalamus (Tritos et al., 1998). Thus, MCH neurons appear to function 
as feeding stimulants downstream of leptin signaling. 
 
 Galanin and orexin-producing neurons have been shown to play an important role 
in food intake and body weight regulation. Galanin and orexin can stimulate feeding 
behavior when injected centrally and are expressed in hypothalamic areas associated with 
feeding and metabolic regulations (Kyrkouli et al., 1990). However, other studies have 
found modest or opposite effect on food intake (Dube et al., 2000). While galanin-
positive neurons are present in the PVN and ARC, orexin-positive cells are localized in 
the LHA (Peyron et al., 1998). Similar to NPY neurons, orexin and galanin producing 
neurons exhibit reciprocal changes in their activities in response to fasting and refeeding. 
 
 Leptin receptors have been found in Galanin and orexin neurons (Hakansson et al., 
1999); and leptin administration reduces galanin and orexin mRNA in the hypothalamus 
(Sahu et al., 1999). Additionally, orexin neurons establish synaptic contacts with NPY 
and POMC producing neurons in the ARC and these ARC neurons establish reciprocal 
contact with the orexin cells (Elias et al., 1998). Likewise, orexin and NPY interacts with 
each other in stimulating feeding (Dube et al., 2000). Orexin and MCH neurons make 
synaptic contacts in the LH, and galanin stimulates NPY secretion from hypothalamic 
neurons (Bergonzelli et al., 2001) suggesting that interactions between the neurons of the 
ARC, LH, and PVN play a critical role in energy homeostasis, and consequently leptin 
signaling in the hypothalamus. 
 
 Recent demonstrations that ghrelin, a 28-amino acid peptide  produced in a group 
of neurons adjacent to the third ventricle between the DMH, VMH, PVN, and ARC 
(Cowley et al., 2003), and ghrelin receptors are localized in the hypothalamus, 
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particularly on the NPY neurons. These neurons produced ghrelin send efferents onto 
NPY, AgRP, POMC, and CRH neurons, suggesting that central ghrelin may play an 
important role in the neural circuitry controlling energy homeostasis. In addition, central 
injection of ghrelin induces food intake (Cowley et al., 2003). Ghrelin induces food 
intake involved with NPY/AgRP neurons, so that antibodies or antagonists of NPY or 
AgRP reverses the effect of ghrelin on feeding, and ghrelin induces NPY/AgRP gene 
expression in the NPY neurons (Wang et al., 2002). 
 

Recent evidence also suggests that the orexin pathway may mediate ghrelin’s 
action in the hypothalamus. Importantly, ghrelin blocks the effects of leptin on feeding, 
and prior to leptin administration attenuates the effect of ghrelin on feeding suggesting a 
functional interaction between leptin and ghrelin (Shintani et al., 2001). Furthermore, 
Kohno et al. (2005) demonstrated that ghrelin directly interacts with NPY neurons in the 
ARC to induce Ca2+ signaling, and leptin attenuates ghrelin-induced Ca2+ increase. 
Therefore, it appears that the regulation of ghrelin’s effect on hypothalamic neurons, 
particularly NPY/AgRP neurons, may be one of the important mechanisms by which 
leptin controls food intake and body weight. However, it is unknown whether leptin 
modifies ghrelin gene expression in the hypothalamus, and the possible mechanism is 
because leptin may transducer its anorectic action in the hypothalamus. 
 
Anorectic Peptide-Producing Neurons as Leptin Targets 

 
CRH is localized in the PVN, and central infusion of CRH reduces food intake 

(Krahn et al., 1988). Leptin increases CRH mRNA expression and CRH release in the 
PVN (Bruhwyle et al., 1993).  Pre-treatment with –helical CRH (-CRH), a specific CRH 
antagonist will blockv leptin’s satiety action (Bruhwyle et al., 1993).  Treatment with –
CRH markedly attenuated leptin-induced c-fos expression in the PVN and the VMH 
(Masaki et al., 2003), and attenuated leptin-induced uncoupling protein-1 (UCP1) 
expression in the brown adipose tissue suggesting that CRH is an important mediator of 
leptin signaling in the hypothalamus in regulation of food intake and energy expenditure.  

 
CNS melanocortin system exerts effects opposite to NPY. This anorexic neural 

system is involved in leptin signaling and has been studied extensively with regard to 
food intake and body weight regulation and leptin signaling (Thorton et al., 1997). The 
endogenous melanocortin implicated most strongly in the control of food intake and body 
weight is αMSH, a product of POMC neurons. There are two kinds of melanocortin 
receptors named receptor-3 (MC3) and MC4 respectively (Cone et al., 1996). MC3 and 
MC4 receptors are highly expressed in the hypothalamus. Mice lacking MC4 receptor 
become obese, MC4 receptor mutations cause obesity (Huszar et al., 1997), and MC4 
antagonist reverses the effect of leptin on feeding (Seeley et al., 1997). Accordingly, 
fasting that decreases leptin induces POMC gene expression, POMC mRNA levels are 
reduced in ob/ob mice and leptin administration to these animals reverses this effect 
(Mizuno et al., 1998). However, a small decrease or no change in hypothalamic POMC 
mRNA levels following central administration of leptin has been reported in ad lib fed 
rats, although leptin increases POMC mRNA levels in rats (Schwartz et al., 1997). Also, 
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chronic leptin infusion had no effect on POMC mRNA levels in ad lib fed rats (Ahima et 
al., 1999). 
 
             Because the POMC gene produces both αMSH and βendorphin, which have 
opposite effects on feeding, the effect of leptin on POMC mRNA could vary depending 
on the experimental situation. One of the mechanisms by which leptin act on the POMC 
neurons is by reducing inhibitory gamma aminobutyric acid (GABA) release from NPY 
neurons (Elias et al., 1999). In addition, direct action of leptin on POMC neurons, 
NPY/GABA cells innervate POMC neurons (Horvath et al., 1999), suggesting interaction 
between NPY/GABA and POMC neurons. 
 
 As mentioned previously, since NPY neurons co-express AgRP, an endogenous 
melanocortin antagonist, it appears that stimulation of POMC neurons by leptin is a result 
of direct action as well as by inhibition of NPY/AgRP neurons. Because orexin also 
excites GABAergic neurons in the ARC (Burdakov et al., 1999), it is possible that 
leptin’s effect on POMC could also be mediated indirectly by decreasing orexin neuronal 
activity. Recent studies further show that POMC neurons are glucose responsive and 
express K-ATP channels; and leptin activates K-ATP channels in the POMC neurons 
(Cowley et al., 2003). These findings along with the demonstration that a mutation in the 
POMC gene results in obesity, provide further evidence in support of a significant role of 
POMC in mediating leptin action and energy homeostasis. 
 
 Leptin regulatons of POMC neurons in the hypothalamus is further demonstrated 
by the fact that POMC neurons express CART, a potent inhibitor of food intake (Vrang et 
al., 1999). CART mRNA in the hypothalamus is reduced in the leptin-deficient ob/ob 
mice and fasted rats; and leptin normalizes CART mRNA in these animals. CART 
neurons express leptin receptors (Dube et al., 1999). Thus, these findings suggest a major 
role of POMC/CART neurons in mediating leptin’s action in the hypothalamus. In a 
recent study, it was demonstrated that brain-derived neurotrophic factor (BDNF) 
regulates energy balance downstream of MC4 receptor (Xu et al., 2003). Because central 
BDNF administration decreases food intake, and because the MC4 agonist MT11 
increases BDNF mRNA in the VMH of food deprived mice, it is likely that MC4 
mediated leptin action may involve BDNF. 
 

It appears that leptin not only modifies the synthesis and release of peptides, it 
also modifies the action of the peptides after being secreted. Because of the established 
morphological and functional communications among the orexigenic and anorectic 
signal-producing neurons in the ARC-PVN-LH axis, compromise in interactions between 
orexigenic peptides or in their effects on anorectic peptides could be one of the major 
mechanisms of leptin action in the hypothalamus. It is also important to consider the 
possibility of unidentified orexigenic and anorectic peptide-producing neurons that could 
be involved in mediating leptin action in the hypothalamus in regulation of food intake 
and body weight. 
 
NO and its NOS Isoforms 
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 Nitric oxide is synthesized from its precursor L-arginine by NOS (Figure 2-2, 3). 
NO is a free radical, labile, nonpolar gas that can cross membranes without a carrier and 
diffuse into adjacent cells. Currently, at least three distinct NOS isoforms have been 
identified in mammalian cells: the constitutive calcium-dependent nNOS, eNOS, and the 
iNOS (Table 2-1, 2) (Bruhwyle et al., 1993). 
  

 

Enzyme Gene No. of 
exons 

No. of 
residues Subcellular location Regulation 

nNOS NOS1 29 1429-1433
Mainly soluble (brain); 

mainly particulate (skeletal 
muscle) 

Ca2+/CaM 

iNOS NOS2 27 1144-1153 Mainly soluble Cytokineinducible; 
Ca2+independent 

eNOS NOS3 26 1203-1205 Mainly particulate Ca2+/CaM 

Table 2-1. Some properties of mammalian NOS isozymes are summarised in the table 
(Bruhwyle et al., 1993). 
 

 
 
 
Table 2-2. Characteristics of the three human NOS isoforms 
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Figure 2-2. NO is produced by neuronal endothelium and other target cell types. The 
substrate for NO is L-arginine that is transported into the cell. When acted upon by NOS, 
NO and citrulline are formed (Bruhwyle et al., 1993). 
 
nNOS  DHR  haem  CaM  FMN  FAD  NADPH

               

iNOS     haem  CaM  FMN  FAD  NADPH

               

eNOS   Myr  haem  CaM  FMN  FAD  NADPH  

 
 
 
Figure 2-3. This schematic representation shows the lengths and consensus binding sites. 
Nicotinamide adenine dinucleotide phosphate (NADPH), flavin-adenine dinucleotide 
(FAD), flavin-adenine mononucleotide (FMN) and calmodulin (CaM) as well as the 
consensus protein kinase (Bruhwyle et al., 1993). 
 
 
NO Increases Food Intake in Rodents and Chickens, but not in Humans 
 
 In rodents, intraperitoneal (IP) injections of the NOS inhibitor NG-nitro-L-
arginine (L-NNA) caused to a dose-dependent suppression of feeding in food-deprived 
mice (Morley et al., 1995) and rats (Squadrito et al., 1994). When L-arginine was 
coadministered with L-NNA, the effects of the NOS inhibitors on food intake were 
attenuated. Similar results were obtained when NOS inhibitors were administered 
intracerebroventricularly (ICV), providing further evidence for a central role of NO in 
regulation of feeding (Deluca et al., 1995). Further evidence showed that -NG-nitro-
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methyl-arginine (L-NAME) (non-selective NOS inhibitor) was more effective at 
decreasing food intake in 12- and 24-month-old mice than in 3-month-old mice. NO 
synthase levels in the hypothalamus were increased in 16-and 25-month old mice 
compared to 6-month-old mice (P < 0.01), and NOS mRNA increased in 16-compared to 
6-month-old mice, but decreased in 25-month-old mice suggesting that NO may play an 
increasingly important role in the feeding drive with advancing age (James et al., 1999). 
Moreover, in genetically obese Zucker rats, L-NAME or L-NNA decreased food intake 
(Squadrito et al., 1993). Likewise, NOS inhibitors maintained the ability to reduce food 
intake in obese (ob/ob) mice, another genetic animal model of obesity. These data 
provide further support for a role of NO in food intake and may offer new insights into 
treatments for obesity (Stricker-Kongrad et al., 1999). These effects are not limited to 
mammals; IP or ICV administration of NOS inhibitors decrease food intake in chickens 
(Choi et al., 1995). However, in humans, neither L-NMMA nor L-NAME had any effect 
on caloric intake or sensations of hunger or fullness. Despite having significant effects on 
cardiovascular function in the doses used, neither drug had any effect on feeding 
suggesting that NO does not affect short-term appetite or food intake in humans (Vozzo 
et al., 1999). 
 
The Effect of Feeding is not Due to the “illness” 
 
 When a drug decreases food intake, it is possible that the decrease action is due to 
a nonspecific effect such as decreased locomotion or “illness”. Altering NO levels does 
not appear to be the result of nausea leading to decrease food intake. In both chickens and 
mice, long-term food consumption is unaffected by drug treatment, suggesting that 
treatment with NOS inhibitors did not result in a conditioned taste aversion, indicative of 
illness (Morley et al., 1995). Additionally, an experimental paradigm has been utilized 
where mice have to work to get food (i.e. press a lever) coupled with and without 
prefeeding to allow the motivational aspects of drug suppression of feeding to be more 
fully studied. Mice with a reduced level of hunger due to prefeeding had suppressed lever 
pressing when given L-NAME, whereas those not prefed showed no significant reduction 
of lever pressing. Thus, the effect of feeding was not due to the “illness”, because if L-
NAME caused significant “illness”, than it would be expected to reduce lever pressing in 
both groups (James et al., 1999). 
 
NOS Levels and NO Formation 
 
 Because NOS inhibitors limit food intake in normal and genetically obese mice, it 
would be expected that NOS levels would increase in the brains of food deprived or 
obese animals compared to animals fed ad libitum or lean mice. NOS activity was 
significantly elevated in the hypothalamus of ob/ob compared to Ob/c mice (James et al., 
1999). NOS mRNA was also significantly elevated in the hypothalamus of ob/ob 
compared to ob mice. However, NO formation measured as NOx, a metabolite of NO in 
the hypothalamus and frontal cortex after the administration of 2-deoxy-d-glucose (2-
DG), a glucose analog that elicits hyperphagia, were not different significantly compared 
with saline-treated mice (Jun, et al., 2002). 
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Cooperation with NPY and HT 
 
 In the rat, numerous NPY (Y 1 R)/NOS-positive neurons were found by 
immunohistochemistry localization as a densely packaged group of cells ventrolateral to 
the ventromedial nucleus, forming a band ascending towards the fornix (Fetissov et al., 
2003). In addition, NPY increased NOS in the hypothalamus by 147%. These results, 
taken together with previously published studies, support the concept that nitric oxide 
may play a role as a mediator of the effects of NPY on food intake (Morley et al., 1999). 
NO is also involved in hyperphagia induced by the 5-HT1A receptor agonist 8-hydroxy-
2-di-n-(propylamino) tetralin (8-OH-DPAT). L-NAME dose dependency inhibited 8-OH-
DPAT-induced eating in free feeding rats. However, the inhibitory effects of L-NAME 
on 8-OH-DPAT-induced hyperphagia were reversed by simultaneous administration of 
L-arginine. These results suggest that NO plays a role in 8-OH-DPAT-induced 
hyperphagia which is elicited by activation of the 4-HT1A receptor (Yamada et al., 2000). 
In rats, alpha-methyl-5-hydroxytrypamine (alpha-methyl-5-HT), which inhibited food 
intake in food-deprived rats including hypophagia; L-NAME significantly enhanced 
alpha-methyl-5-HT-elicited hypophagia. These results suggest that NO is related to 
alpha-methyl-5-HT induced hypophagia, and may play a role in hypophagia (Sugimoto et 
al., 2000). 
 
Nitric Oxide and Leptin 
 
 NO has the ability to act as a free radical and bonds to soluble guanylate cyclase 
to activate a surprisingly large array of physiological responses. The widespread 
implications of NO have become even more pronounced with the realization that NO can 
also interact with molecular oxygen and superoxide radicals to produce reactive nitrogen 
species, which can then modify proteins, lipids and nucleic acids (Davis et al., 2001). 
Many studies of NO production depend on the use of inhibitors of NO production such as 
the competitive inhibitor of NOS, NAME, and are therefore implied rather than direct 
proof.  Further studies focused on the effects of leptin on NO production or expression of 
NOS and the physiological implications of these effects, with contrasting observations 
being reported in recent years. 
  

There are two kinds of evidence providing the most direct correlation between 
NO and leptin in the effect of leptin on whole body blood pressure. First, intravenous 
administration of leptin to rats increased serum NO levels by up to 90% (Schwartz et al., 
1997). The following study shows that preincubation of endothelial cells with leptin 
enhanced NO production as measured using 4,5-diaminofluorescein-2 diacetate staining 
and measurement of nitrate and nitrite concentrations. A traditional pharmacological 
approach also provided evidence of an ability of leptin to cause NO release from 
endothelial cells (Kimura et al., 2000). In this study, the ability of leptin to relax rat 
arterial rings preconstricted with phenylephrine was blocked by the removal of the 
endothelium or arginine (Kimura et al., 2000). The second evidence showed that leptin 
infusion into rats to induce NO production was implied by the fact that NAME markedly 
amplifies the tachycardia caused by hyperleptinemia and slightly enhances the chronic 
renal hemodynamic and hypertensive effects of leptin (Kimura et al., 2000). Further 
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studies using NAME suggested that leptin can modulate cardiac contraction by increasing 
NO production in ventricular myocytes (Nickola et al., 2000). Therefore, a significant 
mass of evidence suggests that leptin contributes positively to the NO system. 
 
   Leptin may at least partly influence NO concentrations by playing an important 
role in the regulation of NOS levels. Central administration of leptin to rats prevented the 
fasting-induced reduction of nNOS and mRNA in the brains (Isse et al., 1999), 
suggesting that leptin normally maintains a ‘tonic’ level of nNOS expression. This may 
be because nNOS plays an important physiological role in leptin action, as suggested by 
the observation that the ability of leptin to reduce food intake was severely blunted in 
nNOS knockout mice (Konturek et al., 2001). In addition, the ability of leptin to 
accelerate gastric ulcer healing in rats was reduced by –NAME since leptin acted at lease 
partially by inducing expression of cNOS and iNOS (Konturek et al., 2001). However, 
contrasting effects of leptin on NOS expression have again been reported. ICV or IP 
injection of leptin for 5 days decreased nNOS activity in mice (Calapai et al., 1999). A 
decrease in NOS was also observed upon subcutaneous leptin injection by 37% in the 
hypothalamus and 69% in the brown adipose tissue (no effect in the white adipose tissue), 
and this correlated with a decrease in weight of ob/ob mice (Morley et al., 1999). This is 
in agreement with the fact that ob/ob mice display elevated NOS levels in the 
hypothalamus (Morley et al., 1995). 
  

NO may play a role as a mediator of the effects of NPY and leptin on food intake 
(Alshaher et al., 1999). It was also shown that following ICV or IP leptin injection, 
diencephalic nitric oxide synthase (NOS) activity decreased significantly, and increased 
brain serotonin (5-HT) metabolism. These results show that the L-arginine/NO pathway 
is involved in mediating leptin effects on feeding behavior, and indicate that nNOS 
activity is required for the effects of leptin on brain 5-HT turnover (Calapai et al., 1999). 
 
Research Objectives 
 
 During the study of interactions between leptin and NO, researchers have 
discovered that leptin may have many neuronal pathways to regulate feeding, and NO 
also has interacted with many neurotransmitters to regulate food intake. Moreover, NO 
may be involved in the leptin action on blood pressure and food intake as mentioned 
above. I have conducted a thorough review of current publications to investigate whether 
nitric oxide mediates the leptin effect on food intake in chickens. Until now, we have 
found no articles on the research in this area. Understanding the complete and 
scientifically detailed physiological process will lead to successful manipulation, 
therefore these studies were conducted to further understand the role of NO in food intake 
regulation. Firstly, the effect of leptin combined with L-arginine on food intake was 
investigated in both broilers and Leghorns. Secondly, the effect of leptin together with the 
NO inhibitor L-NNA on food intake was investigated in both broilers and Leghorns. 
Finally, the effect of leptin on brain NO levels was determined. 
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Chapter III 
 

Interaction of leptin and nitric oxide on food intake in broilers and Leghorns 
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ABSTRACT 
 
Leptin, produced by adipocytes in propotion to their body weight has been reported to 
regulate feeding behaviors. Previous researchers reported that inhibition of nitric oxide 
(NO) synthase (NOS) decreased food intake, while L-arginine attenuated this effect. 
Recently, studies showed that NO plays an important role as a mediator of feeding 
induced by a variety of neuropeptides. I investigated whether the anorexic effect of leptin 
was mediated by nitric oxide in broilers and Leghorns. In the first experiment, leptin  was 
intracerebroventricularly (ICV) administered into the right lateral ventricle of broilers and 
food intake monitored at 15-min intervals through 180 min postinjection. L-arginine 
attenuated the decrease in food intake induced by leptin. In the second experiment, leptin 
was coinjected  ICV with NG-nitro-arginine methyl ester HC1 (L-NNA), a NOS inhibitor. 
L-NNA enhanced the suppression of leptin  on food intake. These results suggest that NO 
interacts with leptin in the central nervous system to modulate feeding behavior in the 
chicken. 
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INTRODUCTION 
 
 Leptin is a 16 kD polypeptide hormone encoded by the ob gene and primarily  
secreted by adipocytes in direct proportion to adiposity  thus conveying long-term 
information related to body energy stores (Maffei et al., 1995). It is transported through 
the blood-brain barrier via a saturable transport system (Montague et al., 1997), and 
achieves most of its metabolic effects by interacting with specific receptors located in the 
ARC (Friedman and Halaas, 1995; Chen et al., 1996). When delivered continuously or 
acutely, either by peripheral or central cerebroventricular administration, leptin 
significantly reduces food intake in a variety of species including rats, mice and chickens 
(Hulsey et al., 1998; Wang et al., 1998; Denbow et al., 2000). In addition suppression 
effects of leptin have been investigated regarding several neurotransmitters and hormones 
such as corticotrophin releasing hormone (Masaki et al., 2003), melanin stimulating 
hormone (Choi et al., 2003), neuropeptide Y and histamine (Telles et al., 2003). 
 

NO is synthesized by nitric oxide synthase (NOS) from arginine. The NOS 
enzyme belongs to the cytochrome P450 protein family and is inhibited by several 
arginine analogs including NG-nitro-L-arginine (L-NNA) (Hobbs and Gibson, 1990). 
Nitric oxide functions as a gaseous hormone that is involved in a myriad of systems 
throughout the body. Included are the nervous, cardiovascular, renal, pulmonary, 
endocrine, and immune systems, where NO acts as a second messenger (Cooper et al., 
1996). Evidence is emerging that NO is an important regulator of food intake (Morley 
et al., 1997). Nitric oxide has been reported to interact with many neuropeptides and 
affect feeding. Squadrito et al. (1994) reported that the anorexia caused by NOS 
inhibition was mediated by 5-HT receptors, because the decreased food intake by 
NOS inhibition in food-deprived rats was reversed by 5-HT receptor antagonism. 
Further evidence suggested that substances which stimulate feeding, such as NPY and 
ghrelin stimulate food intake .through a NO pathway (Cheng et al., 2000; Gaskin et al., 
2003). Neuronal NOS and orexin are co-expressed in the dorsomedial perifornical arcuate 
and ventromedial hypthothalamic neurons, and orexin-induced feeding is dependent on 
NO (Farr et al., 2005). 
 

Leptin may at least partly influence NO concentrations by playing an important 
role in the regulation of NOS levels. Central administration of leptin to rats prevented the 
fasting-induced reduction of nNOS mRNA in the brain (Isse et al., 1999) suggesting that 
leptin normally maintains a 'tonic' level of nNOS expression.This may be because nNOS 
plays an important physiological role in leptin action, as suggested by the observation 
that the ability of leptin to reduce food intake was attenuated in nNOS knockout mice 
(Konturek et al., 2001). In addition, the ability of leptin to accelerate gastric ulcer healing 
in rats was reduced by L-NAME since leptin acted at least partially by inducing 
expression of cNOS and iNOS (Konturek et al., 2001). These previous findings raise the 
possibility that there may be an interaction between NO and leptin in the regulation of 
food intake. Thus, in the present study, I investigated whether nitric oxide mediates the 
leptin effect on food intake in broilers and Leghorns. 
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Materials and Methods: 
Animals 

Broiler (RossxRoss) and Single Comb White Leghorn (SCWL; DeKalb) cockerels 
were reared in heated batteries with continuous lighting. Birds were provided a mash diet 
(20% crude protein, 3.0% crude fat, and 2,864 kcal/kg of metabolizable energy) and 
water ad libitum. At approximately 3 weeks-of-age for broilers and 6 weeks of age for 
SCWL, the birds were transferred to individual cages measuring 17.6x26.4x 17.6 cm. 
Each cage was supplied with an individual feeder and waterer, and continuous lighting 
was provided. 
 
Surgical preparation 

 
At 4 and 7 weeks-of-age, respectively, broilers and SCWL were anesthetized with 

sodium pentobarbital (25 mg/kg body weight iv), and a 23-gauge thin-walled stainless 
steel guide cannula was stereotaxically implanted into the right lateral cerebral ventricle 
as previously described (Denbow and Van Krey, 1987). The cannula was secured with 
three stainless steel screws placed in the calvaria surrounding each guide cannula, and 
acrylic dental cement (Cranioplastic Powder and Cranioplastic Liquid; Plastics One, 
Roanoke, VA, 24022) was applied to the screws and guide cannula. Placement of the 
cannula into the ventricle was verified by the presence of cerebrospinal fluid in the 
cannula. The broilers and SCWL were used at different ages so they would have 
comparable body weights, and yet still be immature birds. Birds were allowed a 
minimum of 3 days recovery prior to injection. 
 
Experiments 1 and 2 
 

These experiments evaluated the co-effect of intracerebroventricularly 
administered leptin and NO on food and water intake in broilers and Leghorns, 
respectively. Each experiment was divided into two parts: In part one the interaction of 
leptin on food intake and water intake and L-arginine was investigated in broilers and 
Leghorns. Part two evaluated the combined effect of L-NNA with leptin on food intake 
both in broilers and Leghorns respectively. Eight broiler or Leghorn cockerels were used 
in a replicated Latin Square design in which birds and days were the blocking factors. All 
solutions were made in artificial cerebrospinal fluid (aCSF; Anderson and Heisey, 1972) 
that was filtered through a 0.22µm filter (Gelman Instrument, Ann Arbor, MI 48106) and 
served as the control. Therefore, each bird received all treatments and was injected every 
day. Birds were injected either with 0 or10 µg of human recombinant leptin (Calbiochem, 
La Jolla, CA 92037) because the chicken leptin gene shows 83% homology with the 
human gene  The four treatment groups consist of : A=aCSF, B=10µg/10µl leptin, 
C=800µg/10ul L-arg, D=800µg/2µl L-arginine & 8µl of 12.5µg/10µl leptin, in a total 
volume of 10µl using a Hamilton syringe with a 60-cm length of PE-20 tubing (Clay 
Adams, Parsippany, NJ 07054). The second part of experiment was similar to the first 
except that L-NNA replaced L-arginine. Injections were made using a 27-gauge stainless-
steel cannula connected to a 10 µL Hamilton syringe with a 60-cm length of PE-20 
tubing (Clay Adams). Food and water intake were monitored at 15-min intervals through 
180 min postinjection. Each bird received one injection. 
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In Experiment 2, Leghorns were used instead of broilers. 
 
Analysis 

Cumulative food and water intake were analyzed using analysis of variance at 
each time period. Nonorthogonal contrasts were used for obtaining all pair wise 
comparisons among sample means at each time period. Significant differences imply 
P≤.05. 
 
Results and Discussion 
 

The effect of leptin combined with L-arginine on the food intake in broilers in 
shown in Figure 3-1. ICV administration of human recombinant leptin injection 
decreased (P=.01) food intake in broilers from 15 minutes to 150 minutes compared to 
the control group treated with aCSF, while food intake was increased by L-arginine. 
There was no significant difference in food intake between the group receiving leptin and 
L-arginine and the control group. Therefore, broilers were sensitive to the anoregenic 
effects of leptin, and L-arginine, a NO precursor, appeared to attenuate the leptin effect 
on food intake. 
 

The effect of leptin and L-NNA on food intake in broilers is shown in Fig 3-3. 
Leptin, L-NNA and leptin plus L-NNA decreased food intake. The NO inhibitor L-NNA 
tended to enhance the suppression of leptin on food intake. In Leghorns, the ICV 
injection of leptin decreased food intake (P=.05) from 15 to 60 minutes postinjection. 
However, food intake was not affected by injection of l-arginine plus leptin. Therefore, 
L-arginine appeared to antagonize the leptin inhibitory effect on food intake. A small 
increase of food intake in L-arginine was also observed until 105 minutes after injection, 
diminished, and followed by recovery at the 150 minutes (P=.09).  
 

The change of food intake in Leghorns administrated leptin and L-NNA is 
measured shown in Figure 3-7: The effect of decreasing food intake in C (L-NNA 
treatment), D (leptin and L-NNA), lasts until 60 minute similar in broilers (P<0.0l). For 
group B (leptin treatment), It significantly decreased food intake within 45 minutes and 
its effect disappeared 60 minutes, post injection (P=.04). Also, the results along with 
experiment 2 demonstrated that NO mediated the effect of leptin in Leghorns. 
 
 In the present study, the i.c.v. injection of leptin suppressed food intake in broilers 
and Leghorns (Figure 3-1, 3-3, 3-5, 3-7), while water consumption was not affected 
(Figure 3-1, 3-8). This pattern is consistent with previous studies in chickens (Denbow et 
al., 2000). The decrease in food consumption caused by the injection of leptin was 
attenuated by ICV injection of L-arginine in both Leghorns and broilers (Figure 3-1, 3-5). 
It was previously demonstrated in mice that ICV injection of leptin suppressed food 
intake and NOS activity, and this effect was antagonized by L-arginine (Calapai et al., 
1999). The study here also provides evidence that suppression of food intake by leptin 
involved NO both in broilers and Leghorns. In mice, the inhibitory effects of leptin on 
feeding and weight gain occurred after either ICV or peripheral injections, but were only 
antagonized by pretreatment with ICV, not peripheral, injection of the NO precursor L-
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arginine, indicating that leptin works centrally (Calapai et al., 1999) and suggesting an 
interaction between leptin and the brain L-arginine/ NO pathway in regulating food 
intake and body-weight gain. Furthermore, the stereoisomer D-arginine did not influence 
leptin’s effects on food intake and body-weight gain, thus excluding the possibility that 
the administration of L-arginine may exert a nonspecific effect on feeding behavior 
independent of NO formation. 
 
 That L-arginine apparently restored NO synthesis could be due to direct or 
indirect competition with leptin for the same sites involved in regulating NO synthesis 
(Wu and Morris, 1998). However, when L-arginine was administrated 
intracerebroventricularly to broilers and Leghorns, there was a small but not significant 
increase in food consumption compared to the control (Figure 3-1, 5). The suppression of 
food intake by leptin appears to be enhanced both in broilers and Leghorns by the nitric 
oxide synthase inhibitor-L-NNA (Figure 3-3, 3-7). Similar results were also observed in 
reduction of diencephalic NOS activity by leptin (Calapa et al., 1998). Differences in the 
growth rate do not appear to have influenced the response to these peptides since both 
broilers and leghorns generally responded similarly. 
 
 This study also demonstrated that leptin’s inhibition of food intake in both 
broilers and Leghorns was greatly increased by NG-nitro-arginine methyl ester HCI (L-
NNA), a competitive NOS inhibitor, compared to the leptin treated group (Figure 3-2, 3-
4). Likewisely, L-NAME, another NOS inhibitor has also been shown to decrease both 
food intake and NOS activity in hypothalamic, cortical, and hepatic tissues, except when 
given with L-arginine, which blocks its effect without having any effects when 
administrated alone in humans (Vozzo et al., 1999). The role of NO in the control of 
feeding behavior in the hypothalamus has become increasingly apparent. NO plays a key 
role in regulating feeding behavior. First, it is known that food deprivation increases brain 
NOS activity (Squadrito et al., 1994). Second, ICV administration of L-NO-arginine, a 
selective and powerful inhibitor of brain NOS (Dwyer et al., 1991), caused a significant 
reduction in starvation-induced food intake compared with vehicle-treated fasted animals. 
Several studies with mammals have shown that hypothalamic NOS levels are increased 
by ghrelin and other orexigenic peptides such as NPY, and decreased by anorexgenic 
peptides, leptin decreased food intake levels in the hypothalamus , whereas the injection 
of NPY induced the opposite effects. NPY is known to have very potent orexigenic 
effects (Morley et al., 1997).  
 
 It appears therefore, that the brain L-arginine/NO pathway is involved in leptin’s 
effect on food intake and body-weight gain. Unquestionably, NO cannot be considered 
the only mediator of these effects, because there is evidence for the existence of a number 
of appetite-regulating systems (Kalra et al., 1999). It is well established that the action of 
leptin in the hypothalamus on regulating food intake and body-weight is mediated by a 
neural circuit consisting of orexigenic and anorexigenic signals, including neuropeptide Y 
(NPY), melanin-concentrating hormone (MCH), galanin, orexin galanin-like peptide 
(GALP), and corticotrophin releasing hormone (CRH) (Kalra et al., 1999). The results of 
this study indicate that leptin-induced inhibition of the brain NO synthesis is involved in 
determining leptin effects on central regulation of feeding behavior.  
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Figure 3-1. Effect of leptin combined with L-arginine on the food intake in broilers. 
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Figure 3-2. Effect of leptin combined with L-arginine on the water intake in broilers. 
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Figure 3-3. Effect of leptin combined with L-NNA on the food intake in broilers. 
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Figure 3-4. Effect of leptin combined with L-NNA on the water intake in broilers. 
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Figure 3-5. Effect of leptin combined with L-arginine on the food intake in Leghorns. 
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Figure 3-6. Effect of leptin combined with L-arginine on the water intake in Leghorns. 
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Figure 3-7. Effect of leptin combined with L-NNA on the food intake in Leghorns. 
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Figure 3-8. Effect of leptin combined with L-NNA on the water intake in Leghorns. 
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Chapter IV 
 

Leptin effect on nitric oxide production levels in the 
hypothalamus of chickens 
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ABSTRACT 
 
Leptin has been shown to regulate feeding behaviors. Previous research reported 
that inhibition of nitric oxide (NO) synthase (NOS) decreased food intake, while 
adding L-arginine attenuated this effect. In addition, the suppression of food intake 
by leptin was enhanced markedly by L-NNA in both broilers and Leghorns. In the 
present study, I investigated whether the decreased feeding induced by leptin 
(10μg/l0μl) was regulated by nitric oxide in chickens. Two levels of leptin 
(A=aCSF, B=10ug/10ul) were injected into the right lateral ventricle, and nitrate, a 
nitric oxide metabolite was monitored 30-min postinjection. The results showed 
leptin significantly decreased NO formation compared with the control group. The 
results suggest further the possibility that NO interacts with leptin in the central 
nervous system to modulate feeding behavior in the chicken. 
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INTRODUCTION 
 
 Leptin is a product of the ob gene and is a 16 kDa peptide hormone secreted 
mainly from white adipose tissue acting on a receptor site in the ventromedial 
nucleus of the hypothalamus that reduces appetite and increases energy 
expenditures as body fat stores increase (Friedman and Halaas, 1998; Kuo et al., 
2005). Many of leptin's effects on the control of food intake and energy expenditure 
are thought to be mediated centrally (Houseknecht et al., 1998). Hypophagic effects 
of leptin have been implicated in several neurotransmitters and hormones such as 
corticotropin releasing hormone (Masaki et al., 2003), melanin stimulating hormone 
(Choi et al., 2003), neuropeptide Y and orexin A (Volkoff et al., 2003). 
 

Previous studies support the concept that nitric oxide may play a role as a 
mediator of the effects of NPY and leptin on food intake (Morley et al., 1999). It has 
also been shown that after intracerebroventricular (ICV) or intraperitoneal (IP) leptin 
injection, diencephalic nitric oxide synthase (NOS) activity decreases and increases 
brain serotonin (5-HT) metabolism. These results show that the L-arginine/NO 
pathway is involved in mediating leptin effects on feeding behavior, and indicate that 
NOS activity is required for the effects of leptin on brain 5-HT turnover (Calapai et 
al., 1999). Increasing evidence shows that nitric oxide is involved in the regulation of 
food intake in chickens. Central NO has been shown to be involved in the control of 
feeding: both i.p. and i.c. v. L-NG-nitro-arginine methyl ester HCI (L-NNA) decrease 
food intake in a dose response manner in chickens, and these L-NNA induced effects 
were attenuated by i.c.v. administration of L-arginine (Choi et al., 1994). Previous 
experiments (Chapter 3) showed that L-arginine and L-NNA were engaged in the 
leptin effect on broilers and Leghorns. 

 
These previous findings raise the possibility that there may be an interaction 

between NO and leptin in the regulation of food intake. Following the administration 
of leptin, NO production may be decreased in the brain. However, it has not yet been 
clarified whether leptin alters NO production. In the present study, I investigated the 
effects of leptin on NO metabolites (nitrite and nitrate, NOx) levels in brains of three-
week old chickens. 
 
Materials and Methods 

 
Thirty-two newly hatched Leghorns were placed in temperature controlled 

battery brooders with 24h light and fed with a starter diet. When they were 4 days old, 
chicks were brought to the physiological lab and for leptin injection and nitrate 
detection by nitrate kit. 
 
Drugs and Treatment 

Birds were randomly divided into two groups and ICV injected with either 0, 
10 µg of human recombinant leptin in a total volume of 5 µl aCSF (Calbiochem, La 
Jolla, CA 92037). The chicken leptin gene shows 83% homology with the human 
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gene. Leptin was dissolved in citrate-Na buffer (pH 4.0). Leptin was administered 
between 09:00 am and 12:00 noon.  
 

Thirty minutes postinjection, the brains were quickly removed, frozen in liquid 
nitrogen and stored at -80°C. The frontal cortex and hypothalamus were dissected on dry 
ice and nitrate concentration was measured using a nitrate kit ( Cayman, Chemical, Ann 
Arbor, MI). Briefly, the brain tissues were diluted with an equal volume of PBS (7.4) and 
homogenized for 1 minute. The samples were centrifuged at 1,000 g for 20 minutes, then 
ultracentrifuged at 8,000g for 90 minutes. The samples were ultrafiltered using a 20 kDa 
molecular weight cut-off filter using a commercially available centrifuge (Beckman, 
Model J2-21). The filters, provided by Millipore, were pre-rinsed with UltraPure water 
prior to ultrafiltration. The sample was assayed for nitrate using a maximum of 30 µl of 
the pieteied material. 
 
Results and Discussion 
 

Figure 4-1 shows the leptin effect on NOx levels in the hypothalamus in 
chickens. Leptin significantly inhibited NOx levels in the hypothalamus significantly. 
Leptin circulates in the blood and passes through the brain blood barrier. It acts in the 
hypothalamus to control the appetite and body weight. The  previous study (Chapter 3) 
showed that ICV injection of leptin decreased food intake markedly, and this 
hypophagic effect of leptin lasted for 60 minutes in broilers and 45 minutes in 
Leghorns, Since chickens used in this experiment were only 4 days old, the volume of 
injection was reduced to 5µl. 
 

It has been reported that NO has a large effect on food intake. First, inhibition 
of NOS results in a decrease in food intake (Squadrito et al., 1993, 1994b). Second, 
alterations in the fed state of rodents results in alterations in NOS levels in the 
hypothalamus (Veta et al., 1995). Thirdly, the ob/ob mouse has elevated levels of 
NOS and mRNA and administration of an NOS antagonist results in a marked 
decrease in food intake and weight loss in the ob/ob mouse (Morley et al., 1995). In 
addition, NO may act through central neurotransmitter systems, peripheral means, or 
a combination of both mechanisms. Previously published studies support the concept 
that nitric oxide may play a role as a mediator of the effects of NPY on food intake 
(Morley et al., 1999). ICV or intraperitoneal (IP) leptin injection, decreases 
diencephalic nitric oxide synthase (NOS) activity and increases brain serotonin (5-HT) 
metabolism (Calapai et al., 1999). These results show that the L-arginine/NO pathway 
is involved in mediating leptin effects on feeding behavior, and indicate that nNOS 
activity is required for the effects of leptin on brain 5-HT turnover (Calapai et al., 
1999).  
 

In the current experiment, after administration of leptin, NOx levels in the 
hypothalamus were reduced greatly. Thus, leptin elicits anorexia in chickens while 
decreasing NO production in the brain. These results are consistent with a previous 
report that administration of leptin for 5 consecutive days lead to decreased brain 
NOS activity (Calapai et al., 1999). It was reported that the NOS inhibitor, decreases 
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feeding in food-deprived rats (Squadrito et al., 1994a) suggesting that NO production 
may be increased by food deprivation. In chickens, the effect of L-NNA was 
attenuated by ICV administration of L-arginine suggesting that central NO may 
control feeding behavior (Choi et al., 1994). As shown in my former experiment, the 
suppression of food intake induced by leptin in broilers and leghorns was attenuated 
after injecting L-arginine, the precursor of NO. Therefore L-arginine was able to 
antagonize leptin’s effect on food intake and body-weight gain. This suggests that the 
ob gene product could modulate feeding activity through its inhibitory action on 
diencephalic NOS activity, while L-NNA enhanced the inhibition of food intake 
treated by leptin. These results suggest that, when centrally injected, leptin may 
decrease the NO production in chickens. 
 

The present results show that leptin alters NOx levels in the hypothalamus of 
chickens, while it suppressesd food intake. Therefore, the anorectic effects of leptin 
are associated with NO production. In conclusion, the present results demonstrate that 
centrally administered leptin inhibited food intake in chickens, and this effect 
involved leptin induced alteration of NOx levels in the hypothalamus. This 
conclusion was supported by experiments showing that ICV L-arginine, but not D-
arginine, antagonizes leptin effects on 5-HT turnover. Furthermore, peripheral 
administration of L-arginine did not alter leptin effects on food intake or body-weight 
gain indicating that these effects of leptin could be mediated by inhibition of NO 
formation in the central nervous system. Unquestionably, NO cannot be considered 
the only mediator of these effects, because there is evidence for the existence of a 
number of appetite-regulating systems (Kalra et al., 1999). The results of this study 
indicate that leptin-induced inhibition of brain NO synthesis is involved in 
determining leptin effects on central regulation of food intake.  Together with 
previous results (Chapter 3), therefore, leptin- induced anorexia in chickens is 
partially if not totally mediated by NO. 
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Figure 4-1.  Leptin effect on NO in hypothalamus 30 minutes post leptin or aCSF 
injection 
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Appendix A 

Reagents for experiments 
 

Artificial cerebrospinal fluid (aCSF; Anderson and Heisey, 1972) 
Consisted of : 
NaCl .754g 
KCl .028g 
CaC12 .018g 
MgCl 6H20 .024g 
NaHCO3 .194g 
NaHPO4 .02 
Ascorbic acid .1 g/l OOml which was filtered through a .22mm filter (Gelman Instrument 
Co., Ann Arbor, MI) prior to any injections. 
 
PBS-EDTA (0.05 M EDTA-PBS pH 7.4) 
Place 18.6125 g ethylene dinitrilotetraacetic acid, disodium salt (disodium EDTA) 
in 1000 mL beaker 
Add 10 mL 1: 100 merthiolate 
Add approximately 800 mL PBS 
Stir and heat until dissolved 
Adjust pH to 7.4 
Transfer to volumetric flask and bring to 1000 mL with PBS 
Store at 40 C 
 
 
 
 

  52



 

 
Appendix B 

SAS program for data calculation of Chapter III 
 

data leparg; 
input trt $ bird day rep fdrO wtrO fdr15 wtr15 fdr30 wtr30 
fdr45 wtr45 fdr60 wtr60 fdr90 wtr90 fdr105 wtr105 fdr120 
wtr120 fdr135 wtr135 fdr150 wtr150 fdr165 wtr165 fdr180 wtr180; 
fconO_15 = fdrO -fdr15 ; 
wconO_15 = wtrO -wtr15 ; 
fconO_30 = fdrO -fdr30 ; 
wconO_30 = wtrO -wtr30 ; 
fconO- 45 = fdrO -fdr45 ; 
wconO- 45 = wtrO -wtr45 ; 
fconO_60 = fdrO -fdr60 ; 
wconO_60 = wtrO -wtr60 ; 
fconO_90 = fdrO -fdr90 ; 
wconO_90 = wtrO -wtr90 ; 
fcon0105 = fdrO -fdr105 ; 
wcon0105 = wtrO -wtr105 ; 
fconO120 = fdrO -fdr120 ; 
wconO120 = wtrO -wtr120 ; 
fconO135 = fdrO -fdr135 ; 
wconO135 = wtrO -wtr135 ; 
fconO150 = fdrO -fdr150 ; 
wconO150 = wtrO -wtr150 ; 
fconO165 = fdrO -fdr165 ; 
wconO165 = wtrO -wtr165 ; 
fconO180 = fdrO -fdr180 ; 
wconO180 = wtrO -wtr180 ; 
cards; 
proc sort;by trt day bird; 
tit1e1 "icv injection of1eptin and arginine in 12 wk old leghorns"; 
title3 "a=acsf, b=10ug/10ul1eptin, c=800ug/10ull-arginine, d=800ug/2ul argignine & 
8uI12.5ug/10ulleptin (1 solution)"; 
proc means mean mill max stderr; by tIt; 
vaT fcon0_15 wcon0_15 fcon0_30 wcon0_30 fcon0- 45 wcon0- 45 
fcon0_60 wcon0_60 fcon0_90 wcon0_90 fcon0105 wcon0105 
fcon0120 wcon0120 fcon0135 wcon0135 fcon0150 wcon0150 fcon0165 wcon0165 
fcon0180 wcon0180; 
Proc glm; classes trt day bird; 
Model fcon0 15 wcon0 15 fcon0 30 wcon0 30 fcon0 45 wcon0 45 
Fcon0 60 wcon0 60 fcon0 90 wcon0 90 fcon0 1 05 wcon0 1 05 
Fcon0120 wcon0120 fcon0135 wcon0135 fcon0150 wcon0150 fcon0165 wcon0165 
Fcon0180 wcon0180= trt day bird/ss1 ss2 ss3 ss4; 
means trt /duncan etype=2; 
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contrast 'a vs b' trt 1 -1 0 0; 
contrast 'a vs d' trt 1 00-1; 
contrast 'a vs c' trt 1 0 -1 0; 
contrast 'b vs d' trt 0 1 0 -1; 
contrast 'c vs d' trt 00 1 -1; 
run;  
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Appendix C 
SAS program for data calculation of Chapter IV 

 
*comment -NO levels in hypothalamus 30 min after injection with acsf (control) 
or l0ug/10 μl leptin. 
trial conducted in feb 2005; 
data leptin; 
in put bird trt $ rep not no2 no3; 
no=(nol +no2+no3)/3; 
cards; 
proc sort;by trt rep; 
title3 "level of no in hypothalmus 30 min post leptin (or acsf) injection- 4 day old 
broilers"; 
proc print; 
proc means mean min max stderr; by tIt; 
var no; 
proc glm;classes tIt; 
model no = trt/ssl ss2 ss3 ss4; 
means trt /duncan etype=2; 
run; 
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Appendix D 
Preparation of Samples for total nitrate measurement performing the assay 

 
Sample containing nitrate was assayed by addition of up to 80 μl of sample per well and 
was done in triplicate. In the event of the approximate of nitrate is completely unknown, 
we try several different dilutions of sample and get that at equal volume of dilution the 
absorbance of the samples was between 0.05 and 1.2 absorbance units, because at this 
range the plate reader gave the most accurate values. 
Performing the assay 
1. Add 200 μl of water or Assay Buffer to the blank wells. Do not add any other reagents 
to these wells. 
2. Add up to 80μl of sample to the wells in a pattern you choose. 
3. Add 10 μl of the Enzyme Cofactor mixture to each of the wells 
4. Add 10 μl of the Nitrate Reductase mixture to each of the wells 
5. Cover the plate with the plate cover and incubate at room temperature for 3 hour. 
6. After the required incubation time, add 50 μl of Griess Reagent Rl to each of the wells. 
7. Immediately add 50 μl of Griess Reagent R2 each of the wells 
8. Allow the color to develop for 10 minutes at room temperature. 
9. Read the absorbance are 540 nm using a plate reader 
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Appendix E 
Preparation of nitrate standard curve 

 
A nitrate standard curve was performed in order to quantitate sample nitrate 
concentration. In a clean test tube place 0.9 ml of Assay Buffer. To this, add 0.1 ml of 
reconstituted nitrate standard and vortex. The concentration of this stock standard is 200 
µM. Use this standard for the preparation of the nitrate standard curve as described below. 
The standard curve for nitrate is prepared by addition of reagents to the plate wells in the 
following way: 
 

Well  
Nitrate   Standard 
(ul) 

Assay Buffer 
(µl) 

Final Nitrate Concentration 
(uM)* 

A1,A2 0 80 0 
B1,B2 5 75 5 
C1,C2 10 70 10 
D1,D2 15 65 15 
E1,E2 20 60 20 
F1,F2 25 55 25 
G1,G2 30 50 30 
H1,H2 35 45 35 

* The concentration is calculated for the final 200µl assay volume after addition of the 
Griess Reagents.  
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Appendix F 
Analysis of variance for parameter of level of in hypothalamus 30 min post leptin 

(or aCSF) injection-4 day old broilers 
 
 

The GLM Procedure 
 

 
Dependent Variable: NO 
 
 
Source   DF               Sum of Squares    Mean Square   F Value    Pr> F 
 
Model     1                165.3        165.5        14.30     0.0036 
 
Error       10               115.7        115.7    
 
Corrected Total  11      281.2 
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Appendix G 
 Level of NO in hypothalmus 30 min post leptin (or aCSF) injection-4 day old 
chickens 
 

Obs BIRD TRT REP No1 No2 No3 No 
1 7 control 1 10.072 10.624 10785 10.4937 
2 8 control 2 16.0478 16.425 16.45 16.451 
3 9 control 3 14.0475 14.429 14.421 14.4417 
4 10 control 4 10.375 10.365 10.385 10.375 
5 11 control 5 16.459 16.372 16.459 16.43 
6 12 control 6 10.441 10.467 10.478 10.462 
7 1 leptin 1 4.221 4.236 4.228 4.227 
8 2 leptin 2 4.219 4.209 3.198 3.8753 
9 3 leptin 3 10.301 10.321 10.147 10.334 
10 4 leptin 4 1.163 1.172 1.165 1.1667 
11 5 leptin 5 10.358 10.365 10.279 10.334 
12 6 leptin 6 4.258 4.222 4.209 4.2297 
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