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Abstract 

The field of food intake and satiety has received increasing interest from the research 

community in recent years. The mechanisms and factors that regulate satiety gains their 

importance from the crucial role they play in food consumption and consequently control of 

body weight.  

Leukotrienes are mediators that are released in inflammatory conditions. One of the 

receptors on which Leukotrienes perform their actions is Cysteinyl Leukotriene Receptor 

Type 2 (CysLT2Rs). Recently, our colleagues made the observation that CysLT2Rs are 

expressed in vagal afferent neurons. In addition, CysLT2R-/- mice appeared to be heavier than 

WT (Moos and Funk, unpublished observations). Based on these findings, I hypothesized that 

CysLT2Rs play a role in regulating food intake via vagal afferent activity. In-vivo studies 

were performed to characterize body weight gain and investigate whether weight gain was 

associated with increased food intake. I found that CysLT2R-/- mice not only have significantly 

higher body weight, but also eat significantly more than CysLT2R+/+ mice. Using calcium 

imaging techniques, I demonstrated that LTD4 and LTC4 increased calcium Ca2+ influx in 

nodose ganglion neuron. Moreover, the level of neuronal activation in the brainstem (NTS 

area) was measured in both groups of mice using immunohistochemical techniques, which 

suggested less postprandial neuronal activity in KO mice. 

These data suggest that CysLT2Rs take part in regulating body weight and food 

intake. In addition these results implicate vagal afferents as a possible pathway.  These 

findings may have implications for the control of food intake in both health and disease and 

may lead to novel insights in the causes and treatment of disordered weight such as 

overweight and obesity, or even anorexia. 
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Chapter 1 

Introduction 

1.1 Overview 

According to the World Health Organization (WHO), more than one billion adults are 

overweight and 300 million of which are truly obese (Karagiannides et.al. 2008). It was also 

reported by the National Institutes of Health (NIH) that about 50% of the U.S. population are 

overweight or obese, with a similar percentage reported in Europe (Karagiannides et.al., 

2008). The current obesity plague is stimulated by the accessibility to high caloric food along 

with performing less physical activity (Chaudhri, Wynne et.al., 2008). Recently, research has 

focused on areas of controlling appetite, satiety, food intake regulation and GI motility. This 

has shed some light on the significance of GI physiology and the mechanisms by which the GI 

system regulates food intake.  

The human body has mechanisms by which it maintains weight over time to 

overcome the fluctuations in daily food intake (Cummings et.al., 2007). However, any 

disturbance of these mechanisms could lead to serious undesirable consequences such as 

obesity or anorexia (Karagiannides et.al.,; Chaudhri, Wynne et.al., 2008). Hormonal, neural, 

and metabolic signals provide feedback to the brain to regulate energy balance (Cummings 

et.al., 2007). The mechanisms by which the GI system regulates food intake and the brain-gut 

axis governing energy homeostasis represent a great area for scientists to utilize these 

appetite-regulatory mechanisms and direct them to develop novel anti-obesity therapeutics 

(Cummings et.al., 2007). 

 Satiation signals arise from multiple sites in the GI system including the stomach, 

proximal small intestine, distal small intestine, colon, and pancreas (Cummings et.al., 2007). 

In this study, I suggest that Cysteinyl Leukotriene Type 2 receptors (CysLT2Rs), found on the 

nodose ganglia of the vagus nerve innervating the gut, play a role in regulating food intake 

(Figure 1) (Moos and Funk, unpublished observations). Furthermore, preliminary work 
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suggested that mice lacking these receptors had increased body weight (Moos and Funk, 

unpublished observations). Based on this, I hypothesized that CysLT2Rs are involved in 

satiety signaling, where their activation reduces food intake. To test this hypothesis, food 

intake was measured in both wild type (WT) and mutant (KO) mice followed by anatomical, 

chemical, and electrophysiological procedures. The main objective of this study was to 

investigate whether CysLT2Rs affect body weight through a reduction in food intake and to 

examine the role of GI vagal afferents in this respect. The presence of CysLT2Rs in the gut 

and the effect that has been seen in the KO mice offers promising strategies for reducing 

weight and fighting obesity.  

 

 

 
Esophagus 

Vagus 

1 mm 20 µm 

Figure 1: CysLT2Rs located on the nodose ganglion and the vagus nerve innervating the gut.  

CysLT2Rs visualized using galactosidase X-Gal staining in CysLT2Rs (-/-)/ LacZ. Staining is seen within 

extrinsic nerves innervating the gut on the left and nodose ganglion on the right. (With permission from 

Dr. Moos and Funk, unpublished data). 
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Chapter 2 

Literature Review 

2.1 Mechanisms of Food Intake Regulation  

The regulatory system that controls food intake involves neuroendocrine interactions 

between the gut, sensory afferent nerves, and hypothalamus, including higher centers in the 

central nervous system (CNS) (Beyak et.al., 2006). The hypothalamus and the brainstem, 

where the sensation of hunger and satiety is derived from, both receive signals from higher 

regions in the CNS, and act as integrators of peripheral, endocrine, and neural signals 

(Schwartz; Wise, 2006). Moreover, the brainstem and the hypothalamus have areas, e.g. Area 

Postrema (AP) and Median Eminence (ME) that lack a blood brain barrier (BBB), allowing 

blood borne mediators to access sites within the CNS (Peruzzo et.al., 2000; Chaudhri, Salem 

et.al., 2008). The Arcuate Nucleus (ARC), in the hypothalamus, has two groups of nerves 

which are involved in regulating appetite, Neuropeptide Y (NPY)/Agouti Related Protein 

(AgRP) which increase food intake, and Pro-Opiomelanocortin (POMC)/Cocaine-and 

Amphetamine-Regulated Transcript (CART), immunoreactive neurons, that decrease food 

intake. The Nucleus of the Tractus Solitarius (NTS), in the brainstem, is where the central 

projections of the vagal afferents terminate, (see Figure 2) (Chaudhri, Salem et.al., 2008). 

NTS sends projections to higher centres such as the hypothalamus, thus serving as a relay 

centre, integrating peripheral satiety signals. While all of the CNS structures are critical, vagal 

afferents are the first link in the gut brain axis regulating food intake (Chaudhri Salem et.al., 

2008). These afferent fibres are specialized to detect the presence of food, and do so in two 

different ways. 

2.1.1 Mechanical Signals Involved in Regulating Food Intake 

The distention of the stomach itself, because of the presence of food, results in 

satiation; due to mechanosensitive afferent endings lying in the gut wall. Vagal afferent fibers  
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Figure 2: Central nervous system (CNS) centers of appetite control and the pathways by 

which circulating factors may influence appetite.  

The area postrema (AP) in the brainstem and the median eminence (ME) in the hypothalamus 

lack a complete blood-brain barrier and are susceptible to influence by blood-borne signals 

such as increased lipid or glucose levels, although this is controversial in the case of the ME 

(denoted by the dashed line). Circulating factors may also act on the vagus nerve and modify 

neuronal activity in the nucleus of the tractus solitarius (NTS). The arcuate nucleus of the 

hypothalamus (ARC) acts as an integrative center. Two major subpopulations of neuron in the 

ARC influence appetite: Those coexpressing neuropeptide Y (NPY) and agouti-related protein 

(AgRP) are orexigenic, that is their activation results for increase in food intake, whereas 

those coexpressing pro-opiomelanocortin (POMC) and cocaine- and amphetamine-regulated 

transcript (CART) are anorexigenic; their activation results for decrease in food intake. AgRP 

antagonizes the effects of the POMC product, α-melanocyte-stimulating hormone (α-MSH). 

(Modified from Chaudhri et.al., 2008).  
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detect the distention or the pressure resulting from having a meal by two types of specialized 

mechanosensitive endings. The first type are intraganglionic laminar endings (IGLEs) that 

terminate in and around myenteric ganglia (Figure 3-A) (Wang et.al., 2000; Fox et.al., 2000). 

The second type are intramuscular arrays (IMAs) and terminate between smooth muscle 

bundles (Figure 3-B and C) (Wang et.al., 2000; Fox et.al., 2000). It is to be noted that the 

vagal afferent fiber terminals have been detected in the mucosa and muscle layers of the GI 

tract from the esophagus to the distal colon, and these nerves supply the GI tract with these 

two types of mechanoreceptors (Berthoud et.al., 1995; Wang et.al., 2000; Fox et.al., 2001). 

The stimulation of vagal afferent nerves due to mechanical stimuli (distention) likely happens 

by the activation of mechanosensitive ion channels such as acid-sensitive ion channels 

(ASIC), and transient receptor potential channels (TRP) (Brierley et.al., 2009). Evidence for 

the importance of these mechanosensitive endings in controlling food intake is provided by 

Neutrophin-4 KO mice (NT-4), that have a reduction of  IGLEs in some areas in the gut (Fox 

et.al., 2001). In that study, NT-4 mutants had increased meal durations and greater meal size 

(Fox et.al., 2001). In another study, BDNF (Brain-derived Neurotrophic Factor) deficient 

mice, that have 50% reduction in putative IGLEs and impaired differentiation of IMAs in 

some areas of the gut, were used to study the importance of these mechanosensitive endings in 

regulating satiety (Fox et.al., 2008). It was reported that the loss in these neuronal endings was 

not compensated, where there was a reduction in negative feedback signaling that led to an 

increased meal size (Fox et.al., 2008).       
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Figure 3: Photomicrograph of wheat germ agglutinin-horseradish peroxidase (WGA-

HRP)-labeled vagal Intraganglionic Laminar Ending (IGLE) and Intramuscular Arrays 

(IMA) nerve terminal in the fore-stomach of C57 mouse. Scale bar = 100 µm. 

A) Five interconnected IGLEs B) A longitudinal IMA oriented horizontally and its axon 

extends from the lower right side C) A circular IMA shown vertically (Fox et.al., 2000) (With 

permission from Wiley publisher).  

2.1.2  Chemical Signals Involved in Regulating Food Intake 

In addition to mechanical stimulation, vagal afferents are also sensitive to a variety of 

chemical mediators. The chemical presence of nutrients (carbohydrates, fatty acids, amino 

acids) is detected in the small intestine by specialized sensory cells, enteroendocrine (EE) 

cells (which are specialized endocrine cells found in the GI tract that release peptide 

hormones), and enterochromaffin cells (which are specialized EE cells that release serotonin 

5-HT) (Beyak et.al., 2006). EE cells have been likened to taste buds in the gut, and they 

express receptors for glucose, fatty acids, and amino acids (Cummings et.al., 2007). A major 
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example is fatty acids (FAs) which stimulate the release of satiety peptides such as 

cholecystokinin (CCK), an effective activator for intestinal vagal afferents (McLaughlin et.al., 

1998; 1999; Lal et.al., 2001). Table (1) shows selected GI peptides involved and their role in 

regulating food intake, such as CCK, peptide YY (PYY), glucagon-like peptide-1 (GLP-1) 

(Cummings et.al., 2007). CCK, GLP1, and Leptin have all been shown to induce satiety via 

the vagus nerve as discussed below.  

 

Hypothalamus Hindbrain Vagus nerve

CCK Proximal intestinal I cells CCK1R X X X ↓
GLP1 Distal-intestinal Lcells GLPR X? X? X ↓

Oxyntomodulin Distal-intestinal Lcells GLP1R and other X ↓
PYY3-36 Distal-intestinal Lcells Y2R X X ↓

Enterostatin Exocrine pancreas F1-ATPase β subunit X ↓
APO AIV Intestinal epithelial cells Unknown X X ↓

PP Pancreatic F cells Y4R, Y5R X X ↓
Amylin Pancreatic β cells CTRs, RAMPs X X ↓

GRP & NMB Gastric myenteric 
neurons GRPR X X ↓

Gastric Leptin Gastric chief and P cells Leptin receptor ? ? X ↓
Ghrelin Gastric X/A-like cells Ghrelin receptor X X X ↑

Sites of action of peripheral 
peptides germane to feedingPeptide Peripheral Effect 

on food intake
Receptors mediating 

feeding effects
Main site of 
synthesis

 

Table 1: Selected GI and Pancreatic Peptides that Regulate Food Intake. 

CTRs: Calcitonin Receptors, RAMPs: Receptor Activity Modifying Proteins, GRP: Gastrin 

Releasing Peptide, NMB: Neoromedin B, GRPR: GRP Receptor. *? : Indicates that it is 

unclear whether physiologically relevant quantities of GLP1 from the gut evade dipeptidyl 

peptidase-4 (DDP4) mediated degradation in blood to activate GLP1 receptors in the brain, 

although these receptors might interact with CNS GLP1 to regulate food intake. ?  : indicates 

that it seems very unlikely that gastric leptin interacts in a physiologically meaningful way 

with leptin receptors in the hypothalamus or hindbrain, which are important targets of leptin 

secreted from adipocytes (Cummings et.al., 2007).  

 

CCK is the most well characterized satiety mediator; it is released when fatty acids, 

with a ≥ 12 length of carbon chain, or amino acids, are present in the gut lumen (McLaughlin 

et.al., 1998; 1999). CCK is produced by I-cells in the duodenal and jejunal mucosa, in 

addition to the brain and enteric nervous system (Rehfeld, 2004; Cummings et.al., 2007). 

Besides inhibiting food intake, CCK causes a vagally mediated inhibition of gastric emptying 
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and gastric acid secretion (Moran et.al., 1982). CCK-1 receptor mediated activation of inward 

cation channels causes depolarization of vagal afferent neurons, and subsequent action 

potential generation (Simasko et.al., 2002; Beyak et.al., 2006). CCK receptors are expressed 

on vagal afferents, and its administration increases vagal afferent firing as well as neural 

activity in the hidbrain (Zittel et.al., 1999; Moran et.al., 2004). The CCK-1 receptor antagonist 

inhibits CCK effects on satiety, and CCK-1 receptor deficient rats become obese and 

eventually insulin resistant and diabetic (Moran et.al., 1998). Moreover, subdiaphragmatic 

vagotomy decreases the peripheral effect of CCK (Moran et.al., 1997), indicating critical the 

role of the vagus nerve in CCK-induced satiety.  

Glucagon like peptide -1(GLP-1), which is cleaved from proglucagon expressed in the 

gut, pancreas, and brain, is produced mainly by L-cells in the distal small intestine and colon 

(Drucker, 2006; Cummings et.al., 2007). Ingesting nutrients, specially fats and carbohydrates, 

stimulates GLP-1 secretion which in turn decreases food intake (Cummings et.al., 2007). 

GLP-1 effects on food intake are mediated by the vagal afferent nerves, and these effects are 

abolished by vagotomy (Drucker, 2006; Abbott et.al., 2005).  

Leptin is a well characterized hormone that is believed to signal body energy stores or 

“adiposity”, however, it clearly has effects on short term regulation of food intake as well 

(Patel et.al., 2008). Leptin is a peptide hormone released by adipocytes and gastrointestinal 

mucosa (Cammisotto et.al., 2007; Philippe et.al., 2005; Beyak et.al., 2006). It is also believed 

that leptin is produced by gastric exocrine and endocrine cells in response to a meal (Patel 

et.al., 2008; Peters et.al., 2006). In fact, vagal de-afferentation with capsaicin abolishes the 

inhibitory effects of leptin on food intake in fasted rats, which suggests that the hypophagic 

effect of leptin is at least in part dependent on vagal afferent nerves (Patel et.al., 2008).  

Serotonin (5-HT) is a biogenic amine synthesized in the central nervous system 

(CNS) as well as in the enteric nervous system (ENS) (Lam et.al., 2010). It performs its 

actions through serotonin receptors which are divided into seven families 5-HT1R to 5-HT7R 

(Nichols et.al., 2008). 5-HT plays a role in regulating food intake, and this role is in part 

mediated by vagal afferent neurons (Savastano et.al., 2006). As an example, in a study that 
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was done using Ondansetron, a selective 5HT-3 antagonist, it was shown that in rats, duodenal 

infusion of lipids represses sucrose solution and chow intake through 5HT3 receptor activation 

(Savastano et.al., 2006). This activity involves neuronal activation of the dorsal vagal 

complex, since the quantified Fos-like immunoreactivity (Fos-LI) in the dorsal hind brain in 

response to duodenal intra-lipid induced activity was significantly reduced in the rats pre-

treated with Ondansetron (Savastano et.al., 2006).  

2.2 Fatty Acid Derived Satiety Mediators   

Traditional mediators involved in gut related satiety signaling are peptides or 

neurotransmitters secreted by neuroendocrine-like cells in the gut. However, recent attention 

has focused on mediators derived from fatty acids. Included in this category are the Fatty Acid 

Amides (FAA) and the eicosanoids, derived from Arachidonic Acid (AA).   

2.2.1 Fatty Acid Amides  

There is also a group of non-peptide mediators known as Fatty Acid Amides (FAA); 

and the most studied is anandamide, which is an endocannabinoid that acts on cannabinoid 

(CB) receptor in order to regulate appetite (Gomez et.al., 2002; Kunos, 2007). CB receptor 

activation is known to increase food intake, where AEA levels increase with fasting and their 

deletion in animal models is associated with a lean phenotype and resistance to diet induced 

obesity (Gomez et.al., 2002; Kunos, 2007). Studies support the idea that cannabinoid agents 

regulate feeding by affecting CB-1 receptors on peripheral sensory fibers (Gomez et.al., 

2002). These receptors are found on nerve terminals innervating the gastrointestinal tract and 

mediate satiety signals that originate from the gut (Gomez et.al., 2002). In addition, the 

ablation of sensory fibres attenuates the effect of anandamide on food intake. Furthermore, 

CB-1 receptor knock-out mice were leaner and lighter compared to their wild type control 

littermates (Kunos, 2007), suggesting that CB-1 receptors exert a stimulatory effect on 

feeding behavior.  
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Whereas anandamide (AEA) stimulates food intake, Oleoylethanolamide (OEA) 

inhibits food intake (Fonseca, 2004). OEA is an endogenous cannabinoid-like fatty acid that 

plays a role in regulating food intake and body weight, where its levels increase with feeding 

(Wang et.al., 2005). Moreover, the effect of OEA is abolished by the destruction of vagal 

sensory afferents (capsaicin) (Wang et.al., 2005). OEA also enhances c-Fos expression in the 

brain via a vagal afferent mechanism (Wang et.al., 2005), suggesting a critical role for vagal 

afferents in its actions. There are at least two possible mechanisms by which OEA reduces 

food intake. The first is through an action on the TRPV 1 channel. OEA is a TRPV1 agonist 

(Wang et.al., 2005), and the satiety effects of OEA in one study was shown to be abolished in 

TRPV1 null mice (Wang, et.al., 2005). Although OEA is known as an activator of TRPV1 as 

mentioned above, OEA may also act through Peroxisome proliferator-activated receptor-alpha 

(PPAR-α), as it reduces food intake in wild-type mice, but not in mice deficient in PPAR- α 

(PPAR- α (-/-)) (Fu et.al, 2003; Fu et.al., 2005). OEA has also been shown to be an agonist at 

the PPAR-α (Fu et.al, 2003). The precise relationship between TRPV1 and PPAR-α in the 

actions of OEA, however, has yet to be determined. Nonetheless, the discovery of the 

appetite-stimulatory effects of endocannabinoids (CBs), e.g. anandamide, and cannabinoide-

like compounds, e.g. OEA, (which are endogenous ligands for CB1 and TRPV1 receptors, 

respectively) on food intake has yielded a rich field of research for scientific and clinical 

investigations (Kunos; Sanger, 2007), and identified a new category of lipid derived mediators 

affecting food intake.  

2.2.2 Arachidonic Acid  

Arachidonic Acid (AA) is a 20-carbon chain polyunsaturated essential fatty acid 

(EFA) that is present in the phospholipids of the membrane of cells and readily available in 

the brain. It is liberated from phospholipids by the enzyme phospholipase A2, and synthesized 

from linoleic acid. AA produces important derivatives that play a role in inflammation (Figure 

4) (Piomelli, 2000), which reflects two enzyme pathways: 
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1) The enzymes cycloxygenase and peroxidase which produce prostaglandin H2, a 

precursor of prostaglandins, prostacyclin, and thromboxanes. 

2) 5-lipoxygenase, which is an enzyme used to produce leukotrienes.  

Arachidonic acid is also involved in the biosynthesis of anandamide. 

 

Figure 4: AA produces important derivatives that play a role in inflammation including 

Prostagalndins (PGs) and Leukotrienes (LTs).   

Arachidonic acid is liberated from membrane phospholipid but phospholipase A2. Parallel 

enzymatic pathways involving lipoxygenase, or cyclooxygenase (1 and 2) metabolize 

arachidonic acid into the leukotrienes and prostaglandins respectively.  

2.2.3 Prostaglandins  

Prostaglandins (PGs) are group of hormone-like substances derived from EFAs, most 

importantly arachidonic acid, and are found in cell membranes in all tissues and organs. PGs 
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are mainly involved in inflammatory responses to injuries, where they dilate blood vessels and 

increase their permeability to fluid and proteins (FitzGerald et.al., 2004; nasjletti et.al., 2003). 

They also raise the sensitivity of nerve endings to pain (FitzGerald et.al., 2004; Waller et.al., 

2001). There are nine prostaglandin receptors; named coinciding with the different types of 

the PGs themselves (PGD2, PGE2, PGF2, PGI, and PGT). These receptors are termed as 

follows: DP1-2, EP1-4, FP, IP, and TP. (Waller et.al., 2001). 

 

Type Receptor Function 

PGI2 IP 

• vasodilatation  

• inhibit platelet aggregation  

• bronchodilatation  

PGE2 

EP1 
• bronchoconstriction  

• GI tract smooth muscle contraction  

EP2 

• bronchodilatation  

• GI tract smooth muscle relaxation  

• vasodilatation  

EP3 

• ↓ gastric acid secretion  

• ↑ gastric mucus secretion  

• uterus contraction (when pregnant)  

• GI tract smooth muscle contraction  

• lipolysis inhibition  

• ↑ autonomic neurotransmitters [6]  

Unspecified 
• hyperalgesia [6]  

• pyrogenic  

PGF2α FP 

• uterus contraction  

• bronchoconstriction 

• Vasoconstriction  

 

Table 2: A comparison of prostaglandin classifications and actions/functions. 

Prostaglandin I2 (PGI2), Prostaglandin E2 (PGE2), and Prostaglandin F2α (PGF2α). 
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2.2.4 Leukotrienes  

Leukotrienes LTs are produced from AA as a response to inflammation, and they 

signal through both autocrine and paracrine mechanisms. LTs play an important role in 

asthma and allergy, and are involved in a variety of inflammatory reactions. There are six 

LTs; LTA4, LTB4, LTC4, LTD4, LTE4, and LTF4, three of which (LTC4, D4 and E4) are called 

Cysteinyl Leukotrienes (CysLTs) because of the presence of the cysteine amino acid in their 

structure. Leukotrienes in general are derived from AA metabolism through the 5-

lipoxygenase pathway, whose actions are mediated by 5LO-activating protein (FLAP) (Zarini 

et.al., 2009; Mayatepek et.al., 2000). Cells that transmit 5-Lipoxygenase form the unstable 

LTA4 and transfer it to cells containing LTC4 synthase (LTC4-S) for it to be processed and 

metabolized to produce LTC4 and a cascade of  CysLTs consequently (Zarini et.al., 2009; 

Mayatepek et.al., 2000). The present study focuses on the cysteinyl LTs and these are 

discussed below.  

2.2.5 CysLTs 

Cysteinyl-leukotrienes (CysLTs), LTC4, LTD4, and LTE4 are potent lipid mediators 

synthesized from arachidonic acid in reaction to different immune and inflammatory stimuli, 

where they increase microvascular permeability and mucus secretion (Nothacker et.al., 2000). 

These mediators work through specific G protein coupled receptors (GPCRs) belonging to the 

purine receptor cluster of the rhodopsin family, and are known as cysteinyl-leukotriene 

receptors CysLTRs (Kroeza et.al., 2003; Capra et.al., 2007). CysLTs play an important role in 

pathophysiological conditions such as asthma and allergic rhinitis, and other inflammatory 

conditions like cardiovascular diseases, urticaria, cancer, and atopic dermatitis (Capra et.al., 

2007). 

 A large number of selective antagonists for CysLTRs have been developed. Based on 

the selectivity of these antagonists CysLTRs were divided into CysLT1R, which is blocked by 

these antagonists, and CysLT2R, which is resistant to blockade (Tudhope et.al., 1994). On the 

other hand, a non-selective antagonist, BAY u9773, which can block the activity of both types 
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of receptors, was later discovered (Tudhope et.al., 1994; Labat et.al, 1992). Even though the 

two types of receptors are expressed on inflammatory cells, namely eosinophils, during 

asthma exacerbation, INF-γ up-regulates only CysLT2R and its RNA expression level while 

no changes are seen for CysLT1R or its RNA expression level (Fujii et.al., 2005). This 

indicates that CysLT2Rs are promising targets as a pathway to modulate exacerbation of 

asthma (Fujii et.al., 2005). CysLT2R is a member of the G-protein coupled receptor (GPCR) 

super-family. It encodes a protein of 346aa that migrates at a molecular weight of 58 KDa 

(Gauvreau et.al., 2005; Rovati et.al., 2007). It also contains four potential N-glycosylation 

sites; three of which are in the extracellular N-terminals, plus many potential protein kinase A 

and C phosphorylation sites located in the third intracellular loop, and carboxyl terminal tail 

(Figure 6) (Heise et.al., 2000; Rovati et.al., 2007). 

 

 

Figure 5: A detailed schematic of the human CysLT2 receptor.  

CysLT2Rs contains four potential N-glycosylation sites; three of which are in the extracellular 

N-terminals, plus many potential protein kinase A and C phosphorylation sites located in the 

third intracellular loop, and carboxyl terminal tail. Permission from (caymanchem.com). 
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As of this writing, a little is known about the signaling and functional properties of 

the CysLT2Rs (Massoumi et.al., 2007). It was initially reported in pulmonary veins and 

subsequently in number of other cell types including placenta, spleen, leukocytes, heart, brain, 

and endothelial cells (Mellor et.al., 2003). CysLT2Rs expression is up-regulated in human 

mast cells in response to cytokine interleukin (IL-4), a potent chemo-tactic factor for 

neutrophils (Lotzer et.al., 2003; Rovati et.al., 2007). This suggests that these receptors on 

mast cells are crucial for the recruitment of neutrophils and thus, for the bronchial response in 

asthma patients (Mellor et.al., 2003; Austen, 2005). 

2.3 Prostaglandins and Food Intake Regulation 

The notion that prostaglandins could be involved in food intake has not received 

much attention until recently. It is known that PGE is produced in the central nervous system 

(CNS) and plays pathophysiological roles, such as in fever and pain response (Matsui et.al., 

2010), and may mediate some of the anorexic response to cytokines and LPS (Asarian et.al., 

2010). Ohinta et al in (2006) showed that PGE and the EP4 receptor played an additional role, 

where PGE central administration suppresses food intake without behavioral disturbance 

(Ohinata et.al., 2006). Furthermore, Manuel Sanchez-Alavez et.al. (2006) showed that in mice 

lacking EP3 Receptors (EP3R(-/-)) the frequency of eating was increased during the light cycle 

of the day, which resulted in an obese phenotype. Moreover, in another study, it was found 

that centrally administered PGD2 stimulates food intake through its receptor DP1 coupled to 

the Neuropeptide YY1 (Ohinata et.al., 2008). These findings together suggest that there could 

be a connection between inflammatory mediators, including the eicosanoids, or a subset of 

them, and obesity or food intake in health, as well as in inflammation. 

2.4 Other Inflammatory Mediators and Food Intake Regulation 

Obesity is known to be strongly associated with systemic inflammation involving 

elevated levels of inflammatory cytokines such as IL-6, and TNF-α (Kern et.al., 2001; Cottam 

et.al., 2004; Berg et.al., 2005). The immune and neuroendocrine systems are clearly involved 
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in regulating metabolism on both peripheral and central levels (Guijarro et.al., 2006). Immune 

cells are activated in response to pathophysiological conditions by releasing cytokines and 

other inflammatory mediators (Guijarro et.al., 2006). These cytokines act on brain areas that 

are involved in controlling food intake leading to the anorexia accompanying illness 

conditions (Guijarro et.al., 2006; Langhans et.al., 2007). Blood brain barrier endothelial cells 

(BBBEC) are important sites for this action of the cytokines, where BBBEC along with 

perivascular cells (microglia and macrophages) constitute a regulatory crossing point that 

modulates neural activity by releasing messengers as a response to the peripheral actions 

(Langhans et.al., 2007). Peripheral cytokine administration, along with injection of tumor and 

induction of infection, affected food intake patterns, including meal size and number 

suggesting that cytokines act on hypothalamic neurons (Guijarro et.al., 2006). However, these 

mediators may also have potent stimulatory actions on peripheral afferent fibers, which 

impact food intake (Schwartz, 2002). This finding implies that inflammatory derived 

mediators, i.e. cytokines such as IL-1, and TNF-α, are strongly involved in the regulation of 

food intake by having both central and peripheral actions (Guijarro et.al., 2006). It is 

therefore, well known that in disease states inflammatory mediators profoundly affect food 

intake (Guijarro et.al., 2006). However, some of these substances are also released in smaller 

amounts in health and therefore, possibly play a role in the physiological control of food 

intake, where they may act on afferent nerve terminals at their peripheral site of release 

(Guijarro et.al., 2006). 

2.5 Leukotrienes and Food Intake and Body Weight Regulation  

The 5-lipoxygenase (5-LO) pathway which, as mentioned previously, makes pro-

inflammatory leukotrienes (LTs) from arachidonic acid (AA) has been shown to play a role in 

regulating adiposity; (5-LO) deficient mice (Alox5-/-) have increasing lipid levels and fat 

mass, which demonstrates that 5-LO could contribute to metabolic phenotypes even though it 

is not known whether the metabolic changes that are observed in 5-LO deficient mice are due 

to the lack of LTB4 or the CysLTs or both (Mehrabian et.al., 2008). Interestingly, ALox5(-/-) 
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mice show evidence of increased weight and hyperleptinaemia but do not have increased food 

intake, which suggests that leptin signaling in the hypothalamus is either not affected by 5-LO 

deficiency or there are other compensatory mechanisms (Mehrabian et.al., 2008).  Finally, the 

inflammatory 5-LO/LT pathway has been seen to have an effect on adiposity and lead to 

generalized obesity (Mehrabian et.al., 2008). These results suggest new targets by which 

metabolic abnormalities and obesity can be treated (Mehrabian et.al., 2008). The above work 

examined the effect of manipulating the 5-LO pathways, however it did not examine in detail 

the effects on the CysLTR receptors. 

2.6 Potential Role of CysLT2Rs in Regulating Food Intake 

There are no studies to date examining the role of CysLT2Rs in food intake. Recently, 

our colleagues (Dr. Moos and Funk) observed that CysLT2R knock-out mice were overweight 

compared to their control littermates, with the difference appearing at around 100 days of age 

(Moos and Funk, unpublished data). Furthermore, CysLT2Rs were located on the nodose 

ganglia, the site of vagal afferents cell bodies (Figure 1) (Moos and Funk, unpublished data). 

The preliminary observation of altered body weight, combined with the presence of 

the receptor in vagal afferent cell bodies opens diverse questions with respect to the role of 

these receptors in food intake. 

In this study, I hypothesized that CysLT2Rs are responsible for modulating food intake, 

and that this action may involve stimulation of vagal afferent pathways. To address this 

hypothesis, I set out to complete the following aims:  

1) Examine if deletion of CysLT2Rs changes body weight 

2) Examine if deletion of CysLT2Rs increases food intake  

3) Examine if deletion of CysLT2R affects meal-related signaling in vagal nuclei 

4) Examine if CysLT2R agonists activate vagal afferent neurons 

With this in mind, I used CysLT2R KO and WT models to complete these aims and 

perform the experiments discussed in the following section.  
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Chapter 3 

Methodology 

In order to test the hypothesis and characterize the role of CysLT2Rs in regulating food 

intake, the following procedures and techniques have been used: 

1- Continuous, real-time measurement of food intake for both WT CysLT2R(+/+) and KO 

CysLT2R (-/-) LacZ mice. These mice were bred in house, from homozygous matings of 

+/+ or -/- mice, and were a generous gift from Dr. Colin Funk. Detail of the generation of 

the mice are provided in Hui et al (2004).   

 Food intake was measured for both genotypes simultaneously for three months (Between 

100 and 200d, where weight differences become most apparent). Mice were fed normal 

diet, and the measurement included the total amount of consumed food and number of 

meals (frequency). (See Section  3.1). 

2- Body weight measurement: Body weight for both groups was measured weekly for 

three continuous months (See Section  3.2). 

3- Immunohistochemistry IHC, measuring c-Fos immunoreactivity in the NTS, as a 

surrogate marker of vagal afferent activation in response to feeding (See Section  3.3). 

 I propose that CysLT2Rs play a role in regulating food intake and appetite, and are 

stimulated by feeding and reduced by fasting. Thus measuring c-Fos in both WT and KO 

mice was conducted. C-Fos immunoreactivity was assessed after two different feeding 

conditions: 

I) Fed ad lib in order to measure meal related satiety signals (gut-brain axis)  

II) Fasted overnight as a way to confirm that the neuronal activity is a result of meal 

related satiety signals 

4- Calcium imaging of nodose ganglia neurons: In order to assess the role of CysLT2R, 

an examination of whether leukotrienes directly stimulate nodose ganglia neurons was 

done using calcium imaging with Fura-2 on both control and KO mice (See Section  3.4). 
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Figure 6: The cages that the mice food intake will be measured with. 

(TSE Laboratory Manual). 

3.1 Measuring Food Intake 

Food intake was measured to test the hypothesis that the KO mice overeat leading to 

increased body weight. In this experiment 100-day (14 weeks) old mice were housed in 

metabolic cages with free access to food and water. This age was chosen based on preliminary 

results showing that weight differences began to emerge after this time. Food and drink 

containers were attached to sensors that continuously measure the change in weight of the 
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food reservoir where the resolution of the measurement is 0.01 g. These sensors were 

monitored by computer where the daily amount of consumed food was recorded (Figure 6).  

3.1.1 Analysis of Data 

 Analysis was performed using the TSE Labmaster System (TSE, Germany). The mice 

were housed in the same room, same room temperature, singly housed, and fed a standard diet 

(Purina mouse diet #5015). The system measured 8 cages simultaneously, which allowed us to 

measure food intake of four WT and four KO at the same time, where the recordings took 

place three days weekly for 3 months. In order to obtain a representative measure of food 

intake and meal pattern during body weight increase I measured total food intake per day and 

meal frequency. 

Unpaired t tests, or ANOVA, for multiple comparisons, are used to compare parameters 

between groups. 

3.2 Measuring Body Weight  

In order to confirm the existence of the increase in body weight in KO mice and to 

compare the correlation between food intake and the gain in body weight, body weight was 

monitored on a weekly basis for both groups.  

3.3 IHC, c-Fos Expression in the Brain 

Since the NTS is the central site of vagal afferent termination, immunohistochemistry 

was performed to measure neuronal activation within the brain stem (NTS area) as an 

indication of meal related gut-brain signaling. Two groups of mice were used in this 

experiment. WT and KO mice were fasted overnight for 12 hours (food only). For fed 

conditions, mice from both groups had free access to food and drink (as add-libitum). These 

feeding conditions were used to examine if any alterations in c-fos expression were related to 

feeding. All mice were sacrificed by ketamine xylazine i.p. injection, then perfused 

transcardially with 20 ml of cold saline followed by 30 ml of cold 4% paraformaldehyde. 

Brain-stem was dissected and removed and placed directly in 4% paraformaldehyde at 4oC 
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overnight. Following three washes with phosphate Buffered Solution (PBS), the tissue was 

placed in pure 30% sucrose solution for the next 48 hours at 4oC for cryoprotection. The 

brain-stem was sectioned into 20 µm coronal sections using a sectioning cryostat. c-Fos was 

visualized according to the manufacturer's protocol (ABC Elite kit from Vectastain). The 

specimens were incubated in 0.3% Hydrogen Peroxide (H2O2) for 30 minutes in order to 

block the endogenous peroxidase activity, then following three washes with PBS (2-3 minutes 

apart) sections were incubated in a mix of 50 µl of goat serum and 10 ml of PBS for 20 

minutes to suppress the non-specific binding of secondary immunoglobulin. Brain tissue tends 

to have high concentrations of Biotin (a co-enzyme vitamin B-complex) which has a strong 

affinity to Avidin (a glycoprotien). In order to isolate endogenous Biotin staining a blocking 

step was performed by incubating the sections with 50 µl of Avidin for 15 minutes, then wash 

briefly and incubate with Biotin for another 15 minutes. Sections were then incubated with 

Rabbit antibody-5 405 (1:10000) from Calbiochem, or only antibody diluent as a negative 

control, overnight at 4oC. Next day, a rinse with three changes of PBS, 2-3 minutes each was 

done. Afterward, incubate with a mix of 50 µl of biotinylated goat anti-rabbit secondary 

antibody (1:200) with 10 ml PBS and 150 µl GS for 30 minutes at room temperature. At the 

time of incubation, ABC reagent (Avidin Biotin complex) were prepared by adding 100 µl of 

reagent A to 5 ml of PBS, then 100 µl of reagent B and allowed to stabilize at room 

temperature for 30 minutes before use. Incubation with ABC reagent for 30 minutes then 

rinsing with PBS 3 changes, 2-3 minutes each were done. At the same time where the 

incubations were running, 3,3'-Diaminobenzidine (DAB) solution was prepared by dissolving 

5 mg DAB in 10 ml PBS with 0.3 ml of 0.1% H2O2. After the incubation with ABC reagent 

and rinsing in PBS three times, the specimens were incubated in DAB solution for 10 minutes. 

The development of the brown color was checked under microscopy, and if further 

intensification of staining was needed the slides were returned to DAB solution for longer 

time (2-3 minutes) then rinsed in PBS. Finally, the slides were covered with cover-slips using 

50% glycerol, then examined under light microscope.  
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3.3.1 Data Analysis 

The number of c-Fos positive nuclei in the NTS was counted per section, using a 

10×10 Olympus reticule, in a 2.4×1.2 mm area bilaterally from the central canal C.C. (Figure 

7). The increase in c-Fos positive cells induced by feeding was compared in WT and KO 

mice. In this way both the region of the brain as well as the surface area examined were 

rigorously standardized. All data expressed as mean ± S.E.M. Significance was determined by 

a Student t-test for multiple comparisons. 

 

 

Figure 7: The localizing NTS area in the brain-stem using a reticule. 

The red box designates the Nucleus Tractus Solitarius (NTS) area highlighted using the 

reticule in a 2.4×1.2 mm area bilaterally from the Central Canal (C.C.) where number of c-Fos 

is counted as an indication of neuronal activity.  
 

3.4 Calcium Imaging 

3.4.1 Composition of Solutions 

Nodose ganglia tissue was incubated in the culture medium, GIBCO Dulbecco's 

Modified Eagle Medium: Nutrient Mixture F-12 (1:1) DMEM/F-12. The used enzymes were 
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CC 
NTS 
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Source: Allen Reference Atlas  

A Digital Color Brain Atlas of 

C57BL/6J Male Mouse 
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prepared as follows: In order to prepare Papain solution, 3 ml of NaHCO3 solution with 1 mg 

L-Cystine (L-Cys) were both added to 1.5 ml of Ca2+ and Mg2+ free HBSS. Then, 60 U papain 

was added to L-Cys solution and placed in 37°C water bath for approximately 10 minutes to 

dissolve papain. While to prepare Dispase solution 12 mg of collagenase (CLS2) and 14 mg 

Dispase type 2 were added to 3 ml Ca2+ and Mg2+ free HBSS and placed in 37°C water bath 

for approximately 10 minutes as well to dissolve Collagenase/Dispase. Washing HEPES 

buffer contains (in mM): (135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 Glucose, 10 HEPES, and 

adjusted to 7.4 using NaOH). CysLT2R agonists LTD4 and LTC4 (100 nM) were applied and 

compared to the effect of 80 mM HighK+ buffer, as a positive control containing (in Mm): 60 

NaCl, 80 KCl, 2 CaCl, 1 MgCl2, 10 Glucose, 10 HEPES, and adjusted to 7.4 using NaOH. 

3.4.2 Removal/Dissociation of Nodose Ganglia 

Male mice were humanely killed by an overdose of isoflurane. Nodose ganglia were 

isolated and harvested as follows; the head was removed and the two cervical vagi were 

followed to the base of the skull. The connective tissues surrounding the ganglia were 

carefully dissected and the ganglia were removed and neurons dissected and transferred to 3 

ml of HBSS Ca2+ and Mg2+ free solution. Nodose were left to settle to the bottom, then HBSS 

was removed carefully without disturbing the ganglia. Next, the tissue was incubated with 

Papain solution for 20 minutes in 37°C water bath, and then spun for 1 minute at low speed. 

Papain solution was removed and replaced with Collagenase/Dispase solution, then incubated 

in that solution for 20 minutes in 37°C followed by low speed spinning for 5 minutes. After 

that, the solution was removed and 2 ml of a pre-warmed culture medium was added. Finally, 

tissue was triturated then spun for 5 minutes and placed on glass coverslips in culture media 

and incubated in 37°C 5% CO2 incubation for 18-24 hrs. prior to retrieval for calcium imaging 

studies.  
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3.4.3 Calcium Imaging 

Prior to the start of the experiment, nodose ganglia neurons were incubated with 

Fura2-Acetylemethyl (AM) at 37°C for 20-30 minutes. After incubation, cells were washed 

with HEPES buffer for 20 minutes to remove the excess of Fura2-AM and to get rid of the 

dead cells floating on the top of the plate. CysLT2R agonists LTD4 and LTC4 were applied, 

using 100 nM concentration, and compared to the effect of 80 mM HighK+ buffer, as a 

positive control. Both the drugs LTD4 and LTC4, and High K+ positive control were all applied 

for one minute. The experiments were performed at room temperature using calcium imaging 

system and software ImageMaster (PTI, NJ, USA) and an inverted epi-fluorescence 

microscope (Olympus 1X71) with a fluorescence filters. The images were captured with a 

CCD Camera (Hamamatsu Photonics Corporation). The amplitude was expressed as the 

maximum increase of the 340/380 nM ratio.  

3.4.4 Data Analysis 

All data were analyzed in Origin (Micro-focal Software Inc., Northampton, MA, 

USA) and Prism software. All data expressed as mean ± S.E.M. Significance was determined 

by a Student t-test for continuous variables and Fisher exact test for categorical variables (p < 

0.05).  
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Chapter 4 

Results 

4.1 Increased Body Weight in CysLT2R KO mice 

In order to assess the role of CysLT2Rs on body weight, male CysLT2R+/+ and 

CysLT2R-/- mice (n=8 WT, 8 KO) were weighed weekly for 15 weeks starting at an age of 10 

weeks old. Preliminary results suggested that up to this time point, weights remained similar. 

By the end of the experiment, mice devoid of CysLT2Rs showed a significant increase in body 

weight (47.3 ±0.5g) compared to CysLT2R+/+ mice (43.4±0.5g) (P<0.0001, 2-way ANOVA 

with repeated measures Bonferroni post-test) (Figure 8). 
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Figure 8: The increase in body weight in CysLT2R+/+ and CysLT2R-/- mice.  

CysLT2R-/- mice (red points) showed increased body weight compare to WT (n=8 WT, 8 KO, 

* P<0.05, ** P<0.01, *** P<0.001; 2-way ANOVA with Bonferroni-test). Significant 

differences began to be apparent at 16 weeks of age.  
 

4.2 Food Intake is Increased in CysLT2R-/- mice 

Continuous real time measurement of food intake in both groups was measured in 

order to investigate whether the weight gain was due to an increase in food intake. KO mice 

showed significantly increased daily food intake compared to WT where for example, they ate 
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an average of 5 g and 4 g respectively in the last week (Figure 9)(n=8, P< 0.0001, 2-way 

ANOVA with Bonferroni post-test). Food intake was significantly greater in the KO group at 

two time points. The first was at 11 weeks of age, at the beginning of the experiment. The 

second time point was at 21 weeks, where food intake diverged reaching significant difference 

at 23 weeks (160 days). These time points where food intake is increased are correlated 

somehow with the increased body weight. In other words, the increase in food intake seems to 

be followed by increased body weight, indicating that the increase in body weight is likely 

due to increase in food intake.      
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Figure 9: Average daily food intake of CysLT2R+/+ and CysLT2R-/- mice.  

CysLT2R-/- mice (red points) displayed significant increase in food intake (n=8 each WT and 

KO, ** P<0.01, *** P<0.001; 2-way ANOVA with Bonferroni-test). These differences were 

apparent at the beginning of the experiment, converging in the mid time points, and again 

diverging as the mice aged beyond 22 weeks.  

 

4.3 Meal Frequency in CysLTR2 WT and KO 

Using food intake readings, the meal frequency of both groups was characterized. A 

meal was defined as the accumulation of 0.01 g or more in an interval of 10 minutes. 

Although there was a significant difference between CysLT2R WT and KO mice, these 

differences did not seem to correspond to the differences in food intake, and do not explain all 

of the increase in food intake. For example, WT and KO mice both had the same average of 
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meals at week 24, whereas KO mice had significantly higher food intake compared to WT 

(Figure 9 and 11) (n=8, 2-way ANOVA with Bonferroni post test).   
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Figure 10: Meal frequency per day of CysLT2R+/+ and CysLT2R-/- mice.  

Differences exist in meal frequency between CysLT2R WT and KO mice, (but these 

differences do not seem to correspond to the differences in food intake, and do not explain all 

of the increase in food intake) (n=8, * P<0.05, ** P<0.01, *** P<0.001; 2-way ANOVA with 

Bonferroni post test). 

 

4.4 CysLT2R Agonists Activate Nodose Ganglia Neurons       

To test whether CysLT2Rs agonists (LTD4 and LTC4) are capable of directly 

activating vagal afferents, we used nodose ganglia neurons in primary culture to perform 

calcium imaging studies. LTD4 and LTC4 were chosen as they have relative selectivity for the 

CysLT2R receptor, though they can also activate CysLT1R (Heise et.al., 2000; Rovati et.al., 

2007). Increases in intracellular calcium after applying 100 nM of either LTD4 or LTC4 were 

measured in nodose ganglia neurons from C57 control as well as CysLT2R-/-. Figure 11 shows 

representative traces for the positive effect of CysLT2R agonists, LTD4 & LTC4, on nodose 

ganglia neurons. CysLT2R agonists were able to activate 26% (n=46) of cells when adding 

LTD4 and 42% (n=38) when adding LTC4. The population of the responsive cells in the 

controls represented active CysLTRs. To calculate the percentage of cells that represent 
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CysLT2Rs activation, KO mice were used. The results showed that the proportion of activated 

cells in response to either LTD4 (13% vs. 26%) or LTC4 (6% vs. 42%) in KO group is 

significantly reduced compared to control. For LTD4, 12 cells out of 36 cells from wild type 

animals responded, while only 6 out of 44 nodose ganglia neurons from KO mice responded. 

For LTC4, 16 out of 38 cells responded in control, yet only 2 out of 30 cells responded in the 

KO (Figure 12).  

In general, the overall time course of Ca2+ response to LTD4 and LTC4 varied 

significantly compared to the same cells’ response when adding High K+.  All cells responded 

to high K+ in less than 2 minutes, yet it took a minimum of 2.2 minutes for some cells to 

respond, while reaching a maximum of 56.5 minutes for some other cells. However when 

examining the data carefully, for all but a few points, the latency in response time after 

applying the drug could be grouped into two groups, <15 min or >30 min. These results 

suggest that there might be different receptors mediating the effect or different signaling 

pathways.  
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Figure 11: Representative traces showing the effect of CysLT2R agonists on 

intracellular calcium levels in nodose ganglion neurons.  

Top panel : Effect of LTD4. Arrow indicates the time that superfusion with 100nM LTD4 

was begun.  Bottom panel: example of the effect of LTC4 on intracellular calcium. Both 

LTD4 and LTC4 result in a rise in intracellular calcium in control mice.  
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Figure 12: The proportion of responding cells in CysLT2R+/+ and CysLT2R-/- mice using 

CysLTRs agonists LTD4/C4.  

Top panel: Proportion of cells responding to LTD4 with an increase in intracellular calcium in 

CysLT2R+/+ and CysLT2R-/- mice. Significantly fewer cells respond to LTD4 in the CysLT2R 

deficient mice (** p<0.005, Fisher exact test). Bottom panel: Proportion of cells responding to 

LTC4 in both CysLT2R+/+ and CysLT2R-/- mice. Similar to the results with LTD4 in the 

knockout mice, significantly fewer cells respond to LTC4. (*** p<0.0001, Fisher exact test). 
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4.5 Significant Difference in Peak Response Elicited by LTD4  

I examined the change in the Fura2-AM fluorescent ratio as an indicator of 

intracellular calcium increase in control and KO mice in order to ascertain the relative 

contribution of CysLT2R in the response to LTC4 and LTD4. In order to distinguish between a 

real peak and a baseline oscillation every response that was double (100%) or more than the 

baseline was considered a peak. The calculated peak size for control and KO mice was 

normalized to the high K+ peak size. Interestingly, there was a significantly greater calcium 

peak elicited by LTD4 in KO mice (Figure 14-A). However, there was a non significant 

reduction in calcium peak in the KO mice in the case of LTC4 (Figure 14-B).  
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4.6 CysLT2R-/- Mice have Decreased c-Fos Expression in the NTS in the Fed State 

Vagal afferents terminate centrally in the Nucleus Tractus Solitarius NTS (Chaudhri, 

Salem et.al., 2008); therefore, I next examined whether the number of activated neurons in the 

Figure 13: A comparison of peak calcium response between CysLT2R+/+ and

CysLT2R-/- mice when using CysLTRs agonists LTD4/C4. 

A) 100nM LTD4 results in a greater calcium response in KO compared to WT mice

(*P<0.04, Un-paired t-test). B) In contrast to the results with LTD4, responses to LTC4

were non-significantly smaller in KO mice (though the assessment is limited by the

relatively small numbers of neurons that responded at all).  
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NTS is different between WT and KO mice. Change in c-Fos reactivity was used as a marker 

of the neuronal activity in ad-libitum fed and fasted mice from both groups. CysLT2R-/- ad-lib 

mice showed a significantly lower number of c-Fos positive NTS neurons compared to 

CysLT2R+/+ ad-lib mice (* P<0.03; Un-paired t-test) (Figure 14, Figure 15, and Figure 16A). 

The NTS region from WT animals had an average of 40±7 positive cells compared to 21±2 

positive cells in KO animals (n=4 mice, 4-6 sections per mouse, *P<0.03 Un-paired t-test). On 

the other hand, in the fasted groups, there was no significant difference in the number of c-Fos 

positive cells between WT and KO (51±5 vs. 44±8, n=4 mice, 4-6 sections per mouse, 

unpaired t-test) (Figure 16B). 

  

 

Figure 14: c-Fos immunoreactivity positive and negative control.  

c-Fos-immunostained cells in coronal sections of brainstem taken from a control C57 mouse  

(20µ) using DAB staining . A) Negative control (Primary antibody omitted). B) Positive 

control, Positive black/dark gray cells can be clearly seen in the NTS area. (NTS: Nucleus 

Tractus Solitarius, CC: Central Canal, AP: Area Postrema). 
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CC 

AP 
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A 
Negative control 

B

x10  x10 1200 µm 
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Figure 15: c-Fos immunoreactivity in ad-lib fed CysLT2R+/+ and CysLT2R-/- mice.  

c-Fos-immunostained cells in sections of brainstem taken from CysLT2R+/+ and CysLT2R-/- 

mice (20µ) using DAB staining . A) CysLT2R-/-. B) CysLT2R+/+. More positive cells can be 

clearly seen in the NTS area of the WT mouse section. (NTS: Nucleus Tractus Solitarius, CC: 

Central Canal, AP: Area Postrema). 
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Figure 16: Numbers of c-Fos positive neurons in the NTS in CysLT2R+/+ and CysLT2R-/- 

in fed and fasted states. 

A) In ad-lib fed mice: CysLT2R-/- mice fewer c-Fos positive cells in the NTS compared to 

CysLT2R+/+, B) In fasted mice there was a small, non-significant reduction in number of c-Fos 

positive neurons in KO compared to WT mice. (n=4 mice, 4-6 sections per mouse, *P<0.03 

Unpaired t-test). 
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Chapter 5 

Discussion 

Obesity is a major health problem, and therefore the study of basic mechanisms 

regulating food intake is important. The aim of this study was to investigate whether 

CysLT2Rs, which are found on vagal afferents, play a role in regulating food intake. My 

results suggest that CysLT2Rs indeed play a role in regulating food intake as their deletion 

leads to weight gain and increased food intake. I further suggest that this role is possibly 

mediated by vagal afferents based on the observation that CysLT2Rs are present on the vagus 

nerve innervating the gut. CysLT2Rs agonists excite nodose ganglia neurons suggesting that 

vagal afferent pathways may be involved in CysLT2Rs-mediated control of food intake. 

However our results should be interpreted in light of the strength and weaknesses of our 

methodology. Food intake is a particularly difficult parameter to study, as subtle differences in 

conditions such as stress level, environmental factors, genetic differences can impact it 

significantly. Any difference in the surrounding circumstances may lead to confounded 

interpretation of the results, and mask subtle yet potentially important differences in food 

intake and body weight. Indeed in our preliminary experiments I noted confounding effects of 

the supplier of the control mouse strains, and housing conditions early in life (data not 

shown). To guard against these influences the WT and CysLT2Rs KO were taken from the 

same strain, age, and bred in the same facility under identical conditions. Both of these groups 

were exposed to the same environmental parameters in respect to room temperature, access to 

food and water using purina mouse diet (#5015) which contains 25% fat. Also, they were 

housed in the same room in cages attached to sensors connected to a computer to measure 

their daily food intake, knowing that they had been habituated to these new cages for at least 

two weeks prior to the start of food intake measurement (Figure 6). Finally I ran groups of 

WT and KO mice in parallel to guard against changes in environmental conditions that I may 

not be able to measure or be aware of. 
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 As regulation of food intake is so important for the survival of the animal, it is likely 

that there are many redundant pathways that regulate food intake, which could compensate for 

the loss of a single gene. Thus, measurements of different parameters of the pattern of feeding 

are important to determine if there are subtle differences in the timing or size of individual 

meals. Next, the results of the present study will be discussed to discern the underlying 

importance of CysLT2Rs role in regulating food intake and vagal afferents possible 

involvement in this regard.      

5.1 Increased Body Weight in CysLT2R-/- 

 Preliminary observations suggested that CysLT2R-/- mice gained increased body 

weight beginning at about day 100; therefore, I performed a carefully controlled in-vivo study 

where body weight of mice from both groups was taken on a weekly basis. Starting at 16 

weeks of age, CysLT2R-/- mice gained more weight compared to the WT (Figure 8). These 

results indicate that CysLT2Rs may play a role in regulating body weight. In these 

experiments it was critically important to control all variables including age, housing 

conditions, strain and even animal supplier. Our preliminary work suggested that even 

alterations in the number of mice housed per cage had dramatic effects on subsequent body 

weight. When all these variables were controlled I still demonstrated a significant increase in 

body weight in KO mice and this led me to investigate food intake.      

5.2  CysLT2Rs Participate in Regulating Food Intake   

Based on the previous finding, I set out to examine whether the increase in body 

weight was due to increase in food intake. In order to study that, a continuous real time 

measurement of food intake in both groups was carried out. In this experiment, KO mice 

showed a significant increase in food intake compared to the WT. This increase in food intake 

was significant at11 weeks of age (70 days old), which explains the subsequent significant 

increase in body weight at 14 weeks of age. 
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CysLT2R-/- mice weighed significantly more than CysLT2R+/+ from 14 weeks of age. 

This continued for the duration of the experiment, suggesting that the loss of active CysLT2Rs 

results in altered body weight. There are number of possibilities which could explain this 

delay in time body weight starts increasing significantly. One explanation is that there are age 

related changes playing a role. In a study that was done using old C57BL mice, it was shown 

that visceral adipose tissue of old mice had significantly higher mRNA expression of the pro-

inflammatory cytokines IL1-β, IL-6, TNF-α, and COX-2 compared to young mice (Wu et.al., 

2007). If adipose tissue is the source of the LTs that are influencing food intake, simply the 

greater degree of visceral adiposity that occurs as a result of aging may be responsible. 

Another possible source of LTs can be the resident immune cells in the gut, which are 

numerous due to the fact that the gut is “physiologically inflamed” (Husby, 2000). These 

immune cells may be stimulated by the ingested food antigens, gut hormones, or gut bacteria 

(Husby, 2000; Pickard et.al., 2003; Onyinye et.al., 2006). These studies show that the 

significant increase in body weight starting at that time point could be due to the high levels of 

inflammatory mediators in the body at that age of time, which are believed to be activators 

(stimuli) for CysLT2Rs.  

Based on the above, I hypothesized that both gut being physiologically inflamed 

organ in general, plus age-correlated increase in adipose tissue inflammation, along with 

nutrients can be considered as potential sources of endogenous leukotrienes that activate 

CysLT2Rs on the vagus nerve afferents.   

5.3 Meal Frequency Patterns are not Correlated with the Increased Food Intake   

 Meal frequency patterns were calculated in both groups. The result showed that at an 

early age there was an increase in meal frequency; however, meal frequency subsequently 

decreased despite increased food intake. Therefore, the increased food intake is due to the 

increase in meal size. The observed increase in food intake in combination with meal 

frequency results, suggest that CysLT2R-/- mice have impaired intra-meal satiety signals. In 

other words, activation of CysLT2Rs influences meal size or the duration of a meal which is 
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an indication of its involvement in within meal signaling or short term satiety signaling. As 

afferent neural pathways are thought to be important in the within meal signals, I next 

examined gut-brain signaling. 

5.4 Decreased Number of Activated Neurons in the NTS in CysLT2R-/- Mice 

 After establishing the effect of CysLT2Rs on body weight and food intake, I wanted 

to measure vagal input to the NTS. The NTS is the site in the brainstem where vagal afferents 

terminate (Chaudhri, Salem et.al., 2008). C-Fos Immunohistochemical staining experiments 

have historically been used as a marker for neuronal activity (Krukoff, 1999; Swartz et.al., 

2009; Ceccatelh et.al., 1989; Cullman et.al., 1995; Melia et.al., 1994). In the present study, the 

appearance of c-Fos on brain-stem sections from both ad-lib fed and fasted WT and KO mice 

was examined. It was shown that in the fed state WT mice have more activated neurons than 

KO, while differences were not significant between WT and KO in fasted animals, suggesting 

that CysLT2Rs play a role in sending meal related signals to central vagal nuclei. I did note 

that the number of c-Fos positive cells in the fasted animal were greater in both groups. This 

was unexpected, but may relate to the fact that fasting is a stressful stimulus to the animal, and 

the resultant stress leads to NTS c-Fos activation (Gobel et.al., 2009).   

The nodose ganglia are where the cell bodies of the abdominal vagal afferent nerves 

lie (Chaudhri, Salem et.al., 2008). Taking that in consideration, it would be logical to look at 

c-Fos levels as a marker for vagal input in the brain using nodose sections. However, I was 

unable to consistently visualize c-Fos in nodose sections. Indeed there are very few papers in 

the literature applying this technique to nodose neurons. On the other hand, looking at the 

NTS using brain-stem sections was an appropriate approach, given that it is where the central 

projections of vagal afferents terminate, and therefore allows us to measure gut-brain 

communication and examine the role of CysLT2Rs in these pathways (Chaudhri, Salem et.al., 

2008).  

Evidence supporting that conclusion is the presence of the CysLT2Rs not only on the 

nodose ganglia, but also on the vagus nerve (Moos and Funk, unpublished data). The previous 
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data suggest that CysLT2R-/- mice have diminished vagal signaling into the NTS in the brain-

stem, a primary site of satiety signaling and food intake regulation that receives feed-back 

signals in regards to the nutrition status in the gut through the vagus nerve afferents ascending 

from there (Moran, 2006). 

5.5 Calcium Imaging and Leukotriene Induced Activity 

To further support a role for vagal afferents in the food intake effects of CysLT2Rs, I 

tested whether or not CysLTRs agonists could activate vagal afferents. To do this I performed 

calcium imaging on isolated nodose ganglia neurons examining the effect of LTD4 and LTC4, 

which are potent agonists at the CysLT2R receptor (Heise et.al., 2000). LTD4 and LTC4 

activated nodose ganglia neurons; moreover, the number of activated cells was diminished in 

KO mice. A potential pitfall of this approach is that these CysLT2Rs agonists non-specifically 

activate both CysLT1/2Rs. To address this issue I performed my experiments on control and 

KO mice, allowing us to define the contribution of the CysLT2R receptor to the response. The 

significant difference in percentage of cells responding between KO and controls suggests an 

important role for CysLT2Rs in these responses. To further study this I examined the calcium 

peak size in the cells that responded in KO mice and control mice. The data indicated that 

even though there was a trend towards a decreased peak size in case of LTC4, this difference 

was not significant. On the other hand, there was a significant difference in calcium peak size 

between WT and KO mice when using LTD4. However, this difference in peak size was 

higher in the cells that responded in KO mice than in those responded in WT. The latter 

results agree with what some authors reported about LTD4 having more potency in CysLT1Rs 

than that in CysLT2Rs, and that potency is tenfold higher than LTC4 (LTD4>LTC4) in the case 

of CysLT1Rs while both LTD4 and LTC4 have a low and equal potency in CysLT2Rs 

(LTD4=LTC4) (Lynch et.al., 1999; Heise et.al., 2000). On the other hand, a possible reason for 

LTC4 peak size results could be the low number of cells responding in KO mice, where it is 

difficult to get adequate numbers of responsive cells since only 13% and 6% of cells 

responded to LTD4 and LTC4 respectively, or perhaps cells tend to only express one type of 
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CysLTRs. Finally, the apparent increased response to LTD4 in the KO mice raises the 

interesting possibility of a compensatory up-regulation of the CysLT1R receptor, when the 

CysLT2R is absent. 

I have shown that randomly selected nodose neurons respond to LTD4/C4 however, 

the organs innervated by these neurons, and whether the gut is one of these organs is 

unknown. To address this in future experiments, I plan to retrogradely label gut projecting 

nodose neurons by injection of fast blue into the wall of the intestine and stomach. 

Subsequently fluorescently labeled neurons can be selected for study, and this will allow 

examination of the effects of leukotrienes specifically on gut projecting nodose neurons.  

Examining the time course of the Ca2+ increase in response to LTD4/C4, I noted a 

relatively long latency for cell activation and calcium mobilization to occur. This suggests that 

the mechanism probably involves generation of a second messenger or indirect mechanism 

through production of another mediator. For example, it is known that CysLT2Rs are 

promiscuously coupled to both pertussis toxin PTX-sensitive Gi/o and PTX-insensitive Gq/11 

G-proteins (Mellor et.al., 2003; Rovati et.al., 2007). Activating the Gq/11 pathway hydrolyses 

phosphatidyl biphosphate to inositol triphosphate InsP3 to stimulate the InsP3 receptor 

(InsP3R) and triggers Ca2+ mobilization (Lotzer et.al., 2003; Rovati et.al., 2007). Activation of 

the Gi/o-proteins happens more often in the native system (Lotzer et.al., 2003; Rovati et.al., 

2007). However, the increase in Ca2+ would fit better with a Gq/11 linked mechanism. The 

kinetics of nodose cells when applying LTD4/C4 are delayed compared to their response to 

High K+, as well as the variability in responding time taken between one cell to another, all 

indicate that there might be more than one mechanism by which the agonists activate the cells 

through CysLT2Rs. One of them could be when CysLT2Rs are coupled to Gq/11, which in 

turn mobilizes Ca2+ ions from intracellular stores, which consequently stimulate Proline-rich 

tyrosine kinase (PyK2). PyK2 then interacts with Src, leading to activation of Ras and MAPK 

cascade. On the other hand, another possible pathway could utilize the same G protein, Gq/11 

via the generation of Diacylglycerol DAG, which activates Protein Kinase C (PKC) and leads 

to Ca2+ influx and PyK2 activation (Jacob et.al., 2006). Finally, as many inflammatory 
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mediators lead to production of other eicosanoids, it is possible that leukotriens stimulate the 

release of some other compound, such as prostaglandins, that in turn activates the neurons in 

an autocrine fashion.                

5.6 Future Directions 

Despite the significance of our results, there are still many subjects to be raised, for 

instance the source of LTs activating meal related afferent signals is yet to be investigated. 

One possibility is that they are released from the resident immune cells in the intestinal wall in 

response to a meal. This could be examined by using ELISA techniques to measure 

leukotriene levels in the intestine in both the fasted and fed state, an approach that has been 

used to demonstrate a role for endocannabinoids in feeding behavior (Machado et.al., 2005). 

Alternatively LTs could be released in response to adipose tissue, which is a precursor for 

inflammatory mediators including LTs. In order to investigate this, one approach might be to 

use obese animals, and determine if this signaling pathway is up-regulated. On the other hand, 

it is known that by feeding mice a HFD afferent desensitization can result, thus confounding 

the results (Nefti et.al., 2009; Park et.al., 2009).  

To definitively demonstrate the role of the vagus in the alterations seen in food intake 

and body weight in the CysLT2R-/- mice, sub-diaphragmatic vagotomy can be performed, and 

the experiments repeated. If the vagus is critical in the differences seen, I would expect that 

there would be no difference in food intake and body weight in vagotomized CysLT2R-/- and 

+/+ mice.  

5.7 Potential Significance 

As the prevalence of overweight and obesity increases, so does the need for effective 

treatments and medical therapies. Thus, the study of appetite control and the pathways and 

mediators that influence food intake has expanded remarkably (Chaudhri, Salem et.al., 2008). 

Based on my experiments, a possible mechanism for CysLT2Rs and the role they play in 

regulating food intake has been suggested. 
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 Gene mutation to produce non-functional receptors leads to increase in food intake 

due to impaired intra-meal satiety signals. This increase in food intake contributes to a small 

but significant increase in body weight. Targeting these receptors in the periphery may be a 

useful technique to limit increased body weight. On the other hand, in disease states such as 

inflammatory bowel disease, these mechanisms may contribute significantly to impaired food 

intake and weight loss, and in these cases antagonism of these receptors may improve body 

weight and decrease the morbidity associated with these conditions. Finally, our observation 

that weight and food intake differences are more marked in aged mice may suggest that 

CysLT2R may be involved in the slow decrease in food intake that occurs in both aged mice 

and humans, and this may have implications for the slow decline in food intake and lean body 

mass (sarcopenia) that is seen in elderly persons.  

5.8 Conclusion 

The current study represents the first to suggest that CysLT2Rs are involved in 

regulating food intake and body weight. In addition, the study reveals a possible role for gut 

vagal afferent pathways in mediating this effect.  Furthermore, it represents a new 

physiological pathway in regulating appetite and food intake, hence a novel treatment for 

overweight, obesity, and energy homeostasis disorders. This work may expose an important 

discovery in GI physiology and food intake regulation, and could be important for the future 

development of pharmaceutical treatment of obesity and diseases resulting from impaired 

satiety signaling.  
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