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Leptin, an adipocyte-derived hormone, reduces food intake and increases energy 

expenditure via the hypothalamus.  Obese animals and humans are associated with 

elevated serum leptin and leptin resistance. Recent evidence suggests the central 

melanocortin (MC) system may be located downstream of the hypothalamic leptin signal 

pathway. We hypothesize direct activation of the central MC system will circumvent 

leptin resistance and reduce body weight in leptin-resistant animals.  

MC3/4-receptor agonist melanotan II (MTII) was infused centrally for six days in 

chow-fed (CH) and high-fat (HF) diet-induced obese (DIO) Sprague-Dawley rats. MTII 

reduced body weight and visceral adiposity and suppressed caloric intake in CH and DIO 

rats. The initial anorexic and thermogenic responses were enhanced in DIO. In both diet 

groups, MTII reduced serum insulin and cholesterol. HF feeding increased brown adipose 

tissue (BAT) uncoupling protein 1 (UCP1), which was further elevated by MTII 

xii 



treatment. MTII also appeared to increase fat metabolism in muscle of DIO rats. 

Hypothalamic MC3/4-receptor expression levels were reduced in DIO.  

We employed a recombinant adeno-associated virus encoding pro-

opiomelanocortin (rAAV-POMC) to enhance POMC expression in hypothalami of obese 

Zucker rats with defective leptin receptors. POMC gene therapy resulted in a sustained 

reduction in food intake, a moderate attenuation of weight gain and a decrease in visceral 

adiposity. It increased BAT UCP1 and decreased fasting serum leptin, insulin and 

cholesterol levels. 

Interleukin-6 (IL-6) is produced in adipose tissues and shares a similar signaling 

pathway with leptin. A rAAV expressing murine IL-6 (rAAV-IL-6) was delivered into 

hypothalami of normal Sprague-Dawley rats. The treatment suppressed weight gain and 

visceral adiposity and enhanced BAT UCP1 without affecting food intake. Unilateral 

denervation of BAT abolished weight-reducing effect of rAAV-IL-6 and prevented 

increases in UCP1 mRNA and protein levels in the denervated BAT pad.  

Our studies demonstrate that MTII and POMC gene therapy activate the central 

MC system, reduce body weight and visceral adiposity, and improve glucose and 

cholesterol metabolism in leptin-resistant DIO and obese Zucker rats, respectively. Both 

hypophagia and increased energy expenditure are the likely underlying mechanisms. IL-6 

also has a potential role in energy regulation, which involves sympathetic induction of 

UCP1 in BAT. 
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CHAPTER 1 
LITERATURE REVIEW 

Obesity is a pressing health problem in Western and developing countries. The 

latest survey shows more than 60% of the US adults are overweight and over one-third 

obese (Flegal et al., 2002). Obesity is not only disfiguring but also associated with a 

series of life-threatening complications such as type 2 diabetes, hypertension, heart 

diseases, stroke, certain cancers, and arthritis (Visscher and Seidell, 2001). The etiology 

of obesity is still unknown, and many genetic and epidemiological studies suggest that 

there are multiple causes of obesity involving diet, genes and psychological factors.  

Homeostatic Energy Regulation: Biased Toward Weight Gain? 

The regulation of body weight can be considered a homeostatic system, and a 

delicate balance between food intake and energy expenditure is needed to maintain a 

steady body weight for each normal individual. However, this energy regulation system 

may have evolved to be biased toward weight gain and storage of fat in times of plenty in 

order to be protected against famine. Conversely, there is little evolutionary pressure to 

suppress food intake or burn off excess calories as heat when energy stores are replete 

(Schwartz et al., 2003). This inherently biased system may account for the dramatic surge 

in obesity in the present calorie-oversupplied environment.  

White Adipose Tissue: More Than a Storage Depot for Fat? 

Unraveling the diverse hormonal and neuroendocrine systems that regulate energy 

expenditure and body fat has been a long-standing challenge in the fields of obesity and 

metabolic research. A great number of hormones or factors have been discovered to be 
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involved in the positive or negative regulation of body weight. Although white adipose 

tissue (WAT) was once thought of as merely a storage depot for fat, we now know that 

WAT is a vital endocrine organ that is actively involved in whole body homeostasis. 

WAT secretes a family of hormones collectively known as adipokines, including leptin, 

adiponectin, tumor necrosis factor (TNF)-α, resistin and interleukin-6, many of which 

have endocrine functions in modulating food intake and energy expenditure (Saltiel, 

2001). 

Leptin 

Leptin, the ob gene product, is a 16 kDa soluble hormone primarily produced in 

white adipocytes. Since the discovery of leptin in 1994, our understanding of 

neuroendocrine regulation of body weight and food intake has been greatly expanded 

(Jequier, 2002).  Leptin, synthesized and secreted by fat cells in proportion to total body 

fat mass, has been implicated as one of the adiposity signalsafferent, blood-borne 

signals that convey information about the status of body fat stores to the brain. Once it 

enters the central nervous system (CNS), leptin acts on hypothalamic satiety and appetite 

centers to both reduce food consumption and increase energy expenditure. While obesity, 

insulin, TNF-α and glucocorticoids induce leptin expression, fasting and sympathetic 

stimulation reduce its synthesis (Sweeney, 2002). The details of the action and effects of 

leptin on energy regulation will be discussed later.  

Interleukin-6 

Interleukin-6 (IL-6) is a multifunctional, proinflammatory cytokine that acts on a 

wide range of tissues influencing cell growth and differentiation. It is now understood 

that both immune and nonimmune cells synthesize IL-6. Interestingly, systemic 
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concentrations of IL-6 have been shown to be positively correlated with body mass index 

(Vozarova et al., 2001), and as much as a third of total circulating IL-6 originates from 

adipose tissue (Mohamed-Ali et al., 1997). Furthermore, IL-6 and its receptor share many 

structural and functional similarities with leptin (Schobitz et al., 1992; Tartaglia et al., 

1995). In this regard, similar to leptin, IL-6 may be both an autocrine and paracrine 

regulator of adipocyte function. However, it is unclear whether IL-6 serves as an 

adiposity signal to the CNS like leptin does.  

Hypothalamic Neural Circuits Controlled by Leptin  

Food intake and body weight are regulated by multiple factors and involving 

several brain areas. However, the hypothalamus is still regarded as the main regulatory 

center for feeding and energy expenditure. Leptin, one of the most important adiposity 

signals, interacts with leptin receptors on two populations of first order hypothalamic 

neurons. One population of neurons synthesizes and releases two orexigenic (feeding 

inducing) neuropeptides: neuropeptide Y (NPY) and agouti-related peptide (AgRP). 

These neurons are referred to as NPY neurons, and leptin acts on these neurons to reduce 

the expression of NPY and AgRP (Spiegelman and Flier, 2001). Another population of 

neurons expresses pro-opiomelanocortin (POMC), the precursor for the anorexigenic 

peptide α melanocyte-stimulating hormone (α-MSH). These neurons, designed as POMC 

neurons, also express cocaine and amphetamine-related transcript (CART). Leptin 

induces the expression of these two anorexigenic peptides (α-MSH and CART) 

(Spiegelman and Flier, 2001). Thus, the leptin-induced inhibition of food intake results 

from, at least in part, both the suppression of orexigenic and the induction of 

anorexigenic neuropeptides.  
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Leptin Receptor 

The leptin receptor is a member of the class I cytokine family (Tartaglia et al., 

1995, Tartaglia, 1997) which includes the receptors of IL-6, leukemia inhibitory factor 

and gp130 (Fruhbeck et al., 2001). The distribution of the leptin receptor is almost 

universal and most abundant in hypothalamus (Mercer et al., 1996; Scarpace et al., 

2000a; Vaisse et al., 1996). The gene coding for leptin receptor is alternatively spliced to 

produce at least six isoforms, all of which have identical extracellular and transmembrane 

domains, but different cytoplasmic domains (Tartaglia, 1997; Lee et al., 1996). One of 

these splice variants, referred to as the long form receptor (ObRb), possesses a large 306 

amino acid cytoplasmic domain conferring full signal transduction capability. Other 

variants, containing only a short portion of the cytoplasmic domain are referred to as the 

short form receptors. They have limited signal transduction capability and may act as 

soluble leptin carriers in plasma or across the blood-brain barrier (Fruhbeck et al., 2001). 

Because of their leptin binding ability, the short form leptin receptors can alter the 

proportion of leptin circulating in the free versus protein-bound form and may hence 

serve as important physiological determinants of leptin action (Lammert et al., 2001). 

The erroneous splicing of the long form leptin receptor in db/db mice yields a truncated 

receptor, and obesity results (Lee et al., 1996). The obese phenotype of the db/db mice 

suggests that the ObRb plays an important role in regulation of food intake, energy 

expenditure and endocrine function. 

Leptin Signal Transduction 

Leptin receptors generally exist as homo-dimers (Devos et al., 1997). Leptin binds 

to ObRb in a 1:1 stoichiometry, resulting in the formation of a tetrameric receptor/ligand 

complex (Devos et al., 1997). Leptin signal in the hypothalamus is mediated through 
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binding to the leptin receptor and subsequent activation of Janus kinase 2 (JAK2), which 

is reminiscent of IL-6 signaling. Upon ObRb activation, the subsequent signal events 

diverge into at least two pathways. One pathway involves phosphorylation of the signal 

transducer and activator of transcription 3 (STAT3) and initiation of transcription by the 

activated STAT3 (Bates et al., 2003). The other involves the recently described leptin 

activation of the insulin receptor substrate (IRS)-phosphatidylinositol-3-OH kinase 

(PI3K)-mediated signal pathway (Niswender et al., 2001; Zhao et al., 2002). Since PI3K 

is an essential molecule in mediating insulin responses, thus leptin and insulin by both 

stimulating PI3K, may modulate each other's function in the control of energy 

homeostasis. The nature of the interaction between the JAK2-STAT3 and IRS-PI3K 

pathways is still unclear at present time. 

NPY Neurons 

NPY is a 36-amino acid peptide that is found in high concentrations in the 

hypothalamus (Allen et al., 1983). It is synthesized in NPY neurons situated in the 

arcuate nucleus (ARC). Fibers of these neurons project from ARC to the paraventricular 

nucleus (PVN), ventromedial nucleus (VMH), and dorsomedial nucleus (DMH) where 

the peptide is released (Sawchenko and Pfeiffer, 1988). NPY is regarded as the most 

potent orexigenic peptide. Leptin, as well as insulin, decreases NPY expression and NPY 

levels via their ARC leptin/insulin receptors (Krysiak et al., 1999; Schwartz et al., 1992) 

while glucocorticoids stimulate NPY neurons via a glucocorticoid receptor-mediated 

decrease in CRH expression, which abolishes the inhibitory effect of CRH on NPY 

expression (Hahn et al., 1998). Six NPY receptors have been cloned. The influence of 

NPY on feeding is predominantly mediated by the postsynaptic NPY1 and 5 receptors, 

which are highly expressed in the PVN (Hu et al., 1996). 
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Central Melanocortin System 

Melanocortins  

The POMC gene encodes a 31-36-kDa pre-prohormone, from which seven mature 

peptide hormones are derived via post-translational cleavage by various prohormone 

convertases. These peptides, collectively called melanocortins (MCs), include 

adrenocorticotropic hormone (ACTH), α-MSH,β-MSH, γ-MSH, corticotropin-like 

intermediate lobe peptide (CLIP), β-lipotropin, and β-endorphin (MacNeil et al., 2002). 

Of these seven bioactive peptides, α-MSH is presumed to be the major regulator of food 

intake and energy expenditure. This 13-amino-acid peptide represents the most amino 

terminal portion of ACTH. 

MC receptors  

Molecular cloning identified five G-protein-coupled receptors which, when 

activated by melanocortins, signal via Gαs to increase cAMP (Wikberg, 1999). The 

melanocortin 1 receptor (MC1R) was first recognized as the peripheral α-MSH receptor 

present in melanocytes, where it regulates the pigmentation of the skin. MC1R is also 

present in other tissues besides the skin: pituitary, gonad glands, macrophages and 

monocytes, neutrophils, astrocytes and so on. The MC2R is the ACTH receptor. It is 

highly expressed in the cortex of the adrenal gland, where it mediates the hormonal 

corticotropic effect of ACTH. Numerous tissues express the MC5R, and high levels of 

expression of MC5R are detected in several exocrine glands, notably the lacrimal, 

harderian and sebaceous glands, suggesting a role in sebaceous gland lipid production. 

MC3R and MC4R are expressed mainly in the CNS and involved in regulating energy 
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metabolism. The effects of melanocortins on feeding and energy expenditure are 

postulated to be mediated by central MC4R, and to a lesser extend, by MC3R. 

POMC neurons and MC3 and MC4R expression 

Hypothalamic POMC neurons send synapses to PVN and lateral hypothalamic area 

where α-MSH is released and acts via MC4R mainly to inhibit food intake and increase 

energy expenditure (Lu et al., 1994; Ollmann et al., 1997). The activity of the central MC 

system is determined by the balance between the endogenous agonist α-MSH and the 

endogenous antagonist AgRP. POMC expression is stimulated by leptin, and deficiency 

of leptin (such as during starvation) inhibits POMC expression. Although both MC3R 

and MC4R are expressed mainly in the CNS, MC4R is widely distributed throughout 

numerous brain regions with the highest levels observed in the PVN and the dorsal motor 

nucleus of the vagus in the caudal brainstem (Cowley et al., 1999). In contrast, expression 

of MC3R is largely confined to the hypothalamus with ARC and VMH having highest 

expression levels (Roselli-Rehfuss et al., 1993). It is believed that the regulation of 

feeding and energy expenditure by melanocortins is mainly mediated by MC4R while 

MC3R may play a role in feeding efficiency, partitioning of nutrients into fat, and 

feedback regulation of the activity of the POMC neurons. 

Obesity and central MC system  

During the last decade, a series of pharmacological and genetic studies have 

conclusively demonstrated that the central MC system is essential in the homeostatic 

regulation of feeding and body weight (Cone, 1999). Initial data suggesting a role for 

melanocortins in body weight regulation came from the study of the obese agouti mouse. 

Agouti protein is a competitive antagonist of the MC1R. In mammals, agouti is expressed 
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primarily in the skin where it acts in a paracrine manner to regulate fur pigmentation. 

Agouti mice with a mutation that lead to ectopic expression of agouti in the brain develop 

obesity, apparently by antagonism of the MC4R and possibly the MC3R (Lu et al., 1994). 

AgRP is an endogenous antagonist of the MC3R and possibly an inverse antagonist of the 

MC4R. Transgenic mice overexpressing AgRP are obese (Ollmann et al., 1997). In 

addition, POMC knock-out (KO) mice also develop obesity, which can be reversed by 

treatment with a stable α-MSH analog (Yaswen et al., 1999). Confirmation of the role of 

the MC4R and MC3R in obesity came from the analysis of MC4R and MC3R KO mice 

(Butler et al., 2000; Chen et al., 2000; Huszar et al., 1997). MC4R KO mice develop 

maturity-onset obesity, are hyperphagic, and display reduced oxygen consumption, 

indicative of a metabolic defect (Butler et al., 2000; Chen et al., 2000). The MC4R KO 

mice do not respond to the thermogenic effect of a potent nonselective MC receptor 

agonist melanotan II (MTII) and have a reduced response to the anorexic actions of 

MTII, suggesting that melanocortins modulate body weight mainly through MC4R (Chen 

et al., 2000). In contrast to MC4R KO mice, MC3R KO mice are not hyperphagic or 

significantly overweight, but they have increased adiposity and feeding efficiency (Butler 

et al., 2000; Chen et al., 2000). Characterization of a variety of obesity models with 

altered melanocortin signaling suggests that the central MC system may play a significant 

role in regulating body weight in humans. In fact, two human genome-wide scans found 

evidence for linkage of obesity to 2p21, a locus that includes POMC. Furthermore, 

mutations in the POMC gene cause severe obesity in humans (Krude et al., 1998), and up 

to 4-5% of severe obese humans have defects in the MC4R gene (Farooqi et al., 2000). 

The ready development of obesity by disruption of the component of the central 
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melanocortin system underlies the importance of this system in the regulation of body 

weight and energy homeostasis. 

IL-6 and Energy Regulation  

IL-6 Signal Transduction 

As would be expected from the pleiotropic nature of IL-6’s action, many diverse 

cells express IL-6 receptors, such as lymphocytes, monocytes, hepatocytes, neuronal and 

glial cells (Kishimoto et al., 1992; Van Wagoner and Benveniste, 1999). The IL-6 

receptor (IL-6R), an 80-kDa glycoprotein, is also known as gp80. It is a member of the 

Class I cytokine receptor family (Fruhbeck et al., 2001). Intriguingly, the intracellular 

region of IL-6R does not contain any kinase domains, and hence the receptor appears to 

be incapable of signaling activity (Yamasaki et al., 1988). It is now understood that, IL-6 

first binds to IL-6R, forming a low-affinity receptor complex. This complex then 

associates with the 130-kDa signal-transducing transmembrane glycoprotein gp130 to 

provide high-affinity binding of IL-6 (Taga et al., 1989; Ward et al., 1994). Dimerization 

of the intracellular domains of two gp130 molecules recruits JAKs, leading to inter- or 

intramolecular phosphorylation and subsequent activation. Specific transcription factors 

STATs are then docked to the stimulated receptor complexes, phosphorylated and 

activated by receptor-associated JAKs. Activated STATs dimerize and translocate to the 

nucleus where they bind DNA and stimulate transcription (Hibi et al., 1996; Taga and 

Kishimoto, 1997). A wide range of evidence shows after the activation of gp130, IL-6 

induces a rapid tyrosine phosphorylation of JAK1, JAK2, Tyk2, STAT1, and STAT3. 

STAT3 in particular, has been indicated to play a key role in IL-6 signal transduction. 

Recently, several families of proteins involved in the down-regulation of cytokine 

signaling have been described. Among them suppressor of cytokine signaling-3 (SOCS-
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3) protein is shown to act as a negative regulator of the JAK/STAT pathway either by 

inhibiting JAK activity or by inhibiting binding of STAT factors to SH2 domain of 

gp130; therefore, preventing the phosphorylation of STATs (Starr et al., 1997; Suzuki et 

al., 1998). SOCS-3 is hence believed to be an important factor in IL-6 signal 

transduction.  

IL-6 and Weight Regulation 

IL-6 has long been considered an inflammatory mediator as well as a stress-

induced cytokine (Yudkin et al., 2000). It has pleiotropic effects on a variety of tissues, 

including stimulation of acute-phase protein synthesis, induction of the proliferation and 

differentiation of lymphocytes, and increase in the activity of the hypothalamic-pituitary-

adrenal axis (HPA). Central and peripheral administrations of IL-6 reportedly induce 

fever response and/or dose-dependently reduce food intake (Johnson, 1998; Schobitz et 

al., 1995). Many investigators also believe that IL-6 may play a role in cancer cachexia 

and some other wasting disorders (Greenberg et al., 1992; Strassmann et al., 1992). 

Obviously, IL-6 has an impact on energy balance, but the underlying mechanisms are not 

well understood. Moreover, studies in this regard have mainly focused on only short-term 

IL-6 treatment, and the results are not always clearcut. First, although IL-6 has, for a long 

time, been considered an anorexic cytokine, previous reports also showed peripheral 

administration of IL-6 had no effect on food intake and body temperature (van Haasteren 

et al., 1994). A recent study also suggests that alterations in food intake in rodents with 

experimental cancer were not directly related to systemic IL-6 but rather secondary to IL-

6-dependent tumor growth (Cahlin et al., 2000). Secondly, IL-6 induces fever response, 

and intracerebroventricular (icv) injection of IL-6 increases unmasking of GDP binding 

in brown adipose tissue (BAT) (Busbridge et al., 1989), but the exact mechanisms 
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underlying enhanced thermogenesis still remain to be elucidated. Finally, the long-term 

effects of IL-6 administration (more than two weeks) on food intake and body weight 

have never been examined. Therefore, we employed IL-6 gene delivery to examine some 

of these questions.   

Energy Expenditure 

Total body energy expenditure represents the conversion of oxygen and substrate 

(either food, stored fat, glycogen or protein) to carbon dioxide, water, and energy (either 

heat or work). Thus, total body energy expenditure can be assessed by whole body 

oxygen consumption (Lowell and Spiegelman, 2000). Obesity results when energy intake 

(food) exceeds energy expenditure. There are three components of energy expenditure, 

obligatory expenditure (required for normal cellular and organ function), physical 

activity, and adaptive thermogenesis (Lowell and Spiegelman, 2000). The latter occurs 

mainly in skeletal muscle and brown adipose tissue, and is one mechanism to reduce 

body weight after hyperphagia and maintain body temperature after exposure to cold 

(Boss et al., 2000; Himms-Hagen, 1983).  

Brown Adipose Tissue and Energy Expenditure 

BAT is a specialized fat tissue in mammals heavily innervated by sympathetic 

nerves. The brown adipocytes contain abundant mitochondria with closely packed cristae 

that confer the characteristic brown color to this tissue. Thermogenesis in BAT is mainly 

mediated by norepinephrine activation of sympathetically innervated β3 adrenoreceptors 

(Nedergaard et al., 2001). Energy expenditure through brown adipose tissue 

thermogenesis contributes either to maintenance of body temperature in a cold 

environment or to consumption of food energy, i.e. cold-induced or diet-induced 

thermogenesis. Both mechanisms involve a specific and unique protein: the uncoupling 
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protein-1 (UCP1). UCP1, a 32-kDa protein, is exclusively expressed in mitochondria of 

brown adipocytes where it uncouples respiration from ATP synthesis and dissipates the 

proton gradient as heat (Nedergaard et al., 2001).  

Skeletal Muscle and Energy Expenditure 

Over much of the past century, the skeletal muscle, by virtue of its large size 

contributing 30–40% of body mass, has been considered the major tissue that enables 

mammals to adapt to changes in food availability. For example, the rate of heat 

production during periods of food scarcity is turned down in the skeletal muscle to 

conserve energy while it is geared up during food abundance to burn excess energy. 

However, the mechanisms by which skeletal muscle could allow such adaptations remain 

elusive. UCP3, a UCP1 homologue in muscle, has been proposed to participate in the 

regulation of thermogenesis and lipid metabolism (Wang et al., 2003). However, several 

recent studies cast doubt on its physiological relevance to muscle mitochondrial 

uncoupling (Hesselink et al., 2003; Cadenas et al., 1999; Iossa et al., 2001). Leptin has 

also been indicated to have direct thermogenic effects in skeletal muscle. Presumably, 

these effects require both the long form of leptin receptors and PI3K signaling (Dulloo et 

al., 2002). Muscle-type Carnitine palmitoyltransferase I (M-CPT I) is an important 

enzyme for energy homeostasis and fat metabolism by modulation of long-chain fatty 

acid (LCFA) entry into mitochondria, where the LCFAs undergo beta-oxidation 

(Jeukendrup, 2002). M-CPT I is located in the outer mitochondrial membrane and 

sensitive to inhibition by malonyl-CoA, which makes it an important site for metabolic 

regulation. Malony-CoA is the product of a reaction catalyzed by Acetyl-CoA 

carboxylase (ACC), the first step in fatty acid biogenesis from acetyl-CoA and preserved 

in nonlipogenic tissues such as skeletal muscles and heart muscle (Jeukendrup, 2002). 
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The formation of malonyl-CoA may therefore offer a main control point of fatty acid 

catabolism through inhibition of CPT I in muscle.  
Leptin Resistance 

One hallmark of diet-induced obesity is leptin resistance. Human obesity as well as 

many rodent models is associated with elevated serum leptin and leptin resistance, which 

becomes more pronounced with progressive degrees of obesity (Considine et al., 

1996;Halaas et al., 1997; Van Heek et al., 1997; Widdowson et al., 1997). Dr. Scarpace's 

lab, in particular, has demonstrated that age-related obesity is also associated with leptin 

resistance (Scarpace et al., 2000b; Scarpace et al., 2000c). The mechanism of leptin 

resistance with age or obesity is unknown, and most likely is multi-factorial. An early 

theory of leptin resistance was that leptin was not reaching the target sites in the brain due 

to a limitation of leptin transport across the blood-brain barrier (peripheral leptin 

resistance). Evidence supporting this mechanism is the observation that mice with DIO 

respond better to leptin administered directly into the brain than leptin introduced 

peripherally (Van Heek et al., 1997; El Haschimi et al., 2000). Our laboratory reported 

similar findings with age-related obesity. Leptin responses were blunted with either 

peripheral or central administration of leptin, but to a greater extent following peripheral 

administration (Scarpace et al., 2000c, 2001; Shek and Scarpace, 2000). Besides the 

apparent peripheral leptin resistance, central leptin resistance characterized by reduced 

leptin receptor expression and protein levels and attenuated leptin signal transduction in 

the hypothalamus may also exist in various obese animal models (El Haschimi et al., 

2000;  Scarpace et al., 2000c, 2001). 
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Recombinant Adeno-associated Virus   

Adeno-associated virus (AAV) is a single-stranded DNA virus that belongs to the 

parvovirus family. The viable transfection of AAV requires the presence of a helper virus 

(Muzyczka, 1992). AAV exists as a latent infection in humans, and so far has not been 

found to be associated with any human diseases. AAV is capable of infecting non-

dividing cells with a site-specific integration (human chromosome 19). Recombinant 

AAV (rAAV) is derived from AAV and contains only the AAV terminal repeats but not 

viral coding sequences. rAAV has been uniquely successful as a gene transfer vector 

(Monahan and Samulski, 2000; Smith-Arica and Bartlett, 2001). The successful use of 

rAAV-based gene delivery offers clear advantages such as long term, high level in vivo 

expression of transduced genes in several different animal systems (Athanasopoulos et 

al., 2000; Kaplitt et al., 1994; Xiao et al., 1996). Among various types of rAAV used 

today, the rAAV type 2 has been uniquely successful as gene transfer vector into the CNS 

(Xu et al., 2001; Li et al., 2002; Wilsey et al., 2002) . 

 

Based on the lines of information detailed above, we put forward two hypotheses in 

this dissertation. First, direct activation of the central melanocortin system, which is 

presumed to be downstream of leptin signaling pathway, can circumvent leptin resistance 

and reduce body weight and adiposity in the leptin-resistant diet-induced obese animals. 

The second hypothesis is that IL-6, which shares a similar signal transduction pathway 

with leptin, can also modulate body weight in normal animals. The goals of this 

dissertation were, (1) to test the effects of chronic activation of the central MC system by 

a potent MC3/4-receptor agonist MTII in a diet-induced obese rat model with normal 

genetic background, (2) to test the effects of long-term activation of central MC system 
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by rAAV-mediated POMC gene therapy in the genetically obese Zucker (fa/fa) rats with 

defective leptin receptors, (3) to test the long-term effects of central rAAV-mediated IL-6 

gene delivery in the normal rats. 

 

 



 

CHAPTER 2 
GENERAL METHODS AND MATERIALS 

Experimental Animals   

Young adult (age 3-4 months) male and female Sprague-Dawley rats, nine-week 

old male obese Zucker (fa/fa) rats were obtained from Harlan Sprague-Dawley 

(Indianapolis, IN), Taconic (Germantown, NY) and Charles River (Wilmington, MA), 

respectively, for all experiments described in this dissertation.  Upon arrival, rats were 

examined and remained quarantined for at least one week.  Animals were individually 

caged with a 12:12 hour light:dark cycle (07:00 to 19:00 hr).  Animals were cared for in 

accordance with the principles of the NIH Guide to the Care and Use of Experimental 

Animals.  

Construction of rAAV Vector Plasmids  

pTR-CBA-POMC encodes murine POMC cDNA ( a generous gift from Dr. James 

Roberts) (Uhler and Herbert, 1983) under the control of the hybrid cytomegalovirus 

immediate early enhancer/chicken β-actin (CBA) promoter (Daly et al., 2001). The 

woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) is placed 

downstream of the POMC transgene to enhance its expression (Loeb et al., 1999). A 

murine IL-6 cDNA (a generous gift by Dr. I.L. Campbell, the Scripps Research Institute, 

La Jolla, CA) (Raber et al., 1997) was inserted into rAAV vector plasmid pTR-UF12. 

This plasmid contains the AAV terminal repeats (TRs), the only remaining feature (and 

4%) of the wild type AAV genome. Flanked by the TRs, the expression cassette of pTR-

UF12 includes the following components, in 5’ to 3’ order: 1) a 1.7 kb sequence 
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containing the hybrid cytomegalovirus immediate early enhancer/CBA 

promoter/exon1/intron (Daly et al., 2001); 2) the internal ribosome entry site (IRES) from 

poliovirus, which provides for bicistronic expression (Dirks et al., 1993); 3) green 

fluorescent protein (GFP) (Klein et al., 1998); 4) and the polyA tail from bovine growth 

hormone.  The IL-6 cDNA was inserted between the CBA promoter and the IRES 

element of the pTR-UF12 to derive the construct pTR-IL-6.  The control plasmid, termed 

pTR-Control, is similar to pTR-CBA-POMC and pTR-IL-6 but only encodes GFP.   

In Vitro Analysis of rAAV Plasmids 

In vitro Analysis of pTR-CBA-POMC plasmid  

The pTR-CBA-POMC construct was tested for in vitro expression of POMC by 

transfecting Human embryonic kidney 293 cells (HEK 293 cells) using FuGENE 6 

transfection reagent (Roche Diagnostics, Indianapolis, IN) according to the protocol 

provided by the manufacturer. One day after the transfection, cells were harvested and 

total RNA isolated. POMC mRNA levels were analyzed by RT-PCR. 

In Vitro Analysis of pTR-IL-6 Plasmid   

 The pTR-IL-6 construct was tested for in vitro expression of IL-6 by mammalian 

cells. HEK 293 cells were transfected by the calcium-phosphate method, using 2x106 

cells and 8 µg DNA per 6 cm dish.  One day after transfection, the media were removed 

and replaced with serum-free media.  One day after (2 days after transfection), the media 

were collected and concentrated 10-fold in Centricon-10 units (Millipore, Bedford, MA, 

USA).  The media samples were then separated on a 15% sodium dodecylsulfate (SDS)- 

polyacrylamide gel electrophoresis (PAGE) gel (Ready Gel, Bio-Rad, Hercules, CA, 

USA) and electrotransferred to nitrocellulose membrane, the blot was probed for IL-6 

protein using a goat anti-IL-6 polyclonal antibody (Santa Cruz Biotechnology, Santa 
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Cruz, CA, USA) at a dilution of 1:1000.  Purified murine IL-6 (PeproTech, Rocky Hill, 

NJ, USA) was used as a positive control.  Serum-free media samples from untransfected 

293 cells were concentrated in a similar manner and examined for IL-6 protein.  

Packaging of rAAV Vectors  

Vectors were packaged, purified, concentrated, and titered as described previously 

(Conway et al., 1999). rAAV-POMC was prepared by the Powell Gene Therapy Center at 

the University of Florida, and rAAV-IL-6 was provided by Dr. Ron Klein of the 

University of Florida’s Department of Pharmacology and Therapeutics. The titers of 

rAAV-POMC and rAAV-IL-6 were 4.3E11 and 1E11 physical particles/ml, respectively, 

and the ratios of physical-to-infectious particles for both vectors were less than 30. A 

mini-adenovirus helper plasmid (pDG) (Grimm et al., 1998) was used to produce rAAV 

vectors with no detectable adenovirus or wild type AAV contamination.  rAAV vectors 

were purified using iodixanol gradient/heparin-affinity chromatography and were more 

than 99% pure as judged by PAAG/silver-stained gel electrophoresis (not shown).      

rAAV Vector Administration 

Rats were anesthetized with either 50mg/kg pentobarbital (IL-6 gene delivery) or 6 

mg/kg xylazine and 60 mg/kg ketamine (POMC gene delivery), and heads were prepared 

for surgery.  Animals were placed into a stereotaxic frame and a small incision (1.5 cm) 

was made over the midline of the skull to expose the landmarks of the cranium (Bregma 

and Lamda).  The following coordinates were used for injecting rAAV-POMC into basal 

hypothalamus targeting the arcuate nucleus: 3.14mm posterior to bregma, ±0.4mm lateral 

to the midsaggital suture and 10mm ventral from the skull surface. For rAAV-IL-6 gene 

delivery, the coordinates for injection into the hypothalamus were 1.8mm posterior to 

bregma, 1mm lateral to the midsaggital suture and 9mm ventral from the skull surface. A 
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small hole was drilled through the skull and a 23-gauge stainless steel cannula inserted 

followed by an injection cannula. Using 10-µl Hamilton syringe, a 2 (for rAAV-IL-6) or 

3-µl (for rAAV-POMC) volume of virus stocks was delivered over 5 min, and the 

needles remained in place at the injection site for 2 additional min. 

Surgical Procedures 

Surgical Denervation  

Rats underwent unilateral surgical denervation of the interscapular BAT under 

pentobarbital anesthesia as previously described (Scarpace and Matheny, 1998). A 

transverse incision was made just anterior to the right BAT pad, separating the BAT from 

the muscles of the right scapula. The scapula was raised to expose the five intercostal 

nerve bundles entering right BAT pad. A section of each nerve bundle was removed with 

scissors. The rats were maintained on a heat pad until recovery from the anesthesia. In 

previous studies, denervation was verified in selected rats by assessing norepinephrine 

levels in the innervated compared with denervated BAT pads. In all tested cases the 

denervation was successful (Scarpace and Matheny, 1996).  

Intracerebroventricular Cannulation  

Under 6 mg/kg xylazine and 60 mg/kg ketamine anesthesia, a cannula (Brain 

Infusion Kit II; Durect) was stereotaxically placed into the left lateral ventricle using the 

following coordinates, 0.8 mm posterior to bregma, 1.4 mm lateral to the midsaggital 

suture and to a depth of 4 mm. The brain infusion cannula was anchored to the skull 

using acrylic dental cement and a small, stainless steel screw. A catheter was connected 

from the cannula to the mini-osmotic pump flow moderator. The pump was inserted into 

a subcutaneous pocket on the dorsal surface.  
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 Oxygen Consumption   

O2 consumption was assessed in up to four rats simultaneously with an Oxyscan 

analyzer (OXS-4; Omnitech Electronics, Columbus, OH) as described previously 

(Scarpace et al., 1997).  Flow rates were 2 L/min with a 30-s sampling time at 5-min 

intervals.  The rats were placed into the chamber for 150 min with the lowest 6 

consecutive O2 consumption values during this period used in the calculations (basal 

resting VO2).  Food was not available.  Animal rooms were free of human activity and 

kept as quiet as possible during measurements.  All measurements were made between 

09:00 and 14:00 hrs.   Results were expressed as O2 consumption relative to metabolic 

body size (ml · min -1 · kg0.75).  

Tissue Harvesting 

Anesthetized rats were sacrificed by cervical dislocation under 85 mg/kg 

pentobarbital anesthesia. Blood was collected by cardiac puncture and serum was 

harvested by 15-minute centrifugation in serum separator tubes.  The circulatory system 

was perfused with 30 ml of cold saline.  Interscapular BAT, perirenal and retroperitoneal 

white adipose tissue and hypothalami were excised, weighed, and immediately frozen in 

liquid nitrogen.   The hypothalamus was removed by making an incision medial to 

piriform lobes, caudal to the optic chiasm, and anterior to the cerebral crus to a depth of 

2-3 mm.  Tissues were stored at –80 C until analysis.    

Serum Measurements 

Leptin 

Serum leptin is measured using a rat leptin radioimmunoassay kit (Linco Research, 

St. Charles, MO) or a rodent leptin ELISA kit (Crystal Chem, Chicago IL).   
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Insulin 

Serum insulin was measured using a rat insulin radioimmunoassay kit (Linco 

Research, St. Charles, MO). 

Glucose 

Serum glucose was via a colormetric reaction with Trinder, the Sigma Diagnostics 

Glucose reagent (Sigma, St. Louis MO). 

Total cholesterol  

Total cholesterol levels were determined by enzymatic colorimetric kits from 

WAKO Chemicals (Neuss, Germany). 

Free Fatty Acids 

Serum free fatty acids were measured using the NEFA C colorimetric kit from 

WAKO Chemicals GmbH (Neuss Germany). 

Probes  

The UCP-1 probe was a full-length cDNA clone and was obtained from Dr. Leslie 

Kozak, Pennington Research Center, Baton Rouge, LA.  SOCS3 cDNA was a gift from 

Christian Bjorbaek (Harvard University).  The cDNA probes were labeled using a 

random primer kit (Prime-a-Gene, Promega, Madison, WI).  Probes were purified with 

Nick columns (Pharmacia) and are heat-denatured for 2 minutes.  All probes have been 

verified to hybridize to the corresponding specific mRNAs by Northern Analysis prior to 

use in Dot Blot assay (below).   

RNA Isolation and RNA Dot Blot 

Tissue was sonicated in guanidine buffer, phenol extracted, and isopropanol 

precipitated using a modification of the method of Chomczynski (Chomczynski and 

Sacchi, 1987).  Isolated RNA was quantified by spectrophotometry and integrity was 
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verified using 1% agarose gels stained with ethidium bromide.  For dot blot analysis, 

multiple concentrations of RNA were immobilized on nylon membranes using a dot blot 

apparatus (BioRad, Richmond, CA).  Membranes were baked in a UV crosslinking 

apparatus.  Membranes were then prehybridized in 10 ml Quickhyb (Stratagene, LaJolla, 

CA) for 30 minutes followed by hybridization in the presence of a labeled probe and 100 

ug salmon sperm DNA.  After hybridization for 2 hours at 65 C, the membranes were 

washed and exposed to a phosphorImaging screen for 24-72 hours (depending on 

anticipated strength of signal).  The screen was then scanned using a Phosphor Imager 

(Molecular Dynamic, Sunnyvale, CA) and analyzed by ImageQuant Software (Molecular 

Dynamics).  

Relative Quantitative RT-PCR 

Relative quantitative RT-PCR was performed using QuantumRNA 18S Internal 

Standards kit  (Ambion, Austin, Tx).  Total RNA (2 µg) was treated with RNase-free 

DNase using a DNA-free kit (Ambion), and first-strand cDNA synthesis generated from 

1 µg RNA in a 20 µl volume using random primers (Gibco BRL) containing 200 units of 

M-MLV reverse transcriptase (Gibco BRL).  Relative PCR was performed by 

multiplexing target gene primers and 18S primers and coamplifying for a number of 

cycles found to be in the linear range of the target.  Linearity for the POMC amplicon, for 

example, was determined to be between 20 and 29cycles.  The optimum ratio of 18S 

primer to competimer was 1:4 for POMC.  PCR was performed at 94°C denaturation for 

60 sec, 59°C annealing temperature for 45 sec, and 72°C elongation temperature for 60 

sec for 26 cycles.  The PCR product was electrophoresed on a 5% acrylamide gel and 

stained with SYBR green (Molecular Probes, Eugene, OR). Gels were scanned using a 
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STORM fluorescent scanner and digitized data analyzed using ImageQuant. (Molecular 

Dynamics).  

STAT3/Phospo-STAT3 Assay   

Hypothalamus was sonicated in 10 mM Tris-HCL, pH 6.8, 2% SDS, and 0.08 

ug/ml okadaic acid plus protease inhibitors (PMFS, benzamidine, and leupeptin)  [an 

aliquot of this sonicate was frozen for RNA analysis]. Sonicate was diluted and 

quantified for protein using a detergent compatible Bradford Assay.  Samples were boiled 

and separated on an SDS-PAGE gel and electrotransferred to nitrocellulose membrane.  

Immunoreactivity was assessed on separate membranes with antibodies specific to 

STAT3 (phosphorylated and unphosphorylated) and antibodies specific to tyrosine 705 

phosphorylated STAT3 (antibody kit from New England Biolabs, Beverly, MA).  

Immunoreactivity was visualized by chemiluminescents detection (Amersham Life 

Sciences, Piscataway, NJ) and quantified by video densitometry (BioRad, Hercules, CA).   

CREB and Phosphorylated CREB (P-CREB) Assay 

Immunoreactive CREB and P-CREB were determined with a PhosphoPlus CREB 

(Ser 133) antibody kit (New England Bio labs, Beverly, MA).  Hypothalamic samples (40 

µg) prepared as described above were separated on a SDS-PAGE gel and 

electrotransferred to nitrocellulose membrane.  Immunoreactivity was assessed on 

separate membranes with antibodies specific to CREB (phosphorylated and 

unphosphorylated) and antibodies specific to serine 133 phosphorylated CREB.  

Immunoreactivity was visualized by enhanced chemiluminescent detection (Amersham 

Pharmacia Biotech) and quantified by video densitometry (Bio-Rad). 
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UCP-1 Protein in Brown Adipose Tissue 

Approximately 30 mg of interscapular brown adipose tissue was homogenized in 

300 ul 10 mM Tris-HCL, pH 6.8, 2% SDS, and 0.08 ug/mL okadaic acid plus protease 

inhibitors (PMFS, benzamidine, and leupeptin).  Samples were boiled for 5 minutes to 

and an aliquot of this homogenate was withdrawn and diluted for detergent compatible 

Bradford protein analysis.  Samples were boiled and separated on an SDS-PAGE gel  (20 

ug protein/lane) and electrotransferred to nitrocellulose membrane.  Immunoreactivity 

was assessed with an antibody specific to UCP-1 (Linco Research, St. Charles, MO).  

Immunoreactivity was visualized by chemiluminescents detection (Amersham Life 

Sciences, Piscataway, NJ) and quantified by video densitometry (BioRad, Hercules, CA). 

Statistical Analysis 

All data are expressed as mean ± standard error of mean.  α level was set at 0.05 

for all analyses.  Data were analyzed by 1-way ANOVA, 2-way ANOVA, or Student’s t-

test, as appropriate. For ANOVA, when the main effect was significant, a post-hoc test 

(either Turkey or Bonferroni Multiple Comparison with the error rate corrected for the 

number of contrasts) was applied to determine individual differences between means. 

GraphPad Prism software version 3.0 (San Diego, CA) was used for all statistical 

analysis and graphing. GraphPad QuickCalc (graphpad.com) was used for post-hoc 

analysis of all 2-way ANOVA. 

 



 

CHAPTER 3 
EFFECTS OF THE MELANOCORTIN AGONIST MTII IN DIET-INDUCED OBESE 

SPRAGUE-DAWLEY RATS 

Introduction 

Melanocortins are bioactive peptides derived from a common pre-hormone, 

POMC. Among them, α-MSH is a major regulator of feeding and body weight via 

hypothalamic MC3R, MC4R (Cone, 1999). Central infusion of α-MSH or its synthetic 

agonists causes anorexia and weight loss (Poggioli et al., 1986; Fan et al., 1997; Grill et 

al., 1998), whereas infusion of melanocortin receptor blockers or over-production of the 

endogenous MCR antagonist, AgRP, produces hyperphagia and obesity (Fan et al., 1997; 

Graham et al., 1997; Ollmann et al., 1997; Hagan et al., 1999). Knockout studies of the 

central MC3R and MC4R have identified these receptors as important players in energy 

homeostasis (Chen et al., 2000; Huszar et al., 1997). On one hand, targeted disruption of 

the MC4 receptor gene leads to overfeeding and obesity (Huszar et al., 1997), whereas 

MC3 receptor knockouts over-accumulate fat with minimal changes in caloric intake 

(Chen et al., 2000). Deficiency in POMC also results in increased food intake and morbid 

obesity in both rodents and humans (Yaswen et al., 1999; Krude et al., 1998). Apparently, 

the central melanocortin system, which consists of natural agonist α-MSH, the natural 

antagonist AgRP, and the MC3R and MC4R, has critical functions in the homeostatic 

regulation of body weight.  

Leptin, an adipocyte-derived hormone, acts on satiety and appetite centers in the 

hypothalamus both to reduce food consumption and increase energy expenditure 
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(Friedman and Halaas, 1998; Schwartz et al., 1996; Scarpace et al., 1997). Leptin 

activates POMC- and suppresses AgRP- containing neurons of the ventrolateral and 

ventromedial ARC, respectively, resulting in an increase in the expression of POMC and 

a reduction in AgRP (Schwartz et al., 1996, 1997; Cheung et al., 1997; Baskin et al., 

1999; Elias et al., 2000). When co-administered with a MC 3/4-receptor antagonist, leptin 

fails to decrease food intake (Seeley et al., 1997). In addition, the leptin-mediated 

induction of UCP1, an important thermogenic protein in BAT, is also attenuated with the 

central MC receptor antagonism (Satoh et al., 1998). These findings suggest that the 

melanocortin system is located downstream of the hypothalamic leptin signaling pathway 

and is required to mediate leptin’s central responses.  

One of the hallmarks of obesity, whether it is genetic, diet-induced or age-related, 

is leptin resistance. Human obesity, as well as many rodent models of obesity are 

accompanied by elevated serum leptin and leptin resistance, which becomes more 

pronounced with progressive degrees of obesity. Diet-induced obese (DIO) rodent 

models, characterized by hyperleptinemia and hyperinsulinemia, somewhat resemble the 

onset of human obesity and hence provide a valuable tool for investigating leptin 

resistance in humans. The nature of leptin resistance associated with DIO animals is not 

well understood. The blunted responsiveness to both endogenous and exogenous leptin 

has been in part attributed to defects in blood-brain-barrier transport system (peripheral 

resistance) (Burguera et al., 2000) and in leptin signal transduction in the hypothalamic 

leptin-responsive neurons (central resistance) (El Haschimi et al., 2000; Scarpace et al., 

2001). It is possible that the central resistance is partially due to a failure of leptin signal 

to activate POMC or suppress AgRP neurons so that the proper regulation of POMC and 
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AgRP expression by leptin is lost. As a result, leptin-initiated MC activation is impaired. 

In support of this notion, α-MSH and the potent melanocortin agonist, MTII were 

effective in obese Zucker rats with defective leptin receptor signaling and in DIO mice 

with leptin resistance (Hwa et al., 2001; Cettour-Rose and Rohner-Jeanrenaud, 2002; 

Pierroz et al., 2002). Chronic impairment in MC activation may generate hypersensitivity 

(or hyper-responsiveness) of the MC pathway to pharmacological MC stimulation, 

potentially through homeostatic up-regulation of MC3, 4 receptors. This postulated 

hypersensitivity has been indicated in two studies, one demonstrating enhanced responses 

to MTII in obese Zucker rats (Cettour-Rose and Rohner-Jeanrenaud, 2002) and another 

reporting an acute enhanced anorexic response to α-MSH in leptin-resistant DIO rats 

(Hansen et al., 2001). These initial clues about central leptin resistance in DIO animals 

prompted us to address several questions: first, can direct MC activation by MTII 

circumvent leptin resistance in a DIO rat model with normal genetic background? 

Second, will the DIO rats respond with hypersensitivity to MTII compared to control 

rats?  Third, does diet-induced obesity alter the expression levels of hypothalamic MC3R 

and MC4R that may mediate the differential response to MTII in DIO compared to lean 

animals? Lastly, owing to scarce information on how α-MSH influences energy 

expenditure and body metabolism (in contrast to plentiful information about the effect of 

α-MSH and its analogs on food intake), we assessed the thermogenic response as well as 

fat metabolism in BAT and skeletal muscle following central MTII administration in both 

lean and DIO rats. 

To this end, in this chapter, we examined the effects of 6-day central administration 

of leptin or MTII on energy balance, BAT thermogenesis and indicators of skeletal 
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muscle fat metabolism in Chow-fed (CH) lean and DIO Sprague-Dawley rats. Food 

intake, body weight, adiposity, serum hormone and metabolite levels, oxygen 

consumption, BAT UCP1 protein, expression of Acetyl-CoA Carboxylase (ACC) and 

muscle-type carnitine palmitoyltransferase I (M-CPT I) in soleus muscle and MC3R and 

MC4R in the hypothalamus were measured.   

Materials and Methods 

Animals and Diets 

Fourteen-week old female Sprague-Dawley rats were obtained from Taconic 

(Germantown, NY). Upon arrival, rats were examined and remained in quarantine for one 

week. Animals were cared for in accordance with the principles of the NIH Guide to the 

Care and Use of Experimental Animals. Rats were housed individually with a 12:12 h 

light: dark cycle (07:00 to 19:00 h). Standard rat chow (15% fat; 3.3 Kcal/g diet 2018; 

Harlan Teklad, Madison, WI) and water were provided ad libitum. At the start of the 

experiment, 30 rats were maintained on chow (CH), whereas 70 rats were switched to a 

high-fat (HF) diet (60% fat; 5.2 Kcal/g D12492; Research Diets, New Brunswick, NJ) for 

ten weeks. Over several weeks, the HF-fed animals were spontaneously divided into two 

distinct groups:  those that were becoming obese on the HF diet (DIO) and those that 

were not gaining extra weight on the HF diet (Diet Resistant, DR). The top 40% of 

weight gainers on the HF diet were designated as DIO, whereas the rest were designated 

DR and removed from the study. DIO and CH animals remained on their respective diets 

through the conclusion of this study. At the end of the 10-week feeding period, serum 

leptin (collected from tail) was assessed. 
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Experiment 1: 6-Day icv Administration of Leptin 

CH or DIO rats were infused with either artificial cerebrospinal fluid (ACSF, 6-7 

per group) or recombinant mouse leptin (10 µg/day, 5-7 per group) into the left lateral 

ventricle by mini-osmotic pump (Alzet 2001; Durect, Cupertino, CA) for 6 days. Under 6 

mg/kg xylazine (Phoenix Pharmaceutical, St. Joseph, MO) and 60mg/kg ketamine 

(Monarch Pharmaceuticals, Bristol, TN) anesthesia, a cannula (Brain Infusion Kit II; 

Durect) was stereotaxically placed into the left lateral ventricle using the following 

coordinates, 0.8 mm posterior to bregma, 1.4 mm lateral to the midsaggital suture and to 

a depth of 4 mm. The brain infusion cannula was anchored to the skull using acrylic 

dental cement and a small stainless steel screw. A catheter was connected from the 

cannula to the mini-osmotic pump flow moderator. The pump was inserted into a 

subcutaneous pocket on the dorsal surface. Rats were kept warm until fully recovered and 

were provided with a highly palatable Jell-O mixture consisting of Jell-O (Kraft Foods, 

Rye Brook, NY), Ensure Plus (Abbott Laboratories, Columbus, OH), STAT (PRN 

pharmacal, Pensacola, FL) and Soy Protein Booster (Naturade, Irvine, CA) at day 1 to 

alleviate the anorexic effect elicited by surgical intervention. Chow or HF diet resumed 

from day 2, and rats were allowed to access to food ad libitum. Food consumption and 

body weight were recorded for six days. Oxygen consumption was monitored at days 2 

and 6. All rats were sacrificed at the end of the dark cycle of day 6 and tissues harvested 

for analysis.  

Experiment 2: 6-Day icv Administration of MTII  

CH and DIO rats were infused with either ACSF (control and pair-fed groups, 6-8 

per group) or MTII (1 nmol/day, 6-9 per group) into the left lateral ventricle by mini-

osmotic pump (Alzet 2001; Durect) for 6 days. Rats were provided with the highly 
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palatable Jell-O mixture at day 1, and chow or HF diet resumed from day 2. Control and 

MTII-treated rats were allowed access to food ad libitum, whereas pair-fed rats were pair 

fed to the amount of food consumed by the MTII-treated rats. Daily food consumption 

and body weight were recorded for six days. Oxygen consumption was monitored at days 

2 and 6. All rats were sacrificed at the end of the dark cycle of day 6 and tissues 

harvested for analysis.  

Oxygen Consumption 

O2 consumption was assessed in up to four rats simultaneously with an Oxyscan 

analyzer (OXS-4; Omnitech Electronics, Columbus, OH) as described previously 

(Scarpace et al., 1992). Flow rates were 2L/min with a 30-s sampling time at 5-min 

intervals. The rats were placed into the chamber for 150 min with the lowest 6 

consecutive O2 consumption values during this period used in the calculations (basal 

resting VO2). Food was not available during the measurement. Results were expressed as 

mass adjusted consumption (ml · min -1 · kg0.75). 

Tissue Harvesting and Preparation  

Rats were sacrificed by cervical dislocation under 85 mg/kg pentobarbital 

anesthesia. Blood samples were collected by heart puncture and serum was harvested by 

a 15-min centrifugation in serum separator tubes. The circulatory system was perfused 

with 30 ml of cold saline, BAT, perirenal and retroperitoneal white adipose tissues 

(PWAT and RTWAT) and a portion of the red soleus muscle were excised. The 

hypothalamus was removed by making an incision medial to piriform lobes, caudal to the 

optic chiasm and anterior to the cerebral crus to a depth of 2-3 mm. Tissues were stored 

at –80˚C until analysis. For Western analysis, BAT were homogenized in 0.3ml 10 mM 

 



31 

Tris-HCL, pH 6.8, 2% SDS, and 0.08 µg/ml okadaic acid. Protease inhibitors, 1mM 

phenylmethylsulfonyl fluoride (PMSF), 0.1 mM benzamidine, and 2 µM leupeptin were 

also present.  Homogenates were immediately boiled for 2 min, cooled on ice, and stored 

frozen at –80˚C. Protein was determined using the DC protein assay kit (Bio-Rad, 

Hercules, CA). BAT samples were filtered through a 0.45 µm syringe filter (Whatman, 

Clifton, NJ) to remove lipid particles prior to protein measurements. 

Serum Leptin, Insulin, Glucose, and Cholesterol 

Serum leptin levels were measured using a rodent leptin ELISA kit (Crystal Chem, 

Chicago, IL). Serum insulin levels were measured with a rat insulin RIA kits (Linco 

Research, St. Charles, MO). Total cholesterol was determined by enzymatic colorimetric 

kits from WAKO Chemicals (Neuss, Germany). Serum glucose was via a colorimetric 

reaction with Trinder, the Sigma Diagnostics Glucose reagent (St. Louis, MO). 

BAT UCP1 Protein 

UCP1 levels were determined by immunoreactivity in BAT homogenates. BAT 

samples (20 µg) prepared as described above were separated on a SDS-PAGE gel and 

electrotransferred to nitrocellulose membrane.  Immunoreactivity was assessed on 

separate membranes with an antibody specific to rat UCP1 (Linco Research).  

Immunoreactivity was visualized by enhanced chemiluminescent detection (Amersham 

Pharmacia Biotech) and quantified by video densitometry (Bio-Rad). 

Relative Quantitative RT-PCR 

ACC and M-CPT I expression in the soleus muscle and MC3R and MC4R mRNA 

levels in the hypothalamus were identified by relative quantitative RT-PCR using 

QuantumRNA 18S Internal Standards kit (Ambion, Austin, TX). Total cellular RNA was 

extracted as described (Li et al., 2002) and treated with RNase-free DNase (Ambion). 
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First-strand cDNA synthesis was generated from 2 µg RNA in a 20-µl volume using 

random primers (Life Technologies, Rockville, MD) containing 200 units of M-MLV 

reverse transcriptase (Life Technologies).  Relative quantitative PCR was performed by 

multiplexing corresponding primers (ACC sense 5’-GCTTGCAAACTCGACCTCTC-3’, 

antisense 5’-CTTGATGATGGCGTTCTTGA-3’; M-CPT I sense 5’- 

GCAAACTGGACCGAGAAGAG-3’, antisense 5’-CCTTGAAGAAGCGACCTTG-3’; 

MC3R sense 5’-AGCAACCGGAGTGGCAGT-3’; antisense 5’-

GGCCACGATCAAGGAGAG-3’; MC4R sense 5’-AGTCTCTGGGGAAGGGGCA-3’; 

antisense5’-CAACTGATGATGATCCCGAC-3’), 18S primers, and competimers and 

coamplifying.  Linearity for ACC and M-CPT I amplicons was determined to be between 

26 and 36 cycles, 18 and 32 for MC3R and 24 to 44 for MC4R.  The optimum ratio of 

18S primer to competimer was 1:9 for ACC and MC4R, 1:6 for MC3R and 2:15 for M-

CPT I.  PCR was performed at 94°C denaturation for 60 sec, 59°C annealing temperature 

for 45 sec, and 72°C elongation temperature for 60 sec for 34 cycles for ACC, 32 for M-

CPT1, 28 for MC3R and 40 for MC4R. The PCR product was electrophoresed on 

acrylamide gel and stained with SYBR green (Molecular Probes, Eugene, OR). Gels were 

scanned using a STORM fluorescent scanner and data analyzed using ImageQuant 

(Molecular Dynamics). The relative values of ACC, M-CPT I, MC3R and MC4R mRNA 

were derived from dividing the signal obtained for corresponding amplicon by that for 

18S amplicon. 

Statistical Analysis 

Results are presented as mean ± SE. Unpaired two-tailed Student's t test was 

employed for analysis of body weight and serum leptin after 10-week feeding and 
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hypothalamic MC3/4 receptor expression levels, as well as for the comparison of the 

percent baseline levels of caloric intake between MTII-treated CH and DIO rats at day 2. 

For all other data, one –way or way-day ANOVA was performed. When the main effect 

was significant, a post-hoc test (either Turkey or Bonferroni Multiple Comparison with 

the error rate corrected for the number of contrasts) was applied to determine individual 

differences between means. A value of P < 0.05 was considered significant. 

Results 

Body Weight and Serum Leptin Levels in CH and DIO Rats after 10 Weeks of Diet   

At the beginning of HF feeding period, the average body weight of CH and DIO 

rats were very similar (Table 3-1). By the end of the ten weeks of HF feeding, DIO 

animals gained almost twice as much weight and became significantly heavier (12%) 

than CH animals (Table 3-1). Serum leptin levels were markedly elevated in DIO rats by 

113% compared with CH rats.     

Experiment 1: Effects of 6-Day icv Leptin Infusion on Food Intake and Visceral 
Adipose Tissues in CH and DIO Rats 

To test if the DIO rats are leptin resistant, we examined the responsiveness to 

central leptin infusion (10µg/day) in CH and DIO rats for 6 days. The dose of 10 µg/day 

had been previously determined by this laboratory to induce a maximum response in 

normal chow-fed rats (Scarpace et al., 2001). Leptin induced a sustained suppression in 

food consumption in CH rats but only a brief anorexic response in DIO rats compared 

with respective controls (Data not shown). The 6-day cumulative caloric intake decreased 

by 36 % in leptin-treated CH rats as compared to vehicle (ACSF) controls (Fig. 3-1A), 

whereas the decrease in cumulative caloric intake failed to reach statistical significance in 

leptin-treated DIO animals (Fig. 3-1A).  
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The lipolytic effect of leptin was also investigated in two major visceral fat depots, 

PWAT and RTWAT. The sum of PWAT and RTWAT of DIO control rats were 3-fold 

higher than that of CH controls (Fig. 3-1B). This result and the marked elevation of 

serum leptin levels in the obese rats indicate a dramatic increase in visceral adiposity and 

presumably total adiposity levels in DIO animals following HF feeding. The 6-day leptin 

infusion reduced the sum of PWAT and RTWAT expectedly by 59% in CH rats 

compared with controls (Fig. 3-1B). On the contrary, visceral adiposity levels decreased 

only slightly in DIO rats given leptin (Fig. 3-1B). 

Experiment 2: 6-Day icv MTII Infusion in CH and DIO Rats      

Food consumption and body weight 

To determine if the DIO rats with leptin resistance are responsive to central 

melanocortin activation, the melanocortin agonist MTII (1 nmol/day) or ACSF was 

infused into the lateral ventricle for six days in CH or DIO rats. This dose, 1 nmol/day of 

MTII was previously demonstrated to elicit a maximum anorexic response in normal 

chow-fed rats (Clegg et al., 2003). MTII induced a significant reduction in caloric intake 

in CH rats compared with the ACSF-infused CH animals (Fig. 3-2A). Specifically, the 

MTII-treated CH rats ate only 38% of calories consumed by CH control rats at day 2, and 

66% at day 6. In DIO rats, despite the presence of leptin resistance, MTII also effectively 

suppressed caloric intake to a similar magnitude (Fig. 3-2B). Moreover, the anorexic 

response to MTII was enhanced at day 2 of MTII infusion in DIO rats (an 84% reduction 

in caloric consumption compared to ACSF-infused DIO controls as supposed to a 62% 

decrease in MTII-infused CH compared to CH control rats) (Fig. 3-2A, B). When caloric 

intake was calculated as percentage of individual baseline levels (caloric intake at day 0), 

the difference between CH and DIO animals given MTII at day 2 was significant (18.1 ± 

 



35 

6.3% vs. 5.4 ± 1.2%, P=0.03 by unpaired t test). On day 3 and afterwards, however, the 

decrease in caloric intake in response to MTII became similar between CH and DIO rats 

(Fig. 3-2A, B).   

In addition to the marked anorexia, MTII also reduced body weight significantly in 

both CH and DIO rats (Fig. 3-2 C, D). MTII-treated CH rats weighed 3.8% less at day 2 

compared with ad libitum-fed CH controls, and 7.9% less at day 6 (Fig. 3-2C). In DIO 

rats, the average body mass decreased by 4.2% at day 2 and 6.5% at day 6 compared with 

ad libitum-fed DIO controls (Fig. 3-2D). Pair-feeding in this study revealed that the 

MTII-induced weight loss was not merely caused by the suppression in food intake. Even 

though both pair-fed CH and DIO groups lost more body weight than their respective ad 

libitum-fed counterparts at the end of the experiment, the MTII-treated rats on both CH 

and HF diet exhibited a further reduction in their body weight compared with their 

respective pair-fed groups (Fig. 3-2 C, D). 

Visceral adiposity and serum hormones and metabolites 

As shown in Table 2, relative to the respective ad libitum-fed controls, central 

MTII infusion reduced visceral adiposity (represented by the sum of PWAT and 

RTWAT) significantly in CH (48%) and DIO (44%) rats with similar efficacy. In 

contrast, pair-feeding failed to produce a significant reduction in visceral fat mass in 

either CH or DIO rats (Table 3-2). Whilst circulating leptin concentrations were similar 

between ad libitum-fed control and pair-fed groups on either CH or HF diet, serum leptin 

decreased by 59% and 69% in MTII-treated CH and DIO rats respectively (Table 3-2). 

MTII administration also lowered serum insulin levels in CH rats, despite 

unchanged serum glucose levels (Table 3-2). Pair-feeding, however, only generated a 
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trend towards reduction in these two parameters in CH animals. On the other hand, pair-

feeding significantly decreased serum insulin levels in DIO rats as compared to their ad 

libitum-fed controls. In comparison, MTII exerted a stronger effect on serum insulin than 

pair-feeding. Conversely, pair-feeding had a greater influence on serum glucose reduction 

than MTII did in DIO rats. MTII also lowered total serum cholesterol levels by 43% and 

18% in CH and DIO rats respectively, whereas pair-feeding induced a similar effect in 

CH but only a tendency towards a decrease in DIO rats with respect to serum cholesterol 

levels (Table 3-2).  

Energy Expenditure 

Whole body oxygen consumption was assessed at day 2 and day 6 following MTII 

or ACSF infusion by indirect calorimetry in both CH and DIO animals. Oxygen 

consumption was elevated at day 6 (Fig. 3-3B) but not at day 2 (Fig. 3-3A) in MTII-

infused CH rats compared with either ad libitum-fed control or pair-fed rats. In contrast, 

MTII induced a rapid and significant increase in oxygen consumption at day 2 in DIO 

rats (Fig. 3-3A). The decrease in food intake brought about by MTII should normally 

suppress energy expenditure, however, elevation of oxygen consumption occurred 

despite anorexia and persisted through day 6 of MTII infusion (Fig. 3-3B).  

Induction of UCP1 in BAT is an important marker for enhanced thermogenesis or 

energy expenditure in rodents (Scarpace et al., 1997). In present study, we examined the 

UCP1 protein levels following MTII treatment. DIO control rats had more than 2-fold 

higher basal BAT UCP1 than CH controls (Fig. 3-4), indicating that high-fat feeding 

augmented UCP1 levels in BAT. In response to MTII administration, UCP1 levels in 

both CH and DIO rats increased significantly. UCP1 levels in pair-fed rats remained 

unchanged as compared with respective ad libitum-fed controls (Fig. 3-4).  
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Expression of Enzymes Regulating Fat Metabolism in Skeletal Muscle 

M-CPT I and ACC are two important enzymes involved in fat metabolism in 

skeletal muscle. Increases in M-CPT I and decreases in ACC are consistent with 

enhanced fat catabolism (Jeukendrup, 2002). We conducted relative quantitative RT-PCR 

to determine the expression levels of these two enzymes in red soleus muscle with respect 

to MTII treatment. The mRNA levels of both enzymes were similar among ad libitum-

fed, MTII-treated and pair-fed groups in CH rats. However, in DIO rats, MTII infusion 

prevented the dramatic reduction in M-CPT I expression by pair-feeding (Fig. 3-5A), and 

it also decreased the mRNA levels of ACC in these rats compared with both ad libitum-

fed controls and PF rats (Fig. 3-5B). These data suggest that MTII induces fat catabolism 

in skeletal muscle. 

Expression of MC3 and MC4 Receptors in the Hypothalamus 

The initial enhanced anorexic and thermogenic responses to MTII in the HF-fed 

rats prompted us to examine the expression of MC3R and MC4R in the hypothalamus. 

MC3R and MC4R expression levels were determined by relative quantitative RT-PCR in 

CH and DIO ad libitum-fed control rats. Surprisingly, ten-week HF feeding significantly 

decreased MC3R and MC4R by 18% and 26%, respectively (Fig. 3-6).  
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Table 3-1. Body weight and serum leptin levels of chow-fed (CH) and high fat (HF) 
diet-induced obese (DIO) rats after 10 weeks of diet. Thirty and seventy 
rats were started on the chow (3.3 Kcal/g) or HF (5.2 Kcal/g) diet, 
respectively. The top 40% of weight gainers consuming the HF diet at the end 
of 10-week feeding were designated as DIO (n=27). Serum leptin levels were 
measured in seven CH and ten DIO rats at end of 10-week feeding. Values are 
means ± SE. * P <0.01 vs. CH by unpaired t test.      

 

 

  
      CH 

 
      DIO 

Body weight (BW) 

      Baseline (g) 

 

291.1 ± 4.1 

 

291.9 ± 4.9 

      Week 10 (g) 333.6 ± 5.5 372.4 ± 7.0 * 

BW gain (g) 42.5 ± 4.5 80.6 ± 3.4 * 

Serum leptin (ng/ml) 5.32 ± 0.47 11.34 ± 1.50 * 
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Table 3-2. Effects of 6-day icv MTII administration on visceral adiposity, serum 
leptin, glucose, insulin, and total cholesterol levels in chow-fed (CH) and 
diet-induced obese (DIO) rats. MTII (1nmol/day) or vehicle (artificial 
cerebrospinal fluid) was infused into the left lateral ventricle for 6 days. 
Control animals were either fed ad libitum (Control) or pair-fed to the amount 
of food consumed by the MTII-treated groups (Pair-fed). Values were 
measured at the end of the 6-day experimental period. Means ± SE of 6 to 9 
animals per group. * P < 0.05 vs. Control; † P <0.05 vs. Pair-fed by one-way 
ANOVA with post hoc Turkey's test.          

 

  

Control 

    CH 

MTII 

 

Pair-fed 

 

Control 

    DIO 

MTII 

 

Pair-fed 

 

PWAT+RTWAT (g)  

 

4.61 ± 0.71 

 

2.41 ± 0.48 * 

 

4.47 ± 1.25 

 

10.91 ±1.45 

 

6.12 ± 0.92 *† 

 

9.91 ± 1.37 

Leptin (ng/ml) 2.63 ± 0.47 1.09 ± 0.24 * 2.49 ± 1.12 9.74 ± 2.19 3.02 ± 0.61 *† 7.13 ± 1.51 

Glucose (mg/dl) 84.1 ± 2.6 79.9 ± 1.8 73.8 ± 8.2 140.5 ± 9.7 124.2 ± 3.9 †  92.6 ± 5.4 * 

Insulin (ng/ml) 3.69 ± 0.56 1.17 ± 0.63 * 2.73 ± 0.54 4.37 ± 0.82 2.05 ± 0.34 * 2.48 ± 0.45 * 

Cholesterol (mg/dl) 91.7 ± 8.2 51.9 ± 6.3 * 62.2 ± 5.1 * 120.7 ± 6.0 99.1 ± 5.0 * 109.3 ± 3.9 
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Fig. 3-1. Cumulative caloric intake (CI) (A) and visceral adiposity (B) 6 days 
following icv administration of vehicle or leptin (10 µg/day) in chow-fed 
(CH) and DIO rats. The vehicle was artificial cerebrospinal fluid. Values are 
means ± SE of 5 to 7 animals per group. Visceral adiposity levels are 
represented by the sum of PWAT and RTWAT. * P <0.05 vs. corresponding 
controls by two-way ANOVA with post hoc Bonferroni's test.  
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Fig. 3-2. Caloric intake and body weight of chow-fed (CH) (A, C) and DIO (B, D) 
rats 6 days following icv administration of vehicle or MTII (1 nmol/day). 
The vehicle was artificial cerebrospinal fluid. Control animals were either fed 
ad libitum (Control) or pair-fed to the amount of calories consumed by the 
MTII-treated groups (Pair-fed). Body weight is expressed as the percentage of 
initial body weight prior to the start of the experiment (day 0). Values are 
means ± SE of 6 to 9 animals per group. During the entire experimental 
period, caloric intake of pair-fed and MTII-treated rats were significantly 
different from the controls, and the body weight loss was also significantly 
different in pair-fed and MTII –treated rats relative to the Controls as well as 
in MTII groups relative to Pair-fed animals by repeated measures ANOVA. * 
P <0.05 vs. Controls and † P <0.05 vs. Pair-fed by post hoc Turkey's test. 
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Fig. 3-3. Energy expenditure of chow-fed (CH) and DIO rats 6 days following icv 
administration of vehicle or MTII (1nmol/day). Control animals were either 
fed ad libitum (Control) or pair-fed to the amount of calories consumed by the 
MTII-treated groups (Pair-fed). Oxygen consumption was measured at day 2 
(A) and day 6(B). Values are means ± SE of 6 to 9 animals per group. * P 
<0.05 vs. corresponding control and pair-fed groups by one-way ANOVA 
with post hoc Turkey's test. 
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Fig. 3-4. Brown adipose tissue (BAT) uncoupling protein 1 (UCP1) levels in chow-
fed (CH) and DIO rats 6 days following icv administration of vehicle or 
MTII (1nmol/day). The vehicle used was artificial cerebrospinal fluid. 
Control animals were either fed ad libitum (Control) or pair-fed to the amount 
of calories consumed by the MTII-treated groups (Pair-fed). Values are means 
± SE of 6 to 9 animals per group. UCP1 levels are expressed in arbitrary units 
with levels in CH controls set to 100 and SE adjusted proportionally. * P < 
0.05 vs. controls and pair-fed; † P <0.01 vs. CH controls by two-way ANOVA 
with post hoc Bonferroni's test. 

 



44 

 

CH DIO
0.0

0.5

1.0

1.5
Control
MTII
Pair-fed

†
M

-C
PT

 I
 E

xp
re

ss
io

n
(r

el
at

iv
e 

to
 1

8S
 r

R
N

A
)

CH DIO
0.0

0.5

1.0

1.5 Control
MTII
Pair-fed *

A
C

C
 E

xp
re

ss
io

n
(r

el
at

iv
e 

to
 1

8S
 r

R
N

A
)

 

A 

B 

 

Fig. 3-5. Muscle-type CPT I (A) and ACC (B) expression in red soleus muscle of 
chow-fed (CH) and DIO rats 6 days following icv administration of 
vehicle or MTII (1nmol/day). The vehicle used was artificial cerebrospinal 
fluid. Control animals were either fed ad libitum (Control) or pair-fed to the 
amount of calories consumed by the MTII-treated groups (Pair-fed). Values 
are means ± SE of 6 to 9 animals per group. Results are normalized to 18S 
rRNA. * P < 0.05 vs. corresponding control and pair-fed groups; † P <0.01 vs. 
Pair-fed by one-way ANOVA with post hoc Turkey's test. 
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Fig. 3-6. Hypothalamic melanocortin 3 receptor (MC3R) and 4 receptor (MC4R) 
expression in chow-fed and DIO rats following ten weeks of diet. Values 
are means ± SE of six animals per group. Results are normalized to 18S 
rRNA. * P < 0.05 vs. controls by unpaired t test. 
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Discussion 

The study in this chapter assessed the effects of MTII, a potent MC3/4R agonist, on 

several aspects of energy regulation in a diet-induced obese rodent model. Selection of 

adult female Sprague-Dawley rats in this study was based on two considerations. First, 

the use of mature rats eliminates the potentially confounding variable of normal growth; 

secondly, female rats have a comparable sensitivity to MTII as males (Clegg et al., 2003), 

but they typically reach a weight plateau earlier than the male counterparts. After 10 

weeks of HF feeding, 40% of the female Sprague-Dawley rats became obese and 

displayed leptin resistance to centrally infused leptin. However, subsequent central MTII 

infusion circumvented leptin resistance in these DIO rats, leading to suppressed food 

intake, reduced body weight and visceral adiposity.  

Although in agreement with several earlier reports indicating that DIO animals 

robustly respond to α-MSH or MTII treatment (Hansen et al., 2001; Pierroz et al., 2002), 

our study provides an extension of the previous knowledge. First, despite a reduction in 

hypothalamic MC3R and MC4R expression levels in DIO rats, the animals responded to 

MTII administration with similar efficacy as that of CH rats. In addition, the initial 

anorectic response and whole body oxygen consumption (at day 2) was modestly but 

significantly enhanced in DIO relative to CH rats. There is speculation in literature that 

central MC receptor up-regulation might contribute to enhanced anorexic response in 

DIO animals (Hansen et al., 2001). For instance, enhanced responses to MTII in obese 

Zucker rats are linked to increased MC4R density in certain hypothalamic nuclei (Harrold 

et al., 1999a).  Yet the same study also noted that MC4R densities in specific 

hypothalamic regions involved in energy regulation were actually diminished in DIO rats 

 



47 

with normal genetic background. Our data together with this report seem to argue against 

the homeostatic MC3/4R receptor up-regulation theory. Interestingly, protein levels of 

the endogenous MC3/4R antagonist AgRP were reported to be elevated in DIO animals 

(Harrold et al., 1999b). Thus, despite the increased MC3/4R antagonist level and reduced 

MC3/4R expression associated with obesity, there is enhanced initial response to MTII. 

The possible explanations include up-regulation of components or activity of the post-

receptor signaling cascade such as cAMP, protein kinase A, or phosphorylation of the 

transcription factor cAMP response element binding protein. More studies are needed to 

identify the precise mechanism for the observed hypersensitivity to MTII in obesity.  

The present study also suggests that an increase in energy expenditure contributes 

to the loss of body weight and visceral adiposity following MTII treatment in both CH 

and DIO rats. Central MTII infusion markedly reduced body weight and visceral 

adiposity in obese DIO rats compared to their respective either ad libitum-fed or pair-fed 

animals. Because pair-feeding accounts for changes due to reduced food intake, our 

observation is suggestive of a food intake-independent component in the fat-trimming 

effect of MTII. The elevation of oxygen consumption at day 2 in DIO and day 6 in CH 

and DIO rats during central MTII infusion further argues that an increase in energy 

expenditure initiated by central MC activation is involved in the regulation of energy 

balance. Nonshivering thermogenesis in brown adipose tissue represents an essential 

element in adaptive energy expenditure in rodents, and UCP1 protein level is one 

indicator of the thermogenic status of BAT (Nedergaard et al., 2001). A previous report 

indicated that animals treated with MTII had elevated levels of BAT UCP1 expression 

compared with pair-fed controls (Cettour-Rose and Rohner-Jeanrenaud, 2002). Similarly, 
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in the present study, MTII greatly enhanced UCP1 protein levels in BAT. This big 

increase in UCP1 may well be the mediator for the elevated thermogenesis following 

MTII treatment. The long-term HF feeding (ten weeks) also increased basal BAT UCP1 

protein levels by more than 2-fold. This up-regulation of basal UCP1 in BAT may serve 

as one explanation for the immediate increase in the MTII-induced energy expenditure (at 

day 2) in DIO rats.  

Humans with excessive fat deposition in the body have high risk of various obesity-

related disorders. Elevated visceral rather than subcutaneous adiposity is, in particular, 

associated with type 2 diabetes, heart diseases and stroke (Gasteyger and Tremblay, 

2002). MTII produced an impressive reduction in visceral adiposity in the present study, 

which was not matched by pair-feeding. Even though chronic caloric restriction has been 

shown to decrease visceral adiposity in rodents and humans (Barzilai et al., 1998; 

Tchernof et al., 2002), we did not observe a significant decrease in visceral fat mass in 

either CH or DIO animals that were pair-fed to MTII treatment. Such a discrepancy could 

result from the transient anorexic response to MTII. Unlike constant food restriction, 

pair-fed rats in our experiment were restricted to a small amount of food during the initial 

days of the experiment but then provided with much more food towards later days of the 

treatment. This pair-feeding pattern resembles caloric restriction followed by partial 

refeeding. Humans and animals under this kind of feeding pattern often undergo a greater 

weight gain and fat repletion (Soriguer et al., 2003). In our case, a significant loss in 

visceral adiposity was likely prevented by this variable pair-feeding corresponding to the 

transient anorexic response during the course of MTII infusion. In contrast to pair-

feeding, MTII treatment clearly reduced visceral adiposity in both CH and DIO groups in 
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spite of the temporal change in food intake. Therefore, the food-independent effect of 

MTII, presumably the increased energy expenditure as reflected by both elevated oxygen 

consumption and BAT UCP1, plays a crucial part in fat catabolism.  

Besides its impact on adiposity, MTII has been shown to increase the expression of 

liver CPT I in lean and obese Zucker rats as compared to their respective pair-fed 

controls (Cettour-Rose and Rohner-Jeanrenaud, 2002).  CPT I is a key enzyme in fat 

catabolism that controls the transfer of long-chain fatty acyl-CoA molecules into 

mitochondria where they are oxidized. Another important enzyme is ACC, the rate-

limiting enzyme for malonyl-CoA formation. Malonyl CoA is an allosteric inhibitor of 

CPT I, and thus, a reduction in ACC is consistent with promotion of fat catabolism 

(Jeukendrup, 2002). In our study, MTII not only prevented the decrease in muscle CPT I 

expression associated with pair-feeding, but also reduced ACC mRNA in skeletal muscle 

in DIO rats. The simultaneous changes in the expression of ACC and M-CPT I indicate 

an overall increase in fatty acid oxidation in skeletal muscles, implying that the increased 

fat catabolism in muscle could be an additional factor in mediating the fat-reducing 

action of MTII. Considering the relatively small amount of BAT versus a large volume of 

skeletal muscles in humans, the MTII-evoked muscle fat metabolism seems to offer a 

much more promising target for any potential clinical application.    

Finally, MTII also appears to improve glucose and cholesterol metabolism and 

insulin sensitivity. Central MC receptor activation can reduce insulin release from 

pancreas and enhance glucose metabolism (Fan et al., 1997; Obici et al., 2001). However, 

the results in obese animal models are controversial: one study suggested that peripheral 

but not central MTII improved insulin resistance in DIO mice (Pierroz et al., 2002), 
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whereas another reported that 3-day peripheral MTII administration had no effect on 

serum insulin in obese Zucker rats (Cettour-Rose and Rohner-Jeanrenaud, 2002). In our 

present study, central MTII infusion resulted in a significant reduction in serum insulin 

levels but unchanged serum glucose levels in CH rats. Pair-feeding, however, lowered 

both serum glucose and insulin levels significantly in only DIO rats, and it generated a 

downward trend in these two parameters in CH rats. MTII, on the other hand, appeared to 

be more potent in suppressing serum insulin rather than glucose in DIO rats. The 

improvement of glucose metabolism in CH and DIO animals may be largely attributed to 

hypophagia induced by central MTII administration. The potency of MTII against serum 

insulin may also rely on an additional food-independent mechanism, such as inhibition of 

insulin release from pancreas by direct central melanocortin receptor activation (Fan et 

al., 1997;Obici et al., 2001). Besides its impact on insulin and glucose, MTII also reduced 

total serum cholesterol levels in CH and DIO rats, whereas pair-feeding produced a 

similar reduction in CH but only a tendency of decrease in DIO rats. How MTII lowers 

cholesterol is currently unknown. It is conceivable that insulin-mediated stimulation of 

cholesterol synthesis diminishes following a fall in circulating insulin levels (Horton et 

al., 2002).  

In summary, the study in Chapter 3 has demonstrated that central MC activation by 

the MC3/4R agonist MTII circumvents leptin resistance associated with DIO, resulting in 

a reduction in body mass and visceral adiposity. Despite reduced hypothalamic MC3/4R 

expression, the anorexic and thermogenic responses to MTII are unabated with the initial 

responses enhanced in DIO versus CH rats. The HF-induced up-regulation of BAT UCP1 

in DIO rats may account for the immediate increase in energy expenditure following 
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central MTII infusion. The sustained thermogenic response to MTII throughout the entire 

period of infusion was probably mediated, at least in part, by the persistent elevation in 

BAT UCP1 protein. Furthermore, MTII appears to increase fat catabolism in skeletal 

muscle, and improve glucose and cholesterol metabolism and insulin sensitivity in both 

CH and DIO rats. The hypophagia and/or increased energy expenditure are the likely 

mechanisms underlying these improvements.  

 



 

CHAPTER 4 
EFFECTS OF CENTRAL POMC GENE THERAPY IN GENETICALLY OBESE 

ZUKCER RATS  

Introduction 

The central melanocortin system plays a critical role in the homeostatic regulation 

of body weight (Cone, 1999; Fan et al., 1997; Huszar et al., 1997; Mizuno and Mobbs, 

1999; Butler et al., 2000). Melanocortins are bioactive peptides derived from a common 

precursor, POMC, one of which, α-MSH is a major regulator of feeding and body weight 

homeostasis. Reduced expression of hypothalamic POMC is associated with obesity 

syndromes due to mutations in the leptin receptor (Mizuno et al., 1998; Kim et al., 2000) 

or other genes (tubby, Nhlh2, etc) (Guan et al., 1998; Good et al., 1997), due to 

hypothalamic damage (Bergen et al., 1998), and, perhaps most commonly, aging (Mobbs 

et al., 2001). That reduced hypothalamic POMC mRNA could contribute to the obese 

phenotypes in these models is suggested by the observation that mutations in the POMC 

gene cause obesity in mice (Yaswen et al., 1999) and humans (Krude et al., 1998). 

However, it is still unclear if normalization of central POMC tone can reverse obese 

phenotypes. The present study aims to address this question.  

Leptin, an adipocyte-derived hormone, acts on satiety and appetite centers in the 

hypothalamus to both reduce food consumption and increase energy expenditure 

(Friedman and Halaas, 1998; Schwartz et al., 1996; Scarpace et al., 1997). Recent 

evidence suggests that the melanocortin system may be located downstream of the 

hypothalamic leptin signaling pathway. Leptin activates POMC- and AgRP- containing 
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neurons of the ventrolateral and ventromedial arcuate nucleus, respectively, resulting in 

an increase in the expression of POMC and a reduction in AgRP (Schwartz et al., 1996; 

Schwartz et al., 1997; Cheung et al., 1997; Baskin et al., 1999; Elias et al., 2000). In 

addition, leptin-induced suppression of food intake is effectively blocked by a MC 3/4 

receptor antagonist (Seeley et al., 1997), and the leptin-mediated induction of uncoupling 

protein 1 (UCP1), an important thermogenic protein in the brown adipose tissue (BAT), 

is also attenuated by central MC receptor antagonism (Satoh et al., 1998).  

Genetically obese fa/fa Zucker rats with a recessive mutation of the leptin receptor 

gene develop severe, early-onset obesity associated with hyperphagia, hyperleptinemia, 

and hyperinsulinemia (Bray, 1977; Iida et al., 1996). Using this leptin and insulin 

resistant rodent model, we examine in Chapter 4 whether overproduction of POMC in the 

hypothalamus reduces body mass and adiposity and improves glucose metabolism in 

obese Zucker rats. In addition, some evidence suggest that tachyphylaxis to the MC-

mediated reduction in food intake develops following chronic pharmacological treatment 

of MC agonists in rodents (McMinn et al., 2000; Pierroz et al., 2002, data in Chapter 3). 

Thus, the second purpose of this study is to examine the consequences of long-term 

targeted overexpression of POMC on the MC-mediated anorexic response. 

 Recent successes in using recombinant adeno-associated virus (rAAV) to obtain 

long-term expression of transgenes provide an opportunity to test our hypotheses 

(Monahan and Samulski, 2000). There are many advantages of using rAAV, including 

nonpathogenicity, nonimmunogenicity, high viability of the virion, and most importantly, 

long-term expression of the delivered transgene. The rAAV type 2 vector has been 

uniquely successful as gene transfer vector into the CNS (Xu et al., 2001). 
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 In the experiments of Chapter 4, we used a rAAV type 2 vector encoding murine 

POMC (rAAV-POMC) to assess the long-term consequences of POMC gene delivery on 

energy balance, BAT thermogenesis and hypothalamic MC signal transduction in obese 

Zucker rats. To this end, we administered rAAV-POMC or control vectors bilaterally into 

the arcuate nucleus of the hypothalamus of obese Zucker rats for 38 days, and assessed 

food intake, body weight, adiposity, serum hormone and metabolite levels, BAT UCP1 

protein, hypothalamic POMC, AgRP mRNA levels as well as hypothalamic 

phosphorylation of the CREB (Montminy et al., 1990).  

Materials and Methods 

Construction of rAAV Vector Plasmids 

pTR-CBA-POMC encodes murine POMC cDNA ( a generous gift from Dr. James 

Roberts) (Uhler and Herbert, 1983) under the control of the hybrid cytomegalovirus 

immediate early enhancer/chicken β-actin (CBA) promoter (Daly et al., 2001). The 

woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) is placed 

downstream of the POMC transgene to enhance its expression (Loeb et al., 1999). The 

control plasmid, termed pTR-Control, is similar to pTR-CBA-POMC except for the 

incorporation of the cDNA encoding an enhanced form of green fluorescent protein 

(GFP) instead of POMC cDNA. The control vector was described previously (Li et al., 

2002).   

In Vitro Analysis of pTR-CBA-POMC Plasmid 

The pTR-CBA-POMC construct was tested for in vitro expression of POMC by 

transfecting HEK 293 cells using FuGENE 6 transfection reagent (Roche Diagnostics, 

Indianapolis, IN) according to the protocol provided by the manufacturer. One day after 
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the transfection, cells were harvested and total RNA isolated. POMC mRNA levels were 

analyzed by RT-PCR.   

Packaging of rAAV Vectors 

Vectors were packaged, purified, concentrated, and titered as previously described 

(Zolotukhin et al., 1999). The titers for both rAAV-POMC and rAAV-Control vectors 

used in this study were 4.26x1011 physical particles/ml, and the ratios of physical-to-

infectious particles for both vectors were less than 30.  

Animals 

Nine-week old male obese Zucker (fa/fa) rats were obtained from Charles River 

(Wilmington, MA). Upon arrival, rats were examined and remained in quarantine for two 

weeks. Animals were cared for in accordance with the principles of the NIH Guide to the 

Care and Use of Experimental Animals. Rats were housed individually with a 12:12 h 

light: dark cycle (07:00 to 19:00 h). Standard Purina 5001 rodent diet and water were 

provided ad libitum. 

rAAV Vector Administration 

Under 6 mg/kg xylazine (Phoenix Pharmaceutical, St. Joseph, MO) and 60mg/kg 

ketamine (Monarch Pharmaceuticals, Bristol, TN) anesthesia, rats were administered 

bilaterally (1.28x109 particles/injection in 3 µl) of rAAV-POMC (n=6) or rAAV-Control 

(n=6) into the basal hypothalamus with coordinates targeting the arcuate nucleus. The 

coordinates for injection into the hypothalamus were 3.14mm posterior to bregma, 

±0.4mm lateral to the midsaggital suture and 10mm ventral from the skull surface. On 

each side a small hole was drilled through the skull and a 23-gauge stainless steel cannula 

inserted followed by an injection cannula. Using 10-µl Hamilton syringe, a 3-µl volume 

of virus stocks was delivered over 5 min to each site. The needles remained in place at 
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the injection site for 5 additional min. At the time of surgery, rats were injected with the 

analgesic Buprenex (0.05mg/kg; Reckitt and Colman, Richmond, VA).  

Tissue Harvesting and Preparation 

Rats were fasted overnight and sacrificed by cervical dislocation under 85 mg/kg 

pentobarbital anesthesia. Blood samples were collected by heart puncture and serum was 

harvested by a 15-min centrifugation in serum separator tubes. The circulatory system 

was perfused with 30 ml of cold saline, BAT, perirenal and retroperitoneal white adipose 

tissues (PWAT and RTWAT) were excised. The hypothalamus was removed by making 

an incision medial to piriform lobes, caudal to the optic chiasm and anterior to the 

cerebral crus to a depth of 2-3 mm. Tissues were stored at –80˚C until analysis. For 

Western analysis, hypothalamus and BAT were homogenized in 0.3ml 10 mM Tris-HCL, 

pH 6.8, 2% SDS, and 0.08 µg/ml okadaic acid. Protease inhibitors, 1mM 

phenylmethylsulfonyl fluoride (PMSF), 0.1 mM benzamidine, and 2 µM leupeptin were 

also present.  Homogenates were immediately boiled for 2 min, cooled on ice, and stored 

frozen at –80˚C. Protein was determined using the DC protein assay kit (Bio-Rad, 

Hercules, CA). BAT samples were filtered through a 0.45 micron syringe filter 

(Whatman, Clifton, NJ) to remove lipid particles prior to protein measurements. 

Serum Leptin, Insulin, Glucose, FFA, and Cholesterol 

Serum leptin and insulin were measured using rat radioimmunoassay kits (Linco 

Research, St. Charles, MO). Serum free fatty acids and total cholesterol were determined 

by enzymatic colorimetric kits from WAKO Chemicals (Neuss, Germany). Serum 

glucose was via a colorimetric reaction with Trinder, the Sigma Diagnostics Glucose 

reagent (St. Louis, MO). 

 



57 

Relative Quantitative RT-PCR 

POMC and AgRP expression in the hypothalamus were identified by relative 

quantitative RT-PCR using QuantumRNA 18S Internal Standards kit (Ambion, Austin, 

TX). Total cellular RNA was extracted as described (Li et al., 2002) and treated with 

RNase-free DNase (Ambion). First-strand cDNA synthesis was generated from 2 µg 

RNA in a 20-µl volume using random primers (Life Technologies, Rockville, MD) 

containing 200 units of M-MLV reverse transcriptase (Life Technologies).  Relative 

quantitative PCR was performed by multiplexing corresponding primers (POMC sense 

5’-GCTTGCAAACTCGACCTCTC-3’, antisense 5’-CTTGATGATGGCGTTCTTGA-

3’; AgRP sense 5’-AGGGCATCAGAAGGCCTGACCA-3’, antisense 5’-

CTTGAAGAAGCGGCAGTAGCAC-3’), 18S primers and competimers and 

coamplifing.  Linearity for the POMC and AgRP amplicons was determined to be 

between 20 and 29 cycles.  The optimum ratio of 18S primer to competimer was 1:4 for 

POMC and 1:9 for AgRP.  PCR was performed at 94°C denaturation for 60 sec, 59°C 

annealing temperature for 45 sec, and 72°C elongation temperature for 60 sec for 26 

(POMC) or 24 (AgRP) cycles.  The PCR product was electrophoresed on acrylamide gel 

and stained with SYBR green (Molecular Probes, Eugene, OR). Gels were scanned using 

a STORM fluorescent scanner and data analyzed using ImageQuant (Molecular 

Dynamics). The relative values of POMC and AgRP mRNA were derived from dividing 

the signal obtained for corresponding amplicon by that for 18S amplicon. 

CREB and Phosphorylated CREB (P-CREB) Assay 

Immunoreactive CREB and P-CREB were determined with a PhosphoPlus CREB 

(Ser 133) antibody kit (New England Bio labs, Beverly, MA).  Hypothalamic samples (40 

µg) prepared as described above were separated on a SDS-PAGE gel and 
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electrotransferred to nitrocellulose membrane.  Immunoreactivity was assessed on 

separate membranes with antibodies specific to CREB (phosphorylated and 

unphosphorylated) and antibodies specific to serine 133 phosphorylated CREB.  

Immunoreactivity was visualized by enhanced chemiluminescent detection (Amersham 

Pharmacia Biotech) and quantified by video densitometry (Bio-Rad). 

UCP1 Protein 

Immunoreactive UCP1 in BAT homogenates (20 µg) was determined as described 

for CREB except an antibody specific to rat UCP1 (Linco Research) was used. 

Statistical Analysis 

Results are presented as mean ± SE. Repeated measures ANOVA was used for 

analyses of body weight and food intake. When the main effect was significant, a post-

hoc t test was applied to determine individual differences between means. For all other 

data, unpaired two-tailed Student's t test was employed.  A value of P < 0.05 was 

considered significant. 

Results 

Transient Expression of POMC in HEK 293 Cells 

HEK 293 cells were transfected with pTR-CBA-POMC or pTR-Control plasmids 

(Fig. 4-1). Twenty-four hours after the transfection, total POMC mRNA expression was 

measured by relative quantitative RT-PCR. The primers used do not discriminate among 

mouse, rat and human POMC, thus the measured POMC mRNA represents both 

transgene mouse POMC and endogenous HEK 293 human POMC mRNA. The pTR-

CBA-POMC transfection increased POMC expression in HEK 293 cells by more than 

eight-fold as compared to pTR-Control (p<0.001). 
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 POMC Expression in the Hypothalamus of Obese Zucker Rats 

To verify the overexpression of the POMC transgene following central viral 

delivery, POMC mRNA was measured in the hypothalamus by RT-PCR (Fig. 4-2). 

Thirty eight days after vector delivery, hypothalamic POMC mRNA levels were elevated 

by four-fold in obese Zucker rats given rAAV-POMC as compared to those given rAAV-

Control (p<0.02). The ratio of hypothalamic POMC to 18S rRNA expression ranged 

from 0.061 to 0.073 for control animals and from 0.186 to 0.435 for rAAV-POMC 

treated rats. Therefore, the POMC mRNA levels were at least two-fold higher in all of the 

rAAV-POMC rats as compared to the mean levels in the control animals.   

Melanocortin Signal Transduction and AgRP mRNA Levels 

α-MSH, one of the cleavage products of POMC, is reported to exert its anorexic 

and thermogenic effects via activation of hypothalamic melanocortin receptors and 

subsequent phosphorylation of the transcription factor, CREB (P-CREB) (Sarkar et al., 

2002). We thus assessed hypothalamic CREB and P-CREB immunoreactivities 38 days 

post POMC vector delivery. Phosphorylation of CREB was elevated by 62% in the 

hypothalami of rats with rAAV-POMC treatment whereas total CREB levels were 

unchanged (Fig. 4-3). 

The expression of AgRP, an endogenous antagonist of MC receptors, is presumably 

regulated by leptin in normal animals (Schwartz et al., 1996; Schwartz et al., 1997; 

Cheung et al., 1997; Baskin et al., 1999; Elias et al., 2000). RT-PCR revealed that 

hypothalamic AgRP expression levels were unchanged in rats given rAVV-POMC as 

compared with control rats at sacrifice (0.927±0.092 vs. 0.995±0.053 relative to 18S 

rRNA, P>0.5).           

 



60 

Body Weight and Food Intake 

Bilateral delivery of rAAV-POMC into the basal hypothalamus reduced weight 

gain and food intake in obese Zucker rats (Fig. 4-4).  Before and on the day of vector 

delivery, average body weight of rAAV-POMC treated rats was comparable to that of 

control rats (428±18 vs. 403±23g at day 0). After vector delivery, the rats given rAAV-

POMC consistently gained less weight, and the difference in body mass between the two 

groups gradually increased over the thirty-eight days (Fig. 4-4A). Because daily food 

consumption of obese Zucker rats varied noticeably between individual rats (Fig. 4-4B), 

daily food intake following vector delivery was also expressed as percent of individual 

baseline levels, represented by the average daily food intake one week prior to vector 

administration (Fig. 4-4C). Hypothalamic delivery of rAAV-POMC induced a sustained 

anorexic response in these obese rats. The inhibition of food intake became statistically 

significant starting at day 7 post POMC vector delivery and lasted for the duration of the 

experiment (Fig. 4-4B, C). 

Visceral Adiposity and Serum Leptin Levels 

Because POMC gene therapy reduced the weight gain of the obese Zucker rats, 

body adiposity levels were assessed. Thirty-eight days after central POMC gene delivery, 

there were significant reductions in the visceral adiposity, as reflected by a 24% reduction 

in the sum of the PWAT and RTWAT (P<0.05) in rAAV-POMC-treated compared to 

control rats (Fig. 4-5A). Fasting serum leptin levels, known to be highly correlated with 

body fat mass (Frederich et al., 1995), were 43.5% lower in the rAAV-POMC group 

compared to the control group (Fig. 4-5B).   
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Fasting Serum Insulin, Glucose, FFA, and Cholesterol 

At sacrifice, serum insulin was significantly reduced by rAAV-POMC as compared 

with rAAV-Control, and serum glucose tended toward a decrease (Fig. 4-6 A, B). The 

rAAV-POMC delivery also reduced serum total cholesterol levels by 34.5% and 

increased free fatty acid levels by 33% compared with rAAV-Control (Fig. 4-6 C, D). 

Brown Adipose Tissue 

Induction of UCP1 in BAT is an important marker for enhanced thermogenesis and 

thus, energy expenditure in rodents (Scarpace et al., 1997). In present study, we examined 

the UCP1 protein levels 38 days after POMC gene delivery. Total BAT weight markedly 

declined with rAAV-POMC treatment whereas the protein concentration (per unit BAT) 

increased slightly, suggesting the reduction in BAT mass was due to the lipolysis 

associated with the activation of BAT. This was further supported by a 4-fold increase in 

BAT UCP1 protein levels in the rAAV-POMC treated compared with control rats (Table 

4-1).     
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Fig. 4-4. Body weight gain (A), daily food consumption (B), and the percent of initial 
food intake (C) following rAAV-POMC or rAAV-Control administration 
in obese Zucker rats. The vectors were injected at day 0. Data represent 
mean ± SE of 6 rats per group. Initial food intake is the average daily food 
consumption one week prior to vector delivery. P<0.0001 for difference in 
weight gain (A), food intake (B), or percent of initial food intake (C) with 
treatment by repeated measures ANOVA. * P < 0.05 for difference in food 
intake between rAAV-POMC and control rats (C) at day 7 through day 38 
except day 35. 
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Fig. 4-5. Visceral adiposity (A) and fasting serum leptin (B) 38 days following 
rAAV-POMC or rAAV-Control administration in obese Zucker rats. 
Data represent mean ± SE of 6 rats per group. * P<0.05 vs. control by 
unpaired t test. 
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Table 4-1. Uncoupling protein 1 and BAT parameters 38 days following rAAV-

POMC or rAAV-Control delivery. For UCP1 protein, the levels in rAAV-
Control rats are set to 100 and SE adjusted proportionally. Data represent the 
mean ± SE of 6 rats per group. * P<0.05 and † P<0.01 vs. control by unpaired 
t test. 

 
 
 

                  Treatment 

rAAV-Control 

 

rAAV-POMC 

BAT weight (mg) 2193±275  1366±189 * 

BAT protein (mg/g BAT) 23.4±1.4 27.2±1.8 

BAT protein (mg/total BAT) 50.2±5.2  38.3±7.2 

UCP1 protein 

(arbitrary units/g BAT) 

100±17  662±114 † 

UCP1 protein  

(arbitrary units/total BAT) 

100±33  412±104 * 
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Discussion 

The study in Chapter 4 examines the long-term consequences of central rAAV-

POMC gene therapy in obese Zucker rats with inherent defective leptin receptors and 

deficient endogenous POMC expression. Our findings are in agreement with several 

previous pharmacological studies indicating that direct activation of the central MC 

system is effective in partially reversing the hyperphagia and obesity in obese Zucker rats 

(Hwa et al., 2001; Cettour-Rose and Rohner-Jeanrenaud, 2002). Our approach, in 

particular, resulted in long-term overexpression of POMC in the basal hypothalamus, and 

these obese Zucker rats responded with significant reductions in both food intake and 

weight gain. The level of hypothalamic P-CREB, the putative active form of the 

transcriptional factor mediating MC3/MC4 receptor signaling (Montminy et al., 1990; 

Sarkar et al., 2002), was significantly elevated in the obese Zucker rats whereas 

hypothalamic AgRP mRNA was unaffected at day 38 post POMC vector delivery. Thus, 

it appears that long-term POMC gene therapy attenuates weight gain primarily through 

activation of central MC system characterized by increased hypothalamic POMC mRNA 

levels, CREB phosphorylation and unchanged AgRP expression. Because POMC vector 

delivery was aimed at the arcuate nucleus where POMC-expressing neurons are located, 

it is most likely that POMC overexpression in these neurons is mainly responsible for the 

observed physiological consequences. However, given the proximity of the third ventricle 

to the arcuate nucleus, the possibility exists that some of the viral vectors entered the 

third ventricle. The vectors could also diffuse out of the arcuate nucleus, resulting in the 

transduction of neurons outside of the arcuate nucleus. The potential ectopic expression 

of POMC in the brain might account for some of the responses observed. In such cases, 
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the responses would be expected to be more pharmacological rather than physiological in 

nature. 

The present study in Chapter 4 provides several distinct sets of salient findings. 

First, our data suggest that an increase in energy expenditure might contribute to the 

reduced weight gain and visceral adiposity following POMC gene delivery. It is known 

that pharmacological activation of MC system augments energy expenditure in rodents. 

For example, normal animals treated with the α-MSH analog, MTII, have elevated levels 

of BAT UCP1 expression compared with pair-fed controls (Cettour-Rose and Rohner-

Jeanrenaud, 2002). The unique UCP1-mediated nonshivering thermogenesis in BAT 

represents an essential element in adaptive energy expenditure in rodents. An increase in 

UCP1 protein is indicative of increased BAT-facilitated energy expenditure. Obese 

Zucker rats, however, have impaired BAT thermogenesis because of the genetically 

defective leptin receptors (Levin et al., 1984). Despite this inherent problem, we observed 

a 4-fold increase in BAT UCP1 at 38 days post POMC vector delivery in the obese 

Zucker rats, indicating markedly stimulated BAT thermogenesis. Although lacking direct 

measurement of whole body energy expenditure, we speculate based on our observation 

that, in addition to the hypophagia, an increase in energy expenditure plays a part in 

mediating the fat and weight-trimming effects of central POMC gene therapy. 

Secondly, rAAV-mediated POMC gene delivery produces an impressive reduction 

in adiposity. For example, by the end of the 38-day POMC gene therapy, PWAT and 

RTWAT combined were decreased by 24% when compared with controls. In addition, a 

key indicator of whole body mass (Frederich et al., 1995), fasting serum leptin levels 

were also reduced by 44%. Central chronic infusion of α-MSH has been shown by one 
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study to preferentially reduce visceral fat mass as opposed to lean body mass in lean rats 

(Obici et al., 2001). If such a preference in action is proven to exist, strategies based on 

MC activation to treat obesity will offer an apparent advantage over some other weight 

control remedies that indiscriminately reduce both lean and fat body mass through 

suppression in food consumption. 

Thirdly, rAAV-POMC gene delivery appears to improve glucose metabolism.  The 

obese Zucker rats are insulin resistant as indicated by remarkably high levels of serum 

insulin. Central POMC gene therapy decreased fasting serum insulin, and it also 

generated a downward trend in serum glucose levels. These data suggest improved 

glucose metabolism and insulin sensitivity by POMC gene delivery. This observation is 

consistent with previous findings that central MC receptor activation reduces insulin 

release from pancreas and enhances glucose metabolism (Fan et al., 1997; Obici et al., 

2001). On the other hand, without a pair-fed group to control for the effect of food intake, 

we are not certain if the improvement in glucose metabolism is directly related to the 

increased central POMC expression or a consequence of the decreased food consumption 

and body weight. In addition to its impact on insulin and glucose, POMC gene delivery 

also lowered total serum cholesterol levels in obese Zucker rats. Thus, central activation 

of melanocortin system seems to have a cholesterol-reducing effect in these obese 

animals possessing both leptin and insulin resistance. The mechanism underlying the 

reduction in cholesterol is currently unknown, and one explanation could be that insulin-

mediated stimulation of cholesterol synthesis is impeded following a fall in circulating 

insulin levels (Horton et al., 2002). 
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Most surprisingly, present study revealed a sustained anorexic response to rAAV-

POMC in the obese Zucker rats throughout the entire 38-day experimental period. This is 

in sharp contrast to all previous reports in which there was a rapid attenuation of the 

anorexic response following pharmacological infusions of melanocortins in both normal 

and DIO rats, and mice (McMinn et al., 2000; Pierroz et al., 2002). The suppression in 

food intake lasted no longer than four days in any of these studies. In the case of obese 

Zucker rats, one study noted a three-day anorexic response to chronic pharmacological 

administration of MTII (Cettour-Rose and Rohner-Jeanrenaud, 2002). Therefore, the 

sustained anorexic response we observed over 38 days may be unique to central POMC 

gene delivery. With this procedure, the presumed overproduction of α-MSH is derived 

from POMC with assistance from a variety of endogenous enzymes such as prehormone 

convertases, carboxypeptidase E and peptidyl α-amidating mono-oxygenase (Pritchard et 

al., 2002).  This endogenously regulated production of α-MSH may help prevent the 

rapid desensitization witnessed in previous pharmacological studies. Additionally, obese 

Zucker rats, in comparison to their lean counterparts, are associated with reduced POMC 

expression in the arcuate nucleus, lower amount of α-MSH peptide in the paraventricular 

nucleus, and higher MC4 receptor densities in several hypothalamic regions pivotal to 

energy regulation (Kim et al., 2000; Harrold et al., 1999a). These factors may also 

contribute to the prolonged responsiveness to POMC gene delivery in obese Zucker rats. 

Central MC signaling has been implicated in the development of cachexia (Marks et al., 

2003), and we cannot rule out the possibility that the sustained anorexic response by 

central POMC gene delivery might be in part a mimic of inflammatory-like activities of 

POMC products. Although in present study, POMC gene delivery appeared to reduce 
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visceral adiposity to a greater extent as compared with the decrease in whole body mass, 

an observation inconsistent with cachexigenic action. 

In summary, the study in Chapter 4 demonstrates that targeted POMC gene 

delivery to the hypothalamus suppresses food intake and weight gain and reduces visceral 

adiposity in genetically obese Zucker rats. This treatment also appears to improve 

glucose and cholesterol metabolism and insulin sensitivity. The sustained hypophagia and 

augmentation of thermogenesis in BAT, as also suggested by data from Chapter 3, are the 

likely mechanisms underlying these improvements. 

 



 

CHAPTER 5 
EFFECTS OF CENTRAL IL-6 GENE THERAPY IN NORMAL MALE SPRAGUE-

DAWLEY RATS  

 
Introduction  

IL-6 is a multifunctional, proinflammatory cytokine that acts on a wide range of 

tissues through modulation of cell growth and differentiation. Its pleiotropic effects 

include stimulation of acute-phase protein synthesis, induction of the proliferation and 

differentiation of lymphocytes, and an increase in the activity of the hypothalamic-

pituitary-adrenal axis (HPA) (Gruol and Nelson, 1997). IL-6 also reduces food intake and 

increases thermogenic activity in brown adipose tissue (BAT) (Busbridge et al., 1989; 

Schobitz et al., 1995; Tsigos et al., 1997; Cannon et al., 1998). Thermogenesis in BAT is 

mediated by norepinephrine activation of sympathetically innervated β3-adrenergic 

receptors (β3ARs) and serves to regulate body temperature and maintain body weight 

after hyperphagia (Nedergaard et al., 2001).  Thus, through modulation of BAT 

thermogenesis and food intake, IL-6 may have a role in energy homeostasis.   

Both immune and nonimmune cells synthesize IL-6. Moreover, as much as one 

third of the total circulating IL-6 has been estimated to originate from WAT (Mohamed-

Ali et al., 1997). Leptin, another WAT-derived cytokine, is considered to be the central 

afferent signal molecule that indicates the size of fat depots, and this cytokine has 

important roles in energy homeostasis, mediating both a reduction in food intake and an 

increase in energy expenditure (Ahima and Flier, 2000). Interestingly, similar to leptin, 

synthesis of IL-6, as well as systemic concentration, is also positively correlated with 
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body fat mass (Vgontzas et al., 1997). Both IL-6 and leptin receptors share close 

structural analogy in the signal transduction domains and have been found in 

hypothalamic areas involved in energy regulation (Tartaglia et al., 1995; Schobitz et al., 

1992). Recent studies demonstrated that IL-6 and leptin activate overlapping signal 

transduction pathways, notably the JAK/STAT3 pathway (Baumann et al., 1996).  

Collectively, these data suggest that IL-6 may play a supportive role to leptin in energy 

homeostasis. However, the underlying mechanisms by which IL-6 enhances 

thermogenesis are not fully understood. 

Most studies concerning IL-6 and energy balance have focused on the IL-6 induced 

responses associated with infection and wasting diseases, such as cancer cachexia 

(Greenberg et al., 1992).  Moreover, investigations have been limited to effects of short-

term administration of IL-6, and the long-term effects of IL-6 treatment on food intake 

and body weight are unknown. Recent successes in using recombinant adeno-associated 

virus (rAAV) to obtain long-term expression of transgenes provide an opportunity to 

examine the chronic effects of IL-6 administration (Monahan and Samulski, 2000). There 

are many advantages of using rAAV, including the apparent absence of pathogenicity, 

high viability of the virion, relative independence of infectivity from host chromosome 

replication and cell cycling, and most importantly, long-term expression of the delivered 

transgene. The rAAV type 2 vector has been uniquely successful as gene transfer vector 

into the CNS (Xu et al., 2001).  

In present study, we used a rAAV type 2 vector encoding murine IL-6 (rAAV-IL-

6) to assess the long-term consequences of IL-6 gene delivery on energy balance, BAT 

thermogenesis and hypothalamic IL-6 signal transduction. To this end, we administered 
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rAAV-IL-6 or control viral vectors into the hypothalamus of normal adult male Sprague-

Dawley rats for 21 and 35 days, and examined food intake, body weight, adiposity, serum 

hormonal levels, BAT UCP1 and hypothalamic STAT3 phosphorylation. Furthermore, to 

test if the IL-6 induced thermogenesis was dependent on sympathetic activation of BAT, 

we administered rAAV-IL-6 or control viral vectors to rats in which the interscapular 

BAT was unilaterally denervated, and examined food intake, body weight, as well as 

BAT UCP1 mRNA and protein levels. 

Materials and Methods 

Construction of rAAV Vector Plasmids  

A murine IL-6 cDNA (a generous gift by Dr. I.L. Campbell, the Scripps Research 

Institute, La Jolla, CA, USA) (Raber et al., 1997) was inserted into rAAV vector plasmid 

pTR-UF12. This plasmid contains the AAV terminal repeats (TRs), the only remaining 

feature (and 4%) of the wild type AAV genome. Flanked by the TRs, the expression 

cassette of pTR-UF12 includes the following components, in 5’ to 3’ order: 1) a 1.7 kb 

sequence containing the hybrid cytomegalovirus immediate early enhancer/chicken β-

actin (CBA) promoter/exon1/intron (Daly et al., 2001); 2) the internal ribosome entry site 

(IRES) from poliovirus, which provides for bicistronic expression (Dirks et al., 1993); 3) 

green fluorescent protein (GFP) (Klein et al., 1998); 4) and the polyA tail from bovine 

growth hormone.  The IL-6 cDNA was inserted between the CBA promoter and the IRES 

element of the pTR-UF12 to derive the construct pTR-IL-6.  The control plasmid for 

these studies expresses GFP only and is termed pTR-Control.  The control vector was 

described previously (Klein et al., 1998).   
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In Vitro Analysis of pTR-IL-6 Plasmid  

The pTR-IL6 construct was tested for in vitro expression of IL-6 by mammalian 

cells. Human embryonic kidney 293 cells (HEK 293 cells) were transfected by the 

calcium-phosphate method, using 2x106 cells and 8 µg DNA per 6 cm dish.  One day 

after transfection, the media were removed and replaced with serum-free media.  One day 

after (2 days after transfection), the media were collected and concentrated 10-fold in 

Centricon-10 units (Millipore, Bedford, MA, USA).  The media samples were then 

separated on a 15% sodium dodecylsulfate (SDS)- polyacrylamide gel electrophoresis 

(PAGE) gel (Ready Gel, Bio-Rad, Hercules, CA, USA) and electrotransferred to 

nitrocellulose membrane, the blot was probed for IL-6 protein using a goat anti-IL-6 

polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 

1:1000.  Purified murine IL-6 (PeproTech, Rocky Hill, NJ, USA) was used as a positive 

control.  Serum-free media samples from untransfected 293 cells were concentrated in a 

similar manner and examined for IL-6 protein.  

Packaging of rAAV Vectors  

Vectors were packaged, purified, concentrated, and titered as previously described 

(Zolotukhin et al., 1999). The titers for both rAAV-IL-6 and rAAV-Control vectors used 

in this study were 1x1011 physical particles/ml, resulting in 2x108 particles in a 2-µl 

injection. The ratios of physical-to-infectious particles for both vectors were less than 30. 

A mini-Ad helper plasmid pDG (Grimm et al., 1998) was used to produce rAAV vectors 

with no detectable adenovirus or wild type AAV contamination.  

Animals   

Male Sprague-Dawley rats (330-350 g) around 3.5 months of age were obtained 

from Harlan Sprague-Dawley (Indianapolis, IN, USA). Upon arrival, rats were examined 
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and remained in quarantine for one week. Animals were cared for in accordance with the 

principles of the Guide to the Care and Use of Experimental Animals. All efforts were 

made to minimize the number of animals and their suffering. Rats were housed 

individually with a 12:12 h light: dark cycle (07:00 to 19:00 h). Standard Purina 5001 

rodent diet and water were provided ad libitum. 

Surgical Denervation  

Rats underwent unilateral surgical denervation of the interscapular BAT under 

pentobarbital anesthesia as previously described (Scarpace and Matheny, 1998). A 

transverse incision was made just anterior to the right BAT pad, separating the BAT from 

the muscles of the right scapula. The scapula was raised to expose the five intercostal 

nerve bundles entering right BAT pad. A section of each nerve bundle was removed with 

scissors. The rats were maintained on a heat pad until recovery from the anesthesia. In 

previous studies, denervation was verified in selected rats by assessing norepinephrine 

levels in the innervated compared with denervated BAT pads. In all tested cases the 

denervation was successful (Scarpace and Matheny, 1996).  

rAAV Vector Administration  

Rats were administered a single dose (2x108 particles/rat in 2 µl) of rAAV-IL-6 or 

rAAV-Control into the center of the right side of the anterior hypothalamus under 

50mg/kg pentobarbital anesthesia. The coordinates for injection into the hypothalamus 

were 1.8mm posterior to bregma, 1mm lateral to the midsaggital suture and 9mm ventral 

from the skull surface. A small hole was drilled through the skull and a 23-gauge 

stainless steel cannula inserted followed by an injection cannula. Using 10-µl Hamilton 
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syringe, a 2-µl volume of virus stocks was delivered over 5 min, and the needles 

remained in place at the injection site for 2 additional min. 

Experiment 1  

Rats were administered either rAAV-Control (n=9) or rAAV-IL-6 (n=10). Food 

consumption and body weight were recorded every day for 35 days at which time the rats 

were sacrificed. 

Experiment 2  

The interscapular BAT of rats was unilaterally denervated. On the day of surgery, 

rats were administered either rAAV-IL-6 (n=7) or rAAV-Control (n=7) into the 

hypothalamus. Daily food intake and body weight were monitored for 21 days at which 

time the rats were sacrificed. 

Tissue Harvesting  

Rats were sacrificed by cervical dislocation under 85mg/kg pentobarbital 

anesthesia. Blood samples were collected by heart puncture. Serum and plasma were 

harvested by a 10-min centrifugation in serum or plasma separator tubes. The circulatory 

system was perfused with 20 ml of cold saline, and BAT, perirenal and retroperitoneal 

white adipose tissues (PWAT and RTWAT) were excised. The hypothalamus was 

removed by making an incision medial to piriform lobes, caudal to the optic chiasm and 

anterior to the cerebral crus to a depth of 2-3 mm. 

Histochemistry for GFP  

Anesthetized animals were perfused with 100 ml of cold phosphate-buffered saline 

(PBS), followed by 400 ml of cold 4% paraformaldehyde in PBS. After, the brain was 

removed and equilibrated in a cryoprotectant solution of 30% sucrose/PBS and stored at 
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4˚C. Coronal sections (30µm) were detected using a fluorescein isothiocyanate (FITC) 

long-pass filter.  

Leptin and Corticosterone RIA  

Serum leptin levels were measured with a rat leptin RIA kit (Linco Research, St. 

Charles, MO, USA). Plasma corticosterone levels were determined by a rat/mouse 

corticosterone RIA kit (ICN Biomedicals, Costa Mesa, CA, USA). 

mRNA Levels  

Total cellular RNA was extracted using a modification of the method of 

Chomczynski (Chomczynski and Sacchi, 1987). The integrity of the isolated RNA was 

verified using agarose gels (1%) stained with ethidium bromide. The RNA was quantified 

by spectrophotometric absorption at 260 nm by use of multiple dilution of each sample.  

The full-length UCP1 cDNA probe (a cDNA clone obtained from Dr. Leslie 

Kozak, the Jackson Laboratory, Bar Harbor, ME) (Kozak et al., 1988), the SOCS-3 

cDNA probe (a gift from Dr. Christian Bjorbaek) (Bjorbaek et al., 1999) and the full-

length human β-actin cDNA (Clontech, Palo Alto, CA, USA) were labeled using a 

random primer kit (Prime-a-Gene, Promega, Madison, WI, USA). For dot blot analysis, 

multiple concentrations of RNA were immobilized on nylon membranes using a dot blot 

apparatus (Bio-Rad, Richmond, CA, USA) and were UV-crosslinked by UV-crosslinker 

(Fisher Scientific, Pittsburgh, PA, USA).  The membranes were prehybridized in 10 ml 

Quikhyb (Stratagene, La Jolla, CA, USA) for 20 min followed by hybridization in the 

presence of labeled probe and 100 µg denatured salmon sperm DNA.  After hybridization 

for 2 h at 65ºC, the membranes were washed and exposed to a phosphor imaging screen 

for 48 hours.  The latent image was scanned using a Phosphor Imager (Molecular 

Dynamics, Sunnyvale, CA, USA) and analyzed by ImageQuant Software (Molecular 
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Dynamics).  Levels of mRNA were expressed as the ratio of signal intensity for the target 

genes relative to that for β-actin.  

RT-PCR  

IL-6 transgene expression in the hypothalamus was identified by relative 

quantitative RT-PCR through the use of QuantumRNA 18S Internal Standards kit 

(Ambion, Austin, TX, USA). Total RNA was treated with RNase-free DNase (Ambion), 

and first-strand cDNA synthesis generated from 2 µg RNA in a 20-µl volume using 

random primers (Life Technologies, Rockville, MD, USA) containing 200 units of M-

MLV reverse transcriptase (Life Technologies).  Relative quantitative PCR was 

performed by multiplexing murine IL-6 primers (5’-

GATGCTACCAAACTGGATATAATC-3’, 5’-GGTCCTTAGCCACTCCTTCTGTG-

3’), 18S primers and competimers and coamplifing.  Linearity for the IL-6 amplicon was 

determined to be between 20 and 30 cycles.  The optimum ratio of 18S primer to 

competimer was 1:9.  PCR was performed at 94°C denaturation for 90 sec, 60°C 

annealing temperature for 60 sec, and 72°C elongation temperature for 120 sec for 26 

cycles.  The PCR product was electrophoresed on a 5% acrylamide gel and stained with 

SYBR green (Molecular Probes, Eugene, OR, USA). Gels were scanned using a STORM 

fluorescent scanner and data analyzed using ImageQuant (Molecular Dynamics). The 

relative values of IL-6 mRNA were derived from dividing the signal obtained for IL-6 

amplicon by that for 18S amplicon. 

UCP1 Protein  

UCP1 levels were determined by immunoreactivity in BAT homogenates. BAT 

samples were homogenized in 10 mM Tris-HCL, pH 6.8, 2% SDS, and 0.08 µg/ml 

okadaic acid.  Protease inhibitors, 1mM phenylmethylsulfonyl fluoride (PMSF), 0.1 mM 
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benzamidine, and 2 µM leupeptin were also present.  BAT homogenates (20 µg) were 

boiled and separated on a 7.5% SDS-PAGE gel (Ready Gel, Bio-Rad) and 

electrotransferred to nitrocellulose membrane. UCP1 immunoreactivity was assessed 

with an antibody specific to rat UCP1 (Linco Research), Immunoreactivity was 

visualized by enhanced chemiluminescent detection (Amersham Pharmacia Biotech, 

Buchkinghamshire, England) and quantified by video densitometry. 

STAT3 and Phosphorylated STAT3 (P-STAT3) Assay  

Immunoreactive STAT3 and P-STAT3 were determined with a PhosphoPlus 

STAT3 (tyrosine 705) antibody kit (New England Bio labs, Beverly, MA, USA).  

Hypothalamic samples were prepared in the same manner as BAT in the previous 

paragraph. Hypothalamic homogenates (40 µg) were separated on a SDS-PAGE gel and 

electrotransferred to nitrocellulose membrane.  Immunoreactivity was assessed on 

separate membranes with antibodies specific to STAT3 (phosphorylated and 

unphosphorylated) and antibodies specific to tyrosine 705 phosphorylated STAT3.  

Immunoreactivity was visualized by enhanced chemiluminescent detection (Amersham 

Pharmacia Biotech) and quantified by video densitometry. Immunoreactive STAT1 and 

phosphorylated STAT1 were determined in identical fashion using phosphoPlus STAT1 

(tyrosine 701) antibody kit (New England Bio Labs). 

Statistical Analysis  

Results are presented as mean ± S.E.M. Repeated measures ANOVA was used for 

analyses of body weight and food intake. BAT UCP1 mRNA and protein levels in the 

denervation experiment were analyzed by two-way ANOVA with denervation conditions 

and treatments as variables. When the main effect was significant, a post-hoc test was 
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applied to determine individual differences between means. For all other data, unpaired 

Student's t-test was employed.  A value of p < 0.05 was considered significant. 

Results 

Transient Expression of IL-6 in HEK 293 Cells  

The expression of the pTR-IL-6 construct was assessed in vitro by transient 

transfection of HEK 293 cells with pTR-IL-6. The cells transfected with pTR-IL-6 

released robust amount of mouse IL-6 protein into the media (Fig. 5-1, lane 5), whereas 

no IL-6 was detected in the supernatant of untransfected HEK 293 cells (Fig. 5-1, lane 4).  

IL-6 Expression in the Hypothalamus of Rats Given rAAV-IL-6  

A GFP reporter gene was incorporated into the control and IL-6 expressing vectors 

to provide easy identification of cells transduced with rAAV. Thirty-five days after viral 

delivery, coronal hypothalamic slices were prepared from two rAAV-Control and rAAV-

IL-6 treated rats. Both vectors produced similar GFP expression in hypothalamus at 35 

days post-injection. GFP-positive cells displayed typical neuron-like morphology and 

were distributed around the tract of the injection needle (Fig. 5-2, top). To further verify 

expression of the IL-6 transgene, murine IL-6 mRNA was examined in the hypothalamus 

by relative quantitative RT-PCR using primers specific for mouse IL-6. Murine IL-6 

mRNA was identified in all rAAV-IL-6 treated rats at 21 and 35 days following viral 

delivery with similar expression levels (100±15 vs. 104±12, p=0.84) (Fig. 5-2, bottom). 

In contrast, IL-6 mRNA was not identified in any of the rAAV-Control administered rats 

(Fig. 5-2, bottom).     
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Experiment 1: 35 Days post rAAV-IL-6 Delivery 

Body weight and food consumption  

Direct delivery of rAAV-IL-6 gene into the hypothalamus reduced weight gain 

without affecting food intake in normal adult rats (Fig. 5-3).  Before and on the day of 

viral delivery, average body weight of rAAV-IL-6 treated rats was similar to that of 

control rats (372.9±2.7 vs. 374.1±2.7 g at day 0). Repeated measures ANOVA revealed 

rAAV-IL-6 suppressed weight gain (p<0.05) throughout the duration of the experiment. 

Body weight difference reached a maximum between day 17 and day 25, after which the 

weight-reducing effect of IL-6 began to attenuate (p=0.056~0.08 from day 31 onward) 

(Fig. 5-3, top). During the same period of time, food consumption was not different 

between rAAV-IL-6 and control vector treated rats (P=0.62) (Fig. 5-3, bottom).  

Adiposity and serum leptin levels  

Thirty-five days after central IL-6 gene delivery, there were significant reductions 

in visceral adiposity, including a 20% reduction in PWAT (p<0.05) and a 22% decrease 

in RTWAT (p<0.05) in rAAV-IL-6 treated rats compared to control rats (Table 5-1). 

Serum leptin, another measure of adiposity level, also decreased by 39% in rAAV-IL-6 

rats compared with controls (Table 5-1).  

Plasma corticosterone levels  

IL-6 is known to modulate the activity of HPA (Gruol and Nelson, 1997), and 

therefore, we measured the basal plasma corticosterone levels in rats. Central IL-6 

delivery did not significantly alter plasma corticosterone levels in rAAV-IL-6 rats 

compared to controls (p=0.25) (Table 5-1).    
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Brown adipose tissue  

We examined BAT UCP1 mRNA and protein levels 35 days after IL-6 gene 

delivery. Total BAT weight was unchanged while total BAT protein increased by 13% 

(p=0.28) (Table 5-2). BAT UCP1 mRNA levels were comparable between these two 

groups, whereas the UCP1 protein levels in BAT was enhanced by 65% in rAAV-IL-6 

treated rats (p<0.01) (Table 5-2). The elevated UCP1 protein levels suggest that IL-6 

gene delivery increases thermogenesis in BAT. 

Experiment 2: 21 Days post rAAV-IL-6 Gene Delivery in Rats with unilaterally 
Sympathetic Denervation of BAT 

Body weight and food intake  

In experiment 1, rAAV-IL-6 treatment of intact rats suppressed body weight gain, 

which became statistically significant as early as day 13 and culminated around week 3 

(Fig. 5-3, top). In contrast, following unilaterally sympathetic denervation of BAT, there 

was no difference between body mass of rAAV-IL-6 and rAAV-Control treated rats 

throughout the 21-day study (p>0.5 by repeated measures ANVOA) (Fig. 5-4, top). 

Similar to the previous experiment, food intake was comparable between two groups 

(Fig. 5-4, bottom). 

Brown adipose tissue  

Experiment 1 demonstrated that chronic expression of murine IL-6 in rat 

hypothalamus enhanced UCP1 protein levels in BAT. To investigate if the increase in 

UCP1 is dependent on sympathetic innervation of BAT, we measured UCP1 mRNA 

expression and the UCP1 protein levels in denervated and intact BAT pads following 

central rAAV-IL-6 delivery. As expected, in both rAAV-IL-6 and control rats, the levels 

of UCP1 protein in the denervated pads were dramatically reduced compared with those 
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in the intact pads (Fig. 5-5A). In the intact BAT pad, rAAV-IL-6 increased UCP1 protein 

levels by 47% compared to controls (p<0.05) (fig. 5-5A). In contrast, IL-6 gene delivery 

had no effect on UCP1 protein levels in denervated BAT pad (fig. 5-5A).   

When UCP1 mRNA levels were examined, a similar picture emerged. In the 

denervated BAT pads, UCP1 mRNA levels were comparable between rAAV-IL-6 and 

control rats (p>0.4). In contrast, in the innervated BAT pads, rAAV-IL-6 increased UCP1 

expression by 64% (p<0.05) compared with control rats (Fig 5-5B). 

IL-6 Signal Transduction at Day 21 and Day 35 

The apparent attenuation of the rAAV-IL-6 induced reduction in weight gain after 

day 31 in experiment 1 prompted us to examine IL-6 signal transduction during the time 

of maximum weight gain suppression (day 21) and during the time when the difference in 

body weight between rAAV-IL-6 and control vector treated rats was no longer 

statistically significant (day 35). The tyrosine phosphorylation of STAT3 at day 21 and 

35 following rAAV-IL-6 delivery was determined in hypothalamic lysates by specific 

immunoreactivity of P-STAT3. There was a 2.6-fold increase (p<0.005) in P-STAT3 

levels at day 21 in the rAAV-IL-6 compared with rAAV-Control-treated rats (Fig. 5-6). 

However, at 35 days post IL-6 gene delivery, there was no longer any increase in P-

STAT3 (P>0.7) (Fig. 5-6). In addition to the increase in P-STAT3 at day 21, there was a 

46% increase in total STAT3 immunoreactivity with rAAV-IL-6 injection (p<0.05), but 

this increase also waned by day 35 (p=0.35) (Fig. 5-6). In contrast to STAT3, rAAV-IL-6 

did not increase immunoreactive STAT1 or phosphorylated STAT1 at either day 21 or 35 

(data not shown). 

Suppressor of cytokine signaling-3 (SOCS-3) has shown to be involved in the 

down-regulation of cytokine signaling and may be a negative regulator of JAK/STAT3 

 



87 

pathway (Starr et al., 1997). SOCS-3 mRNA levels were significantly elevated both at 21 

and 35 days following rAAV-IL-6 administration by 57% and 38% respectively (Table 5-

3). 
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Fig. 5-1. Western blot of murine IL-6 protein released from HEK 293 cells 
transfected with pTR-IL-6 plasmid. Protein samples were prepared from 
concentrated media. Lanes represent IL-6 protein standards (lane 1-3: 25ng, 
2.5ng and 0.25ng respectively), untransfected cells (lane 4) and cells 
transfected with pTR-IL-6 (lane 5). 
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Fig. 5-2. Transgene expression in the hypothalamus after rAAV-IL-6 delivery. (Top) 
Numerous GFP-positive cells are observed in representative coronal 
hypothalamic sections following rAAV-IL-6 or rAAV-Control treatment. (A-
C) the same hypothalamic section 35 days post rAAV-IL-6 delivery with 
different magnifications (4x, 20x and 40x respectively). The arrow indicates 
injection needle tract. (D) A hypothalamic section 35 days post rAAV-Control 
delivery (20x). (Bottom) Murine IL-6 mRNA, identified by relative 
quantitative RT-PCR in the hypothalamus, was present in all rAAV-IL-6 
treated rats at similar levels, but not in rAAV-Control administered rats. 
Representative blots of control (lane 1) and rAAV-IL-6 (lane 2) at day 21, and 
control (lane 3) and rAAV-IL-6 (lane 4) at day 35. Upper bands represent RT-
PCR products for 18S rRNA and lower bands for murine IL-6 mRNA. 
Quantitative results are given in the main text. 
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Fig. 5-3.  Body weight (top) and daily food consumption (bottom) following rAAV-
IL-6 or rAAV-Control administration in adult male Sprague-Dawley 
rats. The vectors were injected at day 0. Data represent Mean ± S.E.M. of 7-8 
rats per group. p < 0.05 for difference in body weight with treatment by 
repeated measures ANOVA. * p < 0.05 for difference in body weight between 
rAAV-IL-6 and control rats by t-test. 
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Table 5-1. WAT depot weight, serum leptin and plasma corticosterone 35 days 
following rAAV-IL-6 or rAAV-Control delivery. Data represent the mean ± 
S.E.M. of 7-8 rats per group. *P<0.05 for difference between control and 
rAAV-IL-6 treated rats by t-test. 

 
 Treatment

rAAV-Control 

 

rAAV-IL-6 

PWAT (g) 0.97±0.06  0.78±0.05 * 

RTWAT (g) 2.99±0.17  2.34±0.18 * 

IWAT (g) 1.43±0.10  1.42±0.09 

Serum Leptin (ng/ml) 9.01±1.43  5.46±0.54 * 

Plasma corticosterone (ng/ml) 266 ±26 303±19 

 

Table 5-2. Uncoupling protein 1 and BAT parameters 35 days following rAAV-IL-6 
or rAAV-Control delivery. For UCP1 mRNA and protein, the levels in 
rAAV-Control rats are set to 100 and S.E.M. adjusted proportionally. Data 
represent the mean ± S.E.M. of 7-8 rats per group. *P<0.01 for difference 
between control and rAAV-IL-6 treated rats by t-test. 

 

   Treatment 

rAAV-Control 

 

rAAV-IL-6 

BAT weight (mg) 314±27  301±24 

BAT protein (mg/total BAT) 
 

21.2±1.5  24.0±1.9 

UCP1 mRNA  
(arbitrary units/total BAT) 

100±8  107±13 

UCP1 protein  
(arbitrary units/total BAT) 

100±15  165±14 * 
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Fig. 5-4. Body weight (top) and daily food consumption (bottom) following rAAV-
IL-6 or rAAV-Control administration in adult male Sprague-Dawley rats 
in which BAT had been unilaterally denervated. Vectors were injected at 
day 0. Data represent Mean ± S.E.M. of 7 rats per group. There was no 
significant difference in body weight or food intake between rAAV-IL-6 and 
control groups. 
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Fig. 5-5. BAT UCP1 protein (A) and mRNA (B) levels 21 days 

rAAV-Control treatment in rats in which BAT had 
denervated. Data represent the mean ± S.E.M. of 7 rat
protein and UCP1 mRNA levels are expressed in arbitr
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Fig. 5-6. STAT3 phosphorylation identified by P-STAT3 and total STAT3 

immunoreactivity in the hypothalamus at 21 or 35 days post rAAV-
Control or rAAV-IL-6 delivery. (Top) Western blots using antibodies 
specific to tyrosine 705 P-STAT3 or STAT3 (phosphorylated and 
unphosphorylated). Lanes represent the hypothalamus from rAAV-Control 
(lane 1-3) and rAAV-IL-6 treated (lanes 4-6) rats 21 or 35 days post viral 
delivery. (Bottom) Quantification of STAT3 and P-STAT3 based on 
densitometric scanning. Data represent the mean ± S.E.M. of 7 rats per group, 
with levels in day-matched control rats set to 100 and S.E.M. adjusted 
proportionally. * p < 0.005 (P-STAT3) and p< 0.05 (STAT3) vs. rAAV-
Control at day 21 by t-test. 
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Discussion 

Central IL-6 Gene Delivery and Weight Regulation 

Using central rAAV-IL-6 gene delivery, we demonstrate in Chapter 5 that long-

term IL-6 expression in the hypothalamus reduces body weight gain and visceral 

adiposity without affecting food intake in normal rats. Acute administration of IL-6 

activates BAT thermogenesis in rats (Busbridge et al., 1989; Cannon et al., 1998), and in 

the present experiment, chronic central expression of IL-6 significantly enhances both 

UCP1 mRNA and UCP1 protein levels in BAT. UCP1 is a unique thermogenic protein in 

BAT that uncouples oxidative phosphorylation in mitochondria.  It allows high rates of 

substrate oxidation and heat production without phosphorylation of adenosine 5'-

diphosphate (Klingenberg and Huang, 1999). Elevated UCP1 protein levels in BAT are 

indicative of increased thermogenesis in BAT, suggesting that enhanced energy 

expenditure in BAT may account for the reduction in weight gain following central 

rAAV-IL-6 gene delivery. This effect of IL-6 is apparently different from the weight loss 

and fat depletion during cancer and other wasting disorders, which have been attributed 

to the direct inhibitory effect of IL-6 on lipoprotein lipase activity in adipose tissue 

(Greenberg et al., 1992; Strassmann et al., 1992). Because the IL-6 transgene was 

expressed locally in modest amount in hypothalamus, it is unlikely that significant 

amount of IL-6 protein reached the systemic circulation to produce any peripheral 

impact.  

Our findings in Chapter 5 indicating that rAAV-IL-6 gene delivery did not affect 

food consumption are inconsistent with previous data indicating an anorexic effect of IL-

6 (Johnson, 1998; Schobitz et al., 1995). However, in those studies, the anorexic effect of 

IL-6 was only apparent in animals and humans when relatively large doses of IL-6 were 
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employed.  IL-6 exerts both beneficial and adverse effects in the CNS (Gruol and Nelson, 

1997). To avoid the detrimental consequences of high levels of IL-6 expression in the 

CNS, we specifically chose a relatively low titer of rAAV-IL-6 to produce sustained yet 

modest central expression of IL-6 in normal adult rats. Therefore, it is possible that the 

levels of IL-6 produced by rAAV-IL-6 in hypothalamus were adequate to elicit the 

thermogenic response but insufficient to produce the anorexic response. Evidence from 

recent studies also suggests that alterations in food intake in rodents with experimental 

cancer were not directly related to systemic IL-6 but rather secondary to IL-6-dependent 

tumor growth (Cahlin et al., 2000). Instead of promoting anorexia in cancer diseases, the 

elevation of central IL-6 may be secondary to a decline in food intake (Wang et al., 

2001). Collectively, these studies suggest that IL-6, when used at low doses, has an 

insignificant effect on food consumption.  

Central IL-6 Gene Delivery and Thermogenesis in BAT 

Thermogenesis in BAT is mainly mediated by norepinephrine activation of 

sympathetically innervated β3ARs (Nedergaard et al., 2001).  Presumably, IL-6 enhances 

thermogenesis in BAT by a similar mechanism. The present report confirms this 

supposition by the demonstration that surgical denervation of BAT prevents the IL-6 

induced increase in UCP1 gene expression and protein levels. Denervation of BAT also 

blocked the weight-reducing effect of rAAV-IL-6. These data suggest that 

sympathetically mediated thermogenesis in BAT is essential for the rAAV-IL-6 mediated 

reduction in weight gain. It is unlikely that the failure of IL-6 to increase UCP1 in the 

denervated BAT was due to surgically induced damage, because our previous study 
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demonstrated that both innervated and denervated BAT pads responded equally to the 

CGP-12177 (a specific β3AR agonist) induction of UCP1 (Scarpace and Matheny, 1998). 

To our surprise, the unilaterally sympathetic denervation of BAT totally abolished 

the weight-reducing effect of rAAV-IL-6. In the present study, we delivered the rAAV 

vector into the right side of the anterior hypothalamus, and the transection of the 

peripheral nerves innervating interscapular BAT was ipsilateral to the hypothalamic 

injection. Because the direct projection from the paraventricular nucleus in the 

hypothalamus to the sympathetic preganglionic neurons in the spinal cord is principally 

ipsilateral, it is logical that ipsilateral denervation would preferentially block stimulation 

of the BAT on the right side. However, previous data from this laboratory demonstrated 

that the same method of viral administration of a rAAV vector encoding leptin activated 

both BAT pads in intact rats (Nedergaard et al., 2001; Wilsey et al., 2002). This suggests 

that viral-expressed protein diffused throughout the whole hypothalamus. The increases 

in UCP1 mRNA and protein levels in contralateral BAT pad in the present study also 

indicate that this is the case. Nevertheless, it is possible that the degree of the sympathetic 

activation was not identical in the two BAT pads. The left BAT pad, contralateral to the 

hypothalamic injection, might be less activated, therefore, the overall IL-6 mediated 

thermogenic responses in rats with ipsilateral denervation of BAT may be insufficient to 

elicit a significant effect on body weight. In the future, bilateral denervation of BAT may 

be more appropriate to address the question whether the reduction in body weight gain by 

IL-6 gene delivery is dependent on the sympathetic innervation of BAT.   

IL-6 is an important modulator of neuroendocrine systems during infectious and 

traumatic stress and has stimulatory actions on the HPA axis (Gruol and Nelson, 1997). 
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However, in our experiment, rAAV-IL-6 treatment did not alter basal plasma 

corticosterone levels. This is consistent with a previous report indicating that basal 

plasma corticosterone and adrenocorticotrophic hormone (ACTH) were not elevated in 

IL-6 transgenic mice (Raber et al., 1997). Together with the results from the denervation 

experiment, these data further suggest that the reduction in weight gain by central IL-6 

gene delivery was a specific consequence to IL-6 induced thermogenesis rather than a 

nonspecific stress response.  

Central IL-6 Gene Delivery and IL-6 Signal Transduction 

Biological activities of IL-6 are initiated by ligand binding to the IL-6 receptor 

complex. Subsequently, STAT3 is tyrosine-phosphorylated by JAK kinases that associate 

with the cytoplasmic portion of the receptor, and translocates to the nucleus and activates 

transcription (Baumann et al., 1996). In addition to activation of STAT3 protein, IL-6 

also activates STAT1 and mitogen-activated protein kinase in neuronal cells (Schumann 

et al., 1999). Although IL-6 signal transduction has been extensively examined in vitro in 

a variety of cell types, in vivo information on this subject is rather limited. It is known 

that intracerebroventricular application of IL-6 induces nuclear STAT3 translocation in 

several areas of the hypothalamus (Hubschle et al., 2001). The present study 

demonstrates that, similar to leptin (Wang et al., 1997;Baumann et al., 1996), central IL-6 

gene delivery activates the hypothalamic JAK/STAT3 signal transduction pathway. 

Moreover, the reversal of the elevated STAT3 phosphorylation between days 21 and 35 

post IL-6 gene delivery suggests that hypothalamic IL-6 signal transduction is susceptible 

to desensitization following chronic central IL-6 stimulation.  SOCS-3 is a putative 

negative regulator of JAK/STAT3 signaling (Starr et al., 1997). The signal molecule may 

inhibit the JAK-mediated phosphorylation of STAT3, and is usually up-regulated in 
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response to IL-6 receptor activation. The elevation of SOCS-3 following IL-6 gene 

delivery may mediate the desensitization of IL-6 signal transduction. However, in present 

study, when phosphorylation of STAT3 was attenuated, the SOCS-3 levels were still 

elevated. One possible explanation for this observation is that IL-6, along with many 

other ligands for the gp130 receptor family such as IL-11, oncostatin M, leukemia 

inhibitory factor, ciliary neurotrophic factor and leptin, share a common JAK/STAT 

signaling pathway that promotes phosphorylation of STAT3 (Bjorbaek et al., 1999; 

Heim, 1999) and perhaps induces SOCS-3. Thus, prolonged IL-6 treatment may change 

the levels of other gp130-type receptor ligands, such that the elevated SOCS-3 levels, and 

possibly the attenuation of phosphorylation of STAT3, are a summation of the combined 

effects from these ligands rather than solely from IL-6. The functional consequence of 

this desensitization was apparent between days 21 and 35 following central rAAV-IL-6 

administration.  During this period, body weight in the IL-6 treated rats began to 

converge with that of the controls, and there was no longer a statistical difference in body 

weight between control and IL-6 treated rats after day 30.  Moreover, UCP1 mRNA 

levels were elevated at day 21, but returned to control levels by day 35.  UCP1 protein 

levels remained elevated at both 21 and 35 days, but this was most likely the consequence 

of the unusually long half-life of UCP1 protein (Nedergaard et al., 2001).  The parallel 

desensitization of the JAK/STAT3 signaling, UCP1 mRNA, and convergence of the body 

weight suggest that activation of the JAK/STAT3 pathway may mediate the rAAV-IL-6 

induced thermogenesis in BAT and the subsequent reduction in weight gain. 

In conclusion, this study in Chapter 5 demonstrates that chronic elevation of IL-6 in 

the CNS reduces body weight gain and visceral adiposity without affecting food intake. 
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The mechanism appears to involve sympathetic induction of UCP1 in BAT and 

presumably, enhanced thermogenesis in BAT. Unilateral denervation of BAT prevented 

both the induction of UCP1 and the reduction in body weight gain by rAAV-IL-6. 

Furthermore, chronic central IL-6 stimulation desensitized IL-6 signal transduction, 

characterized by attenuation of elevated STAT3 phosphorylation. 

 

 



 

CHAPTER 6 
GENERAL DISCUSSION  

Obesity is a serious health problem in industrialized nations. Its prevalence has 

been steadily rising during recent years, and this trend is particularly pronounced in 

children and adolescents (Flegal et al., 2002; Ogden et al., 2002). High availability and 

consumption of high-energy food on the one hand and a sedentary lifestyle with 

decreased physical activity on the other hand are likely responsible for this phenomenon. 

Besides over-accumulation of body fat, obesity is associated with many diseases, such as 

type 2 diabetes, hypertension, cardiovascular diseases, stroke and certain cancers 

(Visscher and Seidell, 2001). Therefore, it is essential to control or reduce body weight to 

prevent or treat these obesity-related complications. Currently, there are few reliable 

medicines available in the market for the treatment of obesity. Moreover, the two 

recommended weight-reducing remedies, diet and physical exercise, are not very 

effective in reducing body weight in many obese patients. An improved understanding of 

the pathways regulating energy balances is therefore a prerequisite for the optimal use of 

the existing strategies dealing with obesity and for the design of new effective anti-

obesity drugs.  

Body weight is maintained through a fine balance between food intake and energy 

expenditure. Many adipose signal produced by fat cells are believed to serve as afferent 

signals to the CNS to indicate the body fat status and energy store. Leptin, a cytokine-like 

molecule, is one such factor that is mainly synthesized by and released from WAT 

(Friedman and Halaas, 1998; Jequier, 2002). Its production occurs in proportion to 
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adipose cell size and number. It is released into the blood and reaches its receptors in the 

brain via facilitated passage across the blood-brain barrier. In the arcuate nucleus of the 

hypothalamus leptin binds to its long-form cytokine type 1 receptors and initiates the 

JAK-STAT3 signal transduction (Bates et al., 2003) and possibly the IRS-PI3K pathway 

(Niswender et al., 2001; Zhao et al., 2002). Central leptin action results in a reduction in 

food intake and an increase in energy expenditure, involving various mechanisms such as 

activation of the central MC system and suppression of the NPY system (Friedman and 

Halaas, 1998; Jequier, 2002). Although leptin is highly effective in reducing body weight 

and fat mass in lean, young rodents, its effects has been very disappointing in obese 

humans and animals (Heymsfield et al., 1999; Considine et al., 1996; Scarpace et al., 

2000b). In fact, the plasma leptin levels are already greatly elevated in obese humans and 

animals. A very high dose of exogenous leptin that increased circulating leptin 20-fold 

above basal levels only resulted in mild and highly variable responses in obese patients 

(Heymsfield et al., 1999). These observations are consistent with the notion of leptin 

resistance. The development of leptin resistance in obese patients could be due to the 

prolonged exposure to increased plasma leptin concentrations. The causes of the leptin 

resistance are still unclear. Limited access of leptin to its hypothalamic sites of action 

(Van Heek et al., 1997; Scarpace et al., 2000b) and an impaired intracellular signal 

transduction in leptin responsive hypothalamic neurons (El Haschimi et al., 2000; 

Scarpace et al., 2000c; Scarpace et al., 2001) are several of the possible explanations.  

Central melanocortin system, as represented by the natural agonist α-MSH, the 

natural antagonist AgRP, and MC3R and MC4R, has been shown to play a critical role in 

energy homeostasis. Central infusion of α-MSH or its synthetic agonists causes anorexia 
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and weight loss (Poggioli et al., 1986; Fan et al., 1997; Grill et al., 1998), whereas 

infusion of MCR blockers or over-production of AgRP, the endogenous MCR 

antagonist/inverse agonist produces hyperphagia and obesity (Fan et al., 1997; Graham et 

al., 1997; Ollmann et al., 1997; Hagan et al., 1999). Knockout studies of the central 

MC3R and MC4R have identified these receptors as important players in energy 

homeostasis (Chen et al., 2000; Huszar et al., 1997). On one hand, targeted disruption of 

the MC4R gene leads to overfeeding and obesity (Huszar et al., 1997), on the other, 

MC3R knockouts over-accumulate fat with minimal changes in caloric intake (Chen et 

al., 2000). Deficiency in POMC also results in increased food intake and morbid obesity 

in both rodents and humans (Yaswen et al., 1999; Krude et al., 1998). Therefore, 

disruption of any component of the MC system gives rise to obesity. This is in sharp 

contrast to many other pathways that are also involved in the regulation of body weight. 

For example, NPY is an important mediator of leptin's action on reducing feeding and 

increasing energy expenditure. However, neither NPY nor its receptor knockouts result in 

hypophagia or other expected abnormal phenotypes (Marsh et al., 1998; Palmiter et al., 

1998; Pedrazzini et al., 1998). Growing body of evidence suggests that the melanocortin 

system is located downstream of the hypothalamic leptin signaling pathway and is 

required to mediate the central effects of leptin. When co-administered with a MC 3/4-

receptor antagonist, leptin fails to decrease food intake (Seeley et al., 1997). Moreover, 

the leptin-mediated induction of UCP1, an important thermogenic protein in the BAT, is 

also attenuated with the central MC receptor antagonism (Satoh et al., 1998).  

 IL-6 is a multifunctional, proinflammatory cytokine that acts on a wide range of 

tissues to modulate cell growth and differentiation. One third of the total circulating IL-6 
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has been estimated to originate from WAT (Mohamed-Ali et al., 1997). Interestingly, 

similar to leptin, the systemic concentration of IL-6 is also positively correlated with 

body fat mass (Vgontzas et al., 1997). Both IL-6 and leptin receptors share close 

structural analogy in the signal transduction domains, and both have been found in 

hypothalamic areas involved in energy regulation (Tartaglia et al., 1995; Schobitz et al., 

1992). Recent studies demonstrated that IL-6 and leptin activate overlapping signal 

transduction pathways, notably the JAK-STAT3 pathway (Baumann et al., 1996).  

In light of these lines of evidence, we put forward two hypotheses. First, the direct 

activation of the central melanocortin system can circumvent leptin resistance and reduce 

body weight and adiposity in the leptin-resistant animals. The second hypothesis is that 

IL-6, similar to leptin, can also modulate body weight in normal animals. The goals of 

this dissertation were, (1) to test the effects of chronic activation of the central MC 

system by a potent MC3/4-receptor agonist MTII in a diet-induced obese rat model with 

normal genetic background, (2) to test the effects of long-term activation of central MC 

system by rAAV-mediated POMC gene therapy in the genetically obese Zucker (fa/fa) 

rats with defective leptin receptors, (3) to test the effects of long-term overexpression of 

IL-6 in the hypothalamus by rAAV-based gene delivery in the normal rats. 

The data in Chapter 3 demonstrate that despite apparent leptin resistance in the HF 

diet-induced obese female Sprague-Dawley rats, MTII retains a similar efficacy in 

reducing food intake and increasing energy expenditure. Moreover, the initial responses 

to MTII are enhanced in obese rats. Rats on ten-week HF feeding gained almost two-fold 

more weight than CH animals. Serum leptin levels were also increased by 113% 

compared with CH rats. Six-day central infusion of leptin at a dose (10 µg/day) that has 
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been previously determined to induce maximum inhibitory effect on feeding resulted in a 

sustained suppression in food intake in CH rats but only a brief anorexic response in DIO 

rats. The 6-day cumulative caloric intake markedly decreased in leptin-treated CH rats 

but not in DIO animals. In these leptin-resistant DIO animals, six-day central infusion of 

MTII reduced body weight and visceral adiposity compared with ad libitum-fed control 

and pair-fed groups. MTII also markedly suppressed caloric intake both in CH and DIO 

rats. The anorexic response was enhanced at day 2 in DIO (84% reduction in caloric 

intake) compared to 62% in CH rats. MTII induced a sustained increase in oxygen 

consumption in DIO rats at day 2 and 6 but only a delayed response in CH animals (at 

day 6). In both diet groups, MTII reduced serum insulin and cholesterol compared with 

controls. HF feeding increased BAT UCP1 by over twofold, and UCP1 levels were 

further elevated in MTII-treated CH and DIO rats. MTII lowered ACC expression and 

prevented the reduction in M-CPT I mRNA by pair-feeding in muscle of DIO rats. 

Compared to CH controls, hypothalamic MC3 and MC4 receptor expression levels were 

reduced in DIO controls. These studies in Chapter 3 demonstrate that the anorexic and 

thermogenic responses to MTII are at least similar, if not enhanced, in DIO relative to 

CH despite reduced central MC3/4 receptor expression. The HF-induced upregulation of 

UCP1 in BAT may contribute to the immediate increase in MTII-stimulated 

thermogenesis in DIO rats. MTII may also increase fat catabolism in muscle of DIO rats 

and improve glucose and cholesterol metabolism in both groups. Both the hypophagia 

and increased energy expenditure are the likely mechanisms underlying these 

improvements.  
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Data from Chapter 3 show that MC agonists are promising agents for reducing 

body weight and fat mass in leptin resistant obese animals, thus, in Chapter 4 we 

examined the hypothesis that chronic activation of the central MC system by rAAV-

based gene delivery of POMC, the precursor of melanocortins, can also bypass the 

defective leptin signaling and normalize energy imbalance in obese Zucker rats. 

Genetically obese fa/fa Zucker rats with a recessive mutation of the leptin receptor gene 

develop severe, early-onset obesity associated with hyperphagia, hyperleptinemia, and 

hyperinsulinemia (Bray, 1977; Iida et al., 1996). Using this leptin and insulin resistant 

rodent model, we have demonstrated that overproduction of POMC in the hypothalamus 

reduces body mass and adiposity and improves glucose metabolism in these obese Zucker 

rats. The rAAV encoding POMC or a control vector was delivered bilaterally into basal 

hypothalamus with coordinates targeting the arcuate nucleus in these obese Zucker rats. 

Thirty-eight days following POMC gene delivery, hypothalamic POMC expression levels 

increased by four-fold and melanocortin signaling (indicated by phosphorylation of 

CREB) increased by 62% with respect to controls. There was a sustained reduction in 

food intake, a moderated but significant attenuation of weight gain and a 24% decrease in 

visceral adiposity in rAAV-POMC rats. POMC gene delivery enhanced UCP1 in BAT by 

over 4-fold. Fasting serum leptin, insulin, and cholesterol levels were also significantly 

reduced by rAAV-POMC treatment. The experiments in Chapter 4 have demonstrated 

targeted POMC gene delivery in the hypothalamus suppresses food intake and weight 

gain and reduces visceral adiposity and hyperinsulinemia in leptin resistant obese Zucker 

rats. The mechanisms, consistent with the conclusion drawn from Chapter 3, may involve 

the sustained hypophagia and the augmentation of thermogenesis in BAT.  
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Together the data from Chapter 3 and 4 support the first hypothesis of this 

dissertation, that is, activation of the central melanocortin system by either MC agonists 

or gene delivery of POMC gene can circumvent leptin resistance and reduce body and 

visceral adiposity in leptin-resistant obese animals. These findings are in agreement with 

several earlier reports in that obese Zucker rats and DIO rodents robustly respond to α-

MSH or MTII treatment (Cettour-Rose and Rohner-Jeanrenaud, 2002a; Hwa et al., 2001; 

Pierroz et al., 2002). In addition, our studies provide several interesting findings. First, 

despite reductions in hypothalamic MC3R and MC4R expression levels in DIO rats, the 

animals responded to MTII administration with similar efficacy as that of CH rats. 

Furthermore, the initial anorectic response and whole body oxygen consumption were 

modestly but significantly enhanced in DIO rats. Although we did not measure the 

hypothalamic MC3R and MC4R protein densities, a previous study noted that MC4R 

densities in specific hypothalamic regions involved in energy regulation were actually 

diminished in DIO rats with normal genetic background (Harrold et al., 1999a). 

Therefore, these data together suggest there are down-regulations of both the central MC 

receptor expression and protein levels in DIO animals. Interestingly, protein levels of the 

endogenous MC3/4R antagonist AgRP were shown to be elevated in DIO animals 

(Harrold et al., 1999b), indicating increased antagonism associated with obesity.  Thus, 

the increased initial anorexic response to MTII in DIO rats may be due to up-regulation 

of components or activity of the post-receptor signaling cascade such as cAMP, protein 

kinase A, or phosphorylation of the transcription factor cAMP response element binding 

protein.  
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Second, in Chapter 4 we revealed a sustained anorexic response to rAAV-POMC in 

the obese Zucker rats throughout the entire 38-day experimental period. This is in sharp 

contrast to all previous reports in which there was a rapid attenuation of the anorexic 

response following pharmacological injections or infusions of melanocortins in both 

normal and DIO rats, and mice (McMinn et al., 2000; Pierroz et al., 2002). The 

suppression in food intake lasted no longer than four days in any of these studies. The 

studies in Chapter 3 also show that the potent MC3/4R agonist MTII produced an 

impressive inhibition of food intake at an earlier stage of central administration but its 

anorexic effect gradually attenuated with time in DIO rats. At the end of the 6-day 

experiment, the difference in caloric intake was relatively small although still significant 

between MTII-treated and control rats. In the case of obese Zucker rats, one study noted a 

three-day anorexic response to chronic pharmacological administration of MTII (Cettour-

Rose and Rohner-Jeanrenaud, 2002). Therefore, the sustained anorexic response we 

observed over 38 days may be unique to central POMC gene delivery. With this 

procedure, the presumed overproduction of α-MSH is derived from POMC with 

assistance from a variety of endogenous enzymes such as prehormone convertases, 

carboxypeptidase E and peptidyl α-amidating mono-oxygenase (Pritchard et al., 2002).  

This endogenously regulated production of α-MSH may help prevent the rapid 

desensitization witnessed in previous pharmacological studies. Additionally, obese 

Zucker rats, in comparison to their lean counterparts, are associated with reduced POMC 

expression in the arcuate nucleus, lower amount of α-MSH peptide in the paraventricular 

nucleus, and higher MC4 receptor densities in several hypothalamic regions pivotal to 

energy regulation (Kim et al., 2000; Harrold et al., 1999a). These factors may also 
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contribute to the prolonged responsiveness to POMC gene delivery in obese Zucker rats. 

In summary, these data hint that POMC gene therapy may have some advantage over 

traditional pharmacological treatment for the long-term maintenance of body weight. 

However, more studies are warranted to validate the effectiveness of POMC gene therapy 

in genetically sound rodents. We believe that application of rAAV-POMC vector in DIO 

animals may be the first and a logic choice based on the results from Chapter 3. 

Third, the data from Chapter 3 and 4 also suggest that an increase in energy 

expenditure contributes to the loss of body weight and visceral adiposity following both 

MTII administration and POMC gene therapy in respective DIO and obese Zucker rats. 

Central MTII infusion markedly reduced body weight and visceral adiposity in obese 

DIO rats compared to their respective either ad libitum-fed or pair-fed animals, which is 

suggestive of a food intake-independent component in the fat-trimming effect of MTII. 

The elevation of oxygen consumption in CH and DIO rats during central MTII infusion 

further argues that an increase in energy expenditure initiated by central MC activation is 

involved in the regulation of energy balance. It is well known that nonshivering 

thermogenesis in BAT represents an essential element in adaptive energy expenditure in 

rodents, and UCP1 protein level is an important indicator of the thermogenic status of 

BAT (Nedergaard et al., 2001). Animals treated with MTII had elevated levels of BAT 

UCP1 expression compared with pair-fed controls (Cettour-Rose and Rohner-Jeanrenaud, 

2002). Similarly, MTII greatly enhanced UCP1 protein levels in BAT in our study. This 

marked increase in UCP1 may well be the mediator for the elevated thermogenesis 

following MTII treatment. The long-term HF feeding (ten weeks) also increased basal 

BAT UCP1 protein levels by more than 2-fold. This up-regulation of basal UCP1 in BAT 
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may be the underlying mechanism for the immediate increase in the MTII-induced 

energy expenditure (at day 2) in DIO rats. Obese Zucker rats have impaired BAT 

thermogenesis because of the genetically defective leptin receptors (Levin et al., 1984). 

Despite this inherent problem, the data in Chapter 4 revealed a 4-fold increase in BAT 

UCP1 at 38 days after POMC vector delivery in the obese Zucker rats, indicating 

markedly stimulated BAT thermogenesis. Although lacking direct measurement of whole 

body energy expenditure, we speculate based on our observation and the results from 

Chapter 3 that, in addition to the hypophagia, an increase in energy expenditure plays a 

part in mediating the fat and weight-trimming effects of central POMC gene therapy.  

Fourth, activation of central MC system by either MTII or POMC gene therapy 

appears to improve glucose and cholesterol metabolism and insulin sensitivity. Central 

MC receptor activation has been demonstrated to reduce insulin release from pancreas 

and enhance glucose metabolism (Fan et al., 1997; Obici et al., 2001). However, the 

results in obese animal models are controversial: one study suggested that peripheral but 

not central MTII improved insulin resistance in DIO mice (Pierroz et al., 2002), whereas 

another reported that 3-day peripheral MTII administration had no effect on serum insulin 

in obese Zucker rats (Cettour-Rose and Rohner-Jeanrenaud, 2002). The experiments in 

Chapter 3 show central MTII infusion resulted in a significant reduction in serum insulin 

levels in both CH and DIO rats. The results of pair-feeding groups in these studies 

indicates the improvement of glucose metabolism in CH and DIO animals may be largely 

attributed to hypophagia induced by central MTII administration, whereas the potency of 

MTII against serum insulin may rely on an additional food-independent mechanism, such 

as inhibition of insulin release from pancreas by direct central melanocortin receptor 
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activation (Fan et al., 1997; Obici et al., 2001). In Chapter 4, central POMC gene therapy 

decreased fasting serum insulin, and it also generated a downward trend in serum glucose 

levels. These data indicate improved glucose metabolism and insulin sensitivity by 

POMC gene delivery. However, without a pair-fed group to control for the effect of food 

intake, we are not certain if the improvement in glucose metabolism is directly related to 

the increased central POMC expression or a consequence of the decreased food 

consumption and body weight. In addition to modulating glucose metabolism, activation 

of central MC system by MTII and POMC gene delivery also reduced total serum 

cholesterol levels in leptin resistant DIO an obese Zucker rats. How MTII lowers 

cholesterol is currently unknown. It is conceivable that insulin-mediated stimulation of 

cholesterol synthesis diminishes following a fall in circulating insulin levels (Horton et 

al., 2002). 

Using a rAAV vector expressing murine IL-6 (rAAV-IL-6), we also examined the 

chronic effects of centrally expressed IL-6 on food intake, body weight and adiposity in 

male Sprague-Dawley rats, and investigated the underlying mechanisms. The results are 

shown in Chapter 5. Five weeks after viral delivery, coronary hypothalamic slices were 

examined by fluoroscopy, and GFP-positive cells displayed typical neuron-like 

morphology and were distributed around the tract of the injection needle. Furthermore, 

murine IL-6 mRNA was identified in all rAAV-IL-6-treated rats at 21 and 35 days 

following viral delivery with similar expression levels but not in any of the rAAV-

control-administered rats. Direct delivery of rAAV-IL-6 into rat hypothalamus 

suppressed weight gain and visceral adiposity without affecting food intake over a 35-day 

period. rAAV-IL-6 enhanced UCP1 protein levels in interscapular BAT. To investigate if 
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the induction of UCP1 and the reduction in body weight is dependent on sympathetic 

innervation of BAT, we administered rAAV-IL-6 or a control vector into the 

hypothalamus of rats in which the interscapular BAT was unilaterally denervated. Over 

21 days, there was no difference in food consumption or body weight between rAAV-IL-

6 and control vector treated rats. rAAV-IL-6 delivery increased UCP1 mRNA and protein 

levels in innervated BAT pads but not denervated BAT pads. Hypothalamic IL-6 signal 

transduction, indicated by P-STAT3 levels, was elevated by 2.6-fold at day 21, but 

returned to control levels by day 35. However, the levels of SOCS-3 mRNA, the 

inhibitory molecule involved in dampening the IL-6 signaling (Starr et al., 1997), was 

significantly elevated both at day 21 and day 35. These data in Chapter 5 demonstrate 

that chronic elevation of IL-6 in the CNS reduces body weight gain and visceral adiposity 

without affecting food intake. The mechanism involves sympathetic induction of UCP1 

in BAT and presumably, enhanced thermogenesis in BAT. Furthermore, chronic central 

IL-6 stimulation desensitizes IL-6 signal transduction characterized by reversal of 

elevated P-STAT3 levels. 

In summary, both MTII administration and POMC gene therapy activated central 

MC system and reduced body weight, visceral adiposity and improved glucose and 

cholesterol metabolism in leptin-resistant DIO and obese Zucker rats, respectively. Both 

hypophagia and increased energy expenditure are the likely underlying mechanisms. 

Compared with traditional pharmacological intervention, the rAAV-based POMC gene 

therapy appears to have a prolonged inhibitory effect on appetite and avoids the rapid 

desensitization witnessed with α-MSH or MTII treatment. Therefore, POMC gene 

therapy may be valuable for treatment of morbid obesity and long-term maintenance of 
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body weight. However, more thorough studies in rodents, in large animals such as non-

human primates are needed before it can be fathomed in treating human obesity. In 

addition, using rAAV-IL-6, we also demonstrate IL-6 has a potential role in energy 

regulation, which involves sympathetic induction of UCP1 in BAT, and presumably, 

enhanced energy expenditure in BAT.  
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