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Obesity is estimated to result in 300,000 deaths each year in the United States 

alone.  The purpose of this dissertation was to study the molecular basis of obesity.  

Specifically, we studied how the brain’s response to the hormone “leptin” is impaired in 

obese animals.   

First, we demonstrated that young adult F344XBN rats are highly responsive to a 

single intracerebroventricular injection of adeno-associated virus encoding leptin (rAAV-

leptin).  Within 1 week of leptin gene delivery, animals exhibited a significant anorectic 

response without the concomitant decrease in resting energy expenditure that is normally 

recorded during anorexia.    This anorectic response persisted for more than two months.  

As a result of this negative shift in energy balance, rAAV-leptin treated animals lost 

significant weight with respect to controls.  More impressively, there was a near complete 

disappearance of visceral white fat following rAAV-leptin treatment.   
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We then incorporated regulation into rAAV-leptin by placing leptin under the 

control of the tetracycline transactivator (rtTA) and operon (tetR).  Using this system, we 

showed that all of the physiological and biochemical responses to leptin gene therapy are 

completely reversible.   We also demonstrated that central leptin may negatively regulate 

the expression of leptin receptor in the hypothalamus, and that this is reversed upon 

transgene inactivation.  This was the first ever experiment to use an externally regulated 

transgene to control energy balance.   

Next, we showed that diet-induced obese (DIO) animals are non-responsive to the 

anorectic, lipopenic, and biochemical effects of rAAV-leptin whereas high-fat fed 

animals that did not become obese (diet resistant) retained leptin responsiveness.   It was 

found that the leptin resistance in the DIO animals was associated with reduced 

hypothalamic leptin receptor expression along with an absence of signal transduction 

response to rAAV-leptin.  DIO animals were then tested with an acute supramaximal 

bolus of i.c.v. leptin, and were found to have reduced leptin receptor signal transduction 

capacity compared to non-obese controls.     Finally, the deficits in leptin receptor 

expression and signaling capacity in DIO were completely reversed by 30 days of caloric 

restriction.  Thus, short-term calorie restriction may be a viable strategy to restore leptin 

sensitivity in previously leptin-resistant models of acquired obesity.   
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CHAPTER 1 
BACKGROUND AND SIGNIFICANCE 

One in three Americans is obese (Spiegelman and Flier, 2001).  It is estimated that 

obesity results in 300,000 deaths per year in the Unites States (Kopelman, 2000), and the 

World Health Organization now recognizes obesity as one of the top 10 global health 

problems (Kelner and Helmuth, 2003).  Obesity promotes diabetes, hypertension, 

cardiovascular disease, stroke, and cancer (Khaodhiar et al., 1999).  Being overweight 

can decrease quality of life by triggering osteoarthritis, joint pain and degeneration, gout, 

and sleep apnea (Scapinelli, 1975; Khaodhiar et al., 1999).  In excess of 5% of U.S. 

national health expenditures are directed at costs associated with obesity (Khaodhiar et 

al., 1999; Thompson et al. 1998).  Moreover, the incidence of obesity in children has 

escalated dramatically (Troiano and Flegal, 1999), foreshadowing greater harm to come. 

Leptin 

Leptin, the product of the Ob gene cloned in 1994 (Zhang et al., 1994), is a 16 KD 

peptide hormone secreted primarily from white adipose tissue (WAT).  When leptin was 

found to rapidly reverse obesity in the ob/ob mutant mouse, excitement soared in the 

scientific community and the popular press alike for what could be a cure for the ever 

growing obesity epidemic in Western societies.   Before research began to accumulate 

suggesting otherwise, it was even referred to as the “anti-obesity hormone” (Elmquist et 

al., 1998). Leptin acts on satiety centers in the hypothalamus to both decrease food intake 

and increase energy expenditure (Ahima and Flier, 2000b).   These effects can combine 

to cause dramatic lipopenia, or loss of adipose tissue, in many animal models.  In some 
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cases, a complete disappearance of visible adipose tissue can be achieved following 

pharmacological leptin infusion or Ob gene delivery (Chen et al., 1996; Halaas et al., 

1997; Scarpace et al., 2002b). 

There are documented cases of leptin deficiency leading to obesity in humans, 

analogous to the ob/ob mouse.   One such case is described below.   

. . . a 200-pound 9-year-old English girl, whose legs were so large she could barely 
walk, was found to lack the weight-regulating hormone leptin.  Treatment with 
leptin dramatically reduced her food intake, and that of her similarly affected 
cousin, to the point where they both now have body weights within the normal 
range for their age and live normal lives.  Before leptin treatment, the younger child 
consumed in excess of 1100 calories at a single meal, which is approximately half 
the average daily intake of an adult.  With only a few leptin injections, this was 
reduced by 84% to 180 calories, the typical intake of a normal child (Friedman, 
2003, page 856).    

Unfortunately, such a miraculous transformation following leptin treatment is 

atypical.  Common human obesity is a more complex disease than the monogenic leptin 

deficiency described above.  The prevailing obesity is believed to involve multiple genes 

that participate in the intricate, and often redundant, feeding and metabolic pathways—

systems that are essential for survival.  This complexity has greatly impeded the search 

for safe and effective treatments for obesity, a search that has been largely unsuccessful 

to date (Gura 2003).   Most regrettably, human obesity is normally accompanied by high 

levels of endogenous leptin and resistance to the weight-reducing effects of the hormone.  

Leptin resistance will be discussed in detail later in this chapter as well as Chapters 4-6 of 

this dissertation.   

Leptin has diverse biological functions in addition to its role in energy balance.  

These include roles in reproduction, hematopoiesis, angiogenesis, immune 

responsiveness, blood pressure regulation, and bone formation (Fruhbeck et al., 2001).  

Leptin stimulates the differentiation of macrophages and the production of cytokines by 
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macrophages (Gainsford et al., 1996).  Leptin accelerates the onset of puberty in wild-

type rodents and appears to increase reproductive behavior (Ahima and Flier, 2000b).  In 

fact, leptin may be the signal that acts on the gonadotrophin releasing hormone system in 

the hypothalamus at the time of puberty (Elmquist et al., 1998).  Leptin stimulates the 

growth of blood vessels and increases the rate of wound healing (Sierra-Honigmann et 

al., 1998), and yet inhibits bone formation (Ducy et al., 2000).  The effect of 

pharmacogical leptin on these systems likely depends on the route of administration.  For 

example, chronic central delivery of the hormone results in low peripheral leptin.   Thus, 

direct administration of leptin into the central nervous system is expected to inhibit any 

direct actions of leptin in the periphery. 

The Leptin Receptor  

Isoforms 

The leptin receptor was first cloned in 1995 (Tartaglia et al., 1995).  It is a member 

of the class I cytokine receptor family that includes the IL-6, IL-11, IL-12, LIF, and 

CNTF receptors (Baumann et al., 1996).  The absence of a functional leptin receptor (as 

in the db/db mouse) results in obesity and diabetes-like symptoms.  Alternative splicing 

of a single gene yields at least six isoforms of the leptin receptor, named Ob-Ra, Ob-Rb, 

Ob-Rc, Ob-Rd, Ob-Re, and Ob-Rf.    Ob-Rb is the “long form” of the leptin receptor and 

is found primarily in the brain, although limited Ob-Rb expression has been detected 

elsewhere including the adrenal gland (Takekoshi et al., 1999), the intestine (Morton et 

al., 1998), and both brown and white adipose tissue (Siegrist-Kaiser et al., 1997).  Ob-Rb 

is the only form of the leptin receptor believed to be capable of full intracellular signaling 

capacity (Spiegelman and Flier, 2001).   Ob-Re is a soluble form of the leptin receptor 

and may negatively regulate the bioavailability of circulating leptin by acting as a binding 
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protein (Brabant et al., 2000; Fruhbeck et al., 2001).  The remaining isoforms (Ob-Ra, 

Ob-Rc, Ob-Rd, and ObRf) have shortened intracellular domains.   Ob-Ra appears to be 

involved in transport across the blood-brain barrier (Kastin and Pan, 2000).    

The intracellular domain of all leptin receptor isoforms contains an identical 29 

amino acid “Box 1” Janus-family kinase (JAK) binding domain in the juxtamembrane 

region.   Only the long-form receptor Ob-Rb has a “Box 2” motif with signal transducer 

and activator of transcription (STAT) binding sites.   The intracellular domain of Ob-Rb 

contains approximately 306 amino acids whereas the intracellular domain of the 

shortened forms range from 32-40 amino acids (Tartaglia et al., 1995). 

Leptin Binding to Leptin Receptor 

Both Ob-Rb and short forms of the leptin receptor exist as homodimers in the 

absence of ligand, and the formation of homodimers does not seem to be affected by the 

presence of leptin (Nakashima et al., 1997; Sweeney, 2002; White and Tartaglia, 1999). 

Each leptin receptor in a homodimer unit binds leptin in a 1:1 stoichiometry, hence 

forming tetrameric complexes with 2 leptin molecules bound by the receptor dimer 

(Devos et al., 1997).   A conformational change in the receptor takes place upon the 

formation of this tetramer that is a critical first step in leptin signaling (Fong et al., 1998).  

It appears that these leptin-Ob-Rb complexes are internalized subsequent to ligand 

binding via clatherin-coated vesicles (Sweeney, 2002; Lundin et al., 2000).  Similar to 

other members of the cytokine receptor family, it is believed that internalized receptors 

are targeted for degradation or recycled back to the cell surface (Sweeney, 2002).  It has 

been recently estimated that 25% or less of leptin receptors are located at the cell surface, 

with the majority sequestered in intracellular pools (Barr et al., 1999).   While leptin 

exposure may promote receptor internalization, it is presently unclear what other factors 
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may influence transport of receptors between intracellular compartments and the cell 

surface.   

Leptin Receptor Signal Transduction  

JAK/STAT Pathway  

Like all members of the class I cytokine receptor family, Ob-Rb operates through a 

JAK/STAT signal transduction pathway (Vaisse et al., 1996).  Activated Ob-Rb can 

phosphorylate STAT-3, 5, and 6 (Baumann et al., 1996; Ghilardi et al., 1996), but most 

research to date has focused on the STAT-3 pathway (Spiegelman and Flier, 2001).  The 

naked leptin receptor does not have intrinsic tyrosine kinase activity, so STAT signaling 

is dependent upon Ob-Rb association with kinases such as JAK2 (Figure 1-1) (Vaisse et 

al., 1996).  Docking of JAK2 occurs following ligand binding and formation of the 

leptin:receptor tetramer discussed above (Morton et al., 1999).  JAK2 then activates the 

Ob-Rb by phosphorylation of Tyr 985 and Tyr 1138, the latter of which is critical for the 

recruitment  and activation of STAT3 (see below).   Once Tyr 1138 on Ob-Rb is 

phophorylated, STAT3 is recruited to the receptor via SH2 domains where it is tyrosine 

phophorylated by the receptor-associated JAK2 (Sweeney, 2002).  Activated STAT3 (P-

STAT3) then dissociates from the receptor and forms homo-  or heterodimers.   These 

activated STAT dimers travel to the nucleus where they act as transcription factors 

(Sweeney, 2002).   

While other signaling pathways are employed by the leptin receptor (discussed 

below), the JAK/STAT pathway is required for leptin’s effects on energy balance and 

bodyweight regulation.   Targeted disruption of Tyr 1138, the critical residue for STAT3 

signaling by the leptin receptor, results in both hyperphagia and morbid obesity.  This is 

despite the fact that other leptin receptor-mediated signaling pathways appear to remain 
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intact (Bates et al., 2003).  STAT3 independent signaling, on the other hand, seems to 

play an important role in reproduction, linear growth, and glucose homeostasis (Bates et 

al., 2003).   A simplified diagram of Ob-Rb signal transduction, including JAK-STAT 

signaling, is presented in Figure 1-1.   

ERK-c-fos Pathway  

Leptin has been shown to activate a signaling cascade via extracellular regulated 

kinase (ERK) (Figure 1-1) (Kim et al., 2000b).  ERKs are serine/threonine kinases and 

belong to the MAPK family.    Activation of the ERK pathway is apparently mediated by 

the phosphorylation of Tyr 985 on the leptin receptor by JAK2 (see above), although 

there may also be an ERK pathway independent of Tyr 985 (Bjorbaek et al., 2001).  The 

physiological significance of the ERC-c-fos pathway with respect to leptin signaling is 

still under investigation, but it appears to regulate the expression of a completely different 

set of genes than the STAT3 pathway (Figure 1-1) (Sweeney, 2002).  

PIA3 Kinase and Insulin-Like Signaling 

Furthermore, leptin can act through some components of the insulin signal 

transduction pathway (Figure 1-1) (Kim et al., 2000b).  Via JAK2, leptin can activate 

insulin-receptor substrates IRS-1 and IRS-2 which, in turn, can activate PI3-kinase 

(PI3K) (Figure 1-1) (Szanto and Kahn, 2000).   Activation of PI3K occurs when SH2 

domains of the regulatory subunit bind to phosphorylated tyrosine residues of IRS 

molecules.  PI3K then catalyzes the phosphorylation of phosphatidylinositol (4,5) 

bisphosphate (PIP2) to phosphatidylinositol (3,4,5) trisphosphate (PIP3).  Subsequently, 

PIP3 activates a variety of downstream signaling molecules that contain pleckstrin 
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Figure 1-1. Model of leptin receptor signal transduction. 

homology domains, which recognize PIP3 (Niswender and Schwartz, 2003).  Some 

examples of molecules activated by PIP3 are serine-threonine kinases, tyrosine kinases, 

and GTPases (Shepherd et al., 1998).  Perhaps the most studied downstream target of 

IRS-induced PIP3 is protein kinase B (PKB), also known as Akt (Niswender and 

Schwartz, 2003).   Based on knowledge of insulin signal transduction, it is believed that 

PIP3 activates PKB via a phosphatidyl-inositol dependent kinase (PDK) (Shepherd et al., 

1998).  PKB then activates phosphodiesterase 3B (PDE3B) which, in turn, decreases 

intracellular cAMP.  It has been demonstrated that this decrease in cAMP levels may 

enhance leptin-dependent STAT3 phosphorylation  (Niswender et al., 2001;  Zhao et al., 
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2002).  This PDE3B-mediated decrease in cAMP may also be a critical step in the leptin-

dependent suppression of NPY (Akabayashi et al., 1994).  

Activation of this IRS-PI3K signaling cascade is required for several physiological 

effects normally associated with insulin, including glucose transporter (GLUT) 

recruitment to the cell membrane and glycogenesis (Kanai et al., 1993).  Because of 

overlap between insulin and leptin signaling, leptin can modify certain insulin-induced 

changes in gene expression in vivo (Kim et al., 2000b; Szanto and Kahn, 2000).  

Negative Regulators of Leptin Signaling   

SOCS3. Leptin signaling activates negative-feedback messages within the cell.  

The most studied inhibitory signal is suppressor of cytokine signaling-3 (SOCS-3), which 

is so reliably activated by leptin that it serves as a marker for cells responding to the 

hormone (Bjorbaek et al., 1998; Bjorbaek et al., 1999).    It is believed that the 

transcription factor P-STAT3, activated by leptin, directly upregulates SOCS-3 

expression (Niswender and Schwartz, 2003).  SOCS-3 inhibits leptin signaling in part by 

suppressing the activity of JAK kinase (Bjorbaek et al., 1999). SOCS-3 is also a negative 

regulator of insulin signaling (Fruhbeck et al., 2001).  Thus, SOCS-3 induction in a 

hyperleptinemic state could be one mechanism linking obesity and insulin resistance (see 

discussion of leptin resistance below).  

PIAS.  Another negative regulator of leptin signaling is protein inhibitor of 

activated STATS (PIAS) (Liu et al., 1998).  This family of peptides was discovered by a 

yeast two-hybrid screen for molecules that interact with STAT.  PIAS proteins can inhibit 

STAT-induced transcriptional activation, presumably by binding to activated STAT 

dimers and blocking their passage into the nucleus (Greenhalgh and Hilton, 2001).   

However, unlike SOCS-3, expression of PIAS family members does not appear to be up-
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regulated by cytokine signaling, including leptin signaling (unpublished observations by 

Philip Scarpace’s Laboratory).  Rather, PIAS family members (specifically PIAS-1 and 

PIAS-3) are constitutively expressed in many cell types (Greenhalgh and Hilton, 2001).  

Although not proven at this time, it is possible the PIAS activity increases in response to 

leptin signaling, thus allowing it to act as a negative feedback effector.   

 Down-Stream Leptin Signaling and Neuropeptide Regulation in the Hypothalamus  

Leptin signaling in the hypothalamus is the first step in a complex pathway 

involving multiple neuropeptides and various intra-hypothalamic as well as extra-

hypothalamic centers involved in the regulation of energy balance.   This section will 

discuss both the neuroanatomy of this pathway within the hypothalamus and the key 

neuropeptides and neurotransmitters that participate.    

Arcuate Nucleus 

The arcuate nucleus (ARC) is a critical area for leptin signaling with respect to the 

regulation of energy balance. The ARC sits just above the median eminence, at the base 

of the third ventricle (Williams et al., 2001).  Leptin acts on two distinct populations of 

neurons in the arcuate nucleus via the Ob-Rb receptor (as described above).  One 

population of neurons co-expresses the orexigenic (appetite-stimulating) peptides NPY 

and AGRP, and leptin signaling reduces their expression (York and Bouchard, 2000).  

The second population co-expresses the anorectic peptides α-MSH (derived from POMC 

processing) and CART, and leptin up-regulates their expression (Elias et al., 1999; York, 

1999).  

α-MSH and AGRP.  α-MSH and AGRP are the endogenous agonist and 

antagonist, respectively, for a common receptor, the melanocortin 4 receptor (MC4R), 
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which is expressed primarily in the brain (Cone, 1999).  Activation of MC4R by α-MSH 

reduces food intake while suppression of MC4R activity by AGRP or a pharmacological 

antagonist increases food intake and diminishes the response to leptin (Fan et al., 1997).  

Signaling through the MC4R can also increase energy expenditure (Pierroz et al., 2002).    

Another melanocortin receptor, MC3R, is also implicated in energy homeostasis, but the 

MC4R appears to be the most critical for the hypophagic action of α-MSH and its 

analogues whereas both receptors may be involved in regulating energy expenditure 

(Williams et al., 2001).  The mechanism of enhanced metabolic rate following the 

delivery of an MC3/4 agonist appears to involve both enhanced uncoupling protein 

expression in the brown adipose tissue and in increased capacity of skeletal muscle to 

oxidize fatty acids (Shek et al., 2002). 

NPY.  NPY is a particularly potent stimulator of feeding in the hypothalamus.  

Acute NPY injections into the brain can increase food intake several fold and, 

surprisingly, chronic NPY infusion continues to stimulate feeding (Stanley et al., 1986).  

Thus, NPY can apparently override short-term and long-term satiety signals.   NPY can 

also decrease energy expenditure.   One mechanism behind this is an NPY-induced 

reduction in thermogenesis in brown adipose tissue and, presumably, a reduction in 

uncoupling protein expression and activity (Zarjevski et al., 1993).   The activity of 

NPY/AGRP neurons in the ARC is increased during fasting and in states of negative 

energy balance in an apparent homeostatic attempt to limit or reverse the loss of body fat 

stores (Williams et al., 2001).  

CART.  Cocaine- and amphetamine-regulated transcript (CART) is an anorectic 

neuropeptide expressed by first-order leptin responsive neurons in the ARC.  Alternative 
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splicing of the CART mRNA results in two peptide products consisting of 116 and 129 

amino acids in the rat (Douglass et al., 1995).  These pro-peptides are then tissue-

specifically processed into smaller peptides and packaged into vesicles as 

neurotransmitters (Hillebrand et al., 2002).  Several CART peptide fragments have been 

identified in the hypothalamus and other parts of the brain, and many of these have 

proven to be biologically active (Kuhar and Dall Vechia, 1999).  CART was initially 

identified in the striatum, where its expression is potently induced by various 

psychoactive drugs (Douglass et al., 1995).  However, CART is highly expressed in parts 

of the hypothalamus, including the ARC, paraventricular nucleus, dorsomedial 

hypothalamic nucleus, and lateral hypothalamus.  As mentioned above, in the ARC it is 

co-expressed with POMC in the anorexic class of first order neurons.   

Central CART delivery causes anorexia and can block the orexigenic effect of NPY 

(Kristensen et al., 1998; Lambert et al., 1998).  Moreover, i.c.v. CART can increase 

uncoupling protein (discussed later in Chapter 1) expression in brown and white adipose 

tissue and muscle, suggesting that CART may promote increased energy expenditure.  

CART knockouts have been shown to have increased susceptibility to diet-induced 

obesity (Asnicar et al., 2001).   Recent data also suggest that CART infusion may 

promote lipid oxidation, particularly in high-fat fed animals (Rohner-Jeanrenaud et al., 

2002).   However, animals appear to begin desensitizing to the effects of chronic CART 

infusion, including the anorexic effect, within 6 days (Larsen et al., 2000).  The 

mechanism behind this rapid desensitization is unknown, but it has undoubtedly 

contributed to the lack of interest in the CART pathway as a target for the 

pharmacological treatment of obesity.    
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Projections from the Arcuate 

The ARC has extensive afferent and efferent connections to “second order 

neurons” in other parts of the hypothalamus, including the lateral hypothalamus (LH), the 

paraventricular nucleus (PVN), the dorsomedial hypothalamic nucleus (DMH), and the 

ventromedial hypothalamus (VMH) (Williams et al., 2001). Most of these centers have 

functional Ob-Rb and, thus, may respond to leptin directly or indirectly via projections 

from the arcuate.   

Lateral hypothalamus.   The lateral hypothalamus was classically described as the 

“feeding center” since stimulaton of the LH increases food intake and its destruction 

leads to profound anorexia, sometimes resulting in starvation.   Neurons in the LH 

express peptides that potently stimulate food intake, including orexins/hypocretins and 

melanin-concentrating hormone (MCH).    The LH is also richly enervated with NPY 

terminals (originating in the ARC) and is densely populated with NPY-Y5 receptors 

(Williams et al., 2001).   It is believed that the anorectic signal α-MSH acts, in part, via 

projections from the arcuate to the LH where the expression of MCH and orexins are 

suppressed (Elias et al., 1999).   

Ventromedial hypothalamus.  In opposition to the LH, the VMH was classically 

viewed as the “satiety center.”  It has been known for half a century that stimulation of 

the VMH leads to anorexia and weight loss whereas destruction of the VMH causes over-

feeeding and obesity (Stellar, 1954).  The VMH has connections with other key centers 

affecting energy balance in the hypothalamus, including the PVN, LH, and DMH.  In 

addition, the VMH may be a direct target of leptin as it has been shown to be richly 

populated with Ob-Rb (Williams et al., 2001).   
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Dorsomedial hypothalamus.   The DMH is located immediately above the VMH.  

It has reciprocal connections with the PVN and LH, and also projects to 

extrahypothalamic areas including the brainstem.  ARC-NPY/AGRP neurons terminate in 

the DMH, and the DMH may act in concert with the PVN to help initiate and maintain 

food intake (Christophe, 1998).  The DMH is rich in both Ob-Rb and insulin receptors. 

Paraventricular nucleus.  The PVN is located in the anterior hypothalamus.  If 

functions as an “integration center” (Williams et al., 2001).   The PVN receives 

projections from the ARC and the LH.  The PVN has abundant nerve-terminals secreting 

neurotransmitters that potently modify appetite, including α-MSH and NPY from the 

ARC, serotonin, galanin, norepinephrine, and endorphins.  Corticotrophin releasing factor 

(CRF) is synthesized in the PVN and then released via axonal projections in the median 

eminence, where it may inhibit NPY/AGRP neurons (Williams et al., 2001; Arase et al., 

1998).  In addition to contributing to an anorectic response, arcuate melanocortin nerve 

terminals in the PVN may regulate pituitary hormone release and autonomic nervous 

system activity (Spiegelman and Flier, 2001).    

Extra-Hypothalamic Signaling and Energy Balance 

Signals originating in the hypothalamus project to other parts of the nervous system 

to affect both food intake and energy expenditure.   For example, CART neurons in the 

arcuate also project to autonomic centers in the spinal cord, thus providing a pathway for 

the CART-induced increase in sympathetic activity and energy expenditure (Elias et al., 

1999).  Melanocortin signaling originating in the hypothalamus may also enhance 

sympathetic activity and, ergo, energy expenditure (Spiegelman and Flier, 2001).   
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Moreover, signals from other parts of the body may travel afferently to various 

parts of the brain involved in energy homeostasis.   For example, messages from the 

digestive tract are conveyed via the vagus nerve to the nucleus of the tractus solitarius 

(NTS) in the medulla (Travers et al., 1987).  These messages include information about 

taste, gastric distension, and portal vein glucose levels (Travers et al., 1987).   

Cholecystokinin (CCK), an intestinal satiety signal, also signals to the NTS via CCK 

receptors on the vagus.  CCK is believed to be involved in meal termination, and its 

release is potently stimulated by fatty meals.   The NTS possesses receptors for leptin and 

α-MSH, and it expresses POMC.  Administration of an MC4 receptor agonist (i.e., an α-

MSH analogue) adjacent to the NTS results in potent anorexia, suggesting that this may 

be an important extra-hypothalamic feeding/satiety center (Grill et al., 1998).   

Certain signals originating in other parts of the brain may project to the 

feeding/satiety centers in the hypothalamus.  For example, the NTS has projections to the 

LH.  Neurons originating in the raphe nuclei of the caudal brain stem project adjacent to 

the ARC and PVN, where they release serotonin (Williams et al. 2001).  Serotonergic 

signaling causes feelings of satiety and may also increase energy expenditure (Bray, 

2000).  As such, it has been the target of numerous weight loss drugs, including the 

infamous dexfenfluramine (a main ingredient of “Fen-Phen” or Redux ®) (Vickers et al., 

1999) and Meridia® (Gura 2003).   

Other Molecules Regulating Energy Balance 

Insulin 

As discussed previously, leptin and insulin share a common signal transduction 

pathway through IRSs and PI3Kinase.  Their physiological effects, especially in the 

central nervous system, are also similar.   Like leptin, intracerebroventricular infusion of 
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insulin causes potent anorexia and weight loss (Woods et al., 1979).  Insulin receptors are 

found in areas of the brain known to be key hunger/satiety centers, including the arcuate 

nucleus of the hypothalamus (Niswender and Schwartz, 2003).  Similar to what occurs in 

the leptin-deficient ob/ob mouse, absolute insulin deficiency is associated with sustained 

hyperphagia known as “diabetic hyperphagia” (Sipols et al., 1995).   Twenty-four hour 

integrated and fasting serum insulin levels correlate with total adiposity (Bagdade et al., 

1967), much like what is observed with leptin.  Finally it is believed that both leptin and 

insulin can activate POMC neurons and suppress the activity of NPY/AGRP neurons in 

the arcuate nucleus (Niswender and Schwartz, 2003).    

Despite the signaling overlap, there are some key differences between the 

physiological actions of leptin and insulin.  One example is that insulin facilitates fatty 

acid and triglyceride deposition in adipose tissue whereas leptin promotes lipolysis via 

both central signaling and direct effects on white fat (Wang et al., 1999).  Thus, from a 

whole-organism perspective, insulin is an anabolic hormone while leptin tends to be 

catabolic in nature.  However, it is important to point out that the anabolic actions of 

peripheral insulin may be different from the specific effects of central insulin signaling, 

which, as discussed above, cause anorexia and weight loss.   

Obesity is a powerful risk factor for Type II diabetes, which is characterized by 

insulin resistance.  As we will discuss below, common obesity is typified by 

hyperleptinemia and leptin resistance.   The relationship between insulin and leptin, both 

peripherally and in the central nervous system, is likely complex and not fully understood 

at this time.  However, given the common signaling pathway and the apparent synergy of 
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leptin and insulin action in the CNS, it is plausible that leptin resistance may be one 

factor linking obesity and insulin resistance.  

Glucose 

In 1955, Mayer first published his theory of the “glucostat” hypothesis on the 

regulation of food intake and body weight (Mayer, 1955).  This hypothesis proposed that 

special glucose sensing neurons helped to stimulate feeding at the end of a fast.   Taken 

alone, this theory does not appear to explain feeding behavior very well.   For example, 

Type II diabetics, who are extremely hyperglycemic, are also hyperphagic.  Still, glucose 

does appear to be one participant in the complex regulation of feeding.  Hypoglycemia or 

the blockade of neuronal glucose metabolism stimulates acute feeding behavior 

(Williams et al., 2001).   Several hypothalamic areas critical to the regulation of energy 

homeostasis have been shown to have glucose-sensing neurons including the ARC, 

DMH, PVN, VMH, and LH (Williams et al., 2001).   Extrahypothalamic areas also have 

glucose sensing neurons, including the NTS, substantia nigra, locus coeruleus, neocortex, 

and hippocampus (Williams et al., 2001).  Selective destruction of glucose-sensing 

neurons in the VMH of mice leads to obesity, demonstrating that these neurons are, in 

fact, involved in energy homeostasis (Bergen et al., 1996).  The mechanism by which 

these neurons respond to changes in glucose concentration appears to involve ATP-

sensitive K+ channels (Ashford et al., 1990).   

Orexins/Hypocretins 

Orexin A, orexin B, and hypocretins 1 and 2 are all derived from a common 

precursor peptide known as “prepro-orexin” or “prepro-hypocretin” (Williams et al., 

2001).  These four peptides, collectively referred to as orexins/hypocretins, are closely 

related structurally and functionally.  As mentioned previously, orexins/hypocretins are 
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expressed by neurons in the lateral hypothalamus.   They are also expressed in the 

perifornical nucleus and dorsal area of the hypothalamus (Williams et al., 2001).  

Orexin/hypocretin neurons project to the PVN, ARC, and the NTS as well as the dorsal 

motor nucleus of the vagus nerve (de Lecea et al., 1998; Peyron et al., 1998).   

As their name would suggest, these peptides are stimulators of feeding 

(orexigenic).  Prepro-orexin expression is stimulated by fasting and hypoglycemia and 

suppressed by food in the gut (gastric distension) (Williams et al., 2001). Orexins/ 

hypocretins appear to be short-term regulators of feeding, acting on a meal-to-meal basis.   

Consistent with this, acute i.c.v. administration of orexin-A stimulates acute feeding, but 

does not alter 24 hour energy intake (de Lecea et al., 1998; Haynes et al., 1999).  

Moreover, chronic infusion of orexin-A does not cause weight gain (Yamanaka et al., 

1999).  

Ghrelin  

Ghrelin is an orexigenic peptide first isolated from the stomach, although it is 

expressed in lesser amounts by the pancreas, kidney, ARC, and pituitary gland 

(Hillebrand et al., 2002).  Ghrelin release is stimulated in states of negative energy 

balance and suppressed in conditions positive energy balance or obesity (Otto et al., 

2001; Toshinai et al., 2001).   Ghrelin can enhance hypothalamic NPY and AgRP 

expression in the hypothalamus (Kamegai et al., 2001), and chronic central delivery of 

ghrelin results in increased food intake, bodyweight, and adiposity (Hillebrand et al., 

2002; Tschop et al. 2000).   Moreover, it appears that ghrelin may inhibit CART/POMC 

neurons in the ARC (Riediger et al., 2003).  As such, ghrelin opposes many of the effects 

of hypothalamic leptin signaling.  Central ghrelin can increase ACTH release and 

decrease thyroid stimulating hormone (TSH) levels, perhaps contributing to the reduction 
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in energy expenditure following ghrelin administration (Hillebrand et al., 2002).  Ghrelin 

increases growth hormone levels (Kojima et al., 1999), but the physiological significance 

of this is still under investigation.   

Uncoupling Proteins 

Aerobic organisms synthesize most of their ATP through the process of oxidative 

phosphorylation.  This process starts with NADH and FADH2, high energy molecules 

formed during glycolysis, fat oxidation, and the citric acid cycle.   NADH and FADH2 

pass their electrons to oxygen via a series of electron carriers in the mitochondria, and 

this process leads to the pumping of protons out of the mitochondrial matrix.  This 

ultimately creates a proton gradient.  Protons flow through the protein channel “ATP-

synthase,” which uses the energy released when the protons flow down their 

concentration gradient to phosphorylate ADP to ATP (Stryer, 1995).  However, 

mammalian metabolism is not perfectly efficient.  In fact, it has been estimated that 

proton leak across the inner mitochondrial membrane accounts for ~25% of basal 

metabolic rate in mammals (Porter, 2001).    

Specialized proteins called “uncoupling proteins” contribute to the inefficiency of 

oxidative phosphorylation.   The first uncoupling protein discovered was UCP-1, which 

carries electrons from the cytosol into the mitochondrial matrix.  UCP-1 is found in 

brown adipose tissue (BAT), where it allows the energy liberated from fat oxidation to be 

dissipated as heat.  As such, BAT UCP-1 is important for thermoregulation in mammals 

and is rapidly activated during exposure to cold environments (Scarpace et al., 1994).  

These proteins may also play a key role in determining resting metabolic rate.  Indeed, 

mutations in uncoupling proteins have been linked to reduced basal metabolism in 

humans (Porter, 2001).   
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UCP-1 is one peripheral mediator of the increase in energy expenditure caused by 

leptin (Scarpace et al., 1997).   In a recent study by Scarpace et al.  (2002b), leptin gene 

therapy induced a dramatic 34-fold increase in UCP-1 protein levels in BAT.  According 

to one study, UCP-1 is an absolute requirement for leptin’s lipolytic effects in mice 

(Commins et al., 2001), but it is unclear if this is universally true in other mammals.   It is 

clear that central leptin signaling powerfully induces UCP-1 expression and protein levels 

in the BAT pads of rats and this is associated with thermogenesis and lipolysis (Scarpace 

et al., 1997).     

Two other UCP’s have been discovered, since named UCP-2 and UCP-3.  UCP-2 is 

widely distributed, expressed in spleen, lung, intestine, white adipose tissue (WAT), 

BAT, uterus, kidneys, testes, brain, and heart with low levels detected in muscle and liver 

(Porter, 2001).  UCP-3 is found in BAT and skeletal muscle (Boss et al., 1997).   The 

physiological roles of UCP-2 and -3 are somewhat controversial, but there is evidence 

that they can uncouple mitochondrial respiration and potentially increase energy 

expenditure.  Both UCP-2 and -3 have been shown to decrease resting membrane 

potential in transfected yeast, and yeast mitochondria transfected with UCP-3 show 

increased oxygen consumption and heat production (Hagen et al., 2000; Porter, 2001).   

Moreover, mice overexpressing UCP-3 are hyperphagic and leaner than wild-type mice 

(Clapham et al., 2000).  Such a phenotype is consistent with increased energy expenditure 

due to mitochondrial uncoupling.  Leptin has been shown to upregulate UCP-2 in WAT 

(Scarpace et al., 1998; Commins et al., 2001) and UCP-3 in BAT (Scarpace et al., 1998), 

but the effect is less potent than what is observed with UCP-1.  Nonetheless, UCP-2 and -

3 may play an important role in energy homeostasis. 
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Leptin Resistance 

Human obesity is associated with hyperleptinemia and leptin resistance 

(Heymsfield et al., 1999).  As such, research that can describe the molecular basis of 

leptin resistance and how to overcome it could have a profound impact on the clinical 

treatment of obesity.  Several animal models have been described that mimic the common 

human pattern of hyperleptinemia in the obese state.  Like obese humans in recent 

clinical trials (Heymsfield et al., 1999), these animals are resistant to exogenous leptin.  

Aged-obese rats are partially resistant to both injected leptin peptide (Scarpace et al., 

2000a) and constitutively active rAAV-leptin gene therapy (Scarpace et al., 2002b).   

This includes impaired signal transduction response (Scarpace et al., 2000b) and impaired 

anorectic, thermogenic, and lipolytic responses to leptin (Shek and Scarpace, 2000).   

Data from this laboratory (Scarpace et al., 2002b) demonstrate both a reduced maximal 

response and a complete attenuation of response to rAAV-leptin in aged-obese but not 

young male rats observed for 46 days post-transfection.  It is not known if the impaired 

responses to leptin in these aged-obese animals are due to age itself, obesity, or a 

combination of the two.  However, there is evidence that diet-induced obesity can reduce 

leptin responsiveness in young animals.  Friedman et al. demonstrated that diet-induced 

obese mice are less responsive to the lipolytic and anorectic effects of chronic leptin 

infusion as compared to lean age-matched controls (Halaas et al., 1997).  In a similar 

study, 16 days on a high fat diet resulted in resistance to the anorectic effects of 

peripheral leptin and this resistance increased in severity by day 56 of continued high fat 

feeding (Van Heek et al., 1997).  It was also demonstrated that diet-induced obesity 

prevents the normal increase in lumbar sympathetic nerve activity in response to 

pharmacologically administered leptin in rats (Lu et al., 1998).  Increased sympathetic 
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drive is a key component to leptin’s thermogenic and lipolytic effects (Astrup, 2000; 

Scarpace and Matheny, 1998).  These results suggest that obesity may play a significant 

role in leptin desensitization in our aged-obese model, but it does not eliminate the 

possibility that age also plays a role.   As of the commencement of the research described 

in this dissertation, it was not known if the desensitization and rapid attenuation of 

response to rAAV leptin gene therapy observed in our aged-obese model could be 

duplicated in a young animal via diet-induced obesity; nor was it known if leptin 

responsiveness could be restored in an aged-obese model by a period of caloric restriction 

that reduces adiposity.    

Although there is evidence that obesity plays some role in leptin resistance 

independent of aging, the mechanism of this obesity-induced leptin resistance is 

unknown.  One possibility is that the copious visceral and/or subcutaneous fat may be 

secreting one or more substances that inhibit leptin’s thermogenic and anorectic effects.   

Another possibility is that when adipose depots expand, they stop producing a substance 

that is required for normal leptin action.   Indeed, discoveries in the past decade have 

changed our view of the adipocyte from a simple storage depot to a complex endocrine 

organ that plays a critical role in metabolic regulation.  Hormones secreted from white 

adipose tissue include leptin, TNF-α, TGF-ß, IL-6, adipophilin, adipsin, ASP, MIF, IGF-

1, and the recently identified adiponectin (Fruhbeck et al., 2001).   A deficiency in this 

latter peptide could be one factor linking obesity and both leptin and insulin resistance.   

Adeno-Associated Virus and Gene Therapy 

Wild-Type AAV 

Adeno-associated viruses (AAV) are members of the Parvoviridae family 

(Meneses, 1999).   AAV virions range from 20-30 nm with icosahedral symmetry 
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(Meneses, 1999).  The AAV genome is a single stranded DNA (ssDNA) molecule 

containing ~4680 nucleotides (Meneses, 1999).   The genome contains only two open 

reading frames (ORFs), which are flanked by inverted terminal repeats (ITRs) (Linden 

and Berns, 2000).  These ITRs can serve as origins of replication (Meneses, 1999).   The 

5’ OPR encodes the “Rep” proteins which, as their name implies,  are involved in the 

replication of AAV and are also believed to play a critical role in the site-specific 

integration of AAV into human chromosome 19 (specifically, locus 19q13.3-qter) 

(Linden and Berns, 2000).   The 3’ OPF contains the capsid (cap) gene which encodes the 

structural proteins of the virion.   This cap gene expresses the three cap proteins (Vp1, 

Vp2, and Vp2) via alternative splicing (Meneses, 1999).   

Approximately 80% of adult humans are seropositive for antibodies against AAV, 

with seroconversion typically occurring by age 8 (Berns and Bohenzky, 1987).     Despite 

this apparent wide spread AAV infection in humans, AAV appears to be benign as it has 

never been associated with any disease (Berns and Bohenzky, 1987).   In the absence of 

co-infection or super-infection with other viruses such as herpes or adenovirus (Ad), 

AAV enters a latent pathway, lying dormant in chromosome 19.  There are 5 known 

serotypes in humans: AAV-1 and AAV-2 are thought to be of simian origin, AAV-3 and 

AAV-4 were first isolated from throat swabs of humans suffering from adenovirus 

infection, and AAV-5 was initially isolated from a genital condyloma (Blacklow et al., 

1967; Blacklow et al., 1968; Georg-Fries et al., 1984; Meneses, 1999).     The adeno-

associated virus used for gene delivery in this dissertation is a recombinant form of AAV 

serotype-2.   
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Recombinant Adeno-Associated Virus and Gene Delivery 

The recombinant adeno-associated virus (rAAV) typically used for gene delivery 

has been modified by removal of viral coding sequences (both the rep and cap encoding 

OTRs), thereby preventing replication (Meneses, 1999; Hermonat et al., 1984).  Since the 

rep proteins are missing, rAAV is not capable of site-specific integration (Kearns et al., 

1996).  Nonetheless, long term expression of transgene has been observed and there is 

evidence of viral integration, albeit at random locations (Kearns et al., 1996).  Most AAV 

vectors, including those used in this dissertation, consists of the two ITRs flanking the 

transgene of interest under the control of a non-AAV promotor such as chicken β-actin 

(CBA) (Hauswirth et al., 2000; Zolotukhin et al., 2002).     rAAV is a useful vector for 

stable gene delivery because it is capable of transfecting non-dividing cells, including 

neuronal tissue.  This makes it an ideal tool for overexpressing peptides in the central 

nervous system.    rAAV has been successfully employed as a vector for gene delivery, or 

“gene therapy,” at the University of Florida and elsewhere (Muzyczka, 1992).  For 

example, erythropoietin has been produced by the skeletal muscle of mice after 

transfection with a rAAV vector encoding the human epo gene (Fisher et al., 1997).  

rAAV has been used to over-express tyrosine hydroxylase and aromatic amino acid 

decarboxylase in the CNS of animal models of Parkinson’s Disease, including non-

human primates (Kaplitt et al., 1994).     Our laboratory has successfully used rAAV to 

over-express leptin in both the hypothalamus and cells lining the cerebroventricles.   We 

have also used rAAV to overexpress pro-opiomelanocortin (POMC) in the central 

nervous system.   rAAV transfection of non-dividing neuronal tissue allows for very 

stable transgene expression.   In a recent studies by our group, no attenuation of leptin 
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transgene expression has been noted up to 300 days after intracerebroventricular gene 

delivery (Scarpace et al., 2002a; Scarpace et al., 2002b; Scarpace et al., 2003). 

Experimental Design and Rational 

One purpose of the studies described in this doctoral dissertation was to test the 

efficacy of leptin gene delivery as a strategy to reverse acquired obesity.  Acquired 

obesity refers to obesity that is not due to a specific mutant gene (as in the ob/ob or db/db 

mouse).  Rather, acquired obesity forms over time as a result of environmental conditions 

interacting with many genes.   This form of obesity more closely mimics common, 

polygenic human obesity.  Specifically, we used diet-induced obese animal models, 

where obesity gradually occurs due to excessive consumption of a calorically dense diet.      

A second purpose was to use central leptin gene and peptide delivery as tools to 

study leptin resistance.  Diet-induced obese animals were used as a model of leptin 

resistance, and various physiological and biochemical responses to leptin were compared 

to those in lean cohorts.    The general experimental design and objectives of each major 

experiment included in this dissertation are described below.   

Incorporating Regulation into Leptin Gene Therapy 

Constitutively active leptin gene therapy has been shown to have potent anorexic, 

thermogenic, and lipopenic affects in both leptin deficient and genetically normal animal 

models (Chen et al., 1996; Murphy et al., 1997; Scarpace et al., 2002b).  One 

disadvantage of all leptin gene delivery systems studied to date is lack of post-

transfectional control.   This is undesirable clinically as it would be difficult or 

impossible to reverse the progression of deleterious side effects as they appeared.   

Perhaps more importantly in the immediate context of this research, incorporating 

regulation into the rAAV-encoding-leptin could create an excellent research tool.   For 
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example, an on/off leptin gene therapy system may be useful for studying leptin’s long-

term regulation of hypothalamic signal transduction, neuropeptide expression, and leptin 

receptor expression.  Moreover, it would allow us to determine whether the various 

biochemical and physiological changes attributed to leptin transgene overexpression are 

completely reversible.  Thus, the objective of this experiment was to create a leptin gene 

therapy system that can be externally regulated and to then test and study this system in 

vivo.  

Central Leptin Over-Expression in Diet-Induced Obese Animals 

Unlike the ob/ob mouse, diet-induced obese (DIO) animals have an obesity 

characterized by hyperleptinemia and leptin resistance.  DIO occurs when animals are fed 

a high-fat, high-energy diet for several weeks to months.  Most animal models, including 

those with no known metabolic abnormalities, are susceptible to varying degrees of DIO.  

It has been hypothesized that deficient transport of leptin across the blood:brain barrier 

(BBB) plays a key role in leptin resistance and, as such, central over-expression of leptin 

may overcome this leptin resistance (Dhillon et al., 2001).    In a very recent report, 

central leptin gene therapy was shown to prevent diet-induced obesity when the gene was 

delivered prior to commencing high-fat feeding (Dube et al., 2002).   However, since the 

leptin transgene was delivered prior to high-fat feeding, the ability of central leptin gene 

delivery to overcome leptin resistance and obesity could not be evaluated.   Thus, the first 

objective of this set of experiments was to determine if intracerebroventricular delivery of 

rAAV-encoding-leptin can reverse obesity in genetically normal DIO rats.   A second, yet 

critical, objective of this investigation was to use the results of this study to further 

understand leptin resistance in obese animals.   
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Effects of Diet-Induced Obesity and Caloric Restriction on Leptin Receptor 
Expression and Signal Transduction Capacity 

This set of experiments spawned from the results of the rAAV-leptin delivery in 

DIO study (previous paragraph).  We hypothesized that reduced leptin receptor 

expression in DIO animals was the result of chronic hyperleptinemia leading to 

chronically elevated leptin in the central nervous system, i.e., negative regulation of 

leptin receptor expression by leptin.  We further hypothesized that this downregulation in 

leptin receptor expression would reduce maximal leptin-induced STAT3 phosphorylation 

capacity.  Finally, we hypothesized that deficits in leptin receptor expression and 

signaling capacity could be reversed if we lowered leptin levels via caloric restriction.    

Chapter Summary and Conclusions 

In this chapter, we have discussed the many pathways involving a multitude of 

hormones, neuropeptides, and neurotransmitters that contribute to the regulation of 

energy balance.  Given the escalating rates of obesity in modern societies, it appears that 

these homeostatic pathways did not evolve to effectively defend against the over-

abundance of highly palatable, over-processed foods and sedentary lifestyles of our era.   

While the regulation of energy balance is complex, leptin appears to be a key 

player in the process.  Indeed, many of the signals participating in energy homeostasis 

including melanocortins, NPY, AGRP, CART, and uncoupling proteins occur down-

stream of leptin signaling.   Put another way, leptin regulates the expression and activity 

of most of the critical molecules involved in the regulation of food intake and energy 

expenditure.  Moreover, it is clear that the most common forms of human obesity are 

typified by leptin resistance.  Thus, therapeutic strategies that can overcome or 

circumvent this leptin resistance could have an enormous clinical impact in treating not 
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only obesity, but its many associated disorders including diabetes and cardiovascular 

disease.   

The major objective of this doctoral dissertation was to explore the molecular 

mechanisms of leptin resistance in obese animal models, with a particular emphasis on 

leptin signal transduction in the hypothalamus.   It is hoped that the results of this 

dissertation will make a meaningful contribution to our understanding of leptin resistance 

in the obese state.  Ultimately, a better understanding of leptin resistance will likely lead 

to more effective treatments for obesity and other metabolic disorders.   
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CHAPTER 2 
GENERAL METHODS AND MATERIALS 

Experimental Animals   

Young adult (age 2-4 months) male Fischer 344 x Brown Norway rats were 

obtained form Harlan Sprague-Dawley (Indianapolis, IN) for all experiments described in 

this dissertation.  Upon arrival, rats were examined and remained quarantined for 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 Plasmid  

pTR-ßObW encodes rat leptin cDNA (a kind gift from Roger Unger (Chen et al., 

1996) and green fluorescent protein (GFP) reporter gene cDNA under the control of 

chicken ß-actin promoter linked to CMV enhancer (CBA).  Parenthetically, this vector 

was referred to as “rAAV-leptin” after it was packaged into recombinant adeno-

associated virus.  The woodchuck hepatitis virus posttranscriptional regulatory element 

(WPRE) was placed downstream to enhance the expression of the transgenes (Loeb et al., 

1999). The control vector (referred to as “rAAV-con” subsequent to packaging) encodes 

GFP driven by a CBA.  Vectors contain AAV terminal repeats at both sides of the 

cassette to mediate replication and packaging of the vector (Bell et al., 1999).  A vector 

system with an inducible promoter, “TET-Ob”, was also prepared.   Like pTR-ßObW 

described above, pTR-tetR-Ob encodes rat leptin cDNA and GFP cDNA.  However, in 

this case both genes are under the control of a tet-inducible promoter (tetR).   This tetR 
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promoter is activated by the product of the accessory vector, pTR-rtTA/tTS, expressing 

mutually exclusive reverse transactivator rtTA (Tet-On) and transcriptional silencer 

(tTS).  In the accessory vector, the rtTA and tTS transgenes are linked within dicistronic 

cassettes through an IRES element for coordinate expression.   Construction of rAAV-

vector plasmids, including the TET-Ob system (Chapter 3) and constitutively active 

rAAV-leptin (Chapters 3 and 4), was done via a collaborative arrangement with Drs. 

Sergei Zolotukhin and Victor Prima of the University of Florida’s Department of 

Molecular Genetics.  

Packaging of rAAV Vectors  

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

(Conway et al., 1999).  The titer of rAAV-Ob was 2.3E13 physical particles/mL.   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).  

Packaging of  rAAV viral vectors, was done via a collaborative arrangement with Drs. 

Sergei Zolotukhin and Victor Prima of the University of Florida’s Department of 

Molecular Genetics. 

Stereotaxic Injections  

Third Cerebroventricle  

Rats were anesthetized with 60 mg/kg pentobarbital 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 injection into 3rd cerebroventricle:  1.3 
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mm posterior to Bregma and 9.4 mm ventral from the skull surface on the midline 

(medial fissure), with the nose bar set at 3.3 mm below the ear bars (below zero) and the 

canula set at 20º posterior from vertical. A small hole was drilled through the skull and a 

23-gauge stainless steel guide canula was lowered to the 3rd cerebroventricle.  This was 

followed by an injection canula attached to a 10uL syringe.   

Hypothalamic 

Rats were anesthetized with 60mg/kg pentobarbital 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 direct hypothalamic injection:  1.8 mm 

posterior to Bregma, 0.8 mm right of midline (Medial Fissure), and 9.0 mm ventral from 

the skull surface. The nose bar was set at zero (on same plane with ear bars) and the 

canula was set vertically. A small hole was drilled through the skull and a 23-gauge 

stainless steel guide canula was lowered to the hypothalamus.  This was followed by an 

injection canula attached to a 10uL syringe.   

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

body size (ml · min -1 · kg2/3).  

Tissue Harvesting 

Anesthetized rats (85 mg/kg pentobarbital) were sacrificed by cervical dislocation.  

Blood was collected by cardiac puncture and serum was harvested by a 10 minute 

centrifugation in serum separator tubes.  The circulatory system was perfused with 20 mL 

of cold saline.  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 was measured using a rat leptin radioimmunoassay kit (Linco 

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

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). 

Free Fatty Acids 

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

WAKO Chemicals GmbH (Neuss, Germany). 
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CSF Leptin  

CSF leptin was measured by a modification to the Crystal Chem leptin ELISA.  

Standards were prepared ranging from 100 down to 3.1 pg/mL.  All modifications were 

applied to “reaction 1” of the ELISA, where leptin from the biological sample (or 

standards) binds to solid phase antibody on the bottom surface of the wells within the 

microplate.  These modifications are as follows: 50 µL of standard or CSF were used in 

reaction 1 along with 50 µL of “guinea pig anti-mouse leptin serum” (provided in kit).  

“Sample diluent” was omitted from reaction 1 in an attempt to enhance the detection limit 

of the kit.  In the manufacturer’s protocol, 5 µL of serum or plasma is used in reaction 1 

along with 45 µL  of sample diluent..  “Reaction 2,” which consists of the binding of 

enzyme-linked secondary antibody to the primary antibody-bound leptin, was performed 

as described in the manufacturer’s instructions.  Using this modification, we have a 

detection limit of approximately 6 pg/mL CSF.  The final absorbance of our 6.25 pg/uL 

standard is significantly greater than that of a blank.   

Probes  

Leptin mRNA was detected using a 33-mer antisense oligonucleotide (5’-

GGTCTGAGGCAGGGAGCAGCTCTTGGAGAAGGC-3’) probe.  POMC mRNA was 

detected using a 24-mer antisense oligonucleotide probe (5’-

CYYGCCCACCGGCTTGCCCCAGCG-3’).  Oligonucleotide probes were end labeled 

by terminal deoxynucleotidyl transferase (Promega).  The UCP-1 probe is a full length 

cDNA clone and was obtained from Dr. Leslie Kozak, Pennington Research Center, 

Baton Rouge, LA.  The AgRP cDNA probe was provided by Dr. Michael Schwartz 

(University of Washington).  The rat pre pro NPY cDNA was provided by Janet Allen 

(University of Glasgow, UK).  SOCS3 cDNA was a gift from Christian Bjorbaek 
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(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, except for oligonucleotide probes, were heat-denatured for 2 minutes.  All probes 

have been verified to hybridized 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 and Sacchi (1987).  

Isolated RNA was quantified by spectrophotometry and integrity is 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 phosphor imaging 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 Image Quant Software (Molecular Dynamics).    

Expression data was obtained for the following transcripts using dot blot analysis: UCP-

1, NPY, POMC, SOCS3, and leptin.  

Relative-Quantitative RT-PCR Using 18S Competimers 

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

Standards kit (Ambion, Austin, Tx).  Total RNA (3 µg) was treated with RNase-free 

DNase using a DNA-free kit (Ambion), and first-strand cDNA synthesis generated from 
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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 coamplifing for a number of cycles 

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

example, was determined to be 25-30 cycles.  The optimum ratio of 18s primer to 

competimer is 1:9.  PCR was performed at 94°C denaturation for 120 sec, 59°C 

annealing temperature for 60 sec, and 72°C elongation temperature for 120 sec for 27 

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 STORM 

fluorescent scanner and digitized data analyzed using imagequant. (Molecular 

Dynamics).  

Real-time RT-PCR for Leptin Receptor 

Real-time RT-PCR was used to quantify the effects of obesity and caloric 

restriction on leptin receptor expression.  We designed primers and a Taqman® probe 

specific for the long-form leptin receptor (Ob-Rb) using Primer Express software, version 

1.5 (Perkin-Elmer Applied Biosystems, Inc., Foster City, CA).  The sequences for the 

ObRb primers were forward primer: 5’-GGGAACCTGTGAGGATGAGTGT-3’, reverse 

primer: 5’-TTTCCACTGTTTTCACGTTGCT-3’.  The fluorescent probe sequence was: 

6FAM-AGAGTCAACCCTCAGTTAAATATGCAACGCTG-TAMRA. Optimization 

experiments showed that 300 nM of forward primer, 900 nM of reverse primer, and 50 

nM Taqman® probe gave the most reproducible results and maximally efficient PCR 

(i.e., lowest threshold cycle (CT) values).  Total RNA (6 µg) was treated with RNase-free 

DNase using a DNA-free kit (Ambion).  First-strand cDNA was generated from 1.6 µg 
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RNA in a 40 µL volume using random primers (Gibco BRL) containing 200 units of M-

MLV reverse transcriptase (Gibco BRL).   Real-time PCR for Ob-Rb was performed on 

100 ng cDNA template in a 50 µL total volume including Taqman RT-PCR Master Mix 

(Applied Biosystems, Inc., Foster City, CA) using an ABI Prism GeneAmp® 5700 

Sequence Detection System (Applied Biosystems).  Ob-Rb expression was quantified 

using an 18S rRNA standard (Applied Biosystems) and the ∆∆CT method (Bustin, 2000). 

The mean ∆CT in the control group (CHOW) was chosen as the calibrator for ∆∆CT 

calculation.   

STAT3/Phospo-STAT3 Assay   

These methods were described in detail previously (Scarpace et al., 2000b). Briefly, 

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 with an antibody 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).  

Following P-STAT3 quantification, membranes were stripped of antibody with 

Immunopure (Pierce, Rockford, IL) and immunoreactivity was re-assessed using a total 

STAT3 antibody.  STAT3 phosphorylation is expressed as P-STAT3/Total STAT3 in 

each sample. 
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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 

µg 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 2-Way ANOVA, 1-Way ANOVA, or student’s t-

test, as appropriate.    A Tukey’s post-hoc was used for 1-Way ANOVAS post-hoc 

analysis or a bonferoni multiple comparison test correcting for the number of contrasts.  

The post-hoc analysis of 2-Way ANOVAS depended on the presence or absence of 

interactions.  When only 2-Way ANOVA main effects were significant, relevant pairwise 

comparisons were made using the Bonferroni Multiple Comparison method with the error 

rate corrected for the number of contrasts. When there was an interaction, factors were 

separated and a further 1-Way ANOVA was applied with a Bonferroni Multiple 

Comparison post-hoc.  When separation of factors resulted in only two population means 

to compare, the 1-WAY ANOVA was replaced with student’s t-test.  GraphPad Prism 

software version 3.0 (San Diego, CA) was used for all statistical analysis and graphing.  
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GraphPad QuickCalc (graphpad.com) was used for post-hoc analysis of all 2-WAY 

ANOVAS.   
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CHAPTER 3 
INCORPORATING REGULATION INTO LEPTIN GENE THERAPY 

Introduction 

Leptin, the product of the Ob gene, acts on satiety centers in the hypothalamus to 

both decrease food intake and increase energy expenditure.  Virus-mediated leptin gene 

delivery has been shown to cause a rapid and complete disappearance of white adipose 

tissue in genetically normal animals (Chen et al., 1996).  Leptin gene delivery is 

substantially more effective in correcting genetic obesity than daily leptin infusion 

despite higher peak serum leptin levels with the latter (Morsy et al., 1998).   Peripheral 

administration of virally-encoded leptin requires that the leptin cross the blood-brain 

barrier (BBB) to reach its primary hypothalamic targets, but this transport system is 

saturated at serum leptin levels seen in obese animals (Banks et al., 1999).  Since several 

obese, leptin resistant models respond better to central versus peripheral administration of 

recombinant leptin (Halaas et al., 1997; Niimi et al., 1999; Van Heek et al., 1997), it has 

been reasoned that central delivery of the leptin gene would be superior to peripheral 

delivery (Lundberg et al., 2001).  Indeed, central delivery of virally-encoded leptin causes 

dramatic lipopenia while avoiding systemic hyperleptinemia and the limitations of BBB 

transport (Lundberg et al., 2001; Scarpace et al., 2002b).   In Experiment 1 of this 

chapter, I administered rAAV-encoding leptin under the control of a constitutively active 

CBA promoter (Figure 3-1) in an attempt to duplicate our previous finding of potent 

weight and fat loss in with this vector.   
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The main limitation of viral-mediated leptin-gene therapy systems studied to date, 

including the vector used in Experiment 1, is the lack of post-transfectional control.   This 

is undesirable clinically as it would be difficult or impossible to reverse the progression 

of deleterious side effects as they appeared.   Given leptin’s diverse biological functions, 

central overexpression of leptin (coupled with a precipitous fall in serum leptin) could 

compromise the immune (Matarese, 2000) and reproductive systems (Ahima and Flier, 

2000a). Central leptin signaling is also known to decrease bone mass (Ducy et al., 2000).  

Peripheral overexpession of leptin, on the other hand, leads to pancreatic beta cell 

disfunction (Koyama et al., 1997) and upregulates suppressor of cytokine signaling, 

which may interfere with insulin signaling (Spiegelman and Flier, 2001). 

We have attempted to solve these problems of uninhibited transgene expression by 

placing leptin under the control of the tetracycline transactivator (rtTA) and operon 

(tetR).   In this dual-vector system, one vector encodes the tetR promotor and the leptin 

gene while an assessory vector endodes rtTA and a transcriptional silencer (tTS) [Figure 

3-2].  This dual vector “TET-Ob” system allows for the control leptin transgene 

expression via doxycycline (doxy) in drinking water.   In Experiment 2, we administered 

the TET-Ob dual-vector system into the hypothalami of young adult, non-obese rodents, 

and examined the effects on anorectic signaling in the brain, peripheral thermogenesis, 

and adiposity.  Moreover, we determined if these effects can be completely reversed if 

the transgene is silenced.  

Methods and Materials 

Animals   

Young adult (age ~4 months) male Fischer 344 x Brown Norway rats were 

obtained form Harlan Sprague-Dawley (Indianapolis, IN).  Upon arrival, rats were 
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examined and remained quarantined for 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 Plasmid 

Constitutively active leptin and control vector.  pTR-ßObW (Fig 3-1) encodes 

rat leptin cDNA (a gift from Guoxun Chen (Chen et al., 1996) and green fluorescent 

protein (GFP) reporter gene cDNA under the control of chicken ß-actin promoter linked 

to CMV enhancer (CBA).  The woodchuck hepatitis virus posttranscriptional regulatory 

element (WPRE) was placed downstream to enhance the expression of the transgenes 

(Loeb et al., 1999).  Control vector (pTR-control) is identical to pTR-ßObW but without 

the leptin cDNA and IRES element.  The control vector encodes GFP alone. 

TET-Ob vector system with inducible promoter.   Like pTR-ßObW described 

above, pTR-tetR-Ob (Figure 3-2, top) encodes rat leptin cDNA and GFP cDNA.  

However, in this case both genes are under the control of a tet-inducible promoter (tetR).  

The woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) was 

placed downstream to enhance the expression of the transgenes (Loeb et al., 1999).  This 

tetR promoter is activated by the product of the accessory vector, pTR-rtTA/tTS (Figure 

3-2, bottom), expressing mutually exclusive reverse transactivator rtTA (Tet-On) and 

transcriptional silencer (tTS).  In the accessory vector, the rtTA and tTS transgenes are 

linked within dicistronic cassettes through an IRES element for coordinate expression.  

All vectors contain AAV terminal repeats at both sides of the cassette to mediate 

replication and packaging of the vector (Bell et al., 1999). 
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Packaging of rAAV Vectors  

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

(Conway et al., 1999).  The titers of rAAV-tetR-Ob and rAAV-AS (accessory virus) used 

were 6.6E12 and 1.37E12 infectious particles/mL, respectively. The titer of the 

constitutively active rAAV-leptin was 6.0E9 infectious particles/mL. The physical 

particle titer is approximately 100 fold greater than the infectious titer in all cases.   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 chromatoagraphy and were more 

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

Vector Administration   

Third ventricle injection  

Vectors were delivered into the 3rd cerebroventricle in Experiment 1.  Rats were 

anesthetized with 60 mg/kg pentobarbital 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 injection into 3rd cerebroventricle:  1.3 mm posterior 

to Bregma and 9.4 mm ventral from the skull surface on the midline (medial fissure), 

with the nose bar set at 3.3 mm below the ear bars (below zero) and the canula set at 20º 

posterior from vertical. A small hole was drilled through the skull and a 23-gauge stain-

less steel guide canula was lowered to the 3rd cerebroventricle.  This was followed by an 

injection canula attached to a 10uL syringe.  I injected 3.0 uL containing 1.8E9 infectious 
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Figure 3-1:  pTR-ßObW.  pTR-ßObW encodes rat leptin cDNA (and green fluorescent 
protein (GFP) reporter gene cDNA under the control of a constitutively active 
chicken ß-actin promoter linked to CMV enhancer (CBA).  Control vector 
(pTR-control) is identical to pTR-ßObW but without the leptin cDNA and 
IRES element.  The control vector encodes GFP.  The cassette flanked by the 
AAV terminal repeats (TR) in each plasmid were packaged into rAAV to 
yield the rAAV-leptin vector.   
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Figure 3-2:  The TET-responsive promotor/leptin plasmid construct pTR-tetR-Ob (top), 
and the assessory plasmid construct pTR-rtTA/tTS (bottom). 
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Figure 3-3:  Schematic representation of leptin transgene regulation by doxycycline in 

dual vector “TET-Ob” system, “OFF” state.  In this dual vector system, the 
accessory vector (top) encodes a transcriptional activator (rtTA, green ovals) 
and a transcriptional silencer (tTS, blue diamonds), both of which are under 
the control of a constitutively active chicken β-actin (CBA) promoter.  The 
TET-leptin vector (bottom) encodes leptin under the control of a Tet 
responsive promoter.  In the default state, the transcriptional silencer binds the 
Tet Responsive Promoter, preventing transcriptional activator binding to the 
promoter and blocking leptin expression.  Thus, in the absence of tetracycline 
analogue such as doxycyline, this system is in the “OFF” state. 
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Figure 3-4:  Schematic representation of leptin transgene regulation by doxycycline in 

dual vector “TET-Ob” system, “ON” state.  In presence of doxycycline 
(yellow circles), the relative affinities of the transcriptional activator (green 
ovals) and the transcriptional silencer (blue diamonds) for the Tet Responsive 
Promoter are reversed.   The transcriptional silencer is displaced from the 
promoter and the transcriptional activator binds to the promoter, activating the 
expression of leptin transgene.  Thus, in the presence of doxycyline, this 
system is in the “ON” state. 
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 viral particles dissolved in Ringer’s solution at approximately 0.25 uL/minute.  Animals 

received either the constitutively active rAAV-leptin vector (n=7) or rAAV-con encoding 

GFP (n=3).   

Hypothalamic injection 

The dual vector TET-Ob system was micro-injected into the center of the right 

hypothalamus to maximize co-infection of cells.  As with the 3rd cerebroventricle 

injections, rats were anesthetized with 60mg/kg pentobarbital 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 direct hypothalamic injection:  1.8 

mm posterior to Bregma, 0.8 mm right of midline (Medial Fissure), and 9.0 mm ventral 

from the skull surface. The nose bar was set at zero (on same plane with ear bars) and the 

canula was set vertically. A small hole was drilled through the skull and a 23-gauge 

stainless steel guide canula was lowered to the hypothalamus.  This was followed by an 

injection canula attached to a 10uL syringe.  I injected 5 uL of viral particles in Ringer’s 

solution at approximately 0.25 uL/minute.  Animals received either the two-vector TET-

Ob system containing equal amounts (6E9 infectious particles) of rAAV-TetR-Ob and 

accessory vector (n=14) or control virus encoding GFP (n=6).   

Experimental Design  

Experiment 1 

The aim of Experiment 1 was to study the effects of constitutively active rAAV-

leptin on body weight, food intake, and adiposity.  I injected  rAAV-leptin (n=7) or 

control virus encoding GFP (rAAV-con) (n=3) into the 3rd ventricle of 4 month old male 
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F344xBN rats using a stereotaxic apparatus and monitored food intake and body weight 

for ~60 days, at which point animals were euthenized for tissue analysis. 

Experiment 2   

The primary aim of Experiment 2 was to test our ability to regulate leptin transgene 

expression using the TET-Ob system.  Experiment 2 is sub-divided into two stages.  

During STAGE 1, doxycycline hydrochloride (Sigma, St. Louis, MO) (400 ug/mL) and 

0.1% sacharrine (Sigma) were provided in the drinking water of all animals beginning 

day 9 post-transfection. All rats received doxy for a total of 34 days.  At the end of 

STAGE 1, doxy was withdrawn from half of the TET-Ob rats for 32 days (TET-Ob-OFF, 

n=7) while half continued to receive Doxy (TET-Ob-ON, n=7).  This second phase of the 

study is designated as STAGE 2.  Controls received doxy throughout the study (i.e., both 

STAGE 1 and STAGE 2).      

Tissue Harvesting  

Rats were anesthetized with 85 mg/kg pentobarbital and sacrificed by cervical 

dislocation.  Blood was collected by cardiac puncture and serum was harvested by a 10 

minute centrifugation in serum separator tubes.  The circulatory system was perfused 

with 20 mL of cold saline.  Inguinal, perirenal, and retroperioneal white adipose tissue, 

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

liquid nitrogen.  Tissues were stored at –80 C until analysis.   

Serum Leptin, FFA, Insulin, and Glucose   

Serum leptin and insulin were measured using rat radioimmunoassay kits (Linco 

Research, St. Charles, MO).  Serum free fatty acids were measured using the NEFA C 

colorimetric kit from WAKO Chemicals GmbH (Neuss Germany).  Serum glucose was 
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measured via a colormetric reaction with Trinder, the Sigma Diagnostics Glucose reagent 

(Sigma, St. Louis MO).   

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)  

Hypothalamic leptin transgene expression and Ob-Rb expression were evaluated 

by using relative quantitative RT-PCR through the use of QuantumRNA 18s Internal 

Standards kit (Ambion, Austin, Tx).  Total RNA (3 µg) was treated with RNase-free 

DNase using a DNA-free kit (Ambion), and first-strand cDNA synthesis was 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 leptin primers (sense: 5’GGAGGAATCC-CTGCTCCAGC; antisense: 5’ 

CCTCTCCTGAGGATACCTGG) and 18s primers and coamplifing for a number of 

cycles found to be in the linear range for leptin.  Linearity for the leptin amplicon was 

determined to be 25-30 cycles.  The optimum ratio of 18s primer to competimer was 1:9.  

PCR was performed at 94°C denaturation for 120 sec, 59°C annealing temperature for 60 

sec, and 72°C elongation temperature for 120 sec; for 27 cycles.  Similarly, the number 

of cycles found to be at the mid point of the linear range was 26 cycles for Ob-Rb.   The 

sequence for Ob-Rb primers were sense: GGGAACCTGTGAGGATGAGTG; antisense: 

TAGCCCCTTGCTCTTCATCAG.  The PCR products were electrophoresed on a 5% 

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

were scanned using a STORM fluorescent scanner and digitized data analyzed using 

imagequant. (Molecular Dynamics). 

STAT3/Phospo-STAT3 Assay   

These methods were described in detail previously (Scarpace et al., 2000b).  

Briefly, hypothalamus was sonicated in 10 mM Tris-HCL, pH 6.8, 2% SDS, and 0.08 
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µg/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 with an antibody specific to phosphorylated-STAT3 

(antibody kit from New England Biolabs, Beverly MA).  Immunoreactivity was 

visualized by chemiluminescents detection (Amersham Life Sciences) and quantified by 

video densitometry (BioRad).  Following P-STAT3 quantification, membranes were 

stripped of antibody (Pierce) and immunoreactivity was re-assessed using a total STAT-3 

antibody .  

Probes 

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

Kozak, Pennington Research Center, Baton Rouge, LA.    The rat pre pro NPY cDNA 

was provided by Janet Allen (University of Glasgow, UK).  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, except for oligonucleotide probes, were heat-denatured 

for 2 minutes.  All probes have been verified to hybridized to the corresponding specific 

mRNAs by Northern Analysis prior to use in Dot Blot assay (below). 

mRNA Levels (Dot Blot Analysis) 

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 

verified using 1% agarose gels stained with ethidium bromide.  For dot blot analysis, 
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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 

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

washed and exposed to a phosphor imaging 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 Image Quant Software 

(Molecular Dynamics).   

Statistical Analysis  

Food intake and bodyweight comparisons were made by a 2-Way ANOVA with 

rAAV vector and time as factors. Comparisons of absolute body weights, mean daily 

food intake, adiposity, and serum lepin in rAAV-leptin versus rAAV-con were made 

using unpaired t-test.  Comparisons between control and TET-Ob during stage 1 were 

made using unpaired t tests with a one-tailed p value.  For stage 2 and endpoint statistics, 

relevant pairwise comparisons were made using unpaired t tests with the Bonferroni 

correction for multiple comparisons applied to the α level, which was set at 0.05.     We 

chose this test over a 1-WAY ANOVA because we did not have 3 independent groups 

receiving 3 treatments during this experiment as assumed in a 1-way ANOVA. TET-Ob-

ON and TET-Ob-OFF were one group (TET-Ob) during the first half of the experiment 

and then were split at the midpoint.   The controls, on the other hand, were always 

independent of the other two groups.  Moreover, we are not testing the single null 

hypothesis that Control = Ob-ON = Ob-OFF for each of our experimental parameters, as 

in the ANOVA.  Rather, we our testing two separate null hypothesis at the conclusion of 



51 

 

the experiment: (1) Ob-ON = Control, and (2) Ob-ON = Ob-OFF. The first test is to 

determine whether or not the TET-Ob system had an effect.  The second test is to 

determine if we were able to de-activate the transgene.  In the case of leptin expression, 

we tested a third null hypothesis, Ob-OFF = Control, and adjusted the alpha level 

accordingly (i.e., α=0.05/3). Rejection of the null hypothesis in this latter test would 

indicate some leaky expression of transgene after withdrawing doxycycline.  Since we 

corrected for the error rate associated with multiple pairwise comparisons, this method 

does not increase our chance of a Type I error.   GraphPad Prism software (San Diego, 

CA) was used for all statistical analysis and graphing.  

Results 

Experiment 1 

Food consumption and body mass 

On the day of vector delivery, body mass did not differ between controls and 

rAAV-leptin treated animals (252.7±11.3 vs 260.9±1.7 g, respectively) [Fig 3-5].  

Following gene delivery, control (rAAV-con) rats steadily gained mass while rAAV-

leptin rats had a slight decrease in body mass such that rAAV-leptin rats weighed 31.5% 

less than controls 61 days after gene delivery (329.8±17.2 vs. 250.9±11.0 g, p<0.0001) 

[Fig 3-5].    rAAV-leptin treatment also resulted in a significant anorectic effect versus 

controls beginning on day 6 post-transfection [Figure 3-6].    Between days 6 and 61, 

mean daily food intake was 20.1% less in rAAV-leptin treated rats (17.28±0.19 vs. 

13.80±0.30 g/day, p<0.0001) [Figure 3-6].   

Serum leptin and adiposity 

The suppression in age-associated weight gain in the rAAV-leptin group was 

accompanied by the complete disappearance of white adipose tissue [Figure 3-7].  The 



52 

 

sum of two major visceral white fat depots (retroperitoneal white adipose [RTWAT] and 

perirenal white adipose [PWAT] depots) was 3.08 ± 0.29 g in the control rats ~61 days 

after gene delivery, whereas visceral fat pads were absent in rAAV-leptin treated group.  

We know from other experiments in this laboratory that this complete catabolism of 

white adipose depots takes place within 9 days (Scarpace et al., 2002b).   Moreover, this 

loss of white fat is accompanied by an apparent preservation of lean body mass (Dhillon 

et al., 2001).  Neither caloric restriction nor any drug known to the author can replicate 

this dramatic, rapid and selective loss of white fat.  Consistent with the loss of adipose 

tissue in rAAV-leptin treated rats, serum leptin (an index of adiposity) was undetectable 

in these animals [Figure 3-8].  

Experiment 2 

Food consumption and body mass   

Beginning day 9 post-transfection, doxy was provided in the drinking water of all 

animals for 34 days (STAGE 1), presumably activating the leptin transgene in all TET-

Ob treated animals [Figure 3-9].  During STAGE 1, TET-Ob rats gained 51.7 % less 

mass [Figure 3-10, between arrows] and ate 11.4 % less food [Figure 3-11] than controls.  

To begin STAGE 2, the TET-Ob group was divided into two subgroups.   Doxy was 

withdrawn from half of the TET-Ob treated animals for 32 days (TET-Ob-OFF) while 

half continued to receive doxy (TET-Ob-ON) [Figure 3-9].  During STAGE 2, TET-Ob-

ON rats gained 44.8 % less mass than TET-Ob-OFF rats [Figure 3-10], and ate 

significantly less food than both TET-Ob-OFF and controls [Figure 3-11].  Rates of body 

mass gain were not different between TET-Ob-ON and controls during STAGE 2.  The 

same degree of anorexia was maintained in TET-Ob-ON animals throughout both stages 

of the study.   Doxy/saccharin did not affect fluid intake [data not shown].  
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Serum leptin and adiposity  

Consistent with leptin-dependent catabolism of adipose tissue in TET-Ob rats, 

serum leptin fell to 22.5% of control values during STAGE 1 [Figure 3-12].  During 

STAGE 2, serum leptin increased to 83.4% of control values in the TET-Ob-OFF animals 

but remained very low (21.9% of controls) in the TET-Ob-ON group [Figure 3-12].  At 

sacrifice, average visceral adiposity (sum RTWAT and PWAT) was 14.6% of controls in 

TET-Ob-ON animals [Figure 3-13], and three of the seven TET-Ob-ON had no visible 

intra-abdominal adipose tissue [similar to Figure 3-7, right].  Visceral adiposity was 

76.9% of controls in TET-Ob-OFF at sacrifice, suggesting these animals recovered 

adipose tissue during STAGE 2 [Figure 3-13]. 

Serum free fatty acids, insulin, and glucose   

At sacrifice, average serum free fatty acids were 15.2% lower in the TET-Ob-ON 

group compared to the TET-Ob-OFF group and were 12.5% lower in TET-Ob-ON versus 

controls [Table 3-1].  Neither of these findings was statistically significant after 

employing the Bonferroni correction for multiple comparisons.  Serum insulin was 

significantly reduced in the TET-Ob-ON as compared to both controls and TET-Ob-OFF 

[Table 3-1].  Serum glucose was unaffected by treatment [Table 3-1]. 

Leptin expression  

 Leptin expression in the hypothalamus of TET-Ob-ON animals was increased 8.5 

fold versus controls [Figure 3-14]. The level of hypothalamic leptin expression did not 

differ between TET-Ob-OFF and control, indicating that the transgene was silenced when 

doxy was withdrawn [Figure 3-14].  
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Signal transduction in hypothalamus  

Hypothalamic phosphorylated STAT3 (P-STAT3), a component of the leptin-

signaling cascade, was elevated by 46% in TET-Ob-ON group but not TET-Ob-OFF 

[Figure 3-15]. Total STAT3 was not affected [data not shown].   It is believed that an 

increase in POMC expression (the precursor to α-MSH) contributes to the anorectic 

effect of leptin (Elias et al., 1999).  In this study, hypothalamic POMC mRNA was found 

to be elevated by 41.2% in TET-Ob-ON animals versus controls and by 16.4 % versus 

TET-Ob-OFF [Figure 3-16].  Leptin is also known to up-regulate expression of 

suppressor of cytokine signaling (SOCS3) (Wang et al., 2000; Scarpace, 2002).   SOCS3 

mRNA was increased by 67.3% in TET-Ob-ON versus controls and by 34.9% versus 

TET-Ob-OFF [Figure 3-17].   Finally, leptin signaling is known to depress NPY 

expression in arcuate neurons (Spiegelman and Flier, 2001).    However, we did not 

detect any differences in NPY expression (100.0 ± 12.4 arbitrary units in control, 

94.9±19.7 in TET-Ob-ON, 115.8±10.0 in TET-Ob-OFF).   

Leptin receptor expression in the hypothalamus 

Hypothalamic leptin receptor expression in TET-Ob-ON was 24% lower than that 

in control and 31% lower than TET-Ob-OFF [Figure 3-18].  However, only the 

difference between TET-Ob-ON and TET-Ob-OFF reached statistical significance.  

Nevertheless, this novel data suggests that central overexpression of leptin may 

negatively regulate leptin receptor expression.  Moreover, this effect appears to be 

reversed upon transgene silencing.   

CSF leptin 

Data from Dr. Scarpace’s laboratory demonstrates an increase in CSF leptin 

concentrations when a constitutively active leptin gene encoded by rAAV is delivered 
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i.c.v. (Scarpace et al., 2002b).  In the present study, I gave the TET-Ob system directly 

into the hypothalamus.  In this case, I detected a significant decrease in CSF leptin in the 

TET-Ob-ON but not TET-Ob-OFF animals as compared to controls [Table 3-1].  

Brown adipose tissue   

TET-Ob-ON animals had a 3-fold increase in UCP-1 protein levels per unit of BAT 

compared to both controls and TET-Ob-OFF [Figure 3-19].  Furthermore, TET-Ob-ON 

animals tended to have elevated UCP-1 mRNA in BAT compared to TET-Ob-OFF and 

controls [Table 3-1].  Consistent with activated BAT in the TET-Ob-ON group, their 

BAT appeared dark red (stimulated) whereas the BAT extracted from both controls and 

TET-Ob-OFF animals appeared pale brown (dormant). Total BAT tissue mass declined 

in the TET-Ob-ON animals while the protein concentration (per unit BAT) increased 

[Table 3-1], suggesting that the decrease in mass was due to lipolysis.   Even when the 

decrease in BAT mass is accounted for, there was still a 2-fold increase in UCP-1 protein 

per total interscapular BAT pad in TET-Ob-ON compared to both controls and TET-Ob-

OFF [Table 3-1].  

Discussion 

A single injection of rAAV encoding leptin under the control of a constitutively 

active promoter has been shown to cause sustained (>2 months) anorexia and severe 

reductions in adiposity, and we repeated these findings in Experiment 1.  We then 

hypothesized that a direct hypothalamic injection of rAAV encoding leptin under control 

of the tetracycline transactivator and operon (TET-Ob) would allow us to regulate leptin 

transgene expression and the subsequent anorexic and thermogenic effects (Experiment 

2).   In animals given the TET-Ob system, we demonstrated a reversible suppression in 
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Figure 3-5:  Body mass following intracerebroventricular administration of rAAV-leptin.  

Values represent mean ± SEM. By 2-Way ANOVA, significance was found 
for effects of vector (F=83.91, p<0.0001), time (F=5.40, p<0.0001), and the 
interaction between vector and time (F=6.52, p<0.0001). 
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Figure 3-6:  Food intake following intracerebroventricular administration of rAAV-leptin 

or rAAV-con.  Values represent mean  ± SEM.  By 2-Way ANOVA, 
significance was found for effects of vector (F=77.50, p<0.0001), time 
(F=8.21, p<0.0001), and the interaction of vector and time (F=3.54, 
p<0.0001).
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Figure 3-7:  Disappearance of visceral adipose tissue in 4 month old F344xBN rats 

administered rAAV-leptin.  The animal on the left received an 
intracerebroventicular injection of control rAAV encoding GFP.   The animal 
on the right received a similar injection of rAAV-encoding-leptin.  These 
pictures were taken 46 days after gene delivery, but no recovery in adiposity 
was observed at 61 days.   
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Figure 3-8:  Leptin is undetectable in serum of animals following central leptin gene 

delivery, consistent with severe reduction in adiposity.  Values represent mean 
± SEM.  Measurements taken 61 days after vector delivery 
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Figure 3-9:  Experiment 2 design, TET-Ob gene delivery and regulation.  Experiment 2 is 

sub-divided into two stages.  Animals were given a direct hypothalamic 
injection containing the dual-vector rAAV-TET-Ob system (top, n=14) or 
control rAAV encoding GFP (bottom, n=6).   During STAGE 1, which began 
9 days after gene delivery, doxycycline hydrochloride was provided in the 
drinking water of all animals, presumably activating the leptin transgene in the 
TET-Ob treated rats. STAGE 1 lasted 34 days.   At the end of STAGE 1, doxy 
was withdrawn from half of the TET-Ob rats for 32 days (TET-Ob-OFF, n=7) 
while half continued to receive Doxy (TET-Ob-ON, n=7).  This second phase 
of the study is designated as STAGE 2.  Controls received doxy throughout 
the study (i.e., both STAGE 1 and STAGE 2).  During STAGE 2, the leptin 
transgene should be silenced in the TET-Ob-OFF group, yet remain active in 
the TET-Ob-ON. 
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Figure 3-10:  Body mass following TET-Ob or control vector delivery.  rAAV-TET-Ob 

or control was administered on day (-)9.  Left arrow represents start of  
STAGE 1.   Doxy was withdrawn from half of the TET-Ob treated animals on 
day 34 (right arrow, start of STAGE 2).  Values represent means ± SEM. 
p<0.001 for difference in body mass gained during STAGE 1 in TET-Ob and 
control.  p<0.01 for difference in body mass gained during STAGE 2 in Ob-
ON and  Ob-OFF. 
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Figure 3-11:  Daily food consumption following TET-Ob or control vector delivery. 

Values represent means ± SEM..  TET-Ob was divided into TET-Ob-ON and 
TET-Ob-OFF to begin STAGE 2.  p<0.01 during STAGE 1 for difference 
between TET-Ob and control.  p<0.01 during STAGE 2 for difference 
between TET-Ob-ON and both control and TET-Ob-OFF. 
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Figure 3-12: Serum leptin following TET-Ob or control vector delivery. Values represent 

means ± SEM. TET-Ob was divided into TET-Ob-ON and TET-Ob-OFF to 
begin STAGE 2.  p<0.0001 for difference between TET-Ob and control at the 
end of STAGE 1.  By the end of  STAGE 2,  serum leptin had increased to 
control levels in TET-Ob-OFF but remained low in TET-Ob-ON (p<0.0001 
vs. control and TET-Ob-OFF).  
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Figure 3-13: Visceral adiposity (sum of retroperitoneal [RTWAT] and perirenal white 

adipose tissue [PWAT] depots) following TET-Ob or control vector delivery. 
Values represent means ± SEM. p<0.0001 for difference between TET-Ob-
ON and controls and p<0.001 for difference between TET-Ob-ON and TET-
Ob-OFF. 
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Figure 3-14: Hypothalamic leptin expression 66 days after TET-Ob or control vector 

delivery. Values represent means ± SEM (Bar Graph, Top).  p<0.001 for 
difference between TET-Ob-ON and control, p<0.01 for difference between 
TET-Ob-ON and TET-Ob-OFF.  Image (below) is 5% acryilamide gel of 
representative relative quantitative PCR product.  Top band is leptin amplicon, 
bottom band is 18S rRNA control amplicon for same sample, produced in 
same PCR reaction (multiplexing).  Lanes 1, 4: Control; lanes 2, 5: TET-Ob-
ON;  lanes 3, 6: TET-Ob-OFF. 
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Figure 3-15: Hypothalamic P-STAT3 66 days following TET-Ob or control vector 

delivery. Values represent means ± SEM (Bar Graph, Top).   p<0.001 for 
difference between TET-Ob-ON and both control and TET-Ob-OFF.  Image 
(Below) is of representative Western Blot for P-STAT3.  Primary antibody is 
specific for tyrosine-phosphorylated STAT3.  Lanes 1, 3, 5: Control; lanes 2, 
4, 7, 9: TET-Ob-ON;  lanes 6, 8: TET-Ob-OFF.  No differences across groups 
were detected for total hypothalamic STAT3 (image not shown). 
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Figure 3-16: POMC expression 66 days following TET-Ob or control vector delivery. 

Values represent means ± SEM.  p<0.01 for difference between TET-Ob-ON 
and control, p<0.025 for difference between TET-Ob-ON and TET-Ob-OFF. 
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Figure 3-17: SOCS3 expression 66 days following TET-Ob or control vector delivery. 

Values represent means ± SEM.  p<0.025 difference between TET-Ob-ON 
and control, p<0.025 for difference between TET-Ob-ON and TET-Ob-OFF. 
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Figure 3-18: Long-form leptin receptor (Ob-Rb) expression in the hypothalamus 66 days 

following TET-Ob or control vector delivery.  Values represent means ± 
SEM.  p<0.05 for difference between TET-Ob-ON and TET-Ob-OFF.  
Difference between TET-Ob-ON and control did not reach statistical 
significance (p=0.0582). 

   1       2        3        4          5          6          7          8     

UCP-1 

Control Ob-ON Ob-OFF
0

100

200

300

400
**

Ar
bi

tr
ar

y 
Un

its
/

m
g 

B
AT

 
 
Figure 3-19: UCP-1 protein in BAT 66 days following TET-Ob or control vector 

delivery. Values represent means ± SEM (Bar Graph, Top).  p<0.001 for 
difference between TET-Ob-ON and both control and TET-Ob-OFF. Image 
(Below) is of representative Western Blot for UCP-1.  Lanes 1, 3: Control; 
lanes 2, 4, 6, 8: TET-Ob-ON; lanes 5, 7: TET-Ob-OFF.  Note that lanes 1-4 
and lanes 5-8 came from separate gels. 
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Table 3-1: Brown adipose tissue parameters, serum free fatty acids, insulin, and glucose, 
and CSF leptin at sacrifice  

Parameter Control TET-Ob-ON TET-Ob-OFF 
BAT weight (mg) 
 

302±24 211±18* 290±23 

BAT protein  
(mg/g tissue) 

102.7±7. 133.1±12.2† 101.4±6.6 

UCP-1 mRNA 
(arbitrary units/µg 
RNA) 

100.0±6.0 119.5±8..9 92.6±9.7 

UCP-1 protein  
(arbitrary units/total 
BAT) 

100±12 208±27** 99±15 

Serum free fatty 
acids (nMol/L) 

0.442±.0.038 0.393±0.024 0.464±0.019 

Serum insulin 
(µU/mL) 

27.8±5.5 11.6±3.8‡ 46.6±7.2 

Serum glucose 
(mg/dL) 

169.1±12.7 154.9±6.0 173.6±8.7 

CSF leptin (pg/mL) 
 

11.6±2.47 5.18±0.55* 6.49 ±1.61 

Food was withdrawn 2 hours prior to collecting serum and tissue samples.  Samples were collected between 
10:00 and 13:00.  Data represent the mean ± SEM.  *p<0.025 vs. controls and TET-Ob-OFF; **p<0.01 vs. 
controls and TET-Ob-OFF, ***p<0.0001 vs. controls and TET-Ob-OFF, †p<0.025 vs. TET-Ob-OFF only,  
‡ p<0.025 vs. controls and p<0.01 vs. TET-Ob-OFF.   
 
the rate of body mass gain and reversible anorexia.   There was a dramatic 85.4% 

reduction in visceral adiposity in TET-Ob animals continuously administered 

doxycycline for 66 days (TET-Ob-ON).  In a sub-population of TET-Ob animals from 

which we withdrew Doxy (TET-Ob-OFF), visceral adiposity was indistinguishable from 

controls.  We believe this represents a recovery of adiposity in TET-Ob-OFF animals 

during STAGE 2.  Consistent with the adiposity data, serum leptin was 22.5% of control 

levels in TET-Ob at the end of STAGE 1.   By the end of STAGE 2, serum leptin in the 

TET-Ob-OFF group was similar to controls and nearly quadruple the serum leptin in the 

TET-Ob-ON.   Hypothalamic leptin expression was increased 8.5 fold in the TET-Ob-ON 

animals, and this was reversed in TET-Ob-OFF.  Leptin signal transduction and changes 

in the expression of POMC and SOCS3 in the hypothalamus were also consistent with a 
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reversible increase in central leptin activity.  UCP-1 protein levels per unit BAT tripled in 

TET-Ob-ON animals and this increase was completely reversed in TET-Ob-OFF.  

Finally, serum insulin was reduced in the TET-Ob-ON but not TET-Ob-OFF group.   

In the first leptin gene therapy study, Unger et al. demonstrated that an intravenous 

infusion of adenovirus (Ad) encoding leptin maintained hyperleptinemia for 28 days and 

resulted in a complete disappearance of white adipose tissue in Wistar rats (Chen et al., 

1996).   Pairfed animals experienced a modest reduction in adiposity despite similar 

weight loss, thus revealing that leptin gene therapy triggers an unprecedented, selective 

catabolism of white fat (Chen et al., 1996).  Given that uptake of leptin across the 

blood:brain barrier (BBB) appears to be a saturable process, it recently has been 

hypothesized that central delivery of the leptin gene may be more therapeutically 

efficacious in models resistant to peripheral leptin (Lundberg et al., 2001). In a recent 

investigation, central delivery of the leptin gene using an Ad vector resulted in both 

anorexia and weight loss in the normally leptin-resistant obese fa/fa rat (Muzzin et al., 

2000).  However, leptin transgene expression appeared to decrease dramatically between 

day 7 and 14 post-transfection, as did physiological responses.   This transient transgene 

expression could be the biproduct of a host-immune reaction that appears to be mounted 

in response to adenoviral antigens (Yang et al., 1994). 

Recombinant adeno-associated virus appears to circumvent the limitations of Ad 

(Conway et al., 1999).  The rAAV vector lacks virally encoded genes, thus eliminating 

the risk of immune response to viral-specific antigens.  Moreover, rAAV-mediated gene 

delivery results in unabated transgene expression for at least 6 months (Klein et al., 

1999), whereas transgene expression appears to decline within days after Ad vector 
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delivery (Koyama et al., 1998; Muzzin et al., 2000).  Further, rAAV gene delivery is 

suitable for delivery directly into neuronal tissue (Peel et al., 1997).   This allows for 

transgene expression in the CNS, thus bypassing potential limitations of BBB transport.  

For all of these reasons, rAAV appears to be the superior vector for leptin gene delivery.    

In the present study, the leptin gene was delivered centrally by rAAV, thereby 

avoiding both the problem of saturable BBB transport and the problem of unpredictable 

silencing of transgene with Ad.  Moreover, this is the first study to incorporate regulation 

into leptin gene therapy—presumably a desirable feature for any gene delivery system to 

be studied in humans.   The importance of post-transfectional control becomes clear when 

one considers the potential side effects of leptin transgene overexpression.   For example, 

a single intracerebroventricular (i.c.v) injection of constitutively active rAAV-leptin was 

recently shown to impair T-lymphocyte-mediated immunity in rats (Zhang, 2002). As 

discussed previously, leptin overexpression could also have negative effects on the 

reproductive system (Ahima and Flier, 2000a) and skeletal system (Ducy et al., 2000).  

Should such side effects appear, transgene expression could be reduced or silenced if the 

gene delivery system incorporates regulation.  This is the principle advantage of the TET-

Ob system described here. Without such regulation, one would have to resort to 

complicated (and likely less effective) pharmacological strategies or antisense delivery to 

reduce the severity of side effects.   

Recently, it has been suggested that long-term over-expression of leptin can lead to 

leptin resistance even in the absence of obesity (Qiu et al., 2001; Scarpace et al., 2002a).  

In one study, transgenic mice that over-expressed leptin displayed minimal adiposity and 

low body weights early in life, yet eventually stopped responding to the transgene despite 
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continuous expression (Qiu et al., 2001).  Both published (Scarpace et al., 2002a; 

Scarpace et al., 2003) and unpublished data from our laboratory suggest that the same is 

true of leptin gene therapy.  Namely, chronically elevated levels of leptin in or around the 

hypothalamus following rAAV-leptin gene delivery lead to leptin resistance, even in non-

obese animals that are fully leptin responsive at the onset of gene therapy.  These 

observations bring to light another potential advantage of a system that incorporates 

regulation.  We speculate that by periodically silencing the leptin transgene, this 

phenomenon of acquired leptin-induced-leptin resistance may be circumvented.  After a 

brief period of silencing the leptin transgene, the defective step(s) in the leptin signaling 

cascade may be allowed to re-sensitize prior to another period of transgene activation.   

One particularly novel finding was that leptin overexpression appears to reduce 

hypothalamic leptin receptor expression, and this attenuation is reversed within 32 days 

of silencing the transgene.   Expression of the long-form leptin receptor, Ob-Rb, was 

reduced by 30.5% in TET-Ob-ON versus TET-Ob-OFF [Figure 3-14].  This suggests that 

leptin is a negative regulator of leptin receptor expression and that silencing the transgene 

restores receptor expression by reducing leptin concentration in the vicinity of the 

hypothalamic Ob-Rb receptors.   Long term peripheral hyperleptinemia following leptin 

infusion has previously been associated reduced Ob-Rb expression in the hypothalamus 

(Martin et al., 2000), but our present data is the first to demonstrate that this is a specific 

effect of elevated leptin in the brain and, moreover, that this effect can be reversed.   It is 

unknown what role, if any, this leptin-induced decrease in leptin receptor expression 

plays in leptin resistance.   However, these results prompted us to further study the role of 

hyperleptinemia in Ob-Rb expression and function.   Experiments exploring leptin 
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receptor expression and signaling capacity in hyperleptimemic and hypoleptinemic states 

will be discussed in Chapter 5.   

In the present study, hypothalamic P-STAT3, a primary Ob-Rb second messenger, 

remained elevated 66 days after beginning doxy administration in the TET-Ob-ON group.   

These results are consistent with those of an earlier investigation by Dr. Scarpaces’s 

group using constitutively active leptin gene delivery, where P-STAT3 was elevated to 

the same extent 9 and 46 days post-transfection (Scarpace et al., 2002b).  Taken together, 

these results suggest that there is no leptin-dependent desensitization of leptin signal 

transduction over the time frame of these studies.   Moreover, the elevation in STAT3 

phosphorylation in TET-Ob-ON in this study persisted despite an increase in expression 

of SOCS3, a putative negative regulator of leptin signaling in the hypothalamus.  No 

elevation in hypothalamic P-STAT3 was detected in the TET-Ob-OFF group, confirming 

that the amplified leptin signal transduction in the TET-Ob-ON group was dependent on 

the externally regulated leptin transgene expression.  Moreover, POMC mRNA levels in 

the hypothalamus and UCP-1 in BAT mirrored hypothalamic P-STAT3 levels, implying 

that there was no desensitization anywhere downstream of the leptin receptor.  The 

physiological data confirms that the TET-Ob-ON animals remained responsive to the 

transgene as anorexia continued through the final days of the study.    

One surprising finding was that NPY expression was not significantly depressed in 

the TET-Ob-ON group at sacrifice.  This is particularly perplexing in light of the 

increased POMC expression in TET-Ob-ON, as leptin signaling has been shown to have 

opposite and simultaneous effects on POMC and NPY expressing neurons (Elias et al., 

1999; York, 1999).  In previous studies, we have reliably detected reduced hypothalamic 
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NPY mRNA following central leptin peptide and leptin gene delivery (Shek and 

Scarpace, 2000; Scarpace, 2002).  One possibility is that the TET-Ob-mediated enhanced 

leptin signaling did, indeed, suppress NPY expression, but to an extent that was too small 

for us to detect.  A second possibility is that sometime before day 66, compensatory 

pathways reversed the effects of the transgene on NPY expression.   Our previous 

constitutively active leptin gene therapy trial was 20 days shorter, which may not have 

been long enough for this compensatory pathway to override leptin’s effect on NPY 

expression (Scarpace, 2002).   Sahu (2002) recently demonstrated that one of the first 

steps in leptin-induced-leptin resistance is desensitization of NPY neurons.  Thus, our 

NPY data may be a preliminary sign of acquired leptin resistance in the TET-Ob-ON 

animals.  The relationship between the desensitization of NPY neurons and physiological 

leptin resistance will require further investigation.  However, the results of the present 

study suggest that the desensitization of NPY neurons may precede the loss of 

physiological responses to leptin.   

The reduction in CSF leptin concentrations in the TET-Ob-ON rats versus both 

controls and TET-Ob-Off animals was also unexpected.  Apparently, the amount of leptin 

leaking (if any) from the transfected hypothalamic cells was insufficient to compensate 

for the reduced amount of leptin coming across the blood brain barrier.  Indeed, there was 

an approximate 80% reduction in serum leptin levels in the TET-Ob-ON group at 

sacrifice.  Peripheral leptin, not hypothalamic leptin transgene, appears to be the 

dominant factor in determining CSF leptin levels in this study.  Nevertheless, the 

hypothalamic leptin expression and leptin signal transduction data confirm that local 

levels of leptin were elevated.   
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In summary, constitutively active leptin gene delivery by rAAV (“rAAV-leptin”) 

has been shown to cause dramatic reductions in adiposity in young adult animal models, 

and we repeat these observations here (Experiment 1).   Our major objective was to 

incorporate regulation into this potent rAAV-leptin system (Experiment 2), and the 

results of this chapter demonstrate that we achieved this goal.  The TET-Ob system 

allows for post-transfection control of leptin transgene expression, and ergo leptin 

signaling and associated biochemical and physiological responses.   Although this 

experiment examined only an “on” and “off” state, it is known that expression of genes 

under the control of the TET operon occurs in a doxy-dose dependent manner (Huang et 

al., 1999).  This suggests that, by adjusting the dose of doxy, this system could be used to 

titer leptin expression to achieve optimal levels of adiposity while minimizing side 

effects.    
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CHAPTER 4 
CENTRAL LEPTIN GENE THERAPY FAILS TO OVERCOME THE LEPTIN 

RESISTANCE ASSOCIATED WITH DIET-INDUCED OBESITY 

Introduction 

When a few injections of leptin were found to rapidly reverse obesity in the ob/ob 

mouse, excitement soared over a potential cure for the growing obesity epidemic.  

Unfortunately, the ob/ob mouse did not turn out to be a model of common obesity.  

Typical obese humans and animals are hyperleptinemic and resistant to exogenous leptin.  

Clinical trials with leptin have been disappointing due to this phenomenon of leptin 

resistance in the obese state and interest in pharmacological leptin to treat obesity has 

waned.   Since several obese, leptin resistant models respond better to central versus 

peripheral administration of recombinant leptin (Halaas et al., 1997; Niimi et al., 1999; 

Van Heek et al., 1997), it has been reasoned that leptin is not reaching its hypothalamic 

targets.  Transport of leptin across the blood:brain barrier appears to be saturated at serum 

leptin levels observed in obesity (Banks et al., 1999), suggesting that deficient 

blood:brain barrier transport may play a role in leptin resistance.  Thus, central delivery 

of leptin may be effective in cases of peripheral leptin resistance in obese humans and 

animal models.   

A single intracerebroventricular injection of rAAV-leptin has been shown to cause 

a rapid and complete disappearance of white adipose tissue in genetically normal young 

adult F344XBN male rats (Scarpace, 2002).   In a recent report, a single injection of 

rAAV encoding leptin prevented diet induced obesity in young male Sprague-Dawley 
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rats when administered before commencing high-fat (HF) feeding (Dube et al., 2002).  In 

the clinical treatment of obesity, however, a more typical objective is to reverse obesity in 

an already obese subject.  The purpose of the present investigation was to see if a single 

intracerebroventricular injection of rAAV encoding leptin could reverse the obesity 

caused by 100 days of high fat feeding.   To this end, we administered rAAV-leptin or 

control vector to high fat fed obese and diet resistant animals as well as lean, chow fed 

animals.   Physiological responses to the rAAV-leptin versus control vector were 

measured in all dietary groups, including anorexia, weight loss, and whole body energy 

expenditure via indirect calorimetry.  After sacrifice, biochemical responses to rAAV-

leptin were evaluated, including leptin signal transduction and neuropeptide expression in 

the hypothalamus, and uncoupling protein concentration in brown adipose tissue.  

Methods and Materials 

Animals   

Three-month old male Fischer 344 x Brown Norway rats were obtained form 

Harlan Sprague-Dawley (Indianapolis, IN).  Upon arrival, rats were examined and 

remained quarantined for 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.  

Experimental Design    

All animals were maintained on standard rat chow (diet 2018 from Harlan Teklad, 

Madison, WI) from weaning until two weeks after arriving in our laboratory, at which 

point animals were approximately 3 months old.   This CHOW diet provides 3.3 kcal/g of 

digestible energy and 15% of energy as fat.  At this point, 22 animals were switched to a 

high fat/high sucrose (HF) diet (F3282 from BioServ, Frenchtown, NJ, USA) while 10 
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continued to receive chow.   This HF diet provides 5.3 kcal/g and 59.4% of energy as fat.  

Animals were maintained on these respective diets through the conclusion of the 

experiment.   Over several weeks, the HF fed animals spontaneously divided into two 

distinct groups:  those that were becoming obese on the HF diet (Diet Induced Obese, 

DIO) and those that were not gaining extra weight on the HF diet (Diet Resistant, DR). 

After 4 weeks of HF-feeding, the top 40% of weight gainers were designated as “DIO” 

and the rest of the animals on the HF-fed diet were designated as “DR”.  This is similar to 

the designation system used previously by Levin and Keesey (1998), who defined the top 

37.5 % of weight gainers on a high energy diet as DIO.   DIO and DR groups were 

subsequently analyzed separately.   After approximately 100 days of HF feeding, all 

animals (including CHOW-fed) were prepared for stereotaxis surgery as described below.    

Animals were given a single injection into the third cerebroventricle of rAAV-encoding-

leptin (rAAV-leptin) or control vector encoding green fluorescents protein (rAAV-con).    

This yielded 6 groups of animals: an rAAV-leptin and an rAAV-con subgroup in each of 

the three original dietary groups (CHOW, DIO, and DR).  These 6 groups are abbreviated 

CHOW-con, CHOW-leptin, DIO-con, DIO-leptin, DR-con, and DR-leptin.  Animals 

were monitored for another 30 days and then sacrificed for tissue analysis.   

Blood Collection  

Blood was harvested from all animals on day 75.  Animals were placed under 

temporary anesthesia by ethrane inhalation.   Using a sterile, razor sharp scapula, a small 

piece (~2 mm) of the tip of the tail was excised.  Then, using a gentle “milking” motion, 

0.5 mL of blood was collected from the tail into a sterile microfuge tube.  The blood was 

allowed to clot, and then was immediately spun at 1300 G for 10 minutes.  The top serum 

layer was placed in a fresh tube and stored at -20 C.   
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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).  O2 consumption is used to estimate energy expenditure in a 

procedure known as “indirect calorimetry.”  Flow rates were 2 L/min with a 30-s 

sampling time at 5-min intervals.  The rats were placed into the chamber for 120 min 

with the lowest 6 consecutive O2 consumption values during this period used in the 

calculations (basal resting VO2).  Food was withdrawn 2 hours prior to commencing 

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 · kg2/3) or 

µL/Kcal food intake. 

Construction of rAAV Vector Plasmid 

The vector used in this study is identical to that used in Experiment 1 of Chapter 3. 

pTR-Ob encodes rat leptin cDNA [a kind gift from Roger Unger (Chen et al., 1996)] and 

green fluorescent protein (GFP) reporter gene cDNA.  The woodchuck hepatitis virus 

posttranscriptional regulatory element (WPRE) was placed downstream to enhance the 

expression of the transgenes (Loeb et al., 1999). The control vector encodes GFP driven 

by a CBA.  Vectors contain AAV terminal repeats at both sides of the cassette to mediate 

replication and packaging of the vector (Bell et al., 1999). 

Packaging of rAAV Vectors 

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

(Conway et al., 1999).  The titer of rAAV-leptin was 2.3E13 physical particles/mL.   A 

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

Vector Administration   

Rats were anesthetized with 60 mg/kg pentobarbital 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 injection into 3rd cerebroventricle:  

1.3 mm posterior to Bregma and 9.4 mm ventral from the skull surface on the midline 

(medial fissure), with the nose bar set at 3.3 mm below the ear bars (below zero) and the 

canula set at 20º posterior from vertical. A small hole was drilled through the skull and a 

23-gauge stainless steel guide canula was lowered to the 3rd cerebroventricle.  This was 

followed by an injection canula attached to a 10uL syringe.  We injected 2.5 uL of viral 

particles dissolved in Ringer’s solution at approximately 0.25 uL/minute.  Animals 

received either the rAAV-leptin (n=5 CHOW, n=5 DIO, and n=5 DR) or control virus 

encoding GFP (n=5 CHOW, n=4 DIO, and n=8 DR).   

Tissue Harvesting 

Rats were anesthetized with 85 mg/kg pentobarbital and sacrificed by cervical 

dislocation.  Blood was collected by cardiac puncture and serum was harvested by a 10 

minute centrifugation (1300 G) in serum separator tubes.  The circulatory system was 

perfused with 20 mL of cold saline.  Inguinal, perirenal, and retroperitoneal white adipose 

tissue, brown adipose tissue, and hypothalami were excised, weighed, and immediately 

frozen in liquid nitrogen.   The hypothalamus was removed by making an incision medial 
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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 Leptin and FFA 

Serum leptin was measured using a rat radioimmunoassay kit (Linco Research, St. 

Charles, MO).  Serum free fatty acids were measured using the NEFA C colorimetric kit 

from WAKO Chemicals GmbH (Neuss Germany).  Day 75 data was derived from serum 

harvested from tail bleeding.  Endpoint measurements were made on serum harvested 

from a cardiac puncture at sacrifice. 

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

Leptin transgene expression and long-form leptin receptor (Ob-Rb) expression 

were evaluated by using relative quantitative RT-PCR through the use of QuantumRNA 

18s Internal Standards kit (Ambion, Austin, Tx).  Total RNA (3 µg) was treated with 

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

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 quantitative 

PCR for rAAV-leptin expression was performed by multiplexing rAAV-leptin specific 

primers (sense: 5’GGCTCTGACTGACCGCGTTA; antisense: 5’ 

CTGCCAGGGTCTGGTCCATC) and 18s primers and coamplifing for 28 cycles, the 

midpoint of the linear range for signal intensity versus number of cycles.  The optimum 

ratio of 18s primer to competimer was 1:9.  PCR was performed at 94°C denaturation for 

60 sec, 59°C annealing temperature for 45 sec, and 72°C elongation temperature for 120 

sec.  Similarly, the number of cycles found to be at the mid point of the linear range was 

26 cycles for ObRb.   The sequence for Ob-Rb primers were sense: 

GGGAACCTGTGAGGATGAGTG; antisense: TAGCCCCTTGCTCTTCATCAG.  The 
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PCR product was electrophoresed on a 5% acrylamide TBE gel and stained with SYBR 

green (Molecular Probes, Eugene, OR).    Gels were scanned using a STORM fluorescent 

scanner and digitized data were analyzed using Imagequant software (Molecular 

Dynamics, Sunnyvale, CA). 

STAT3/Phospo-STAT3 Assay 

These methods were described in detail previously (Scarpace et al., 2000b).  

Briefly, 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 with an antibody specific to 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).  Following P-STAT3 

quantification, membranes were stripped of antibody using Immunopure reagent (Pierce, 

Rockford, IL) and immunoreactivity was re-assessed using a total STAT-3 antibody.  

Probes 

POMC mRNA is detected using a 24-mer antisense oligonucleotide probe (5’-

CYYGCCCACCGGCTTGCCCCAGCG-3’).  The oligonucleotide probe was end labeled 

by terminal deoxynucleotidyl transferase (Promega).  The AgRP cDNA probe was 

provided by Dr. Michael Schwartz (University of Washington).  The rat pre pro NPY 

cDNA was provided by Janet Allen (University of Glasgow, UK).  SOCS3 cDNA was a 

gift from Christian Bjorbaek (Harvard University).  The cDNA probes were labeled using 
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a random primer kit (Prime-a-Gene, Promega, Madison, WI).  Probes were purified with 

Nick columns (Pharmacia) and, except for oligonucleotide probes, were 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).  

mRNA Levels (Dot Blot Analysis) 

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 

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 

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

washed and exposed to a phosphor imaging 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 Image Quant Software 

(Molecular Dynamics).   

Statistical Analysis 

All data are expressed as mean ± standard error of mean.  Body mass and food 

intake during the HF-feeding period were compared by 2-WAY ANOVA, with dietary 

group and time serving as factors.  Total weight gain through day 75 was compared by 1-

WAY ANOVA with Tukey’s post-hoc.  Comparisons in cumulative caloric intake 
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(through day 5) and average daily caloric intake (day 6-100) were made by 1-way 

ANOVA.   A 1-way ANOVA was used to compare serum leptin, serum free fatty acids, 

and oxygen consumption in the three dietary groups (CHOW, DIO, and DR) prior to 

vector delivery.    When 1-way ANOVA was significant, Tukey post-hoc was used to 

evaluate pairwise comparisons.  After vector delivery, comparisons were made by 2-Way 

ANOVA on the now 6 groups (each dietary group was divided into rAAV-leptin and 

control subgroups) with dietary group and vector as factors.  When only 2-Way ANOVA 

main effects were significant, relevant pairwise comparisons were made using the 

Bonferroni Multiple Comparison method with the error rate corrected for the number of 

contrasts. When there was an interaction, factors were separated and a further 1-Way 

ANOVA was applied with a Bonferroni Multiple Comparison post-hoc.  When separation 

of factors resulted in only two population means to compare, the 1-WAY ANOVA was 

replaced with student’s t-test.  α-level was set at 0.05 for all analyses.  GraphPad Prism 

software (San Diego, CA) was used for all statistical analysis and graphing.   Post-hoc 

analysis of 2-Way ANOVAS was done using GraphPad QuickCalc (GraphPad.com).   

Results 

Part I: High-Fat Feeding 

Food consumption and body mass 

Male F344XBN rats, age 3 months, were either maintained on standard chow diet 

(CHOW) or a high-fat high sucrose (HF) diet as described in the Methods section.  The 

HF-fed animals spontaneously divided into two distinct groups:  those that were 

becoming obese on the HF diet (Diet Induced Obese, DIO) and those that were not 

gaining extra weight on the HF diet (Diet Resistant, DR).   DIO animals gained mass at a 

greater rate than DR and CHOW, and this trend became significant by day 25 (Figure 4-
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1).  By day 75, DIO animals had gained over 25% more mass than both CHOW and DR 

[p<0.001] (Figure 4-1).      During the first week of high fat feeding, acute hyperphagia 

was observed in all HF-fed animals (both DIO and DR).  Cumulative caloric intake was 

nearly 30% greater in HF- fed animals than CHOW-fed animals during the first 5 days of 

HF-feeding (p<0.001), but this acute hyperphagia attenuated by day 7 (Figure 4-2).   

After this acute phase, caloric intake was similar in DIO and CHOW while DR animals 

consumed significantly less calories than both DIO and CHOW during this phase of the 

experiment (p<0.01, Figure 4-2).   

Oxygen consumption 

Oxygen consumption (VO2) was first measured 30 days after beginning HF-

feeding.  At this point, oxygen consumption (mL/min/kg2/3) was significantly reduced in 

DIO compared to both CHOW and DR (p<0.01), suggesting that reduced energy 

expenditure in DIO contributes to their accelerated rate of weight gain during this phase.   

By day 70, there was no longer a difference in VO2 in the three groups (Figure 4-3).   

Serum leptin and free fatty acids 

At day 75, serum leptin was significantly greater in DIO compared to DR (p<0.01, 

Table 4-1).  CHOW animals had lower serum leptin than both DIO and DR (p<0.001, 

p<0.01, respectively).  Serum FFA did not differ across groups at this point in the study 

(Table 4-1).   
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Figure 4-1:  Body mass during high fat feeding (pre-vector delivery).  Values represent 
means ± SEM.  By 2-Way ANOVA, significance was found for effects of 
dietary group (F=46.38, p<0.0001), time (F=263.00, p<0.0001), and the 
interaction between group and time (F=1.71, p<0.05). 
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Figure 4-2: Caloric intake during high fat feeding (pre-vector delivery).  Values represent 
means ± SEM.  By 2-Way ANOVA, significance was found for effects of 
dietary group (F=31.59, p<0.0001), time (F=12.00, p<0.0001), and the 
interaction between group and time (F=2.62, p<0.0001).  Note the biphasic 
pattern of caloric intake in all HF-fed (DIO and DR) animals demonstrated 
acute hyperphagia after being switched to the high fat diet.  After this transient 
hyperphagic response to the diet subsided (day 7), average caloric intake did 
not differ between DIO and CHOW for the rest of the study.  Mean daily 
caloric intake was significantly lower in DR compared to both DIO and 
CHOW after day 7 (p<0.01). 
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Figure 4-3: Oxygen consumption on day 30 and on day 70 after commencing HF-feeding 

(pre-vector delivery).  Values represent mean percent of control ± SEM.   
p<0.01 for difference between DIO and CHOW on day 30 and difference 
between DIO and DR on day 30. 

 
 
Table 4-1: Serum leptin and free fatty acids after 75 days of high-fat feeding (DIO and 

DR).   
 CHOW DIO DR 
Serum Leptin 
(ng/mL) 

4.90±0.52 13.29±1.43a 9.05±0.58b 

Serum FFA  
(meq/L) 

0.55±0.059 0.44±0.045 0.64±0.055 

Data represent mean±SEM.  p values represent results of post-hoc analysis following 1-WAY ANOVA.  
a p<0.001 versus CHOW, p<0.01 versus DR  
b p<0.01 versus CHOW and DIO  
 
Part II: Post rAAV-Leptin Delivery 

Food consumption and body mass 

After approximately 100 days of HF-feeding in DIO and DR, animals in all dietary 

groups (i.e., CHOW, DIO, DR) were given a single i.c.v. injection containing 5.75E10 

physical particles of rAAV encoding leptin (rAAV-leptin) or control virus (rAAV-con).   

CHOW-leptin had a robust response to rAAV-leptin, losing 6.6% of their body mass 

while CHOW-con animals increased their body mass by 3.2% during the same 29 days of 



84 

 

observation (p<0.0001) (Figure 4-4).  CHOW-leptin also had a significant (p<0.001) 

anorectic response to rAAV-leptin, consuming an average of 20.6% less calories than 

controls from day 7 through 29 post vector delivery (Figure 4-5).  In contrast, DIO were 

completely unresponsive to the weight reducing (Figure 4-4) and anorectic effects 

(Figure 4-5) of rAAV-leptin.  DR rats responded to rAAV-leptin, but in a more variable 

fashion than CHOW.  DR-leptin animals lost an average of 8.4% of their body mass 

while DR-con increased their BM by 4.7% during 29 days post-vector delivery (p<0.01, 

Figure 4-4).  DR-leptin consumed an average of 17% less food than DR-con days 7-29 

post gene delievery (p<0.05), but unlike in CHOW, this anorectic response rapidly 

attenuated and was no longer significant by day 14 post-vector delivery (Figure 4-5). 

Oxygen consumption 

rAAV-leptin did not significantly increase oxygen consumption 7 days following 

vector delivery in any of the three dietary groups (Table 4-2).  This was not a surprise as 

it has been previously demonstrated that leptin prevents the decrease in energy 

expenditure normally observed following reduced caloric intake, yet does not necessarily 

increase energy expenditure above that of untreated, ad libitum fed controls (Scarpace et 

al., 1997; Scarpace, 2002).  At this point in the present study (day 7), significant anorexia 

was recorded in CHOW-leptin and DR-leptin animals but not in DIO-leptin animals 

(compared to animals in the respective dietary group given control vector) (Table 4-2).  

For this reason, oxygen consumption was expressed relative to caloric intake (µL/kCal). 

By this method, rAAV-leptin treatment was found to increase energy expenditure per 

Kcal consumed in CHOW (CHOW-leptin vs. CHOW-con, p<0.05), but not DIO (Table 

4-2).    
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Adiposity 

Animals were sacrificed 30 days after vector delivery.  At this point, visceral 

adiposity (sum of retroperitoneal and perirenal white adipose tissue) of CHOW-leptin 

was 19.5% of that in CHOW-con (p<0.0001, Figure 4-6).  Although DIO animals had 

nearly 3-fold greater visceral adiposity compared to CHOW-con, there was no effect of 

rAAV-leptin on adiposity in DIO (Figure 4-6).   This confirms that DIO animals were 

completely unresponsive to a dose of rAAV-leptin that causes a near complete 

disappearance of white fat in age-matched chow-fed animals.  DR-con had more than 

double the visceral adiposity of CHOW-con despite similar body masses, suggesting that 

DR animals have reduced lean body mass coupled with increased fat mass (Figure 4-6).  

Visceral adiposity was reduced by 57% in DR-leptin vs. DR-con (p<0.01), suggesting 

these animals were indeed leptin responsive despite high initial adiposity.   Unexpectedly, 

adiposities were not statistically different between DIO and DR control rats despite 

significant differences in total body mass and rates of weight gain and despite different 

leptin responsiveness.    

Serum leptin and free fatty acids 

As expected, serum leptin data correlated with the adiposity data (Table 4-3).     

rAAV-leptin caused an 84% reduction in serum leptin in CHOW (p<0.0001) and a 67% 

reduction in DR (p<0.01), yet had no effect in DIO (Table 4-3).  DIO-con animals had 3-

fold greater serum leptin (p<0.0001) and DR-con had 2.5-fold greater serum leptin 

(p<0.001) than CHOW-con (Table 4-3). 

At sacrifice, there was a significant dietary group main effect on serum FFA (2-

Way ANOVA p<0.05, Table 4-3).   Serum FFA tended to be higher in DIO compared to 

CHOW and DR, but this was not significant by post-hoc analysis.   
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Leptin transgene expression in the hypothalamus 

 Primers were designed to specifically detect leptin expressed by rAAV-leptin 

transgene via RT-PCR.  mRNA for the leptin transgene was detected in the hypothalami 

of all animals administered rAAV-leptin, but not in the animals administered rAAV-con 

(Figure 4-7).   No differences in transgene expression were found across dietary groups.   

Leptin receptor expression and signal transduction in the hypothalamus 

Leptin receptor (Ob-Rb) expression was significantly reduced in both DIO-con and 

DR-con as compared to CHOW-con (p<0.05) (Figure 4-8).  rAAV-leptin treatment 

tended to reduce Ob-Rb expression in CHOW animals, but this failed to reach statistical 

significance (p=0.07).  rAAV-leptin did not affect the already suppressed Ob-Rb 

expression in DIO and DR (Figure 4-8).   

Basal P-STAT3 was significantly elevated in DIO-con as compared to CHOW-con 

(p<0.01) and DR-con (p<0.05), and P-STAT3 was greater in DR-con than CHOW-con 

(p<0.01).  rAAV-leptin treatment caused a significant increase in STAT3 

phosphorylation in CHOW (p<0.01) and DR animals (p<0.05), but not in DIO animals 

(Figure 4-9).   Total STAT levels were not affected by diet or rAAV-leptin in any group 

(data not shown).   

Downstream neuropeptide regulation in the hypothalamus   

Leptin normally causes an increase in Pro-opiomelanocortin (POMC, the precursor 

to α-melanocyte stimulating hormone [α-MSH]), and this is one downstream component 

of the leptin signaling cascade that ultimately results in anorexia and increased energy 

expenditure (Elias et al., 1999).   In the present study, rAAV-leptin treatment caused a 

significant increase in POMC expression in CHOW animals (p<0.01) and in DR animals 

(p<0.05), but not in DIO (Table 4-4).  There was no effect of diet on POMC expression.   
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NPY and AGRP are orexigenic signals whose expression may be down-regulated 

by leptin (Elias et al., 1999; Spiegelman and Flier, 2001).   rAAV-leptin treatment 

significantly reduced NPY expression in CHOW animals (p<0.05), but not in DIO or DR 

(Table 4-4).     AGRP expression tended to be suppressed by rAAV-leptin treatment in 

both CHOW and DR, but this barely failed to reach statistical significance in both cases 

(p= 0.064 and p=0.061, respectively) (Table 4-4).   No effect of rAAV-leptin on AGRP 

was observed in DIO.   SOCS3 expression tended to be elevated by rAAV-leptin 

treatment in CHOW and DR, but this failed to reach statistical significance (Table 4-4).  

Expression of AGRP, NPY, and SOCS3 did not differ across the three dietary groups 

(Table 4-4).  Hypothalamic expression of PIAS-3, a putative negative regulator of P-

STAT3 DNA binding, was also measured.  We did not detect an effect of diet or rAAV-

leptin on PIAS-3 expression (data not shown).   

UCP-1 in brown adipose tissue 

The increase in energy expenditure in leptin treated compared to pair-fed animals is 

mediated in part by uncoupling protein-1 (UCP-1) (Scarpace and Matheny, 1998; 

Scarpace, 2002).  UCP-1 uncouples mitochondrial respiration from ATP production, thus 

decreasing the efficiency of metabolism and increasing heat production.  In the present 

study, UCP-1 protein concentration in the interscapular brown adipose tissue was 

significantly increased by HF feeding (Figure 4-10).  HF feeding increased UCP-1 

protein concentration by more than 2-fold in both DIO and DR (Figure 4-10).  rAAV-

leptin treatment caused a significant increase in UCP-1 concentration in CHOW 

(p<0.05), but had no effect in DIO (Figure 4-10).  Although UCP-1 was already elevated 

in DR-con to the same degree as DIO-con, rAAV-leptin caused a significant 2-fold 

further increase in UCP-1 concentration in BAT in DR-leptin (p<0.05, Figure 4-10).   



88 

 

High fat feeding causes a significant infiltration of BAT with white adipocytes.   

Thus, we also expressed UCP-1 levels per total interscapular BAT pad.  When expressed 

this way, the difference in the UCP-1 response to rAAV-leptin in DIO and DR was 

eliminated (Figure 4-11).   Thus, the apparent robust UCP-1 effect of rAAV-leptin in DR 

was actually a result of the maintenance of total UCP-1 protein coupled with a significant 

decrease in BAT pad mass, most likely due to enhanced lipolysis and the loss of white 

fat.    rAAV-leptin enhanced UCP-1 per total IBAT pad in CHOW (Figure 4-11).   

Discussion 

The major objective of the present study was to compare the effects of leptin gene 

therapy in CHOW-fed and DIO animals with hopes of gaining new insight into the 

mechanisms of obesity-associated leptin resistance.  To our knowledge, this is the first 

study to measure responses to leptin gene delivery after a period of chronic high-fat 

feeding.    During the initial 100 days of high fat feeding, 40% of HF-fed animals became 

obese (DIO), gaining significantly more body mass and adiposity than CHOW-fed 

controls.  The remaining HF-fed animals were “diet resistant,” gaining body weight at a 

similar rate to CHOW-fed controls.   Barry Levin’s group has previously described this 

phenomenon of DIO and DR in detail using Sprague-Dawley rats (Levin et al., 1987; 

Levin et al., 1997; Levin and Keesey, 1998).   In our F344xBN model, we recorded 

increased adiposity in DR animals with respect to CHOW-fed controls despite similar 

body masses.  Thus, DR rats appear to have an unfavorable change in body composition 

as a result of the HF-feeding.  The apparent loss in lean body mass in DR may be 
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Figure 4-4: Changes in body mass during 29 days post-vector delivery.  Values represent 

mean percent change of starting body mass ± SEM.   By 2-Way ANOVA, 
significance was found for effects of dietary group (F=3.74, p<0.05), vector 
(F=19.86, p<0.001), and the interaction between group and vector (F=4.22, 
p<0.05).  By post hoc analysis: p<0.0001 for effect of rAAV-leptin on body 
mass in CHOW; p<0.01 for effect of rAAV-leptin in DR. 
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Figure 4-5: Caloric intake during 29 days post-vector delivery.  Values represent mean ± 

SEM. (a) CHOW: By 2-Way ANOVA, significance was found for effects of 
vector (F=106.51, p<0.0001), time (F=7.45, p<0.0001), and the interaction 
between vector and time (F=4.03, p<0.0001).  By post hoc analysis: p<0.05 
for effect of rAAV-leptin on food intake on days 7-29 in CHOW. (b) DIO:   
Only time main effect was significant (F=23.16, p<0.0001).  rAAV-leptin had 
no effect. (c) DR: Both vector (F=17.87, p<0.0001) and time (F=8.08, 
p<0.0001) main effects were significant.  By post hoc analysis, p<0.05 for 
effect of rAAV-leptin on food intake days 7-12 in DR. 
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Table 4-2: Oxygen consumption and 24 hour caloric intake on day 7 following rAAV-

leptin or control vector delivery   
 
 CHOW-Con CHOW-Lep DIO-Con DIO-Lep DR-Con DR-Lep 
VO2 
(ml/kg2/3/m) 

11.29±0.44 12.38±0.82 11.44±0.22 11.91±0.31 12.54±0.43 12.07±0.19 

Food Intake 
(Kcal) 

63.46±2.07 50.99±2.13a 57.64±3.97 55.70±1.86 58.38±1.01 38.96±12.38b 

VO2 per 
Kcal 
(µL/Kcal 
consumed)* 

99.85±3.66 135.5±9.21c 117.6±8.69 124.9±5.20   

 
Data represent mean ± SEM.  By 2-Way ANOVA analysis of day 7 food intake, significance was found for 
vector (rAAV-leptin) main effect (F=6.25, p<0.05).  By 2-Way ANOVA analysis of VO2/Kcal, 
significance was found for vector main effect (F=9.54, p<0.01).  p values below are results of post-hoc 
analysis of rAAV-leptin effect in each dietary group following 2-way ANOVA with dietary group and 
vector as factors.  *Due to highly variable acute anorectic response to rAAV-leptin in DR group, VO2/Kcal 
was not evaluated for these animals.     
a p<0.01 versus CHOW-Con 
b p<0.05 versus DR-Con 
c p<0.05 versus CHOW-Con  
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Figure 4-6: Visceral adiposity 30 days post-vector delivery.  Values represent mean ± 

SEM.  By 2-Way ANOVA, significance was found for effects of vector 
(F=20.63, p<0.0001), dietary group (F=53.44, p<0.0001), and the interaction 
between group and vector (F=4.03, p<0.0001).   p<0.0001 for effect of rAAV-
leptin on adiposity in CHOW; p<0.05 for effect of rAAV-leptin on adiposity 
in DR.  (†)p<0.0001 for difference in adiposity between CHOW-con and both 
DIO-con and DR-con. 
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Figure 4-7: (A) Leptin transgene expression in the hypothalamus 30 days post-vector 
delivery.  Primers were designed to specifically detect leptin expressed by 
rAAV-leptin transgene via RT-PCR.  mRNA for the leptin transgene was 
detected in the hypothalami of all animals administered rAAV-leptin, but not 
in the animals administered rAAV-con.   No differences in transgene 
expression were found across dietary groups.  (B) Representative images of 
PCR product electrophoresed on a 5% acrylamide TBE gel, stained with 
SYBR green, and scanned using a STORM fluorescent scanner.  Top gel is 
CHOW, middle is DIO, and bottom is DR.  On all gels, lanes 1-4 were 
administered rAAV-con and lanes 5-9 were administered rAAV-leptin.  Top 
band (where visible) represents leptin transgene; bottom band represents 18S 
rRNA control amplicon.   
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Table 4-3: Serum leptin and FFA at sacrifice.    
 
 CHOW-Con CHOW-Lep DIO-Con DIO-Lep DR-Con DR-Lep 
Serum 
Leptin 
(ng/mL) 

2.33±0.148 0.37±0.114 a 7.34±0.497 a 6.56±0.643 5.76±0.945b 1.93±0.830c 

Serum FFA 
(meq/L) 

0.59±0.015 0.49±0.033 0.64±0.037 0.79±0.079 0.68±0.066 0.59±0.051 

Data represent mean±SEM. By 2-Way ANOVA analysis of serum leptin, significance was found for vector 
(rAAV-leptin) main effect (F=12.64, p<0.01) and dietary group main effect (F=25.36, p<0.0001).  By 2-
Way ANOVA analysis of FFA, significance was found only for dietary group main effect (F=4.40, 
p<0.05).   p values below are results of post-hoc analysis following 2-way ANOVA with dietary group and 
vector as factors.   
a p<0.0001 versus CHOW-Con 

b p<0.001 versus CHOW-Con 
c p<0.01 versus DR-Con 
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Figure 4-8: Hypothalamic leptin receptor expression 30 days post-vector delivery.  

Values represent mean ± SEM. By 2-Way ANOVA, significance was found 
only for dietary group main effect (F=6.55, p<0.01).  By post hoc analysis, (†) 
p<0.05 for difference between CHOW-con and both DIO-con and DR-con.   
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Figure 4-9: STAT3 phosphorylation in the hypothalamus at sacrifice.  Values represent 

mean percent of control ± SEM. Arbitrary units are per unit hypothalamic 
protein.  By 2-Way ANOVA, significance was found for dietary group main 
effect (F=10.22, p<0.001) and vector (rAAV-leptin) main effect (F=15.19, 
p<0.001).  The interaction between main effects closely approached 
significance (F=3.10, p=0.06).  The effect of rAAV-leptin in each dietary 
group was then analyzed separately, with the Bonferroni correction for 
multiple comparisons applied to the error rate.  p<0.01 for effect of rAAV-
leptin on STAT3 phosphorylation in CHOW, p<0.05 for effect in DR.  By 
post-hoc analysis of dietary group effects, (‡) p<0.01 for difference between 
CHOW-con and DIO-con; (†) p<0.05 for difference between CHOW-con and 
DR-con. 
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Table 4-4: Hypothalamic POMC , NPY, AGRP, and SOCS3 expression at sacrifice.  
 
 CHOW-Con CHOW-Lep DIO-Con DIO-Lep DR-Con DR-Lep 
POMC 
 

100±5.5 123±4.2 a 119±13.2 98.0±2.2 110±9.1 143±14.3b 

NPY 
 

100±10.1 74.5±4.4c 74.5±9.9 95.9±8.0 85.4±4.2 91.4±4.4 

AGRP 
 

100±17 63.9±12 95.3±21 85.4±19 126±13 96.1±9.7 

SOCS3 
 

100±2.5         105±1.8 108±2.5        96.8±6.6 93.9±3.6 112.7±7.9 

 
Food was withdrawn a minimum of 2 hours prior to collecting tissue samples.  Samples were collected 
between 10:00 and 14:00.  Data represent the mean ± SEM.   All mRNA data is expressed in arbitrary units 
and was standardized so that the mean value in CHOW-Con animals was set at 100.  POMC, NPY, and 
SOCS3 were measured by RNA dot blot.  AGRP was measured by relative quantitative PCR relative to 
18S rRNA.  By 2-Way ANOVA analysis of POMC, significance was found only for interaction between 
dietary group and vector (F=4.61, p<0.05).   Similarly, by 2-Way ANOVA analysis of NPY, significance 
was found only for interaction between dietary group and vector (F=6.18, p<0.01). Therefore, we evaluated 
the effect of rAAV-leptin on NPY and POMC independently in each dietary group.  2-Way ANOVA 
analysis of AGRP and SOCS3 did not reveal any significant main effects or interactions, although the 
vector main effect approached significance for AGRP (F=3.88, p=.059).  p values below are results of post-
hoc analysis following 2-way ANOVA with dietary group and vector as factors. 
a p<0.01 versus CHOW-Con 
b p<0.05 versus DR-Con 
c p<0.05 versus CHOW-Con 
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Figure 4-10: UCP-1 concentration in BAT at sacrifice.  Values represent mean percent of 

control ± SEM.  By 2-Way ANOVA, significance was found for main effects 
of vector (F=10.46, p<0.01) and dietary group (F=5.91, p<0.01).  By post-hoc 
analysis, p<0.05 for effect of leptin on UCP-1 in both CHOW and DR.  (†) 
p<0.05 for difference between CHOW-con and DIO-con; p<0.05 for 
difference between CHOW-con and DR-con. 
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Figure 4-11: UCP-1 per total interscapular brown adipose tissue (IBAT) at sacrifice.  
Values represent mean percent of control ± SEM.  By 2-Way ANOVA, 
significance was found only for main effect of dietary group (F=6.99, p<0.01).  
By post-hoc analysis (pairwise comparisons with Bonferroni correction 
applied to α-level), (†) p<0.05 for difference between CHOW-Con and both 
DIO-Con and DR-Con; p<0.05 for effect of rAAV-leptin in CHOW only. 

related to their reduced caloric intake and perhaps sub-optimal protein intake, or a 

product of metabolic and endocrine changes on the fat and sucrose rich diet.  For 

example, increased cortisol and insulin coupled with suppressed growth hormone and sex 

steroids in DR could promote increased visceral adiposity and decreased lean mass 

(Bjorntorp, 1995).   Regardless of the mechanism, DR animals evidently do not 

completely escape the negative effects of chronic high fat/high sucrose feeding despite 

their resistance to excess weight gain.   

It was recently reported by Dube et al. (2002) that an i.c.v. injection of rAAV-

leptin can prevent diet induced obesity for 9 weeks when administered before the start of 

HF-feeding.  The authors made the following conclusions:  
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. . . insufficiency of central leptin, rather than impaired leptin receptor or 
postreceptor signal transduction, contributes to the loss of weight regulation . Thus, 
one can assume that by experimentally increasing leptin expression in the 
hypothalamus, it is possible to reinstate weight control for extended periods, even 
when rats consume HFD [High Fat Diet]” (Dube et al., 2002, page 1734).   

Our present data is inconsistent with these conclusions.  In the Dube study 

discussed above (Dube et al., 2002), animals were not leptin resistant at the time that 

rAAV-leptin was administered.   Therefore, the ability of rAAV-leptin to reinstate 

normal body weight and adiposity regulation could not be properly evaluated.   The 

present study demonstrates that if animals are allowed to become obese first, rAAV-

leptin is ineffective.   Since central overexpression of leptin did not overcome this leptin 

resistance, it is clear that central insufficiency of leptin is not the only factor in DIO-

related leptin resistance.  Rather, there is a CNS component to leptin resistance.  

Phosphorylated STAT3 is a second messenger for the long form leptin receptor, 

which is widely expressed in the hypothalamus (Hakansson and Meister, 1998).   rAAV-

leptin caused a two-fold increase in hypothalamic P-STAT3 in CHOW, yet had no effect 

in DIO.  However, basal levels of STAT3 activation in the hyperleptinemic obese state 

appear equivalent to the activation achieved as a result of rAAV-leptin transgene in the 

highly responsive CHOW animals.  Notably, there was no effect of obesity (DIO vs. 

CHOW) on the expression of any of the downstream neuropeptides (NPY, POMC, 

AGRP) that are normally regulated by leptin. Thus, DIO animals are unresponsive to 

their elevated endogenous leptin despite persistently elevated leptin signal transduction.      

This suggests that the signaling defect in DIO animals lies, at least in part, downstream of 

leptin receptor signal transduction.    

Hypothalamic expression of anorectic and orexigenic signals were appropriately 

increased and decreased, respectively, by rAAV-leptin in CHOW animals but not DIO.   
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Expression of POMC, a pro-peptide for the anorexic signal α−MSH, was increased in 

CHOW but not in DIO in response to rAAV-leptin.  Similarly, rAAV-leptin reduced 

hypothalamic expression of the orexigenic signal NPY in CHOW but not DIO.  End-

organ responses to rAAV-leptin mirrored hypothalamic signaling responses.  Namely, 

rAAV-leptin increased UCP-1 concentration in BAT 3-fold in CHOW but had no effect 

in DIO.   We conclude that DIO animals were completely unresponsive to a dose of 

rAAV-leptin that caused an 80% reduction in visceral adiposity in CHOW-fed controls 

over 30 days.    

In contrast to both CHOW and DIO, the DR animals were partially responsive to 

rAAV-leptin, experiencing a 57% reduction in adiposity and significant anorexia and 

weight loss.  Since the DR controls had 2-fold greater adiposity than CHOW-controls, the 

magnitude of visceral fat loss with rAAV-leptin was actually slightly greater in the DR 

group (Figure 4-6).  DR animals also had a reduction in food intake and significant 

weight loss in response to rAAV-leptin.  Basal STAT3 phosphorylation was increased in 

DR with respect to CHOW, yet still appeared less than DIO (Figure 4-9).  rAAV-leptin 

resulted in a significant increase in P-STAT3 in DR, suggesting that an induction in P-

STAT3 is a predictor of physiological responsiveness to exogenous leptin.  The 

magnitude of P-STAT3 induction was certainly less in DR than in CHOW, consistent 

with the overall reduced rAAV-leptin responsiveness in DR with respect to CHOW.  

POMC expression was enhanced in response to rAAV-leptin in DR, but we did not 

observe a significant decrease in NPY in these animals.  This latter finding my not be 

surprising in light of the food intake data.  While rAAV-leptin initially caused anorexia in 

DR, this response rapidly attenuated and was no longer significant by day 14 post-vector 
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delivery.  Such an attenuation was not observed in CHOW animals, and only CHOW 

animals had reduced NPY expression in response to rAAV-leptin on day 30 post-vector 

delivery.   Thus, we may conclude that DR animals are prone to a faster onset of leptin 

resistance compared to CHOW animals.   The reason for this rapid onset of leptin 

resistance may be a function of greater starting adiposity, serum leptin, or both.  This 

warrants further investigation.   

In addition to potential impairments downstream of leptin signal transduction, the 

reduced leptin receptor (Ob-Rb) expression in the hypothalamus of all HF-fat fed animals 

with respect to CHOW-fed controls may be another contributor to the leptin 

resistance/reduced responsiveness in these animals.     At sacrifice, both DIO and DR 

animals were hyperleptinemic and had significantly reduced Ob-Rb expression with 

respect to CHOW-fed controls.  rAAV-leptin tended to suppress Ob-Rb expression in 

CHOW-fed rats, but this effect did not reach statistical significance.  The sum of these 

findings suggests that leptin, either in the form of obesity-related chronic hyperleptinemia 

or centrally overexpressed transgene, may be a negative regulator of leptin receptor 

expression.  Consistent with this are the results of Chapter 3, where we demonstrated a 

significant increase in Ob-Rb expression after silencing the leptin transgene.   In the 

present study, we believe that central overexpression of leptin in CHOW-fed animals via 

rAAV-leptin caused elevated leptin in the vicinity of the hypothalamic receptors and this 

was sufficient to cause the observed trend of leptin receptor expression down regulation. 

However, we speculate with caution given the statistical non-significance of rAAV-

leptin’s effect in CHOW.   Nevertheless, the effect of high-fat feeding on Ob-Rb 

expression was significant, including a 50% reduction in hypothalamic Ob-Rb mRNA in 
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DIO (Figure 4-8).   This receptor down-regulation may limit the ceiling of Ob-Rb-

mediated STAT3 phosphorylation in response to exogenous leptin, thereby preventing an 

increase in P-STAT3 over the already elevated basal levels in the DIO animals.   Indeed, 

P-STAT3 induction by rAAV-leptin was absent in DIO and reduced in magnitude in DR.   

Future experiments are required to better understand the relationship between 

hyperleptinemia, leptin receptor expression, receptor signaling capacity, and leptin 

resistance.   

At first glance, the effect of rAAV-leptin on BAT UCP-1 protein concentration in 

DR rats was surprising.  Similar to DIO animals, basal BAT UCP-1 concentration was 

increased more than 2-fold in DR.  Unlike in DIO animals, however, rAAV-leptin caused 

a further 2-fold increase in BAT UCP-1 concentration in DR (Figure 4-10).   This implies 

that a UCP-1-inducing signal is released in response to rAAV-leptin in DR but not in 

DIO.  Such a signal would likely be enhanced sympathetic nerve activity since this is 

known to be the primary inducer of UCP-1 expression (Scarpace and Matheny, 1998).  

Consistent with this, DIO animals have been shown to have impaired induction of lumbar 

sympathetic nerve activity in response to leptin (Lu et al., 1998).  The apparent increase 

in UCP-1 levels in DR but not DIO suggests that DIO rats still have the capacity to 

increase UCP-1 levels if they receive the appropriate peripheral signal.   This prompts us 

to speculate that leptin resistance in DIO animals is primarily a phenomenon of the 

central nervous system, not one of reduced end organ responsiveness.   

However, the picture changes slightly when UCP-1 is expressed per total BAT pad 

(Figure 4-11).   By comparing this expression to the UCP-1 concentration data discussed 

above, it becomes clear that the increase in BAT UCP-1 concentration following rAAV-
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leptin treatment in DR was, in fact, due to a decrease in BAT tissue mass coupled with a 

maintenance of total UCP-1 protein.  This analysis suggests that rAAV-leptin increased 

UCP-1 activity and lipolysis but not total protein levels in DR.  This is not the case in 

CHOW, where rAAV-leptin increased both UCP-1 concentration in BAT and total UCP-

1 per BAT pad.   rAAV-leptin had no effect on UCP-1 protein or activity (i.e., lipolysis in 

BAT) in DIO.   

 In summary, these results show that central overexpression of leptin cannot 

surmount the leptin resistance in a DIO model.  Thus, we conclude that central delivery 

of leptin gene is not a viable strategy for overcoming leptin resistance.   Leptin resistance 

in DIO is characterized by impaired central nervous system response to leptin, and this 

CNS defect must be corrected or bypassed in order to harness the power of leptin (or 

leptin-mediated signals) to reverse obesity.   

. 
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CHAPTER 5 
CALORIC RESTRICTION REVERSES IMPAIRMENTS IN LEPTIN RECEPTOR 
EXPRESSION AND MAXIMAL SIGNALING CAPACITY IN DIET-INDUCED 

OBESE ANIMALS  

Introduction 

Common human obesity is associated with hyperleptinemia and leptin resistance.  

Clinical trials with leptin have been disappointing due to this phenomenon of leptin 

resistance in the obese state (Gura, 1999) and interest in leptin to treat obesity has waned.  

Although it is a subject of rigorous investigation, the precise mechanism of leptin 

resistance in obesity is unknown.   While transport of leptin across the blood:brain barrier 

appears to be saturated at serum leptin levels observed in obesity (Banks et al., 1999), 

deficient blood:brain barrier transport is clearly not the only factor in leptin resistance.  

Both we and others have reported convincing evidence for a central component to leptin 

resistance in obese animal models including obese Ay mice (Halaas et al., 1997), diet-

induced obese (DIO) C57BL/6J mice (El-Haschimi et al., 2000), DIO Sprague Dawley 

rats (Levin and Dunn-Meynell, 2002b), and aged-obese F344xBN rats (Shek and 

Scarpace, 2000; Scarpace et al., 2001; Scarpace and Tumer, 2001). As discussed in 

Chapter 4, we have demonstrated that DIO F344xBN rats are completely unresponsive to 

an intracerebroventricular (i.c.v.) injection of rAAV-encoding-leptin (rAAV-leptin).  A 

similar dose of rAAV-leptin administered to aged-matched chow-fed animals causes 

potent anorexia sustained for at least 150 days, thermogenesis, and a near complete loss 

of visceral white adipose tissue (Scarpace et al., 2002b; Scarpace et al., 2003, Chapter 4).  
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It has been previously demonstrated that various obese animal models have reduced 

leptin receptor expression and/or protein in the hypothalamus.  This includes high fat-fed 

Osborne-Mendel rats (Madiehe et al., 2000), DIO C57 mice (Lin et al., 2000), and aged-

obese Wistar and F344XBN rats (Fernandez-Galaz et al., 2002; Scarpace et al., 2001). 

Similarly, in Chapter 4 I demonstrated that our DIO F344xBN rat model also exhibits 

reduced leptin receptor expression. We hypothesized that alterations in Ob-Rb expression 

in the hypothalamus may directly contribute to leptin sensitivity/resistance.   Our 

objective was to determine if DIO animals have reduced leptin receptor-mediated 

JAK/STAT3 signaling capacity as measured by maximal leptin-induced STAT3 

phosphorylation in the hypothalamus.  We reasoned that if DIO animals had both reduced 

Ob-Rb expression and reduced leptin receptor-mediated STAT3 phosphorylation 

capacity, then reduced Ob-Rb expression may directly contribute to the reduced 

responsiveness to pharmacological leptin observed in these animals.  A final objective 

was to test whether 30 days of caloric restriction could reverse any potential receptor 

expression and signaling deficits observed in DIO. 

Methods and Materials 

 Animals  

 Three-month old male Fischer 344 x Brown Norway rats were obtained form 

Harlan Sprague-Dawley (Indianapolis, IN).  Upon arrival, rats were examined and 

remained quarantined for 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.  
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Experimental Design  

Experimental design 1: leptin signaling in diet-induced obese  

All animals were maintained on standard rat chow (diet 2018 from Harlan Teklad, 

Madison, WI) from weaning until two weeks after arriving in our laboratory, at which 

point animals were approximately 3 months old.   This CHOW diet provides 3.3 kcal/g of 

digestible energy and 15% of energy as fat.  At this point, 65 animals were switched to a 

high fat/high sucrose (HF) diet (F3282 from BioServ, Frenchtown, NJ, USA).  This HF 

diet provides 5.3 kcal/g and 59.4% of energy as fat.    Over several weeks, the HF-fed 

animals spontaneously divided into two distinct groups:  those that were becoming obese 

on the HF diet (Diet Induced Obese, 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.   

An additional group of animals were continuously maintained on CHOW to serve as the 

“lean” control group.    DIO and CHOW animals remained on their respective diets 

through the conclusion of the study (when acute leptin sensitivity was evaluated) or until 

the start of calorie restriction (when remaining DIO animals were switched to chow diet). 

After approximately 105 days of HF feeding in DIO, groups of DIO and CHOW animals 

were prepared for stereotaxic surgery as described below.    Animals were given a single 

injection into the third cerebroventricle containing 2 µg of leptin peptide or 4 µL ACSF 

vehicle.  Sixty minutes after leptin delivery, animals were euthenized for the 

measurement of hypothalamic STAT3 phosphorylation and leptin receptor expression.   

This time frame was chosen because we previously demonstrated that leptin-induced 

STAT3 phosphorylation peaks at ~60 minutes (Scarpace et al., 2001).  
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Experimental design 2: leptin signaling following caloric restriction  

At this point (greater than 115 days of HF-feeding in remaining DIO), sub-groups 

of both DIO and CHOW were switched to a caloric restriction (CR) diet.  This CR diet 

provided 60% of mean, basal ad libitum caloric intake in the form of standard chow diet.   

Ad libitum caloric intake did not differ between CHOW and DIO and averaged 

approximately 62.4 Kcal/day in both groups in the week prior to commencing CR.  Sixty 

percent of this is 37.4 Kcal/day, or 11.34 grams of chow diet per day.  Thus, 

approximately 11.34 grams of chow were provided to each calorie restricted DIO and 

CHOW animal (DIO-CR and CHOW-CR) for 30 days.  Food was placed in the stainless 

steel food baskets in the cage of each rat in the early evening (between 17:00 and 18:00).   

After 30 days of CR, these animals were tested for acute responsiveness to 2 µg of i.c.v. 

leptin exactly as were the ad libitum DIO and CHOW animals (see Experimental Design 

1).   

Leptin Administration 

Rats were anesthetized with 60 mg/kg pentobarbital 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 injection into 3rd cerebroventricle:  1.3 

mm posterior to Bregma and 9.4 mm ventral from the skull surface on the midline 

(medial fissure), with the nose bar set at 3.3 mm below the ear bars (below zero) and the 

canula set at 20º posterior from vertical. A small hole was drilled through the skull and a 

23-gauge stainless steel guide canula was lowered to the 3rd cerebroventricle.  This was 

followed by an injection canula attached to a 10uL syringe.  Two µg of leptin dissolved 
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in 4 uL ACSF (or ACSF vehicle alone) were slowly injected (approximately 0.5 uL/min.) 

to minimize tissue damage.   

Tissue Harvesting   

Anesthetized rats were sacrificed by cervical dislocation 60 minutes after leptin or 

ACSF delivery.  Blood was collected by cardiac puncture and serum was harvested by a 

10 minute centrifugation in serum separator tubes.  The circulatory system was perfused 

with 20 mL of cold saline.  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.    

Real-Time PCR 

We designed primers and a Taqman® probe specific for the long-form leptin 

receptor (Ob-Rb) using Primer Express software, version 1.5 (Perkin-Elmer Applied 

Biosystems, Inc., Foster City, CA).  The sequences for the Ob-Rb primers were forward 

primer: 5’-GGGAACCTGTGAGGATGAGTGT-3’, reverse primer: 5’-

TTTCCACTGTTTTCACGTTGCT-3’.  The fluorescent probe sequence was: 6FAM-

AGAGTCAACCCTCAGTTAAATATGCAACGCTG-TAMRA. Optimization 

experiments showed that 300 nM of forward primer, 900 nM of reverse primer, and 50 

nM Taqman® probe gave the most reproducible results and maximally efficient PCR 

(i.e., lowest threshold cycle [CT] values).  Total RNA (6 µg) was treated with RNase-free 

DNase using a DNA-free kit (Ambion).  First-strand cDNA was generated from 1.6 µg 

RNA in a 40 µL volume using random primers (Gibco BRL) containing 200 units of M-
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MLV reverse transcriptase (Gibco BRL).   Real-time PCR for Ob-Rb was performed on 

100 ng cDNA template in a 50 µL total volume including Taqman RT-PCR Master Mix 

(Applied Biosystems, Inc., Foster City, CA) using an ABI Prism GeneAmp® 5700 

Sequence Detection System (Applied Biosystems).  Ob-Rb expression was quantified 

using an 18S rRNA standard (Applied Biosystems) and the ∆∆CT method (Bustin, 2000). 

The mean ∆CT in the control group (CHOW) was chosen as the calibrator for ∆∆CT 

calculation.   

STAT3/Phospo-STAT3 Assay 

These methods were described in detail previously (Scarpace et al., 2000b).  

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

µg/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 with an antibody specific to 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).  Following P-STAT3 

quantification, membranes were stripped of antibody with Immunopure (Pierce, 

Rockford, IL) and immunoreactivity was re-assessed using a total STAT3 antibody.  

STAT3 phosphorylation is expressed as P-STAT3/Total STAT3 in each sample.  A 

single 26-lane Criterion gel was used to directly compare maximal leptin-induced P-

STAT3 in CHOW and DIO, although only representative lanes are shown in Figure 5-5.   
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Leptin mRNA Levels in White Adipose Tissue   

Retroperitoneal white adipose tissue (300 mg/sample) 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 re-suspended in 

ribonuclease-free water and quantified by spectrophotometry. Integrity was 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 for leptin mRNA 

and 100 ug salmon sperm DNA.  After hybridization for 2 hours at 65°C, the membranes 

were washed and exposed to a phosphor imaging screen for 72 hours.  The screen was 

then scanned using a Phosphor Imager (Molecular Dynamic, Sunnyvale, CA) and 

analyzed by Image Quant Software (Molecular Dynamics).   Data is expressed as leptin 

mRNA per total RTWAT pad.   

Serum Leptin 

Serum leptin was measured using a mouse leptin ELISA Kit from Crystal Chem. 

Inc. (Chicago, IL) on blood harvested at sacrifice by cardiac puncture.  

Statistical Analysis    

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

for all analyses.  Comparisons of mean food intake and body weight gain in DIO vs. 

CHOW were made by a 2-Way ANOVA with time and diet as factors.  Comparisons of 

absolute body weights of CHOW versus DIO were made by student’s t-test.  

Comparisons in weight gain during the caloric restriction experiment (CHOW (ad lib), 
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DIO-CR, and CHOW-CR groups) were made by 1-Way ANOVA with Tukeys post-hoc.  

All other comparisons were made by 2-Way ANOVA with dietary group (DIO vs. 

CHOW) and treatment (Leptin versus ACSF or ad libitum verses caloric restriction) as 

factors.  Note that the effects of leptin and caloric restriction on STAT3 phosphorylation 

in DIO and CHOW were analyzed with separate 2-Way ANOVAS, although the data is 

represented in a single graph.  When only main effects were significant, relevant pairwise 

comparisons were made using the Bonferroni Multiple Comparison method with the error 

rate corrected for the number of contrasts (Rao, 1998). When there was an interaction, 

factors were separated and a further 1-Way ANOVA was applied with a Bonferroni 

Multiple Comparison post-hoc.  When separation of factors resulted in only two 

population means to compare, the 1-WAY ANOVA was replaced with student’s t-test.  

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 ANOVAS.  Unless otherwise noted: * = p<0.05, ** = p<0.01, *** 

= p<0.001. 

Results 

Food Intake and Body Weight 

At the start of HF-feeding, there was no difference in body mass between DIO and 

CHOW (286.2 ± 4.37 versus 285.64 ± 6.03 g, respectively).  Through 105 days of HF-

feeding, DIO animals gained 39.3% more mass than chow-fed controls (CHOW) (Figure 

5-1), translating to 12% greater weight at this point (467.4 ± 5.17 versus 415.7 ± 8.86 g, 

respectively, p<0.0001).  Although there was a transient increase in caloric intake 

immediately after switching pre-DIO animals to the HF diet (data not shown), energy 

intake returned to that of CHOW animals within 5 days, after which point caloric intake 
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did not differ between CHOW and DIO through the conclusion of the experiment (59.7 ± 

1.40 Kcal/day in CHOW, 61.1 ± 0.65 Kcal/day in DIO).   

After approximately 115 days of HF-feeding in DIO, sub-groups of DIO and 

CHOW were put on a calorie restricted diet, providing 60% of ad libitum caloric intake.  

Note that the CR diet that was provided to both CHOW-CR and DIO-CR was in the form 

of standard chow as described in Methods.  By the end of the 30 day CR period, DIO-CR 

lost 61.9 ± 3.46 g, eliminating the difference in body weights between DIO-CR and 

CHOW (ad libitum) (Figure 5-2).     CHOW-CR lost 64.8 ± 4.11 g during caloric 

restriction, leaving this group with 20.4% lower mean body weights than continuously ad 

libitum fed controls (Figure 5-2).   

Adiposity 

Visceral adiposity (sum of retroperitoneal and perirenal white adipose tissue 

depots) was elevated 2.46-fold in DIO with respect to CHOW (Figure 5-3).  Thirty days 

of caloric restriction reduced visceral adiposity by 55% in CHOW and by 35% in DIO 

(Figure 5-3).  However, visceral adiposity after caloric restriction in DIO remained 60% 

above that of continuously ad libitum fed CHOW animals (Figure 5-3).   Although 

CHOW experienced a slightly greater loss in visceral adiposity during CR when 

expressed as a percent of starting adiposity, the magnitude of visceral fat loss was 

actually greater in DIO (mean visceral fat loss was 3.05 grams in CHOW and 4.79 grams 

in DIO).   

Leptin Receptor Expression in the Hypothalamus 

DIO animals had a 22% reduction in long form leptin receptor (Ob-Rb) expression 

in the hypothalamus with respect to CHOW (Figure 5-4).   Caloric restriction resulted in 

a highly significant increase in Ob-Rb expression in both groups of animals (Figure 5-4).  
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This included a 43% increase in Ob-Rb expression in CHOW-CR versus CHOW and a 

58% increase in DIO-CR versus DIO.  This left DIO-CR with 24% greater hypothalamic 

Ob-Rb expression compared to CHOW, reversing the deficit observed in ad libitum fed 

DIO compared to their leaner chow-fed counterparts (Figure 5-4).   

Hypothalamic STAT3 Phosphorylation 

Basal (unstimulated) STAT3 phosphorylation was elevated approximately 3-fold in 

DIO compared to CHOW (Figure 5-5).  However, we suspected that this does not 

represent maximal STAT3 phosphorylation.  Thus, we administered a very high central 

dose of leptin that would cause maximal leptin-induced STAT3 phosphorylation at 60 

minutes.  The dose of leptin used in this study (2 µg) is termed “supramaximal leptin” 

because it is >8 times the i.c.v. dose required to achieve maximal STAT3 

phosphorylation in both lean and obese F334XBN rats in our laboratory (Scarpace et al., 

2001).  A single i.c.v. injection containing supramaximal leptin caused a 6.1 fold increase 

in STAT3 phosphorylation in CHOW, yet caused only a 1.7 fold induction in STAT3 

phosphorylation in DIO (Figure 5-5).   After taking into account differences in basal 

STAT3 activation, there was still a significant 16 percent decrease in maximally 

stimulated STAT3 phosphorylation capacity in DIO versus CHOW (p<0.05, Figure 5-5).   

Maximal STAT3 activation was then examined after 30 days of caloric restriction.  CR 

caused a 45% increase in maximal leptin-induced hypothalamic STAT3 phosphorylation 

capacity in CHOW and a dramatic 85% increase in DIO, completely reversing the 

obesity-associated impairment in signaling capacity (Figure 5-5).   Similar to the pattern 

observed with Ob-Rb expression, DIO-CR displayed 56% greater leptin-induced STAT3 

phosphorylation capacity compared to the leaner ad libitum CHOW animals (Figure 5-5). 
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Total STAT3 in the hypothalamus was not affected by diet or acute leptin.  As described 

in Methods, STAT3 phosphorylation is normalized to total STAT3.    

Leptin Expression in White Adipose Tissue 

Leptin expression per RTWAT pad was elevated nearly 2.5 fold in ad libitum fed 

DIO compared to ad libitum fed CHOW (Figure 5-6).  Thirty days of caloric restriction 

caused a 78% decrease in RTWAT leptin expression in CHOW and a 63% decrease in 

DIO (Figure 5-6).  The effect of CR in DIO brought RTWAT leptin expression to a level 

comparable to that in CHOW (ad libitum) (Figure 5-6).    

Serum Leptin 

Consistent with the adiposity data, serum leptin was elevated approximately 2.4-

fold in DIO compared to CHOW (Figure 5-7).  Although we expected CR to lower serum 

leptin in both CHOW and DIO, an accurate measure of endogenous serum leptin in both 

CR groups (CHOW-CR and DIO-CR) could not be obtained due to leakage of the 

supramaximal leptin injection from the CSF.   Thus, this raw data is difficult to interpret.  

Therefore, a factor that represents the leakage of supramaximal leptin (SML) from the 

CSF to the serum was calculated by delivering SML to 20 animals.  Sixty minutes after 

leptin delivery, the effect of central SML on serum leptin (compared to diet-matched 

controls) was evaluated.  SML administration was found to increase serum leptin by an 

average of 11.88 ng/mL.   For comparison, this leakage factor was subtracted from CR 

animals, all of whom received SML (Figure 5-8).  After this correction, it appears that 

CR decreased serum leptin in both CHOW and DIO (Figure 5-8).   

 

 

 



112 

 

0 20 40 60 80 100 120
0

50

100

150

200

CHOW
DIO

Day

C
um

ul
at

iv
e 

W
ie

gh
t G

ai
n

(G
ra

m
s)

 

Figure 5-1: Body mass during high fat feeding.  Values represent means ± SEM.  By 2-
Way ANOVA, significance was found for both the time (F=307.94, 
p<0.0001) and dietary group (F=857.85, p<0.0001) main effects. The 
interaction between time and diet was also significant (F=10.19, p<0.0001).   
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Figure 5-2: Body mass during calorie restriction.  Values represent means ± SEM.  Inset: 

Delta BM during CR period.  By 1-Way ANOVA Tukey post-hoc analysis, 
p<0.0001 for difference in total ∆ Body Mass between CHOW-CR and 
CHOW (ad lib) group, p<0.0001 for difference in ∆ Body Mass between DIO-
CR and CHOW (ad lib). 
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Figure 5-3: Visceral adiposity (sum of retroperitoneal white adipose tissue [RTWAT] and 

perirenal white adipose tissue [PWAT]) at sacrifice.  Values represent mean ± 
SEM.  By 2-Way ANOVA, significance was found for both the CR (F=79.01, 
p<0.0001) and dietary group (F=267.42, p<0.0001) main effects.  By post-hoc 
analysis, adiposity was significantly greater in DIO compared to CHOW 
(†p<0.001). By post-hoc analysis, effect of CR was significant both in CHOW 
(p<0.001) and DIO (p<0.001).  Visceral adiposity in DIO-CR remained above 
that of CHOW (ad lib) (‡p<0.001).   
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Figure 5-4:  Ob-Rb expression in the hypothalamus.  Values represent mean ± SEM. By 

2-Way ANOVA, significance was found for both the CR (F=39.85, p<0.0001) 
and dietary group (F=8.81, p<0.01) main effects.  By post-hoc analysis, basal 
Ob-Rb expression was significantly reduced in DIO (ad lib) versus CHOW 
(ad lib) (†)p<0.05.   Effect of CR was significant in both CHOW (p<0.001) 
and DIO (p<0.001). 
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Figure 5-5:  Maximal leptin-induced STAT3 phosphorylation capacity is reduced in DIO 

and increased by caloric restriction.  (A) STAT3 Phosphorylation 1 hour after 
i.c.v. leptin (2 ug) or ACSF administration in ad libitum fed animals; STAT3 
phosphorylation 1 hour after i.c.v. leptin in CR animals. Values represent 
mean ± SEM.  By 2-Way ANOVA with dietary group and leptin as factors, 
leptin main effect was significant (F=84.40, p<0.0001), as was interaction 
between dietary group and leptin (F=14.1, p<0.001), but diet main effect was 
not significant (F=1.75).  By a second 2-Way ANOVA with diet and caloric 
restriction (CR) as factors, significance was found only for the CR main effect 
(F=60.75, p<0.0001). By post-hoc analysis, (a) p<0.05 for difference in basal 
STAT3 phosphorylation in CHOW-ACSF and DIO-ACSF (b) p<0.0001 for 
effect of leptin in CHOW (CHOW-ACSF vs. CHOW-Leptin) and p<0.01 for 
effect of leptin in DIO (DIO-ACSF vs. DIO-Leptin).   (c) p<0.05 for 
difference in maximally stimulated STAT3 phosphorylation in CHOW-Leptin 
and DIO-Leptin.  (d) p<0.001 and p<0.001, respectively, for effect of CR on 
STAT3 phosphorylation capacity in CHOW and DIO. (e) STAT3 
phosphorylation capacity was elevated in DIO-CR vs. CHOW (ad lib).  (B) 
Representative gels of P-STAT3 in the hypothalamus.  TOP: lanes 1,3: 
CHOW animals administered 2 ug i.c.v. leptin 60 minutes prior to sacrifice 
(see text). lanes 2,4: CHOW-i.c.v. ACSF.  lanes 5,7: DIO-i.c.v. leptin.  lanes 
6,8: DIO-i.c.v. ACSF. (~45 sec. exposure to X-Ray Film). BOTTOM: All 
animals represented on this image were given i.c.v. leptin to evaluate max. 
leptin signaling capacity.  lanes 1,3, 5, and 7: CHOW.  lanes 2,4: CHOW-CR.  
lanes 6,8:  DIO-CR. (~20 sec. exposure).  Note that densitometry of for each 
P-STAT3 band was divided by densitometry for total STAT3 for that sample 
after stripping and reprobing nitrocellulose membrane.   
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Figure 5-6:  Leptin expression in retroperitoneal white adipose tissue (RTWAT) at 

sacrifice.    Values represent mean ± SEM.  By 2-Way ANOVA, both diet and 
CR main effects were significant (F=126.75, p<0.0001; F=153.79, p<0.0001, 
respectively), as was the interaction between the main effects (F=16.54, 
p<0.001). By post-hoc analysis, (†)p<0.0001 for difference in basal RTWAT 
leptin expression in CHOW (ad lib) and DIO (ad lib); p<0.0001 for effect of 
CR in both CHOW and DIO.   

 

CHOW DIO
0

10

20

30 Ad lib
CR (plus Leptin)

***

*
†

Se
ru

m
 L

ep
tin

(n
g/

m
L)

 
 
 
Figure 5-7:  Serum leptin at sacrifice.  Values represent mean ± SEM.  By 2-Way 

ANOVA, both diet and (CR+leptin) main effects were significant (F=47.54, 
p<0.0001; F=25.73, p<0.0001, respectively).  Basal serum leptin was 
significantly elevated in DIO (ad lib) versus CHOW (ad lib) †(p<0.01).   
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Figure 5-8:  Serum leptin corrected for leakage of infused leptin from the CSF.  Values 

represent mean ± SEM.  Since the effects of CR are confounded by SML 
(leptin) administration, it is difficult to interpret this raw data.  A factor that 
represents the leakage of SML from the CSF to the serum was calculated by 
delivering SML to 20 animals and measuring effect on serum leptin at 1 hour 
versus diet-matched controls.  This factor averaged 11.88 ug/mL.  After 
correcting for this factor: By 2-Way ANOVA, both diet and CR main effects 
were significant (F=47.54, p<0.0001; F=15.46, p<0.01, respectively).   CR 
significantly reduced this measure of serum leptin in both CHOW and DIO 
(p<0.01, p<0.05, respectively).   

  

Discussion 

The major objective of the present study was to determine if reduced leptin receptor 

expression in DIO animals is associated with a reduction in maximal leptin-induced 

STAT3 phosphorylation and, second, to determine if such a deficit can be reversed by 

caloric restriction.    Here, we report that DIO animals have a small but significant 

reduction in hypothalamic Ob-Rb expression (-22%) coupled with a 3-fold elevation in 

basal STAT3 phosphorylation.  However, when fully stimulated by leptin, maximal 

STAT3 phophorylation capacity in DIO is diminished by 16% compared to CHOW.   

Moreover, we observed a 58% increase in hypothalamic Ob-Rb expression and an 
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impressive 85% increase in maximal leptin-induced STAT3 phosphorylation capacity in 

DIO following 30 days of caloric restriction (Figures 5-4 and 5-5).   CR caused similar 

increases in hypothalamic Ob-Rb expression and STAT3 phosphorylation capacity in 

lean chow-fed animals (Figures 5-4 and 5-5).   Although we did not measure receptor 

protein levels in the present study, both we and others have previously reported reduced 

Ob-Rb protein in obese animals, including both DIO and aged-obese (Fernandez-Galaz et 

al., 2002; Lin et al., 2000; Madiehe et al., 2000; Scarpace et al., 2001).  While Madiehe et 

al. (2000) reported a decrease in Ob-Rb protein but not mRNA after HF-feeding, to the 

best of our knowledge a decrease in Ob-Rb mRNA but not protein has never been 

reported.   

Although not definitively proven in the present investigation, the data are 

suggestive of a cause-and-effect relationship between changes in Ob-Rb expression and 

changes in STAT3 phosphorylation capacity in the hypothalamus.   Indeed, changes in 

Ob-Rb expression, including the decrease in DIO and increase with CR, were 

accompanied by quantitatively similar changes in STAT3 phosphorylation capacity.  It 

has been well documented that the Ob-Rb catalyzes STAT3 phosphorylation via 

receptor-bound JAK2, the latter of which docks on the intracellular domain of Ob-Rb 

homodimers upon leptin activation of the receptor complex (Sweeney, 2002).  We 

believe that a decrease in Ob-Rb expression, and presumably receptor number, decreases 

the available amount of Ob-Rb for JAK2 binding and activation.  This, in turn, decreases 

maximal-leptin-induced STAT3 phosphorylation capacity.  

The mechanism behind reduced Ob-Rb expression in DIO and enhanced Ob-Rb 

expression following CR remains in question.  However, we believe it may involve the 
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ability of leptin itself to regulate leptin receptor expression.   Martin et al. reported a 

decrease in both Ob-Rb expression and protein following 28 days of leptin infusion 

(Martin et al., 2000), and we observed a similar trend following 30 days of central leptin 

gene therapy (Chapter 4).  Moreover, Fernandez-Galaz et al. showed that approximately 

1 month of food restriction (leading to a 40% reduction in serum leptin) reverses the 

reduction in Ob-Rb expression observed in hyperleptinemic aged-obese Wistar rats.   

These data, coupled with what we report here, suggest that leptin may be a negative 

regulator of Ob-Rb expression.  Such ligand-mediated negative regulation of receptor 

expression is a common phenomenon.   For example, both the insulin receptor (Leibush 

and Lappova, 1995; Okabayashi et al., 1989) and IGF-1 receptor (Schillaci et al., 1998) 

have been shown to downregulate in response to exposure to their respective ligands.  In 

the cytokine receptor family (the same family as Ob-Rb), it has been demonstrated that 

stimulation of intestinal epithelial cells with IL-1 or TNF-alpha decreases the expression 

of mRNA for the IL-1 receptor (McGee et al., 1996). We believe that the Ob-Rb receptor 

falls into this general category of receptors whose expression and/or sensitivity is 

downregulated by chronic activation.  

If the mechanism for reduced Ob-Rb expression and signaling capacity in DIO and 

enhanced Ob-Rb expression and signaling capacity after CR involves leptin regulation of 

leptin receptor expression, then there must be elevated leptin in obesity and reduced 

leptin following CR.  An elevation in serum leptin in the obese state has been well 

established (Levin and Dunn-Meynell, 2002a; Lin et al., 1998; Lin et al., 2000; Scarpace 

et al., 2001). Our present data is consistent with this as we report an approximate 2.4-fold 

increase in serum leptin in DIO compared to age-matched controls (Figure 5-7).  
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Although transport of leptin across the BBB becomes saturated at high leptin levels 

(Banks et al., 1999; Kastin and Pan, 2000), hyperleptinemia in the obese state is 

nonetheless accompanied by elevated CSF leptin (Nam et al., 2001).  Moreover, the 

arcuate nucleus, perhaps the most critical site of leptin-responsive neurons with respect to 

energy balance, may effectively lie outside the BBB (Williams et al., 2001). This 

argument has been made because of the proximity of the arcuate to capillaries of the 

median eminence, which lack tight junctions.  Thus, serum leptin may be a valid 

indicator of the arcuate’s exposure to leptin.   

Short and long-term caloric restriction has been shown to dramatically reduced 

serum leptin, usually to a much greater extent than would be predicted based on the loss 

of adiposity ( Miyawaki et al., 2002; Shimokawa and Higami, 2001).  In the present 

study, we report significant reductions in leptin expression in white fat following 30 days 

of caloric restriction (-78% in CHOW and -63% in DIO, Figure 5-6). We were unable to 

obtain a reliable measure of endogenous serum leptin in our calorie restricted animals due 

to leakage of the i.c.v. supramaximal leptin from the CSF.  Nevertheless, the leptin 

expression data strongly suggest our animal model is not an exception to the rule of 

reduced serum leptin following food restriction.   Furthermore, we derived a correction 

factor that takes into account the leakage of supramaximal leptin from the CSF into the 

serum and then applied this factor to the raw data.  Caloric restriction caused a significant 

reduction in this corrected measure of serum leptin in both CHOW and DIO.   Taken 

together, the changes in peripheral leptin expression following high-fat feeding and 

caloric restriction are consistent with our hypothesis that leptin is regulating 

hypothalamic Ob-Rb expression.      
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While P-STAT3 transcription factor binding was not measured in this study due to 

a shortage of hypothalamic tissue, we have observed a strong correlation between STAT3 

phosphorlyation and P-STAT3 DNA binding in hypothalamic nuclear extracts from 

F344XBN male rats of various ages and adiposities [(Scarpace et al., 2001), unpublished 

data].  In an earlier investigation by our group, i.c.v. supramaximal leptin was found to 

cause an approximate 6-fold increase in STAT3 phosphorylation and an 8.6-fold increase 

in P-STAT3 transcription factor binding in young adult F344xBN males (Scarpace et al., 

2001). Moreover, we previously reported an approximate 36% reduction in STAT3 

phosphorlation capacity in aged-obese animals and a 54% reduction in maximal leptin-

induced transcription factor binding in aged-obese with respect to young adults (Scarpace 

et al., 2001). Thus, we are confident that the changes observed here in STAT3 

phosphorylation represent quantitatively similar changes in STAT3 transcription factor 

binding. 

We have argued for a potential causal relationship between reduced leptin receptor 

expression and signaling capacity in DIO.  Nonetheless, it is possible that there are other 

contributors to the reduction in leptin-induced STAT3 activation in DIO independent of 

reduced Ob-Rb expression.   For example, recent cell culture experiments suggest that 

prolonged exposure to high levels of leptin may promote Ob-Rb internalization (Barr et 

al., 1999; Uotani et al., 1999). Perhaps the hyperleptinemia in DIO is sufficient to cause 

Ob-Rb internalization in vivo, thereby reducing the number of leptin receptors on the 

surface of leptin-responsive cells in the hypothalamus.  Such a mechanism would not be 

detectable by measuring Ob-Rb expression or protein levels in a whole hypothalamus 

homogenate.  In addition, it is possible that intracellular inhibitors of STAT3 
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phosphorylation are up-regulated in DIO.   One candidate inhibitor molecule is SOCS3, 

which inhibits leptin-induced tyrosine phosphorylation of JAK2 (Bjorbaek et al., 1999). 

However, there is disagreement in the literature as to whether or not SOCS3 is up-

regulated in obesity (Peiser et al., 2000; Wang et al., 2000). 

As mentioned above, we previously demonstrated a reduction in both leptin-

induced hypothalamic STAT3 phosphorylation capacity and Ob-Rb protein in aged-obese 

F344xBN male rats (Scarpace et al., 2001).  Fernandez-Galaz et al. reported both reduced 

Ob-Rb expression and receptor number in the hypothalami of aged-obese Wistar rats, as 

well as blunted physiological leptin responsiveness (Fernandez-Galaz et al., 2002). These 

deficits in aged-obese Wistar rats were completely reversed by 3 months of moderate 

(~80% ad libitum) calorie restriction (Fernandez-Galaz et al., 2002). Our present data 

suggests that similar defects in Ob-Rb expression and signaling capacity are present in 

DIO and, moreover, that Ob-Rb expression and STAT3 phosphorylation capacity can be 

dramatically increased in both DIO and their CHOW-fed lean counterparts by 30 days of 

caloric restriction.   It seems plausible that a similar mechanism may be involved in the 

changes in Ob-Rb expression and leptin sensitivity observed in both aged-obese and DIO 

animals.  Namely, the reductions in Ob-Rb expression and signaling capacity in aged 

animals may be due to chronic hyperleptinemia, and, similarly, the restoration of Ob-Rb 

expression and leptin sensitivity following CR in the Fernandez-Galaz study (Fernandez-

Galaz et al., 2002) may be secondary to reduced leptin levels.   

In conclusion, reduced leptin receptor expression in DIO is associated with 

attenuated maximal leptin-induced STAT3 phosphorylation capacity.  Caloric restriction 

reverses these deficits, increasing both Ob-Rb expression and signaling capacity in DIO 
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to levels at or above those observed in the highly leptin responsive CHOW animals.  

Thus, short-term calorie restriction may be a viable strategy to restore leptin sensitivity in 

previously leptin-resistant models of acquired obesity.   
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CHAPTER 6 
GENERAL DISCUSSION AND CONCLUSIONS  

At the onset of this dissertation research, the main objective was to gain a better 

understanding of the molecular basis of obesity.  In particular, we were interested in 

defective pathways in the hypothalamic feeding/satiety centers that may contribute to 

obesity or complicate its clinical treatment.   A key hormone involved in the regulation of 

energy balance is leptin, and we have used both leptin gene and peptide delivery to study 

these hypothalamic pathways.   In doing so, we learned new information about leptin’s 

regulation of leptin receptor expression and leptin signal transduction via STAT3.  

Moreover, we made some novel observations on impairments in leptin signaling in 

models of acquired obesity and how these deficits may be reversed.   In this chapter, I 

will highlight the major contributions this research has made to the knowledge base in the 

field of molecular obesity research, and how it fits into the existing literature.   

Major Findings 

Physiological and Biochemical Effects of Leptin Gene Therapy are Reversible 

In Chapter 3, we demonstrated the dramatic weight and adiposity reducing effects 

of constitutively active leptin gene delivery.   This was consistent with our previous 

findings, where 46 days of leptin transgene expression resulted in persistent anorexia and 

fat loss with no apparent attenuation of leptin-induced STAT3 signaling or downstream 

neuropeptide regulation (Scarpace et al., 2002b).   However, it was not known with 

certainty if these effects of leptin gene therapy were reversible or if there was a 

permanent changes induced in the central nervous system by this vector.   Thus, we 
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placed the leptin transgene under the control of the tetracycline transactivator and operon 

(TET-Ob).  With this system, we demonstrated complete silencing of the leptin transgene 

when we removed doxycycline from the drinking water of animals.  Moreover, we 

demonstrated that both the biochemical and physiological effects of leptin gene therapy 

are completely reversible.   Specifically, the effects of the leptin transgene on leptin 

signal transduction, POMC expression, UCP-1 expression in the BAT, serum leptin, 

bodyweight, and adiposity were all eliminated within 32 days of doxy withdrawal.  A 

system incorporating regulation such as the TET-Ob system studied here has obvious 

clinical advantages, particularly in terms of managing side-effects.   

Leptin May Regulate Leptin Receptor Gene Expression 

In the TET-Ob study discussed in Chapter 3, we made a serendipitous finding.  

This was that leptin receptor expression in the hypothalamus appeared to be reduced by 

chronic leptin transgene expression in the CNS and, moreover, that this effect was 

reversed upon transgene silencing.   In fact, hypothalamic leptin receptor expression was 

significantly greater in TET-Ob-OFF versus TET-Ob-ON 32 days after transgene 

inactivation.   In Chapter 4 and 5, we then examined hypothalamic leptin receptor 

expression in hyperleptinemic diet-induced obese animals.  These obese animals were 

also found to have reduced Ob-Rb expression.  When we reversed the hyperleptinemia in 

these animals via caloric restriction, leptin receptor expression increased.  Taken 

together, these results strongly suggest leptin is a negative regulator of leptin receptor 

expression.   Moreover, our data with the TET-Ob system suggest that this is a direct 

effect of elevated leptin in the central nervous system, not an indirect effect of peripheral 

leptin.   
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There is a Central Nervous System Component to Leptin Resistance 

Transport of leptin across the blood:brain barrier has been shown to be impaired in 

obese animal models (Banks et al., 1999), and obese animals appear to respond better to 

central versus peripheral leptin (Halaas et al., 1997; Van Heek et al., 1997; Niimi et al., 

1999).  As such, it has been reasoned that defective transport across the blood-brain 

barrier is a major factor in leptin resistance.   Recently, it was stated that leptin resistance 

is a phenomenon of deficient leptin in the CNS (Dube et al., 2002).    

. . . insufficiency of central leptin, rather than impaired leptin receptor or 
postreceptor signal transduction, contributes to the loss of weight regulation [in 
obesity] . . . by experimentally increasing leptin expression in the hypothalamus, it 
is possible to reinstate weight control for extended periods, even when rats 
consume HFD [a high fat diet, as in diet-induced obesity] (Dube et al., 2002, page 
1734).   

We directly tested the hypothesis that leptin resistance in diet-induced obesity is a 

phenomenon of central leptin insufficiency in Chapter 4.  Diet-induced obese animals 

were completely non-responsive to the normally potent physiological and biochemical 

actions of central leptin gene delivery.   Thus, we demonstrated that there is a central 

nervous system component to leptin resistance in DIO and that this leptin resistance 

cannot be overcome by central leptin overexpression.   This disproves the hypothesis that 

impaired blood:brain barrier transport is key factor in DIO-related leptin resistance.  

Rather, there is a CNS component to leptin resistance that must be bypassed or somehow 

overcome if we are to capture the power of leptin (or leptin-mediated signals) to reverse 

obesity. 
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Diet-Induced Obese Animals Have Impaired Leptin Signaling Capacity 

In Chapter 4, we demonstrated that DIO animals have reduced long form leptin 

receptor (Ob-Rb) expression in the hypothalamus and we repeated this finding in Chapter 

5.  We hypothesized that a reduction in Ob-Rb expression and, presumably, receptor 

number would be associated with a reduction in maximal leptin-induced STAT3 

signaling capacity.   In Chapter 5, we demonstrated that this is indeed the case.  DIO 

animals had reduced maximal STAT3 signaling response to a supra-maximal 

intracerebroventricular injection of leptin peptide.  While not definitively proven in this 

dissertation, we believe there may be a cause-and-effect relationship between reduced 

Ob-Rb expression and reduced signaling capacity.   Other results of Chapter 5 (discussed 

in next paragraph) are consistent with this belief.   

Impairments in Leptin Receptor Expression and Signaling in Diet-Induced Obese 
are Reversed by Caloric Restriction  

Reductions in both leptin receptor expression and Ob-Rb-mediated STAT3 

phosphorylation capacity in DIO were completely reversed by 30 days of caloric 

restriction.   In fact, caloric restriction increased Ob-Rb signaling capacity in DIO 

animals to levels above those of the highly leptin-responsive CHOW animals.    It is not 

known what the relationship is between acute Ob-Rb signaling capacity and 

physiological leptin resistance.  This certainly warrants further study.  Nonetheless, it is 

possible that this augmented leptin receptor signaling following caloric restriction may be 

accompanied by enhanced physiological responses to pharmacological leptin.  Thus, 

short-term calorie restriction may be a viable strategy to restore leptin sensitivity in 

previously leptin-resistant models of acquired obesity.   
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New Insights on Leptin Resistance   

Evidence for Role of Leptin Signal Transduction 

While the phenomenon of leptin resistance was established in the literature at the 

onset of these experiments, the results presented in this dissertation provide new 

information about the molecular basis of this phenomenon.   Specifically, we have 

demonstrated that diet-induced obese, leptin resistant animals have reduced long-form 

leptin receptor expression in the hypothalamus.  Importantly, our data suggest that this 

reduced leptin receptor expression is associated with a reduction in leptin-induced 

STAT3 phosphorylation capacity.   

Evidence Against Major Role for Blood:Brain Barrier 

Although the literature is inconsistent, there is evidence of defective blood:brain 

barrier transport in the obese state (Banks et al., 1999), and some believe that this is the 

primary cause of leptin resistance (Dube et al., 2002).  The experiments described in this 

dissertation demonstrate that this is not the case.  Rather, we have shown that there is a 

central nervous system component to leptin resistance that cannot be overcome by 

overexpression of leptin in the brain.    

While we do not refute the potential saturation of  blood:brain barrier transport in 

the obese state, the results discussed in this document challenge the importance of this 

phenomenon as a cause of obesity and leptin non-responsiveness.   Consistent with this, it 

has been demonstrated that CSF leptin levels are elevated in the obese state—just not to 

the same magnitude as serum leptin ( Nam et al., 2001; Unger, 2000).   Moreover, in 

Chapter 4 we showed that diet-induced obese animals are completely non-responsive to 

the normally potent biochemical and physiological effects central leptin overexpression.    

These data are inconsistent with the model of “central leptin insufficiency” as a cause for 
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obesity and resistance to exogenous leptin.   In light of these findings, we feel future 

research on leptin resistance should focus on the central nervous system.. 

Evidence for Down-Stream Contributors to Leptin Resistance 

This dissertation focused on the proximal segment of the leptin signaling pathway, 

namely the leptin receptor and signal transduction.   However, some of this data is 

suggestive of one or more downstream contributors to leptin resistance.  For example, in 

Chapter 4 rAAV-leptin caused a two-fold increase in hypothalamic P-STAT3 in CHOW, 

yet had no effect in DIO.  Yet basal levels of STAT3 activation in the obese state appear 

equivalent to the activation achieved as a result of rAAV-leptin transgene in the CHOW 

animals.  If the degree of STAT3 phosphorylation is the sole predictor of leptin 

responsiveness, than the DIO animals should have had biochemical and physiological 

changes equivalent to those observed in CHOW animals given rAAV-leptin.  Of course, 

this was not the case—DIO animals steadily gained weight and adiposity despite their 

elevation in hypothalamic P-STAT3.  This suggests that the signaling defect in DIO 

animals lies, at least in part, downstream of leptin receptor signal transduction.    

Consistent with the belief that components of leptin resistance lie downstream of 

the receptor, the changes in leptin receptor expression and signaling capacity in DIO 

reported in Chapter 5 were relatively small in magnitude (Figures 5-4 and 5-5).  Although 

it is possible that ~20% reduction in leptin receptor expression and signal transduction 

capacity may contribute to leptin resistance, it is hard to believe that it is the singular 

factor leading to the complete leptin non-responsiveness we reported in DIO (Chapter 4).    

Although it is out of the scope of this dissertation, there are several steps in the 

anorectic/thermogenic cascade activated by leptin that may be defective in obesity or 

leptin resistance.  This cascade was discussed in detail in Chapter 1.   One possibility is 
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that there is a defect between leptin signal transduction and the appropriate regulation of 

neuropeptide synthesis and release in first-order neurons in the arcuate.  Specifically, 

POMC/α-MSH and NPY may not be upregulated and downregulated, respectively, 

despite elevations in leptin receptor second messengers including P-STAT3.   The results 

discussed in Chapter 4 are consistent with this hypothesis.   Specifically, hypothalamic 

STAT3 phosphorylation was persistently elevated in DIO versus CHOW, yet no 

differences in downstream neuropeptide expression were detected.    

As evidence of a defect in leptin regulation of melanocortins,  certain obese, 

hyperleptinemic animal models have been shown to have both reduced POMC expression 

in the arcuate and deficient α-MSH peptide in the paraventricular nucleus (PVN) (Kim et 

al., 2000a).   Hansen et al. (2001) reported a decrease in α-MSH in the PVN of 

hyperleptinemic, diet-induced obese Sprague Dawley rats.  Given the hyperleptinemia in 

obese animals, an increase in POMC and α-MSH would be expected if central leptin 

signaling was functioning normally.  Interestingly, obese animals have also been shown 

to have enhanced MC4R expression in the hypothalamus, suggesting there is an 

upregulation of this important α-MSH receptor in response to a decrease in melanocortin 

tone in the obese state (Harrold et al., 1999).  This suggests that there may be enhanced 

sensitivity of the melanocortin pathway in leptin resistant animals due to this homeostatic 

increase in receptor expression.   Consistent with this, both obese Zucker rats and diet-

induced obese rats have been shown to be hyper-responsive to α-MSH or an α-MSH 

analogue (Cettour-Rose and Rohner-Jeanrenaud, 2002; Hansen et al., 2001; Hwa et al., 

2001).    Scarpace et al. recently demonstrated that leptin-induced leptin resistant rats are 
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hyper-responsive to an MC4R agonist (Scarpace et al., 2003).  Thus, the MC4R may 

prove to be a fruitful target in attempts to circumvent leptin resistance in humans.    

There is also evidence suggesting involvement of a defect between leptin 

signal transduction and NPY downregulation.  For example, in Chapter 4 we 

demonstrated an increase in STAT3 activation following leptin gene therapy in lean, 

chow-fed animals and this was associated with a significant decrease in NPY expression.  

Scarpace et al. (Scarpace et al., 2002b) demonstrated the same pattern in lean animals 

both 9 days and 46 days after leptin gene delivery.  However, in the Scarpace study, 

rAAV-leptin failed to significantly affect NPY in leptin resistant aged-obese animals 

(Scarpace et al., 2002b).   This was despite in elevation in STAT3 activation in the aged 

animals at both time points.     The precise defect between Ob-Rb signal transduction and 

the appropriate regulation of both NPY and melanocortin expression is now under 

rigorous investigation. 

Conclusion 

Obesity is a serious and growing public health issue.  The percent of U.S. adults 

that are obese has doubled in the last 20 years, and a similar pattern has been recorded in 

both children and teenagers (Marx, 2003).   Obesity is a risk factor for diabetes, 

cardiovascular disease, stroke, and certain cancers.  Far from a simple cosmetic concern, 

obesity is a legitimate killer, claiming an estimated 300,000 Americans each year.  Thus, 

acquiring an understanding of the molecular basis of obesity and how to overcome it is an 

important goal of biomedical research.   

In the research discussed in this dissertation, I studied how the brain’s response to 

the hormone “leptin” is impaired in obesity.  I demonstrated that leptin receptor 

expression and signaling is impaired in the brains of obese animals.  Moreover, I showed 
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that these defects can be reversed by thirty days of caloric restriction to 60% of normal 

(ad libitum) food intake.  I also participated in the development and testing of a novel 

leptin gene delivery system that allows for external regulation of the leptin transgene 

expression.   Such a system is both a useful research tool and a model for safer gene 

therapy systems that may one day be used clinically.   I hope that the results discussed in 

this dissertation have made important contributions to the field of molecular obesity 

research. 
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