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 It has been demonstrated that there are brain regions commonly activated 

by hedonic foods and drugs of abuse, and therefore, potentially common 

mechanisms underlying behaviors associated with them.  Additionally, the 

metabolic state of an animal can affect drug seeking behavior.  The discovery that 

leptin receptor (Lepr) is expressed on dopamine neurons in the ventral tegmental 

area (VTA) provides a link between metabolic state and rewarding behavior.  By 
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using a multitude of techniques, the functional roles for Lepr signaling on 

dopamine neurons have been assessed.  By activating Lepr in the VTA via direct 

infusion of leptin, or conversely reducing Lepr signaling in the VTA with viral-

mediated shRNAi, a role for VTA leptin signaling in feeding behavior was 

demonstrated.  Lepr activation in the VTA leads to intracellular signaling 

pathways similar to that observed in the hypothalamus.  These studies also 

identify differences in signaling between these two brain regions, specifically the 

phosphorylation of AMP-activated protein kinase (AMPK), which is opposite to 

what is observed in the hypothalamus.  Interestingly, food restriction was found to 

differentially affect the signaling pathways in the VTA.  Preliminary evidence 

also suggests a role for Lepr in saccharin and cocaine seeking behaviors.  Rats 

with attenuated Lepr signaling in the VTA demonstrate persistent saccharin and 

cocaine seeking.  Conversely, leptin infusions reduced lever pressing during drug 

withdrawal.  These results are indicative of a potential role for leptin in drug and 

food seeking behavior.  In sum, these results suggest a neuronal mechanism by 

which this key metabolic signal can modify both food and drug intake. 
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Chapter I: General Introduction 

I.1  Populace Obesity and Treatments 

 The growth in obesity in this country’s population has been a source of 

concern for many years.  Obesity, which is a defined as an individual having a 

Body Mass Index (BMI) of ! 30 (kg/m 2), contributes to health issues, such as 

coronary heart disease, Type 2 diabetes, stroke, as well as tremendous economic 

burdens at the national, state, and individual levels.  The Center for Disease 

Control (CDC) has monitored population trends in obesity by state, and the 

consistent increase observed across the nation has spurred research at the medical, 

economic, and policy-making levels.  In 1990, the CDC conducted a Behavioral 

Risk Factor Surveillance System Survey; of those states that participated, the 

percentage of obese people was less than 15%.  In a 2007 CDC survey, all of the 

states in the U.S., except for Colorado, had obese populations exceeding 20%, and 

three of them (Alabama, Mississippi, and Tennessee) had an obese populace equal 

to or exceeding 30% of the total population. 

 Our society is constantly exposed to excessive food resources, and for 

many individuals, the inability of endogenous homeostatic pathways to properly 

regulate body weight and food intake in this environment contributes to over-

consumption, and ultimately obesity (Mokdad et al. 2003).  This imbalance in our 

homeostatic system most likely evolved to help us survive famines; thus it is 

easier to gain weight than to lose it (Schwartz et al. 2003).  Interventions used 
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today include surgical procedures, prescription drugs, and behavioral cognitive 

therapy.  Surgical procedures, such as gastric banding and bariatric surgery, are 

being recommended for qualified people who are morbidly obese (BMI > 40).  

Gastric banding restricts the inflow of food into the stomach, thereby reducing 

food intake, and this procedure has had moderate success (Tice et al. 2008).  

Bariatric bypass surgery removes a portion of the upper gastrointenstinal tract, 

thereby reducing the volume of food contained, has also met with some success 

(Tice et al. 2008).  However, these are significant surgical procedures, and are 

typically restricted to those few who qualify. 

 Dieting and other behavioral interventions have met with limited success.  

In psychiatry, there has been some success in developing and applying cognitive 

behavioral therapy for the purpose of treating eating disorders.  Binge eating 

disorder (BED) is classified in the Diagnostic and Statistical Manual of Mental 

Disorders IV (DSM-IV) as an “Eating disorder not otherwise specified” (Wilson 

2005, Wilson & Shafran 2005).  BED is characterized by chronic bouts of 

uncontrolled over-consumption, and has been associated with obesity (Smith et al. 

1998).  The prevalence of BED within the obese community varies from study to 

study, ranging from a few percent to exceeding 25% (Yanovski & Yanovski 

1999).  Cognitive behavioral therapy (CBT) has been used with some success to 

treat BED, however, it has been not been successful in treating obesity (Carter & 

Fairburn 1998).  Recently, it has been demonstrated that incorporation of
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 pharmacotherapy (fluoxetine) with CBT, improved weight loss in obese people 

suffering from BED, however, there was no benefit from the drug on BED alone 

(Grilo et al. 2005).  

 Pharmacological interventions are currently being pursued.  There are 

three strategies for designing obesity drug treatments: 1) inhibit signals that 

increase appetite, 2) stimulate signals that decrease appetite, and 3) increase 

energy expenditure (Foster-Schubert & Cummings 2006).  Due to redundancies in 

signals that increase appetite, the design of inhibitor drugs may be excessively 

challenging and ultimately not very successful.  Drugs that stimulate signals to 

decrease appetite may be more productive.  Drugs that increase energy 

expenditure might result in an increase in appetite, which could ultimately be 

counterproductive.  Currently, there are several drugs that can be prescribed for 

obesity treatment, and they have met with modest success (Li et al. 2005).  

However, an accurate analysis of the efficacy of these drugs is difficult to 

complete.  Typically during these trials, the dropout rate is high, usually as a 

result of unwanted side effects. 

 A highly anticipated treatement, recombinant leptin, failed to correct 

obesity in the majority of subjects tested (Heymsfield et al. 1999).  While it was 

previously known that obese people have normally high levels of leptin, it was not 

clear that the majority of them would be leptin resistant (Friedman & Halaas 

1998).  Different hypotheses have been presented to explain this problem.  Some 
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researchers implicate faulty transport of leptin across the blood brain barrier, 

others suggest changes in leptin receptor (Lepr) signal transduction, and some 

have proposed developmental issues (Banks et al. 2004, Munzberg et al. 2005, 

Bouret & Simerly 2006).   

 Regardless of clinical failures, the discoveries of leptin and Lepr provided 

researchers with a crucial starting point for investigating, at the molecular level, 

the different neural circuits involved in homeostasis, and the underlying events 

that lead to over-consumption.  Understanding the molecular mechanisms 

involved with food intake regulation, as well as the drive to over-consume, is 

necessary for developing preventative treatments and strategies.  

 

I.2  The ob/ob and db/db Mouse Models of Obesity 

Two of the most important advances in the study of obesity and food 

intake regulation came as a result of two independent obese mouse strains arising 

independently at Jackson Labs; one was named obese (ob), the other diabetes 

(db).  These strains are virtually identical; they are equally hyperphagic, equally 

obese, have similar weight gain through life, and have identical blood glucose and 

insulin levels (Coleman & Hummel 1969, Hausberger 1958).  Early studies with 

these strains found that these mutations were on different chromosomes, however, 

the genes involved remained a mystery.  In 1973, Douglas Coleman conducted 

parabiosis experiments with these strains (Coleman 1973).  In parabiosis, 
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organisms are surgically grafted together so that they share a common blood 

supply.  Coleman observed that when an ob/ob mouse was paired with a wild-

type, the ob/ob mouse exhibited a reduction in food intake, as well as a reduction 

in bodyweight.  When a db/db mouse was paired with a wild-type, there was no 

observable change in the db/db mouse, however, the wild-type mouse rapidly lost 

bodyweight and eventually died from starvation.  Coleman speculated that the 

ob/ob mouse was lacking a compound in its blood that regulates obesity, while the 

db/db mouse provided an excessive amount of a compound that was effective in 

reducing the bodyweight of wild-type mice.  From these experiments, and the 

identical phenotypes, he also hypothesized that the db/db mouse was lacking a 

functioning receptor, while the ob/ob mouse was lacking a functioning ligand for 

that same receptor.  Positional cloning and the identification of these gene 

products proved Coleman to be correct.  The ob gene was found to code for a 

16kDa peptide, named leptin, while the db gene coded for leptin receptor (Lepr) 

(Zhang et al. 1994, Tartaglia et al. 1995).  These discoveries were possibly the 

greatest genetic contributions to the field of obesity and revitalized a field in need 

of definitive molecular players. 

 

I.3  Leptin Overview 

Leptin is predominantly made by adipocytes, and secreted into the 

circulatory system.  It was soon observed that recombinant leptin injections 
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reversed the phenotype of the ob/ob mouse, and that serum leptin levels typically 

reflected body fat percentage (Frederich et al. 1995, Maffei et al. 1995, Considine 

et al. 1996).  Excessive consumption will lead to increased fat stores, which in 

turn raise leptin levels, while dieting reduces fat, and leads to lowered serum 

leptin levels.  It was observed that leptin production was further regulated by 

other metabolic signals, including insulin (MacDougald et al. 1995, Slieker et al. 

1996, Rentsch & Chiesi 1996).  Increased leptin leads to activation of leptin 

receptors in the central nervous system (CNS), which causes reduced food intake 

(anorexigenic effect), increased metabolism, and eventually a decrease in fat 

stores.  Conversely, food restriction, which reduces fat stores, leads to lowered 

leptin levels.  This in turn results in disinhibition of CNS circuits that drive 

feeding (orexigenic effect).  Overall, leptin serves as a homeostatic regulator for 

long-term metabolism and body weight (Ahima et al. 1996).   

 

I.4  Lepr Isoforms 

While there is only one isoform for leptin, researchers have found multiple 

isoforms for Lepr (Chua et al. 1997, Tartaglia 1997).  There are currently 5 

isoforms for Lepr: a, b, c, d, and e.  All of them are capable of binding leptin.  

Sequence homology places them in the cytokine class 1 family of receptors 

(Myers 2004).  It is important to note that only the Lepr(b) isoform (henceforth 

referred to as Lepr) is considered to be full length, and fully capable of signaling.  
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Lepr(e) is truncated such that only an extracellular portion exists, is secreted into 

the bloodstream, and is referred to as the soluble isoform.  This isoform binds 

serum leptin and potentially plays a role in regulating free leptin (Chan et al. 

2002).  The remaining isoforms (a, c, d) contain the extracellular region and are 

membrane bound, but they are truncated, and have minimal signal transduction 

capability, and are referred to as short forms (Hegyi et al. 2004).  All isoforms, 

except for the soluble, contain a conserved intracellular proline-rich box1 domain 

that is required for recruiting Janus tyrosine kinase 2 (JAK2), which provides the 

receptor with the required kinase activity for signal transduction (Ghilardi & 

Skoda 1997, Bjorbaek et al. 1997).  The short isoforms can bind JAK2, but their 

purpose is still not clear (Myers 2004).  One hypothesis is that they are involved 

with internalization and degradation, while another hypothesis suggests a role in 

leptin transport across the blood brain barrier (Uotani et al. 1999, Hileman et al. 

2000).  The secreted isoform binds serum leptin and potentially plays a role in 

regulating free leptin (Chan et al. 2002).  The full length Lepr contains the 

intracellular domains required for various signal transduction pathways that 

ultimately regulate food intake and body weight.  This became evident after 

analysis of the original db/db mouse demonstrated that it lacked only this isoform, 

and that there was no phenotypic difference between the db/db mouse and the 

db
3J

/db
3J

 mouse, which lacks all isoforms (Friedman & Halaas 1998).  The 

Koletsky rat is another obese model that lacks all isoforms of the receptor, while 
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the Zucker fatty (fa/fa) rat contains a Lepr missense mutation that is believed to 

affect protein folding and signaling ability (Ahima & Flier 2000, Takaya et al. 

1996).   

 

I.5  Lepr Signal Transduction 

Leptin binds to dimerized Lepr, and this activates JAK2, resulting in 

autophosphorylation of JAK2 (Myers 2004).  Then, JAK2 phosphorylates 

residues Tyr985 and Tyr1138 of the intracellular portion of Lepr, and these events 

are required for recruiting signal transduction proteins (Banks et al. 2000a, 

Eyckerman et al. 1999).  It is important to note that only the full length Lepr 

contains these residues.  Phosphorylated Tyr1138 binds Signal Transducer and 

Activator of Transcription 3 (STAT3), while Tyr985 recruits SH2-containing 

tyrosine phosphatase 2 (SHP-2) (Baumann et al. 1996, Banks et al. 2000a).  After 

binding to Lepr, Tyr705 on STAT3 becomes phosphorylated by JAK2, which 

causes dissociation with Lepr.  Phosphorylated STAT3 dimerizes and then 

translocates to the nucleus to induce transcription of various genes, including 

feeding related neuropeptides, as well as Suppressor of Cytokine Signaling-3 

(SOCS-3), which in turn acts as a negative feedback inhibitor for Lepr signaling.  

The transcription factor STAT3 is a critical signal transduction pathway for 

mediating the long-term regulatory effects of leptin.  Mice with neuronal deletion 

of STAT3 (STAT3N-/-), are similarly obese as the deficient (ob/ob) and the Lepr 
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deficient (db/db) mouse (Gao Q 2004).  A separate mouse model, one that 

expresses Lepr with a point mutation that prevents STAT3 binding, Lepr S/S, is 

also equally obese (Bates et al. 2004).  The conditional mutant mouse LeprSTAT3-/-, 

which lacks functional STAT3 only in cells that express Lepr, again recapitulates 

the obese phenotype (Piper et al. 2008).  These suggest that STAT3 is a major 

component of leptin mediated homeostasis.   

Recruitment of SHP-2 to phosphorylated Tyr985 ultimately results in 

activation of extracellular signal-regulated kinase (ERK1/2) via Growth Hormone 

Receptor Binding 2 (Grb-2) (Lowenstein et al. 1992, Banks et al. 2000a).  There 

exists some evidence that JAK2 might activate ERK1/2 independently of SHP-2, 

but this contribution is believed to be minor (Banks et al. 2000a).  However, very 

little is known about the role of ERK1/2 in leptin signaling.  A conditional mutant 

mouse lacking forebrain SHP-2, and therefore has a subsequent loss of Lepr 

activation of ERK1/2, has increased body weight (Zhang et al. 2004).  However, 

this may be correlative and the specific role of ERK1/2 in mediating the feeding 

effect of leptin is still not clear. 

Finally, a third pathway involving phosphoinositide-3 kinase (PI3-K) 

activation has been shown to be important in mediating the effects of leptin 

(Niswender et al. 2001, Niswender et al. 2003).  Niswender and colleagues 

demonstrated that pharmacological blocking of PI3-K attenuated the feeding 

effects of leptin in rats (Niswender et al. 2001).   It is believed that JAK2 
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activation results in PI3-K activity, presumably through insulin receptor substrate 

(IRS) in the hypothalamus (Niswender et al. 2001, Xu et al. 2005).   However, the 

specific mechanism of this activation is not fully understood, nor have the 

downstream effects of leptin induced PI3-K signaling been identified.  Leptin 

activated PI3-K does not induce the same downstream events as insulin activated 

PI3-K (Kim et al. 2000, Carvalheira et al. 2005). 

 

I.6  Leptin Signaling in the Hypothalamus 

Historically, the hypothalamus has been viewed as the feeding control 

center in the CNS.  This emphasis has been well-deserved; lesions of the 

hypothalamus have long been known to lead to dysregulation of food intake 

(Anand & Brobeck 1951).  Lepr is highly expressed in the arcuate nucleus of the 

hypothalamus, a region that has been found to contain neurons that express 

neuropeptides that increase food intake (orexigenic), or neuropeptides that 

decrease food intake (anorexigenic) (Cowley et al. 2001, Mercer et al. 1996, 

Schwartz et al. 1996).  These neurons project to the paraventricular nucleus, 

lateral hypothalamus and other brain regions, where the neuropeptides modulate 

neuronal function.  However, downstream mechanisms responsible for 

modulation of feeding behavior are not fully understood.  Leptin signaling to 

these neurons results in the reduction of food intake, increased energy 

expenditure, and ultimately homeostatic regulation of body weight.   
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The anorexigenic neurons in the arcuate nucleus express the neuropeptide 

pro-opiomelanocortin (POMC).  Stimulation of these neurons by leptin leads to 

increased POMC production, and this precursor protein is further processed into 

different peptides, including !-MSH (Schwartz et al. 2000, Cowley et al. 2001).  

It has been demonstrated that !-MSH activates the melanocortin receptors MC3R 

and MC4R, and that activation leads to reduced food intake, while antagonizing 

MC4 leads to increased food intake (Benoit et al. 2000, Nicholson et al. 2007, 

Meister 2007). 

Conversely, the orexigenic neurons in the arcuate nucleus express 

neuropeptide Y (NPY) and agouti-related peptide (AgRP), and are inhibited by 

leptin signaling (Myers 2004).  Fasting stimulates these neurons and increases 

production of these neuropeptides.  Infusion of NPY increases feeding, however, 

in the obese conditional mutant mouse LeprS/S there is no change in NPY 

expression levels, indicating that regulation of this neuropeptide is not by STAT3 

transcription (Bates et al. 2003).  Fasting also increases AgRP levels, which have 

been found to antagonize the MC4 melanocortin receptor (Myers 2004).  

Additionally, it has been demonstrated that AgRP is elevated in LeprS/S mice, 

suggesting a role for STAT3 regulation (Bates et al. 2003, Myers 2004).  Thus, 

these anorexigenic and orexigenic neurons have opposing effects on each other as 

well as regulation of food intake. 
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I.7  Dopamine and Feeding 

 Another region of the brain that has been observed to play a role in food 

intake regulation is the mesolimbic dopamine (DA) system.  These neurons arise 

in the ventral tegmental area (VTA), located in the midbrain.  DA projections 

terminating in the prefrontal cortex (Pfc) form the mesocortical pathway, while 

those that terminate in the nucleus accumbens (NAc) comprise the mesolimbic 

pathway.  DA function in the NAc has been more studied for food and drug 

seeking than mesocortical DA transmission.  The NAc consists mainly of medium 

spiny neurons (MSNs) that transmit GABA, however, 2 different subpopulations 

of MSNs coexist: those that express the dopamine D1-like receptor, and those that 

express the dopamine D2-like receptor.  Dopamine activation of D1-like receptors 

results in activation of adenylate cyclase via GS G-protein activation, and 

ultimately leads to excitation of these MSNs (Albin et al. 1989, Herve et al. 1993, 

Surmeier et al. 2007).  Dopamine activation of D2-like receptors on these MSNs, 

leads to reduced adenylate cyclase activity via Gi G-protein, and ultimately causes 

inhibition of these neurons (Albin et al. 1989, Surmeier et al. 2007).  The nucleus 

accumbens also consists of two major divisions, the shell and the core.  These are 

distinguished by their projections, with the core resembling the better-studied 

dorsal striatal system, while the shell has major neuronal projections to the lateral 

hypothalamus.  In the dorsal striatum, the D1-like GABAergic neurons are 

considered “direct” in that they project directly to the midbrain (substantia nigra 
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reticulata). The D2-like GABAergic neurons are considered “indirect” in that they 

project indirectly to the ventral pallidum and the subthalamic nucleus (Albin et al. 

1989, Surmeier et al. 2007) (Gerfen et al. 1990).  

In the NAc, studies concerning the role of dopamine in food intake have 

led to contrasting results and models.  Pharmacological studies have shown little 

effect of D1 receptor antagonism on ad libitum food intake (Baldo et al. 2002).  

However, D1 receptor antagonists result in attenuation of operant performance 

under high work loads (i.e. many lever presses required to obtain food) (Aberman 

et al. 1998).  Likewise, experiments have shown effects of dopamine receptor 

stimulation, albeit mild when compared to µ-opioid receptor stimulation, in 

progressive ratio tasks (Zhang et al. 2003).  These data are consistent with the 

notion that dopamine in the NAc is necessary for seeking and exerting effort to 

obtain food, but may not be required for intake under ad libitum conditions.  

Other studies suggest additional roles for NAc dopamine, some of which could be 

highly relevant to excessive food intake.  For example, intra-NAc amphetamine 

increases the seeking of a sucrose reinforcement in response to a conditioned cue 

(Wyvell & Berridge 2000).  Additionally, dopamine in the NAc plays a role in 

driving behavioral responses to cues that predict reward (Nicola et al. 2005). 

 

I.8  Over-consumption, Drugs of Abuse, and Reward Circuitry 
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 It is natural, from a survival viewpoint, that the consumption of foods that 

elicit the highest rewarding experiences are typically the highest in caloric value.  

As mentioned previously, our society today has easy access to foods high in fat 

and sugar, and the drive to consume these foods poses a significant challenge to 

the neurochemical signals and brain circuits that negatively regulate food 

consumption.  Likewise, initial exposure to drugs of abuse elicit hedonic pleasure, 

and they are often viewed as “hijackers” of our brain’s natural reward circuits.  

Work using laboratory animals has long suggested that there exist common neural 

substrates, such as dopamine circuits, that underlies both food and drug intake 

(Wise 1987).  For example, adaptations in the dopamine system may explain the 

well-described effects of food-restriction on increasing sensitivity to drugs of 

abuse (Carr 2002b).  Conversely, amphetamine has short term anorexic effects 

that are dependent on dopamine circuits (Cannon et al. 2004).  Recent imaging 

data in humans have also supported a role for dopamine circuits in the control of 

food intake.  Consumption of a highly palatable food leads to activation of both 

the VTA, where dopamine neurons are located, and the striatum, a major site for 

dopamine neuron projections (Small et al. 2001).  These same brain regions have 

also been identified as responsive to drugs of abuse, and critical in the 

development of drug addiction (Hyman et al. 2006, Nestler 2005).  Furthermore, 

imaging studies have demonstrated that dopamine D2 receptor availability in the 
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NAc is inversely correlated with body mass index (Wang et al. 2001), again 

suggesting a potential role for dopamine signaling in the development of obesity.   

 The role of D2-like receptors in mediating reward has been demonstrated 

by other researchers (Self et al. 1996).  It has been observed that rats will self-

administer cocaine and nomifensine, both of which are dopamine reuptake 

inhibitors, directly to the NAc, and that co-infusion of sulpiride, which is a 

specific D2 receptor antagonist, reduces this behavior  (Carlezon et al. 1995, 

Rodd-Henricks et al. 2002).  Complimenting these pharmacological studies, a 

genetic approach using mice lacking D2 show reduced sensitivity to cocaine-

induced conditional place preference relative to wild-type littermates, as well as 

attenuated cocaine-induced locomotor activity (Welter et al. 2007).   These 

experiments demonstrate that the D2-like receptors play a strong role in mediating 

the effects of cocaine.  Moreover, drug reinstatement paradigms have clearly 

established a role for D2 in reinstatement (Self et al. 1996). Observations like 

these provoked renewed attention toward defining potential common 

mechanisms. 

 

I.9  Leptin Signaling to the VTA 

While the majority of leptin signaling research has focused on the 

hypothalamus, it is important to note that leptin signals to other brain regions as 

well, such as the hippocampus, and ventral tegmental area (VTA) (Robertson et 
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al. 2008, Harvey 2007, Hommel et al. 2006, Fulton et al. 2006).  Figlewicz and 

colleagues were the first to identify Lepr expression on the dopamine neurons of 

the VTA (Figlewicz et al. 2003).  As mentioned earlier, it is well known that 

dopamine transmission in the nucleus accumbens from these neurons is involved 

with the initiation of feeding, behavioral responses to reward, and motivated 

behavior.  Researchers have postulated that there exist common elements 

underlying both food intake and drug seeking, and that an animal’s overall 

metabolic state may affect behavioral responses to reward (Salamone et al. 2005, 

Wise 1987, Carr 2007).  Thus, the discovery of Lepr expression on DA neurons 

provided a potentially critical link between metabolism and rewarding behavior, 

however, the function of Lepr on these neurons remained unknown until our lab 

began to characterize and explore its role using molecular as well as behavioral 

techniques. 

 

I.10  Potential Role of Leptin in Rewarding Behavior 

 Leptin administration alters intracranial self-stimulation (Fulton et al. 

2000), suggesting an interaction with dopamine circuits that are thought to 

underlie this behavior (Carr 2002b).  Other data have demonstrated that leptin 

attenuates the increased propensity to heroin relapse caused by food restriction 

(Shalev et al. 2001) and can modulate conditioned place preference for sucrose or 

high fat food (Figlewicz et al. 2004, Figlewicz et al. 2001).  These data suggest 
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that leptin can modify reward based behavior and that this may occur via 

alteration in function of dopamine (Figlewicz & Woods 2000).  We are exploring 

potential roles for direct leptin signaling to DA neurons in feeding and rewarding 

behaviors, and the underlying mechanisms by which they are regulated. 
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Chapter II:  Leptin Signaling To Dopamine Neurons Modulates Feeding 

Behavior 

 

II.1  Introduction 

 Overconsumption is the underlying cause of obesity.  More specifically, if 

food consumption exceeds the caloric requirements of the body, then fat stores 

will increase to, and potentially beyond, a safe level.  It is well documented that 

obesity trends in this country are growing, and that the health and monetary 

consequences are becoming severe.  In order to counter this problem, it is 

necessary to better understand the neural circuits and signaling mechanisms that 

contribute to feeding behavior.  Researchers have discovered that peripherally 

derived hormones can regulate CNS regions involved in food intake.  Two of the 

more important contributions to this field were the positional cloning of the 

hormone leptin, and its receptor.  Leptin is mainly produced by adipocytes in the 

periphery, while Lepr is expressed in various tissues, throughout an organism, 

including the CNS.  In mice, the functional loss of either of these molecules leads 

to obesity.  Most feeding research concerning leptin signaling has focused on 

Lepr expression in the ventral hypothalamus (arcuate nucleus).  It has been 

demonstrated that these neurons are highly involved in regulating feeding.  One 

subset of these neurons, termed NPY/AgRP, are inhibited by leptin, while another 

subset, termed POMC/CART, are excited by leptin (Cowley et al. 2001).  This 
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simultaneous mode of signaling allows for one subset to predominate, based on 

leptin levels.  Reduction of leptin allows for disinhibition of NPY neurons, 

leading to increased food intake, while increased leptin promotes POMC neuronal 

firing, which reduces food intake.  Despite these recent advances, the role of 

leptin signaling to these specific neurons, or lack thereof, in overconsumption 

remains unclear.  It has recently been observed that Lepr is expressed by 

dopamine neurons the VTA (Figlewicz et al. 2003).  These neurons have been 

well documented for involvement with behaviors involving motivation, as well as 

drug seeking, and food intake.  Additionally, in rats, leptin can modulate drug 

seeking behavior and relapse, and that food restriction can also affect these 

behaviors.  The discovery that Lepr is expressed on neurons known to be involved 

with these behaviors provides researchers with a potentially critical molecular 

link, whereby metabolically derived peripheral signals can directly affect these 

neurons and subsequent behaviors.  Changes in an animal’s metabolic state would 

affect leptin levels, which would alter signaling to this brain region.  Here, we 

present biochemical data demonstrating the expression of functional Lepr on 

dopamine neurons throughout the VTA, as well as behavioral data showing a role 

for Lepr signaling in dopamine neurons in feeding behavior. 
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II.2  Results 

II.2.A.  Lepr mRNA is expressed by dopamine neurons in the VTA 

 Others have reported that Lepr protein is expressed by dopamine neurons 

in the VTA (Figlewicz et al. 2003).  After multiple attempts to confirm this data, 

we concluded that immunostaining for Lepr was not working, so we decided to 

evaluate Lepr mRNA expression.  We used double labeled fluorescent in situ 

hybridization to evaluate Lepr and tyrosine hydroxylase (TH) mRNA 

simultaneously (Figure 1).  TH, an enzyme required for dopamine synthesis, is 

commonly used as a marker for visualizing dopamine neurons.  We observed a 

high level of colocalization between TH and Lepr mRNA, suggesting that the 

majority of Lepr in this region is produced by dopamine neurons.  

 

II.2.B.  Leptin induces STAT3 phosphorylation in the VTA 

 It has previously been demonstrated by others that activation of Lepr by 

leptin, in the hypothalamus, results in phosphorylation of STAT3.  This occurs via 

activation of the JAK-STAT pathway.  It has been well documented that JAK2 

associates with Lepr, and provides the required phosphorylation events on Lepr 

necessary for the recruitment of various signal transduction molecules, including 

STAT3.  After STAT3 is recruited, it becomes phosphorylated, dimerizes, and 

then translocates to the nucleus where it functions as a transcription factor.  The 

evidence of a role for STAT3 in feeding behavior is strong.   Mice with neuronal 
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deletion of STAT3 (STAT3N-/-), the Lepr S/S, and the LepRbSTAT3-/- mice are all 

similarly obese as the leptin deficient (ob/ob) and the Lepr deficient (db/db) mice 

mice (Gao et al. 2004, Bates et al. 2004, Piper et al. 2008).  This not only suggests 

that STAT3 is a major component of leptin mediated homeostasis, but that 

STAT3 phosphorylation is an ideal biochemical readout for evaluating functional 

Lepr.  We first assessed Lepr for functionality by injecting mice intraperitoneal 

with 3 mg/kg of leptin.  This dose has proved sufficient for phosphorylation of 

STAT3 in the hypothalamus.  2 hours after injection, VTA dissections were 

analyzed by western blot, and a significant increase in pSTAT3 (Tyr-705) was 

observed (Figure 2a).  Due to the nature of leptin administration, this result may 

be due to an indirect effect of leptin, presumably by acting on other circuits.  To 

address this issue, we directly infused 500ng of leptin bilaterally (1µg total) to the 

VTA of awake, cannulated rats.  To demonstrate that STAT3 was being activated 

in dopamine neurons, we perfused the rats, and used double labeled fluorescent 

immunohistochemistry to visualize TH and pSTAT3.  We observed a high degree 

of colocalization between TH and pSTAT3, confirming our previous observations 

(Figure 2b). 

We also evaluated the extent by which leptin induced STAT3 

phosphorylation in these dopamine neurons by performing a complete rostral-

caudal survey through the VTA of rats, again visualizing TH/pSTAT3 

colocalization.  This was conducted by delivering 5µg of leptin to the lateral 
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ventricle of cannulated, awake rats.  After 1 hr, the rats were perfused for 

fluorescent immunohistochemistry (Figure 2c).  The survey was conducted based 

on known stereotaxic coordinates.  Rostral VTA, which is approximately -5.2 mm 

from bregma, 82% of the pSTAT3 positive neurons also stained for TH.  This 

high level of colocalization increased caudally, reaching 95% colocalization 

approximately -6.0 mm from bregma (Figure 3).  This demonstrates that the 

action of leptin on dopamine neurons is not restricted to various subregions of the 

VTA.  It is also possible that this shift in percent colocalization is due to an 

increasing percentage of DA cells. 

 

II.2.C.  Food intake is reduced after direct leptin infusion to the VTA 

 We assessed the potential feeding role of Lepr signaling in the VTA in rats 

that had been cannulated, targeting this region.  Different doses (50ng, 165ng, and 

500ng bilaterally) of leptin or vehicle were infused directly to the VTA at the 

onset of the dark cycle, and feeding behavior was monitored over 24 hours.  After 

the first 2 hours, only those animals receiving 165ng or 500ng of leptin had a 

significant reduction in feeding (Figure 4a).   We observed a significant reduction 

in feeding by all doses of leptin during the first 4 hours (treatment main effect: 

F(3,71)=15.18, p< 0.001; treatment x time interaction: F(6,194) =2.3, p< 0.05.  

This feeding effect was maintained over 24 hours.  There was no effective 

difference between 165ng or 500ng bilateral doses, indicating a ceiling affect had 
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been reached.  However, these observations could be the result of reduced general 

activity, as the VTA is known to play a role in locomotor behavior.   To evaluate 

this, we infused vehicle or 500ng leptin bilaterally to cannulated rats at the onset 

of the dark cycle.  The animals were immediately placed in locomotor chambers, 

and activity was measured over 3 hours.  There was no difference between the 

leptin and control groups, indicating that direct leptin to the VTA does not affect 

general locomotor activity (Figure 4b).  Cannula placements were assessed by 

histology, demonstrating the capability of successful bilateral targeting (Figure 5).  

 

II.2.D.  Leptin reduces the firing rate of VTA dopamine neurons in vivo and 

in vivo 

 Research by others has demonstrated an electrophysiological effect of 

leptin on hypothalamic neuronal subtypes.  We investigated whether peripheral 

leptin could affect dopaminergic firing in the VTA.  Using anesthetized rats, 

extracellular recordings of dopamine neurons in the VTA were taken prior to and 

after intravenous administration of 2mg/kg of leptin or saline.  During the first 10 

minutes of recording, no significant changes were observed, however, after 10 

minutes there was a significant reduction of firing rate in the animals receiving 

leptin (treatment main effect: F(1,66)=8.65; p<0.001) (Figure 6).  This effect 

lasted over 35 minutes (time main effect: F(5,41)=5.1, p< 0.001; treatment x time 

interaction: F(5,66)=2.01, p=0.08).  Firing rates for saline treated animals 
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remained stable over a similar time period, therefore the observed effects not as a 

result of neuronal fatigue or run-down (data not shown; time main effect 

F(5,25)=0.5, p=0.81).  Electrode placements were marked for targeting 

confirmation with 1% fast green dye (Figure 7).  Since leptin was administered 

peripherally, it is possible that this affect was a result of indirect leptin signaling.  

To address whether leptin could directly affect electrophysiological responses of 

these neurons, whole-cell patch-clamp recordings were performed on VTA brain 

slices.  After patching to, and verifying dopamine neurons, spontaneous action 

potentials were recorded under current clamp.  10 min of stability was required 

prior to 100mM leptin bath application.  The average frequency of all 

dopaminergic action potentials was 2.8 ± 0.8 Hz prior to leptin.  After treatment, 

we observed a rapid and reversible reduction in action potential frequency (Figure 

8).  Specifically, leptin reduced the frequency to 79.7% ± 6.6% of controls, and 

these cells rebounded to 103.8% ± 7.5% of controls after removal of leptin.  This 

observed reduction was significant F(1,25) = 5.43, p<0.05.  These observations 

suggest that leptin can affect dopamine excitability, and that this can occur 

independent of the hypothalamus. 

 

II.2.E.  RNAi mediated knockdown of Lepr in the VTA increases food intake 

as well as locomotor activity. 

 To complement the leptin infusion experiments, we reduced leptin 
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signaling in the VTA and monitored behavior.  This was accomplished by 

designing a vector to express shRNA mRNA that specifically targeted only Lepr 

mRNA and no other genes.  All isoforms of Lepr express this target sequence, 

thus ensuring complete attenuation of leptin signaling wherever knockdown 

occurs.  This construct was then packaged into adeno-associated viral vectors 

(AAV-2).  It has been demonstrated in vivo that AAV-2 can infect dopamine 

neurons in the VTA, and since this method offers both spatial and temporal 

control of gene knockdown, this method is ideal for generating an experimental 

model with adult animals (Hommel et al. 2003).  This AAV was also designed to 

express EGFP to visual cells that were infected.  We also generated a control 

virus, AAV-shCTRL, which expresses a scrambled non-targeting hairpin as well 

as EGFP.  To demonstrate our ability to locally deliver AAV to specific brain 

regions, and to verify that targeting the VTA would not infect neurons in the 

hypothalamus, we conducted a an immunofluorescent survey after viral injection 

to the VTA.  Immunofluorescence targeting EGFP or TH in both VTA and 

hypothalamic sections revealed that no hypothalamic neurons were infected, 

despite the passage of dopamine fibers of the medial forebrain bundle (Figure 9).  

Viruses expressing shLepr or shCTRL were delivered bilaterally to the VTA of 

anesthetized rats, thus generating 2 groups, LeprVTA and CTRLVTA.  Rats were then 

singly housed and monitored for changes in food intake and bodyweight over 30 

days (Figure 10).  By day 19 after surgery, we observed an increase in food intake 
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over time in the LeprVTA group compared to the CTRLVTA animals (AAV-shLEPR 

treatment main effect, F(1,20) = 4.26, p<0.05) (Figure 10c).  The timing of this 

initial change was consistent with the expected peak of AAV expression and 

RNAi-mediated knockdown in VTA neurons.  Additionally, we observed no 

change in bodyweight in the LeprVTA animals compared to controls throughout 

this experiment (Figure 10d).  However, we did observe a significant increase in 

home cage ambulatory beam breaks during the dark cycle of the LeprVTA rats 

compared to controls, but not during the light cycle (Figure 10e).   

 

II.2.F.  Knockdown of Lepr in the rat VTA affects feeding behavior of 

palatable foods 

 Palatable foods, such as sucrose and high fat chow, can evoke an increase 

in consumption, and this effect involves mesolimbic circuitry.  Here, we evaluated 

potential changes in responses to these items using both LeprVTA and CTRLVTA 

groups.  For sucrose, a sensitivity test utilizing a 2-bottle choice paradigm was 

administered.  Here, each animal was provided with 2 bottles simultaneously, 

which contained either water or a very low sucrose solution, specifically 0.2%.  

The CTRLVTA rats showed no preference for water or sucrose over 2 days, while 

the LeprVTA rats showed a preference for the sucrose bottle (Figure 11a).   To 

complement this, these rats were exposed to a high fat diet instead of normal 

chow, and food intake was measured in 24 hr bins.   Over the first 3 days of 
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exposure, the knockdown animals consumed more food than controls (Figure 

11b).  However, there was no feeding difference between groups during days 4-6 

of high fat food.  Both groups showed an increase in body weight after starting the 

high fat diet, but there was no significant difference between them (Figure 12). 

 

II.3  Discussion 

 Based on the expression of Lepr in the VTA, we hypothesized that leptin 

signals directly to midbrain dopamine neurons to regulate energy homeostasis.  

We tested this hypothesis by administering leptin directly to the VTA or by 

knocking down Lepr in the VTA followed by measuring food intake, body 

weight, and locomotor activity.  Four principal findings emerged: (1) 

administration of leptin either peripherally or directly to the VTA causes 

phosphorylation of STAT3 primarily in dopamine neurons; (2) leptin decreases 

the firing rate of VTA dopamine neurons in vivo and in vitro; (3) delivery of 

leptin to the VTA decreases food intake but does not alter general locomotor 

activity; (4) long-term genetic knockdown of Lepr in the VTA causes an increase 

in food intake and dark cycle locomotor activity but does not alter body weight.  

Together, the biochemical, cellular and behavioral data presented indicate that 

leptin can regulate food intake and locomotion by directly modulating dopamine 

neuron function in the VTA.  
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 The present data, together with evidence that leptin decreases nucleus 

accumbens dopamine levels (Krugel et al. 2003), suggests that leptin inhibits the 

firing of VTA dopamine neurons leading to a decrease in both dopamine release 

and food intake.  This is consistent with the changes in mesolimbic and 

mesocortical dopamine circuits and feeding behavior following GABA or opioid 

modulation of the VTA (Badiani et al. 1995, Echo et al. 2002, Mucha & Iversen 

1986, Noel & Gratton 1995), and work demonstrating that dopamine is critical for 

the development of obesity in leptin-deficient mice (Szczypka et al. 2000).  

Previous studies have shown that leptin crosses the blood-brain barrier in most 

brain regions, including the midbrain (Banks et al. 2000b).  In addition, evidence 

is building for direct action of other peripheral factors, such as insulin and 

glucose, on dopamine neurons of the midbrain (Figlewicz et al. 2003, Levin 

2000).  Interestingly, recent work suggests that ghrelin can also signal to the VTA 

to stimulate food intake (Naleid et al. 2005).  Therefore, the VTA may represent 

an additional central detector of peripheral metabolic signals, which responds by 

appropriately increasing or decreasing food intake via modulation of mesolimbic 

and mesocortical circuits.   

 It is striking that LEPR
VTA animals, despite increased feeding, maintained 

normal body weight.  Leptin is known to regulate both feeding and metabolism 

(Kamohara et al. 1997, Friedman & Halaas 1998), and recent work describes the 

potential segregation of leptin effects via alternate sites of melanocortin receptor 



 29 

function (Balthasar et al. 2005).  In addition, our data supports a model whereby 

leptin effects are segregated by action on different neuroanatomical regions; the 

VTA may represent a leptin target that modulates motivated behavior and food 

intake.  It has previously been suggested that leptin modulation of conditioned 

place preference for sucrose and high fat diets may be mediated by an 

extrahypothalamic target (Figlewicz et al. 2004, Figlewicz et al. 2001).  Our data 

demonstrate a direct effect of leptin on VTA dopamine neurons and support the 

previous proposal that leptin modulation of expression of conditioned behavior 

might occur via dopamine circuits (Figlewicz et al. 2004).  Interestingly, a high-

fat diet has been shown to decrease conditioned preference for nicotine while also 

leading to decreased Lepr mRNA in the VTA (Blendy et al. 2005).   

 It is possible that the VTA-specific knockdown animals maintain normal 

body weight due to homeostatic metabolic compensation driven by either normal 

Lepr function in the hypothalamus, or a separate system compensating for 

increased caloric intake.  The increase in locomotor activity seen in the LEPRVTA 

animals may itself represent a compensatory response to increased caloric intake.  

Alternatively, the established role of the VTA in locomotor activity makes it 

possible that decreases in Lepr signaling in the dopamine neurons could lead to an 

initial increase in locomotor behavior followed by an increase in food intake.  

However, leptin administration to the VTA resulted in a reduction in feeding 
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without any changes in general locomotor activity, suggesting that a specific 

effect on feeding is the primary response to increased Lepr signaling. 

 In addition to the increase in consumption of standard rodent chow, the 

LEPRVTA conditional knockdown rats also showed heightened sensitivity to 

sucrose and increased consumption of a high-fat diet.  This indicates that leptin 

action on the VTA can also modulate behavioral responses to rewarding or novel 

food, consistent with proposed roles of the VTA dopamine neurons (Schultz & 

Dickinson 2000) and observations of dopamine release in the NAc in response to 

novel food (Bassareo & Di Chiara 1999).  While our work has focused on a 

natural behavior (feeding), hormonal regulation of VTA neuronal activity may 

have consequences for a number of other behavioral responses that are known to 

be sensitive to the function of dopamine circuits.  In particular, metabolic sensing 

by the VTA neurons may provide a mechanism for the well-described increases in 

drug sensitivity seen during states of food restriction, and the effects of leptin on 

reversing this sensitivity (Carr 2002a, Shalev et al. 2001).  Interestingly, chronic 

cocaine administration has been shown to alter JAK-STAT signaling in the VTA 

(Berhow et al. 1996), suggesting that common molecular components mediate 

metabolic sensing and adaptations to drugs of abuse in VTA dopamine neurons.   

 As with Lepr function in the hypothalamus, a number of questions remain 

regarding leptin action within the VTA.  First, the limited effect of leptin on 

membrane potential is in contrast to previous reports on hypothalamic neurons 
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(Cowley et al. 2001, Spanswick et al. 1997) and may suggest a distinct 

mechanism for leptin modulation of excitability within the VTA.  Second, it is not 

clear if the critical Lepr-mediated signals are short-term, long-term or both.  The 

kinetics of the electrophysiological response following leptin administration 

indicate that rapid signaling (timescale of minutes) downstream of Lepr may be 

important.  However, leptin induced JAK-STAT activation, and the known role 

for STAT activation in food intake (Bates et al. 2003), supports the premise that 

long-term transcriptional changes may also play a role.  Likewise, recent 

observations of hypothalamic synaptic rearrangement within 6 hours following 

leptin and ghrelin treatment (Pinto et al. 2004) would suggest a potential mode of 

regulation that may be relevant within mesolimbic and mesocortical circuits.  

 In summary, the data presented in this paper support a distributed model 

whereby leptin signals directly to independent brain circuits to generate an overall 

behavioral response.  While previous work has established the hypothalamus as a 

critical brain region in response to leptin, the inclusion of the VTA as a site of 

leptin action suggests that peripheral metabolic states are communicated to 

mesolimbic regions that are integral to the control of motivated behavior.  Leptin-

mediated modulation of central dopamine circuits provides a novel neural 

pathway by which changes in leptin levels would lead to adaptive feeding 

responses.  These results also have potential implications for other behaviors, 

such as drug addiction, where mesolimbic dopamine function is important.
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II.4  Figures 

Figures I 

 

 

 

Figure 1: Lepr mRNA is expressed in dopamine neurons of the rat VTA.  (A) 

Low power image of double label fluorescent in situ hybridization showing 

expression of TH mRNA (green) and Lepr mRNA (red) in the VTA.  (B) High 

power image showing expression of TH and Lepr mRNA.  Colocalization of the 

two mRNAs is seen in the merged panel. 

  



 33 

II.4  Figures 

Figure 2 

 

 

II.4  Figures 

 

Figure 2: Leptin induces JAK-STAT signaling in midbrain dopamine neurons.  

(A) Western blot analysis showing phosphorylated STAT3 (lower band in upper 

panel) and total STAT3 (lower panel) in the VTA of mice injected with either 
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vehicle or leptin (3 mg/kg I.P.).  (B) Double label fluorescent immunostaining of 

TH and pSTAT3 from tissue taken 45 minutes after infusion of vehicle or leptin 

(1µg) to the VTA of awake, free-moving rats.  TH immunoreactivity (green) is 

colocalized with pSTAT3 immunoreactivity (red, nuclear) only in animals that 

received leptin (lower right panel).  (C) Double label fluorescent immunostaining 

of TH and pSTAT3 from tissue taken 1 hr after intracerebroventricular infusion of 

vehicle or leptin (5 µg) in awake, free-moving rats.   
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II.4  Figures  

 

Figure 3 

 

 

Figure 3:  Determination of position in the rat VTA for colocalization with 

pSTAT3 (red channel) with tyrosine hydroxylase (green channel).  High power 

allows for detection of pSTAT3 colocalization, while low power with TH allows 

for visual confirmation of the VTA location. 
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II.4  Figures 

Figure 4 
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II.4  Figures 

Figure 4: Direct leptin administration to the VTA of rats results in a reduction in 

food intake.  (A) Food intake expressed as a percentage of control over 24 hours 

following infusion of leptin directly into the VTA of awake, free moving rats.  

Animals received infusions of vehicle (white bars, n=36), 100 ng (light grey bars, 

n=10), 330 ng (dark grey bars, n=10) or 1000 ng (black bars, n=16).  Food intake 

measurements began 30 minutes after completion of infusions and total intake 

was measured at 2 hours, 4 hours, and 24 hours.  (B) No significant difference in 

locomotor activity was observed over 3 hours when comparing infusion of either 

vehicle (open squares, n=6) or leptin (closed triangles, n=6) at a dose of 

500ng/side.  (*, p<0.05; **, p<0.01 by ANOVA followed by post-hoc tests). Error 

bars represent the standard error of the mean (s.e.m.). 
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II.4  Figures  

Figure 5 

 

 

 
 

Figure 5:  Histology demonstrating the ability to target the VTA with cannula.  

(A) Summary of cannula placements in the VTA.  (B) Example of Nissl histology 

analysis of cannula tip placement.  (C) Example of cannula placement analysis 

with anti-tyrosine hydroxylase staining to accurately mark the VTA.  (D) High 

magnification of left cannula in (C).  (E) DAPI staining on same section yields 

additional position data.  IPN, interpeduncular nucleus. 
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II.4  Figures 

 

Figure 6 

 

 

 

Figure 6: Peripheral administration of leptin results in reduced VTA dopamine 

neuronal firing in live anesthetized rats. The depolarization frequency decreased 

by 40% from 11 to 35 minutes after leptin injections. Representative five-second 

traces are shown from neurons recorded before or after leptin administration (top 

panels). Data are presented as percent of baseline activity and represent 47 total 

neurons from 5 rats. (**, p<0.01 by ANOVA followed by post-hoc test with -25-0 

pre-leptin data).  Error bars represent S.E.M.  Data provided by Michela 

Marinelli. 
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II.4  Figures 

 

Figure 7 

 

 

Figure 7:  An example of electrode placement after extracellular single-unit 

recordings in anesthetized rats.  Data provided by Michela Marinelli 
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II.4  Figures 

Figure 8 
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II.4  Figures 

Figure 8:  Leptin decreases the frequency of action potentials in dopamine 

neurons in the VTA.  (A) Sample traces recorded before, during, and after 

application of leptin (100 nM) from a dopamine neuron under current clamp 

(M.P. = -44.8 mV).  The inset demonstrates the /h current used to identify 

dopamine neurons; dopamine neurons exhibit the presence of a large /h current, 

which is distinctive from nondopamine neurons nearby.  The /h currents (lower 

traces) were induced by a series of voltage steps from -60mV to -100 mV (upper 

traces) in neurons under voltage clamp held at -50 mV.  Inset scale bar: 200 pA, 

0.5 s.  (B) A time course of the effect of leptin on the frequency of action 

potentials.  The effect of leptin was fast and reversible; the bars above the trace 

indicate the multiple applications of leptin.  (C) Pooled data showing a reduction 

in action potentials (n=9; *p< 0.05 by ANOVA).  Error bars represent S.E.M.  

Data provided by Xiao-Bing Gao. 
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II.4  Figures 

Figure 9 
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Figure 9:  After perfusion, brains were sectioned and analyzed for GFP (first two 

columns, green) and tyrosine hydroxylase (TH, last column, red) expression.  The 

first column shows examples of a low power analysis throughout the 

hypothalamic-VTA region.  Each row is labeled with the general structure (s) 

followed by the approximate anterior-posterior position (Paxinos & Watson 

2005).  The regions outlined with white squares are shown in the high power 

analysis in the right columns. 

 The higher power analysis in the second column shows that the strong 

GFP expression seen in the hypothalamus represents fibers.  TH immunodetection 

confirms that these fibers represent the medial forebrain bundle (originating in the 

VTA) that traverses through regions dorso-lateral to the hypothalamus.  In 

contrast, high power images of the VTA region show GFP in neurons 

corresponding to regions of TH positive neurons.  All animals used in the studies 

had GFP expression that did not extend into neurons (cell bodies) of the posterior 

hypothalamic and mammillary regions.  Mfb (medial forebrain bundle), 3v (3rd 

ventricle), ArcP (posterior arcuate nucleus), MM (mammillary nucleus), VTA 

(ventral tegmental area), IP (interpeduncular nucleus). 
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II.4  Figures 

Figure 10 
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II.4  Figures 

Figure 10: RNAi-mediated knockdown of Lepr in the VTA results in increase 

food intake and locomotor activity.  (A) Immunoflurescent analysis showing the 

extent of AAV spread and dopamine neuron infection in the VTA.  The left panel 

shows EGFP expression marking infected neurons, while the middle shows 

tyrosine hydroxylase (TH).  The right panel (merge) demonstrates extensive 

infection of VTA dopamine neurons.  (B) Representative in situ hybridization of 

EGFP mRNA in the VTA showing infection and expression from both AAV-

shLEPR and AAV-shCTRL viruses (upper panels).  In situ hybridization from 

midbrain tissue showing a reduction in Lepr mRNA in LEPRVTA animals (lower 

right panel) versus CTRLVTA rats (lower left panel).  (C) Food intake (normalized 

for body weight) measurements of CTRLVTA (open squares, n=11) or LEPRVTA rats 

(closed triangles, n=11; *, p<0.05; **, p<0.01 by ANOVA followed by post-hoc 

tests).  Total body weight (D), and homecage ambulatory activity (E), is plotted 

over time for CTRLVTA (open squares) or LEPRVTA (closed triangles) rats.  

Homecage locomotor activity is expressed as number of ambulatory beam breaks 

and covers 24 hours beginning at the onset of the dark cycle (*, p<0.05 by 

repeated measures ANOVA during dark cycle).  Error bars represent s.e.m. 
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II.4  Figures 

Figure 11 
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II.4  Figures 

Figure 11: RNAi-mediated knockdown of Lepr in the VTA results in increased 

sensitivity to sucrose and highly palatable food.  (A) Preference expressed as 

percentage of total intake of a 0.2% sucrose solution for both LEPRVTA (n=8) and 

CTRLVTA (n=7) rats in a two-bottle choice paradigm.  (B) Average intake of 

standard chow and high-fat chow.  LEPRVTA rats increased their food intake over 

the first three days when switched to a high-fat chow, but returned to baseline 

intake during the last three days.  Error bars represent s.e.m. 
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II.4  Figures 

Figure 12 

 

 

 

Figure 12:  After being given a high fat diet for 7 days, the body weight of 

animals with attenuated Lepr in the VTA (LEPRVTA) does not differ significantly 

in body weight from control animals (CTRLVTA).  Error bars represent S.E.M. 
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Chapter III: Leptin Signaling in the Ventral Tegmental Area and the Effects 

of Food Restriction 

 

III.1  Introduction  

Leptin is a protein hormone produced by adipocytes that serves to communicate 

fat levels to the brain.  Within the CNS, leptin acts on multiple brain regions, 

including the hypothalamus, hippocampus, and ventral tegmental area (VTA) by 

activating leptin receptor (Lepr) (Robertson et al. 2008, Harvey 2007, Hommel et 

al. 2006, Fulton et al. 2006).  In the VTA, Lepr signaling reduces dopamine 

neuron firing and food intake, while RNAi-mediated knockdown of Lepr in the 

VTA resulted in a chronic increase in food intake without an associated weight 

gain (Hommel et al. 2006).  These data, complemented with studies by others 

(Fulton et al. 2006), argues for a strong regulatory role by leptin, and potentially 

metabolic state, on this brain region.  While leptin clearly induces 

phosphorylation of STAT3 (Hommel et al. 2006, Fulton et al. 2006) in the VTA, 

other signaling components have not been studied. 

 Lepr signaling regulates multiple downstream pathways to modulate 

neuronal function and body weight.  Lepr is coupled to Janus-activated Kinase 2 

(JAK2), which is required for leptin-mediated signaling, including STAT3, 

ERK1/2, and phosphatidylinositol-3-kinase (PI3-K) (Kloek et al. 2002).  Some of 

these pathways, as well as leptin-regulated AMPK have been shown to be 
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important for feeding behavior (Robertson et al. 2008).  Conditional 

mutant mice lacking STAT3 expression, or STAT3 activation, have recapitulated 

the hyperphagic and obese phenotypes observed with the leptin deficient (ob/ob) 

and the lepr deficient (db/db) mice (Gao et al. 2004, Bates et al. 2004, Piper et al. 

2008).  While these models suggest that STAT3 is an important mediator of leptin 

signaling, it is a transcription factor with a long-term role in feeding behavior and 

homeostasis.  Additionally, most studies evaluating the effect of metabolic status 

have mainly focused on hypothalamic transcriptional peptide regulation, such as 

neuropeptide Y (NPY), cocaine and amphetamine-regulated transcript (CART), 

proopiomelanocortin (POMC), and suppressor of cytokine signaling-3 (SOCS-3) 

and not the immediate events following Lepr activation. (Ahima et al. 1999, 

Baskin et al. 2000, Lindblom et al. 2005, Johansson et al. 2008).  The more rapid 

effects observed on neuronal firing in the hypothalamus (Cowley et al. 2001), and 

in the VTA (Hommel et al. 2006), suggest a role for post-translational 

modification, such as phosphorylation in leptin’s effects.  This is supported by 

evidence that STAT3, while important in feeding regulation, does not play a role 

in modulating neuronal firing of orexigenic neurons in the arcuate nucleus 

(Munzberg et al. 2007). 

Like STAT3, the other canonical Lepr pathways such as ERK1/2, PI3-K, 

and AMPK, are regulated via phosphorylation.  In the hypothalamus, ERK1/2 

becomes phosphorylated after leptin treatment, however its role in feeding 
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remains unknown.  Treatment of rats with PI3-K inhibitors blocks the affects of 

leptin, suggesting a role for this pathway in feeding regulation (Niswender et al. 

2001).  Additionally, PI3-K is downstream of insulin receptor substrates (IRS), 

and both are expressed in the hypothalamus and VTA (Wolf et al. 1999, Numan 

& Russell 1999, Figlewicz 2003, Niswender et al. 2003).  PI3-K is required for 

the anorexic effects of insulin in the CNS (Niswender et al. 2003), illustrating 

potential cross-talk between leptin and insulin signaling (Niswender et al. 2001).  

AMPK activity has recently been demonstrated to be reduced after Lepr 

activation in the hypothalamus (Minokoshi et al. 2004, Andersson et al. 2004).  

Additionally, pharmacological activation of AMPK results in increased food 

intake, while inhibition by leptin decreases feeding (Andersson et al. 2004, Kim et 

al. 2004a, Kim et al. 2004b).  While the mediating event(s) between Lepr and 

AMPK are unknown, it is believed that in neurons, the upstream regulator of 

AMPK is a Ca2+/Calmodulin kinase kinase 2 (CaMKK2) (Hawley et al. 2005). 

It is still unclear whether these pathways are: 1) regulated in the VTA by 

leptin, 2) regulated by the feeding state of the animal, and 3) regulated in the 

hypothalamus and VTA in similar fashion.  Here, Lepr signaling in the rat VTA 

was evaluated under different paradigms.  First, direct leptin infusions to the VTA 

were performed to identify rapid phosphoprotein changes caused by Lepr 

activation at 5 and 45 minutes post infusion.  Then, the effect of chronic food 

restriction on Lepr signaling was evaluated in both the VTA and hypothalamus.  



 53 

In addition to the canonical Lepr signaling pathways noted above, other 

phosphoproteins known to influence dopamine neuron function, such as tyrosine 

hydroxylase (TH), and Cyclic AMP Response Element Binding Protein (CREB) 

were also evaluated.  These results demonstrate differences and similarities in 

leptin signaling between the hypothalamus and the VTA, as well as differential 

effects of food restriction on Lepr signaling pathways. 
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III.2  RESULTS 

III.2.A  Direct Leptin infusion to the VTA results in multiple 

phosphorylation events.   

The VTA contains dopamine neurons that project mainly to the nucleus 

accumbens or the prefrontal cortex.  It has previously been demonstrated that 

these neurons also express the leptin receptor and mediate pSTAT3 in response to 

leptin (Figlewicz et al. 2003, Hommel et al. 2006).  While it has been shown in 

the hypothalamus that leptin can signal to other pathways in addition to STAT3, 

such as ERK1/2, PI3-Kinase, and AMPK, these pathways to date have not been 

evaluated in the VTA.  To identify downstream signaling events, 500ng of leptin 

or vehicle was infused bilaterally to the VTA of cannulated awake rats, and then 

sacrificed the rats after 5 or 45 minutes.   The VTA was dissected and processed 

for western blotting.  Numerous phosphoprotein changes were seen 45 minutes 

after leptin infusion.  In accordance with previous data, direct leptin significantly 

increased pSTAT3 (Tyr-705) at 45 minutes (Fig 1a).  pERK1/2 (Thr-202, Tyr-

204) were analyzed and showed significant increases in phosphorylation at 45 

minutes (Fig 1b).  Because evidence exists for cross-talk between insulin and 

leptin signaling, and since both receptors are co-expressed in the VTA, the insulin 

receptor substrate (IRS) pathway was assessed for activation by evaluating AKT, 

a downstream component of insulin signaling (Carvalheira et al. 2005).  Neither 

of two residues known to be involved in regulating pAKT activity (Thr-308, Ser-
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473) had changes in phosphorylation at 45 minutes (Fig 1c, d).  AMPK! (Thr-

172) phosphorylation was significantly increased 45 minutes after leptin infusion 

(Fig 1e).  The Ca2+ / Calmodulin pathway, which activates AMPK in the CNS, 

was assessed by evaluating phosphorylation of CaMKIV, a downstream target of 

CaMKK2.  pCaMKIV (Thr-196) was significantly increased at 5 minutes (Fig 1f) 

but not 45 minutes (data not shown).  

Previous data suggests that leptin can reduce DA firing rates (Hommel et 

al. 2006), and evidence suggests an effect of leptin on tyrosine hydroxylase 

(Fulton et al. 2006).  Tyrosine hydroxylase (TH) a key regulatory enzyme for DA 

synthesis, was evaluated at two sites known to be involved in regulating 

enzymatic activity.  After leptin treatment, pTH (Ser-40, a PKA site) had a 

significant decrease, but not at pTH (Ser-31, a PKC site) (Fig 2a, 2b).  To 

determine if the reduced pTH (Ser-40) is the result of a general signaling effect of 

leptin on PKA activity in the VTA, PKA sites of other proteins were evaluated.  

The PKA site (Ser-133) on Cyclic AMP Response Element Binding Protein 

(CREB) , as well as the AMPA receptor subunit GluR1 (Ser-845) were both 

unchanged at 45 minutes (Fig 2d), suggesting no general changes in cAMP/PKA 

pathway targets as a result of direct leptin. 
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III.2.B  Food restriction differentially affects leptin signaling to VTA and the 

hypothalamus. 

As noted above, few studies have evaluated Lepr signaling during 

different metabolic states. Moreover, the opposite regulation of AMPK! between 

the VTA and the hypothalamus suggests that there might be other differences in 

Lepr signaling during metabolic change in these brain regions.  To explore the 

changes in these regions, both basal and leptin mediated phosphoprotein levels 

were assessed following food restricted or ad lib states.  This was accomplished 

by first grouping the rats into a 70% food restriction (FR) or ad lib (AL) 

paradigm.  At the end of 11 days, we infused 5µg of leptin or vehicle ICV, thus 

generating four groups: AL+Veh, AL+Lep, FR+Veh, FR+Lep.  All animals were 

sacrificed 1 hour after infusion, and hypothalamus and VTA from each animal 

were analyzed.  Body weight measurements showed that the AL rats significantly 

outgained the FR rats by Day 11 (Table 1). 

There were no significant changes in basal phosphorylation between 

AL+Veh and FR+Veh groups for any proteins analyzed.   Both the VTA and 

hypothalamus showed normal pSTAT3 responses for both AL and FR groups (Fig 

3a).  In contrast, ICV leptin caused an increase in VTA, but not hypothalamus 

pERK1/2, and this increase was not seen in FR animals (Fig 3b).   pAMPK and 

pACC also demonstrated a differential regulation in these regions that was further 

modified by metabolic state.  There was no significant effect of leptin in the 
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hypothalamus on AMPK regardless of feeding state (Fig 3c-d).  In contrast, VTA 

pAMPK and pACC were increased in leptin treated animals, and this response 

was not seen in leptin treated FR rats (Fig 3c-d).  To reassess overlap between 

leptin and insulin signaling in the VTA, pAKT (Thr-308, Ser-473), pmTor (Ser-

2448), p70 S6 Kinase (Thr-389), and glycogen synthase kinase-3 (GSK3 alpha 

(Ser-21) and beta (Ser-9) isoforms) were evaluated and found to be unchanged 

(data not shown) by feeding state or leptin treatment (Cota et al. 2008, Maroni et 

al. 2003). 

Contrary to what was found with direct leptin administration to the VTA, 

there was no change in pTH (Ser-40) after ICV leptin (Fig 4a).  pCREB (Ser-

133), however, was found to be significantly increased after leptin, but only 

within the ad lib group (Fig 4b).  Consistent with direct leptin, there was no effect 

on basal pGluR1 (Ser-845) by feeding state or by leptin (Fig 4b).  
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III.3  DISCUSSION 

Our previous work identified a critical function for Lepr in the VTA 

(Hommel et al. 2006).  Preliminary signaling studies (Fulton et al. 2006, Hommel 

et al. 2006) also suggest similar responses in the VTA as previously described for 

the hypothalamus.  As mentioned earlier, the majority of studies evaluating the 

effect of metabolic status on Lepr signaling events have primarily focused on 

long-term hypothalamic transcriptional regulation (Ahima et al. 1999, Baskin et 

al. 2000, Lindblom et al. 2005, Johansson et al. 2008), and metabolic regulation 

of immediate Lepr pathway events has not been thoroughly examined.  Here, we 

examined these rapid signaling events by first infusing leptin directly to the VTA 

and evaluating phosphorylation changes.  While STAT3 and ERK1/2 showed 

expected responses, a surprising increase was seen in pAMPK.  These and other 

proteins were then evaluated in AL or FR animals with ICV leptin administration.  

With the exception of pSTAT3, all other responses in the VTA were found to be 

attenuated in the FR group, suggesting a significant yet differential modulation of 

Lepr signaling by metabolic state.       

Consistent with published data, pSTAT3 was activated in the VTA after 

direct leptin infusion.  Additionally, ICV leptin activated pSTAT3 in both the 

VTA and hypothalamus under AL and FR conditions, highlighting STAT3 as a 

common Lepr signaling response in both brain regions.  Hypothalamic STAT3 is 

widely believed to play a major role in mediating the feeding response to leptin 
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(Bates et al. 2004, Gao et al. 2004), however, the specific contribution of VTA 

STAT3 remains unclear.  Given that leptin has a minimal feeding effect on 

restricted animals, it is noteworthy that of all the pathways assessed in this paper, 

only STAT3 remained responsive after food restriction.  pERK1/2 also exhibited 

increased phosphorylation in the VTA after both direct leptin or ICV infusion, 

and this effect was attenuated by food restriction. 

It has been demonstrated in the hypothalamus that leptin can activate PI3-

K (Xu et al. 2005).  In the VTA, both regulatory residues on AKT, a known 

downstream target of insulin induced PI3-K activity (Carvalheira et al. 2005), 

showed no significant change after direct or ICV leptin.  To support this finding, 

additional targets within the insulin receptor (IR) pathway were assessed in the 

VTA after ICV leptin.  These targets included mammalian target of rapamycin 

(mTor, Ser-2448), p70S6K (Thr-389), and both ! and " isoforms of glycogen 

synthase kinase 3 (GSK-3 Ser-21/Ser-9), all of which have been found to be 

regulated by insulin (Cohen et al. 1997, Cota et al. 2008, Maroni et al. 2003).  

None of these targets were affected by leptin (data not shown).  Coexpression of 

insulin and leptin receptors has been reported in the VTA (Figlewicz et al. 2003), 

and in a more recent study, Figlewicz and colleagues observed that leptin infused 

directly to the VTA of rats resulted in production of the metabolite PIP3, an 

immediate product of PI3-K activity (Figlewicz et al. 2007).  While the 

requirement of PI3-K for ICV leptin effects are evident, as both pharmacological 
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and genetic disruption of PI3-K appear to block leptin responses (Niswender et al. 

2001, Hill et al. 2008), the consequences of leptin induced PI3-K activity in the 

VTA are still unknown.  While activated by insulin, data by others suggests a lack 

of effect of leptin on hypothalamic AKT (Kim et al. 2000, Carvalheira et al. 

2005).  These results, combined with the current observations in the VTA, suggest 

limited influence of leptin on events downstream of PI3-K.   

The increase in pAMPK in the VTA, following either direct or ICV leptin, 

demonstrates opposite regulation from that reported in the hypothalamus.  

Additionally, the significant increase in ACC phosphorylation in the VTA after 

ICV leptin helps to support this finding.  This regulation in the VTA is similar to 

the effect of leptin on AMPK in peripheral tissues (Xue & Kahn 2006).  The 

observed lack of phosphorylation of AMPK or ACC in the hypothalamus after 

ICV leptin is most likely due to the time-point chosen.  Other researchers have 

demonstrated a Lepr mediated reduction in pAMPK several hours after leptin 

administration (Minokoshi et al. 2004).  The one hour time-point used here 

resulted in robust hypothalamic pSTAT3 activation as well as strong upregulation 

of pAMPK in the VTA, indicating that both regions were affected by leptin.  The 

known upstream activators of AMPK include LKB1, which is expressed 

ubiquitously, and CaMKK isoforms, which are highly expressed in neurons 

(Hawley et al. 2003, Hawley et al. 2005).  The increase in pCaMKIV, reported 

here 5 minutes after direct leptin infusion to the VTA, would suggest that the 
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Ca2+/Calmodulin pathway is being activated, and that the upstream activator of 

AMPK in the VTA is possibly a CaMKK.  Deletion of CaMKK2 in mice results 

in resistance to high-fat induced obesity as well as alterations in neuropeptide Y 

(NPY) regulation, suggesting a role for this pathway in feeding behaviors 

(Anderson et al. 2008).  These data underscore the different relationship between 

Lepr and AMPK in the VTA and hypothalamus, suggesting that individual brain 

regions may have alternate cellular metabolic responses to changes in peripheral 

fat stores.  These regional effects may be important in directing the cellular as 

well as behavioral responses to alterations in metabolic state. 

The effect of Lepr signaling on dopamine pathways was evaluated by 

measuring pTH, a key regulatory enzyme for dopamine production.  Our data 

demonstrate that direct leptin infusion to the VTA caused a significant reduction 

in pTH (Ser-40), but not pTH (Ser-31), and this observation was also seen after 

ICV leptin.  While both of these sites have been shown to affect TH activity, the 

Ser-40 residue is believed to have a greater regulatory effect (Cheah et al. 1999).  

In a previous study, leptin administration to the ob/ob mouse led to an increase in 

pTH (Ser-40) (Fulton et al. 2006).  There are some potential explanations for this 

different observation, the most obvious being models used.  The ob/ob mouse 

may have compensatory effects due to a lack of leptin throughout development, 

whereas this study used adult wild-type rats.  Secondly, the method of leptin 

treatment was different; the ob/ob mice were treated with leptin for 10 days as 
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opposed to the single acute treatment used here.  Finally, it should be noted that 

their study examined nucleus accumbens (NAc) tissue (Fulton et al. 2006), while 

this study examined VTA tissue.  The Ser-40 site on TH is known to be regulated 

by PKA, raising the possibility the Lepr signaling can modulate cAMP pathways.  

To evaluate whether the observed decrease in pTH (Ser-40) was a result of 

reduced PKA activity, other known substrates were assessed.  pCREB (Ser-133) 

and pGluR1 (Ser-845) are both PKA targets, however neither were significantly 

affected 45 minutes after direct leptin to the VTA.  Previously published data 

show that leptin can reduce dopaminergic firing (Hommel et al. 2006), and it is 

possible that the observed changes in pTH (Ser-40) reflect secondary responses to 

Lepr’s effects on VTA neuron excitability (Dunkley et al. 2004). 

Here, we have identified immediate signaling events downstream of Lepr 

in the VTA, as well as signaling differences between the hypothalamus and the 

VTA.  Additionally, we report the differential effect of food restriction on Lepr 

signaling in the VTA.  This metabolic modification of Lepr signaling has 

implications for other brain regions which are affected by leptin and metabolic 

state.  These findings should provide the groundwork for evaluating the role of 

specific pathways in various behaviors, such as drug addiction, that are known to 

be affected by both leptin and metabolic state.  Moreover, future drug 

development aimed at specific leptin responses may benefit from information 

about differential regulation across brain regions.  
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III.4  Figures 

 

Figure 1 
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III.4  Figures 

 

Figure 1: Direct leptin infusion activates multiple downstream pathways in the 

VTA of awake adult male rats.  Rats were infused with 0.5 µl of PBS or leptin 

(1mg/ml) for a total delivery of 500ng each side of the VTA.  At 5 or 45 minutes 

after infusion, target proteins were analyzed by western blot and the ratio of each 

phospho- signal to its total is expressed as a percentage of control and analyzed by 

unpaired Student’s t-test (all error bars are SEM).  With the exception of 

pCaMKIV, there was no significance of any protein at 5 minutes (data not 

shown). All data presented here except pCaMKIV is at 45 minutes.  pCaMKIV 

data at 45 minutes was not significant (not shown)  (A) pSTAT3 (Tyr-705) (n=4) 

*, (P=0.0077). (B) pERK1/2 (Thr-202, Tyr-204) (n=4) *, (P=0.0252). (C) pAKT 

(Ser-473) (n=4). (D) pAKT (Thr-308) (n=4). (E) pAMPK (Thr-172) to AMPK!1 

(n=4) *, (P=0.048). (F) 5 minutes pCaMKIV (Thr-196) (n=4) *, (P=0.0132). 
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III.4  Figures 

Figure 2 

 

Figure 2: Direct leptin results in decreased phosphorylation of Tyrosine 

Hydroxylase only at the Ser-40 residue, and no effect on other PKA target 

proteins involved in cell excitability.  The ratio of each phospho- signal to its total 

is expressed as a percentage of control and analyzed by unpaired Student’s t-test 

(all error bars are SEM).  There was no significance of any protein at 5 minutes 

(data not shown), all data presented here is at 45 minutes.  (A) pTH (Ser-40) 

(n=4) *, (P=0.033). (B) pTH (Ser-31) (n=4). (C) pGluR1 (Ser-845) (n=4). (D) 

pCREB (Ser-133) (n=4). 
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III.4  Figures 

 

 

Table 1 

 

Group Initial Bodyweight 

(g) 

Final Bodyweight (g) Net Change 

Bodyweight (g) 

AL 484±7.120 527±8.694 43±2.719 

FR 476±10.669 486±11.18
* 

6±1.754
** 

*  
 P=0.013 t-test, (AL n=8, FR n=10) 

** P=0.001 t-test, (AL n=8, FR n=10) 

 

Table 1:  Animal weights were recorded daily.  Initial bodyweight reflects group 

average on Day 1 of feeding paradigm.  Final bodyweight reflects group average 

immediately prior to infusions at the end of the experiment.  For statistical 

analysis, average FR was compared to AL using unpaired two-tailed Students t-

test (data shown are means ± SEM). 
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III.4  Figures 

Figure 3 

 

Figure 3: Food restriction differentially affects leptin signaling to VTA and the 

hypothalamus of awake adult rats.  Surgerized rats were either restricted to 70% 

of their caloric intake (FR, gray bars) or fed ad lib (open bars).  After 11 days of 

the diet, 5µg of leptin or PBS (Veh) was infused ICV.  All data presented here 

represents 1 hour after infusion.  There were no changes of basal phosphorylation 

between chronic Food Restriction and Ad Lib animals.  ICV leptin resulted in 

differential signaling between the VTA and hypothalamus.  Data presented here 

was analyzed by Student’s t-test and is expressed as the percentage of vehicle (all 

error bars are SEM). (AL+Veh n=4, AL+Lep n=5, FR+Veh n=5, FR+Lep n=5).  

(A) Hyp - pSTAT3 (Tyr-705) (* AL P= 0.0055, FR P=0.0098) , VTA – pSTAT3 

(Tyr-705) (* AL P= 0.0055, FR P=0.055)  (B) Hyp – pERK1/2 (Thr-202/Tyr-

204), VTA – pERK1/2 (Thr-202/Tyr-204) (* AL P=0.0084)  (C) Hyp – pAMPK 

(Thr-172), VTA – pAMPK (Thr-172) (* AL P=0.04)  (D) Hyp – pACC (Ser-79), 

VTA – pACC (Ser-79) (* AL P=0.023). 
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III.4  Figures  

 

Figure 4 
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III.4  Figures 

 

 

Figure 4: Food restriction differentially affects non-canonical responses to ICV 

Leptin.  Open bars are fed ad lib (AL), while gray bars are food restricted (FR).  

Animals were sacrificed 1 hour after acute ICV infusion.  Data shown are means 

± SEM.  There was no change in pTH (Ser-31) (data not shown).  (AL+Veh n=4, 

AL+Lep n=5, FR+Veh n=5, FR+Lep n=5).    (A) pTH (Ser-40) (*AL P=0.05).  

(B) pCREB (Ser-133) (* AL P=0.042).  (C) pGluR1 (Ser-845). 
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Chapter IV: Leptin Signaling Affects Seeking Behavior  

 

IV.1.  Introduction 

 Addiction involves the maintenance of a behavior despite adverse 

consequences of that behavior.  The stages of this phenomenon involves 

acquisition, escalation, and relapse (Carroll et al. 2008).  Some drug addicts will 

maintain their seeking behavior despite a loss of job, loss of family, and 

incarceration.  Relapse (recidivism) among addicts is common despite prolonged 

abstinence, thus implicating long term effects from prior drug abuse.  Recent trials 

with pharmacotherapy treatments have yielded mixed results.  Modafinil, a 

stimulant, is potentially promising.  Data from two clinical trials show that it 

improved drug abstinence in cocaine dependent patients compared to placebo 

(Dackis et al. 2005).  N-acetylcysteine, another potential treatment, decreased 

cocaine cue reactivity in patients when they were presented with pictures of 

cocaine (LaRowe et al. 2007).  While these drugs might be beneficial for 

initiating abstinence, it is not clear that they will be beneficial in the long term to 

prevent recidivism.  A greater understanding of the mechanisms underlying drug 

seeking behavior, especially within the context of recidivism, is required to design 

successful treatments. 

 It is well established that NAc dopamine, transmitted from neurons arising 

from the VTA, is an important mediator for the acute reward associated with 



 71 

hedonic food consumption, sex, as well as drugs of abuse (Robbins & Everitt 

1996, Cardinal et al. 2002, Kelley et al. 2002, Kelley 2004).  In conjunction with 

this, it has been suggested that there exists a positive relationship between the 

consumption of sweets and drug seeking behavior in rats, and that this might be 

used to screen animals prior to drug self-administration experiments (Carroll 

1993).  Data suggest that this correlation might hold for humans as well.  For, 

cocaine abusing patients were found to have a preference for sweeter sucrose 

solutions than control subjects (Janowsky et al. 2003). 

 Because animals such as rats and mice exhibit reward seeking behavior 

and can be trained for operant tasks, they have been very useful in studying the 

etiology of addiction (Schuster & Thompson 1969).  The progression of a typical 

animal drug addiction paradigm may include: 1) acquisition, 2) maintenance, 3) 

extinction, and 4) reinstatement.  The acquisition phase involves the animal 

learning to discriminate between two levers: 1) the active lever, which results in 

drug administration directly into the animal coupled with an audible tone and light 

cues, and 2) the inactive lever which results in no drug administration, nor cue 

presentations.  It is important to note that food restriction accompanies this phase 

to facilitate learning.  The maintenance phase involves the animal exhibiting an 

understanding of the task by showing stability in successful infusions across 

multiple sessions.  The extinction phase consists of replacing the drug with 

vehicle, and the animal learns over time that the active lever no longer delivers 
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the reward.  The reinstatement phase involves using a drug prime, stress, or other 

cues to induce lever pressing, despite only receiving vehicle.  

 In light of the fact that food restriction has such a profound effect on drug 

or reward seeking behavior, it has been hypothesized that metabolic signals might 

be used to further modify these behaviors.  This concept is underscored by the 

fact that many operant based reward seeking paradigms utilize food restriction 

during the training phase (Carroll et al. 1979).  It has been demonstrated that 

leptin administration can reverse sucrose-conditioned or high-fat-conditioned 

place preference in rats (Figlewicz et al. 2001, Figlewicz et al. 2004).  

Additionally, it has been demonstrated that leptin can attenuate the effect of food 

restriction induced reinstatement of heroin seeking in rats (Shalev et al. 2001).  

These experiments suggest the ability of a peripherally derived metabolic 

hormone to affect seeking behavior for various rewards.   

 We have already demonstrated preliminary evidence for a role of Lepr in 

the VTA in seeking behavior.  Rats that had RNAi mediated knockdown of Lepr 

in the VTA showed a preference for a very dilute (sub-threshold) sucrose 

solution, relative to controls  (Hommel et al. 2006).  Additionally, these rats 

displayed increased high fat food consumption for the first three days of exposure, 

compared to controls (Hommel et al. 2006).  What was unclear from this data was 

whether or not there was a change in the behavioral response to a novel item, in 
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this case the high fat chow, and whether there was caloric feedback that 

attenuated the increase in food consumption. 

 We decided to re-evaluate the novelty response in a fresh set of Lepr 

knockdown rats, but using a different approach.  Saccharin, a non-caloric 

sweetener, was to be used to eliminate caloric biasing.  We chose a mild 

concentration, one that both knockdown and control groups would prefer.  A 2-

bottle choice paradigm was used, and exposed the rats to saccharin for 24 hours.  

Data from this study inspired us to explore a possible role for Lepr signaling in 

cocaine seeking behavior. 

 Other researchers have shown leptin to have an effect in seeking behavior 

and reinstatement.  In conjunction with this, we evaluated the effect of leptin on 

cocaine seeking behavior.  Rats were trained to self-administer cocaine, and then 

during the first 3 days of extinction, we administered leptin daily, prior to their 

session.  Following successful extinction of cocaine seeking, we evaluated the 

potential effect of prior leptin administration on cocaine prime induced 

reinstatement.  
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IV.2.  Results 

IV.2.A  RNAi knockdown of Lepr in the VTA results in prolonged saccharin 

seeking behavior 

 Our previous data suggested a role for Lepr signaling in the VTA in 

modulating sensitivity for palatable items (i.e. sub-threshold sucrose), as well as 

possibly affecting the behavioral response to a novel item, the high fat chow.  

Both of those experiments involved consumption of items that had caloric value, 

which theoretically could affect the results.  Here, we chose to re-evaluate the role 

of Lepr in the VTA in novelty avoidance, by utilizing a non-caloric approach.  We 

generated shLepr and shCTRL rats using the previously described viral vectors.  

Approximately 1 month after surgeries, the rats were first habituated to 2 water 

bottles, and then exposed to an easily detectable 0.1% saccharin solution (Mook 

1974) in one of the bottles.  Water and saccharin consumption was measured at 2, 

6, 13, and 23 hrs after exposure.  Both groups of rats acquired and preferred the 

saccharin over the water, and there was no observed difference in latency to 

acquire the preference (Figure 1).   

 Immediately after the acute 24 hour exposure to saccharin, the saccharin 

was replaced with water, and the volumes of both water bottles were monitored 

daily to evaluate a potential difference in extinction.    Over the next 7 days, both 

groups showed a slight decrease in preference for the bottle that originally 

contained saccharin.  By day 14 after saccharin, it became clear that the control 
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group had lost their preference for the saccharin bottle, and that this appeared to 

be a stable condition.  During this same time period, however, the knockdown rats 

reacquired a preference for the original saccharin bottle, and this preference was 

maintained to day 31 after saccharin exposure (Figure 2).  At this time, this 

portion of the experiment was considered finished, as it was clear that the shLepr 

rats were not going to extinguish.   

 Given that the knockdown rats did not extinguish their side preference, we 

were concerned that our observations could be due to an altered learning ability.  

To test this hypothesis, we conducted another 2-bottle choice saccharin 

experiment over 2 days.  The first day, we exposed both groups to 0.1% saccharin 

in 1 bottle and water in the other, the purpose being to bring both groups together 

to an equal state of preference.  Both groups showed immediate preference for the 

saccharin bottle on side A (Figure 3).  On the second day, we switched the 

location of the saccharin with the water and observed the preferences.  

Measurements were binned at 2, 6, 13, and 23 hours after switching.  It was 

observed that both groups readily acquired a preference for saccharin on the 

opposite side, and that there were no differences between groups, suggesting that 

learning, within this context, is unaffected by Lepr knockdown in the VTA 

(Figure 3).   

 



 76 

IV.2.B.  Leptin inhibits cocaine seeking behavior during extinction 

 It has been demonstrated by others that metabolic state, as well as 

pharmacological manipulation of leptin can affect drug seeking behavior in 

animals.  Animals that are food restricted are more likely to acquire drug seeking 

behavior tasks, such as lever pressing, during training, than animals that are fed ad 

lib.  Food restriction is also used by researchers to re-establish seeking behavior 

(termed reinstatement) in animals who have extinguished their seeking behavior 

as a result of repeated drug deprivation.  Additionally, it has been shown that 

leptin administration can block this effect of food restriction on reinstatement.  

Given that Lepr is expressed by dopamine neurons in the VTA, and that dopamine 

signaling in the NAc is affected by various drugs of abuse, we hypothesized that 

1) leptin can have an effect on the extinction of cocaine seeking, 2) leptin 

administration during extinction can have a long-term effect on cocaine-induced 

reinstatement, and 3) that the site of action, and underlying mechanisms, for these 

effects on cocaine seeking behavior may be in the VTA.   

 To test whether leptin can have an effect on the extinction process of 

cocaine seeking, we surgerized rats for intravenous self-administration of cocaine, 

as well as for ICV delivery of leptin.  This experiment consisted of several 

phases: 1) a training phase where the animals learn to self-administer cocaine, 2) a 

test phase consisting of infusing leptin during extinction, and 3) another test phase 

consisting of cocaine-induce reinstatement.  After recovery from surgery, rats 
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were trained to self-administer cocaine via lever pressing in daily 3 hour sessions.  

Tone and light cues were presented during successful cocaine infusions.  After the 

rats acquiring the task and exhibited stability in lever pressing and cocaine 

administration, the first test phase, consisting of leptin or vehicle infusion to the 

lateral ventricle followed by extinction, was initiated.   Over 3 days of extinction, 

we infused 5µg of leptin or vehicle daily into the lateral ventricle of the rats 4 

hours prior to each extinction session.  Food intake and bodyweights were also 

monitored to control for leptin efficacy.  On day 1 of extinction, the rats receiving 

vehicle exhibited a spike in lever presses, while those receiving leptin had a 

significant reduction in lever presses (Figure 4).  On day 2 of extinction, the rats 

received leptin or vehicle again 4 hours prior to their extinction session, and again 

we observed a significant decrease in lever presses for the leptin treated animals 

compared to the vehicle group (Figure 4).  On day 3 of extinction and leptin 

treatment, we did not observe a significant difference in lever pressing between 

groups, since the lever presses of the rats receiving vehicle decreased as expected.  

Food intake and body weights were significantly reduced in the animals receiving 

leptin over these 3 days of extinction (data not shown).  The extinction process for 

all animals was continued without leptin or vehicle infusions, until the reduction 

in lever pressing stabilized and was within our criteria for extinction.  On day 20 

of extinction, we tested for a long-term effect of leptin on reinstatement by 

administering an intraparitoneal injection of cocaine to each animal immediately 
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before the extinction session.  It is important to note that not only was leptin was 

not infused before this extinction session, but at least 2 weeks had elapsed since 

the last leptin infusion.  While there was no statistical significance in lever 

pressing between groups, there was an observed trend decrease for those rats that 

received leptin earlier in extinction (Figure 5).  
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IV.3:  Discussion and Future Directions 

 Previously, we observed that Lepr is expressed on DA neurons in the 

VTA, and that RNAi mediated Lepr knockdown in this brain region affected both 

a sucrose test as well as a high fat food challenge.  Here, we evaluated Lepr in the 

VTA for a potential role in modifying the behavioral response to a novel item, in 

this case a saccharin solution.  Saccharin was chosen as it can elicit a reward 

response without caloric feed back.  Rats received virus that delivered either a 

hairpin targeting Lepr mRNA or a control hairpin.  More than a month after 

surgery, and approximately 20 days after hairpin expression, this experiment was 

initiated.  There was no difference between knockdown and control groups in 

preference between saccharin and water during the 2-bottle choice test, at any 

time during a 24 hr period.  Both groups preferred the saccharin, thus 

demonstrating detection as well as palatability.  After replacing the saccharin with 

water, it was observed that the control animals eventually lost their preference for 

consuming water from that side of the cage, while the knockdown animals 

persisted in drinking from the original saccharin side.  It is unclear if the ability of 

these animals to extinguish this behavior is being affected.  Are these rats 

persisting to consume from a particular side because the normal mechanisms 

involved in curbing a behavior that is no longer rewarding disrupted?  Another 

possibility could be that knocking down Lepr affects motivation, however this 

experiment does not measure motivation in that the rats did not have to work for 
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their reward.  An operant behavior paradigm using a progressive ratio might 

answer this question.  Yet another possibility lies in the memory formation of that 

initial hedonic experience, and whether that memory is affecting decision making.  

In our paradigm, there was no operant task, and the work effort for a rat to decide 

which bottle to consume from is essentially non-existent. 

 Another observation from the saccharin test was that the knockdown 

animals consumed more total liquid (water + saccharin) than the control animals, 

but only on the day that saccharin was available.  This difference, while showing 

a trend, was not significant.  Most likely it would become significant with 

additional animals.  Before the saccharin was given, both groups consumed the 

same volume of water, and after the saccharin was replaced with water, both 

groups again consumed the same volumes.  Evaluation of behavioral responses to 

novel items, such as unusual chow or liquids, usually involves latency to approach 

or consume a new, unusual item.  The saccharin solution used here would be 

considered palatable (Mook 1974), and it is possible that palatability might mask 

subtle changes in the behavioral response to a novel item.  To further assess this, a 

novel item such as a neutrally palatable flavored solution might provide insight in 

these changes. 

 Upon observing a lack of extinction to the saccharin side, we decided to 

test the ability of the animals to reacquire the saccharin on a different side.  We 

initiated a side preference by exposing them to saccharin and water again, in a 2-
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bottle choice for 24 hours, and then reversed the bottles for the following 23 hours 

for the test phase.  Both groups showed strong preference for the first 24 hours, 

and after reversing the bottles, both groups switched to the new side.  This data 

was binned in multiple time points to assess any possible delay in reversal, and at 

no time was there a significant difference between the groups.  This suggests that 

across repeated exposures to saccharin, there was no change in preference, and 

that knockdown of Lepr in the VTA does not adversely affect the ability of the 

rats to distinguish between saccharin locations and reacquire the new placement.  

These data suggest that Lepr knockdown in the VTA potentially affects seeking 

behavior, or the development of habits after an initial exposure to a reward.   

      Based on data from others concerning reward seeking modification by 

metabolic state or by leptin infusions, we decided to evaluate the ability of leptin 

to modulate cocaine seeking behavior.  We observed that infusion of leptin to the 

lateral ventricle of rats, prior to initiating extinction, resulted in significantly 

decreased lever presses over the 3 hr extinction session, compared to vehicle 

treated rats.  The rats treated with vehicle exhibited an increase in lever presses, 

which is not surprising since this was the first day of extinction and they had not 

yet learned that the lever no longer provided cocaine.  This significant effect was 

observed again on the second day of extinction, with the exception that the 

vehicle treated rats did not exhibit a spike in lever presses.  Food intake was 

monitored, and the leptin treated rats experienced a significant decrease in 
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feeding.  This supports the concept that the reduction in lever pressing was 

specific to the actions of leptin signaling.  Importantly, we have previously 

demonstrated that leptin administration does not affect general activity, an 

important control for changes in operant behavior.  One explanation for this 

observation is that the leptin treated rats had less desire for cocaine, which 

manifested itself in reduced seeking behavior.  Another explanation could be that 

the leptin treated rats were less motivated to work for the cocaine, and stopped 

pressing before controls.  A third possibility is that the rats receiving leptin had 

accelerated extinction learning within the first day of extinction.  Researchers 

have demonstrated that dopamine plays a role in extinction of cocaine seeking 

(Schmidt et al. 2001).  Leptin signaling to Lepr on the DA neurons in the VTA 

may be responsible for this observation.  Despite receiving leptin on day 3 of 

extinction, there was no difference between groups, however, this is explained by 

the reduced lever pressing by the control group as they were extinguishing their 

behavior.   

 The high rate of recidivism of drug addicts is the result of a failure to 

develop effective interventions.  In animal studies, reinstatement of seeking 

behavior after extinction attempts to model recidivism in humans.  Cocaine-

primed reinstatement is a reliable method for inducing seeking behavior after a 

period of abstinence (Caine & Koob 1993).  Here, we tested rats, that had 

received leptin or vehicle for the first 3 days of extinction training, for a long term 
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effect on cocaine seeking.  After the rats met predetermined criteria for extinction, 

which was approximately 2 weeks after the final leptin treatment, they were given 

an intraperitoneal injection of cocaine and immediately placed in their operant 

chambers.  We observed a spike in lever pressing by all animals regardless of 

prior leptin or vehicle treatment.  Interestingly, the rats that originally received 

leptin had fewer lever presses than the vehicle rats, although this effect was not 

significant.  This implicates a long term effect by leptin administered during 

extinction.  STAT3 activation in the VTA by Lepr is one potential mechanism for 

transcription based changes.  Other candidates are briefly discussed below. 

 We are in the process of conducting additional experiments for the 

purpose of assessing potential molecular mechanisms that are responsible for 

these observations.  Both protein and mRNA of likely candidates will be assessed 

from these brains.  These rats underwent identical cocaine training and leptin 

infusion for the first day of extinction as the original behavioral group.  However, 

for molecular experiments, we sacrificed these rats immediately after their first 

extinction session.  We plan on collecting tissue from several brain regions, but 

particularly the VTA and the NAc (shell and core separately).  Prime candidates 

of interest include all of the Lepr signal transduction pathways, the glutamate 

receptors GluR1 and GluR2, and the dopamine receptors D1 and D2. 
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IV.4:  Figures 

Figure 1 

 
 

Figure 1:  2-bottle choice test.  Lepr knockdown in the VTA of rats does not 

affect their preference for a palatable 0.1% saccharin solution over water.  A non-

significant trend increase was observed in the volume of saccharin and water 

consumed during 23 hr exposure relative to control rats.   
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IV.4:  Figures 

Figure 2 

 

 
Days After Saccharin 

 

 

 

Figure 2:  Lepr knockdown in the VTA of rats promotes maintenance of a side 

preference after a single acute exposure to saccharin.  Rats were exposed to 

saccharin and water simultaneously on Day 0.  Control animals gradually lost 

their side preference over time, while shLepr rats did not, and this was a non-

significant trend.  Volumes consumed for both groups returned to normal 

immediately after replacement of saccharin with water (data not shown). 
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IV.4:  Figures 

Figure 3 

 

 
Time Points 

 

 

Figure 3:  Reversal of side preference.  Lepr knockdown in the VTA of rats does 

not affect their ability to acquire a new bottle preference. despite a pre-existing 

side preference.  Both groups were exposed to saccharin and water for 2 days.  On 

the first day, both groups showed a strong preference for the 0.1% saccharin 

solution placed on Side A of the cage.  On the second day of this test, the 

saccharin and water bottles were switched, and volumes at 2, 6, 13, and 23 hr time 

points were measured.  There was no significant difference between groups 

during this reversal test. 
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IV.4:  Figures  

 

Figure 4 

 

 

 
Figure 4:  Infusion of 5µg of leptin to the lateral ventricle daily for the first 3 

days of extinction resulted in a significant reduction in active lever presses during 

the early days of extinction.  A) Both groups exhibited reduced lever pressing 

over time, with a significant difference between groups for Days 1 and 2.  

Repeated measures ANOVA revealed a significant group x day interaction.  

(F(11,143)=2.77, *p < .05).  B)  Binned time points for Day 1 of extinction.  

Vehicle treated rats exhibited a spike in lever pressing for the first hour.  Leptin 

significantly attenuated this effect. 
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IV.4:  Figures 

Figure 5 

 
 

Figure 5:  Leptin (5µg ICV) treatments across the initial 3 days of extinction 

reduced active lever pressing during cocaine-primed reinstatement.  This was a 

trend only.  There was no effect on inactive lever pressing.  A) Total active lever 

presses from reinstatement (cocaine prime).  EXT bars represent the average 

number of active lever presses 3 days prior to reinstatement.  B) Total inactive 

lever presses from reinstatement (cocaine prime).  EXT bars represent the average 

number of inactive lever presses 3 days prior to extinction. 
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Chapter V: General Discussion 

V.1.  Overview 

 The rise of obesity in the populace has been characterized as an epidemic.  

In the field of obesity, the discoveries of leptin and its receptor have possibly 

generated the most excitement and the greatest disappointment, concerning 

strategies for combating this trend.  However, additional discoveries based on 

these findings now implicate leptin signaling in regions of the brain that regulate 

motivated behavior.  A connection between metabolic status and behavioral 

responses for reward has been suspected for a long time.  The discovery of Lepr 

expression on dopamine neurons in the VTA provided a much needed molecular 

link between metabolism and reward circuitry (Figlewicz et al. 2003, Hommel et 

al. 2006).  Using a variety of molecular and behavioral techniques, we have 

demonstrated the functionality of this receptor in: 1) signal transduction, 2) 

feeding behaviors, 3) reward seeking behavior. 

 

V.2.  Signal Transduction 

 We initially assessed Lepr functionality in the VTA by observing STAT3 

activation by western blot and by double-labeled immunofluorescence.  These 

techniques confirmed STAT3 phosphorylation and colocalization with TH.  The 

high degree of colocalization between pSTAT3 and TH throughout the VTA 

would indicate that both mesolimbic and mesocortical dopamine neurons could be 
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affected by leptin.  While others have demonstrated a prominent role for 

hypothalamic STAT3 in feeding, the specific role of STAT3 in the VTA is still 

unknown (Bates et al. 2004).  It is very interesting that of all the pathways 

assessed in the VTA under food restriction, STAT3 was the only one that 

remained responsive to leptin.  Given that food deprivation can induce drug-

seeking reinstatement and that leptin can attenuate this event, the discovery of 

STAT3’s responsiveness, despite a reduced metabolic state, makes it an ideal 

follow up candidate for future studies, especially a potential role in drug 

addiction.   

 The potential impact of the other signaling pathways in the VTA is less 

clear.  While ERK1/2 showed significant phosphorylation after leptin infusion to 

the lateral ventricle, this effect was attenuated by food restriction.  The behavioral 

role of leptin induced ERK1/2, in either hypothalamus or VTA, is still unknown.  

There is a lack of useful (water soluble) pharmacological agents to assess this.  

RNAi short hairpin design targeting either or both messages would allow for 

temporal and spatial specificity, and would probably be an ideal technique for 

assessing these genes. 

 The observation that leptin induces AMPK phosphorylation in the VTA 

was initially very intriguing, since this observation is opposite to that seen in the 

hypothalamus.  Potentially, this represents a unique divergence in Lepr signaling 

between brain structures.  In the world of AMPK and feeding, it is important to 



 91 

note that historically researchers classified AMPK activity as either peripheral, 

since peripheral leptin increases phosphorylation, potentially through LKB1, or 

CNS, since hypothalamic Lepr signaling inhibits phosphorylation, potentially 

through CaMKK2.  The potential role of AMPK in the VTA mediating the 

reduced feeding effect of leptin is still unclear.  In an effort to determine whether 

AMPK was mediating the feeding effects observed with direct leptin infusions to 

the VTA, we conducted pharmacological experiments using an AMPK activator 

or inhibitor.  After directly infusing the activating compound AICAR into the 

VTA, we did not observe the expected decrease in food intake.  In fact, a 

significant increase in feeding over a 2 hr. period was observed (data not shown).  

This effect is similar to that observed in the hypothalamus.  Efforts to complement 

this observation using the AMPK inhibitor Compound C were problematic in that 

this compound requires a high DMSO concentration for solubility.  Attempts were 

made despite this, but there was no observable change in feeding (data not 

shown).   While it would seem that leptin induced AMPK in the VTA does not 

mediate the anorexic effect of leptin, the importance of this finding lies in the 

potentially opposite regulation of the Ca2+ / Calmodulin pathway by leptin in 

different brain regions.  However, within the context of discovering the signal in 

the VTA that mediates feeding, we decided to refocus on others, specifically 

STAT3. 
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 It has been demonstrated by others that leptin can activate PI3-K, 

presumably through insulin receptor signaling.  This potential overlap of signal 

transduction between insulin and leptin signaling remains poorly understood.  

Clearly, PI3-K plays a role in leptin signaling, as inhibitors of PI3-K block the 

anorexic effect of leptin.   

 

V.3.  Feeding and Seeking Behaviors 

 The dopamine neurons of the VTA have long been implicated in feeding 

and reward based seeking behavior.  We have clearly demonstrated a role for Lepr 

signaling in these neurons that is independent of the hypothalamus, and that this 

signaling potentially affects responses to palatable foods, such as sucrose and high 

fat foods.  We observed a decrease in normal chow intake after directly activating 

Lepr in the VTA, and conversely an increase in normal chow consumption after 

removal of Lepr mRNA by shRNAi.  We also demonstrate that leptin signaling to 

the VTA affects the behavioral response to palatable items, in that knocking down 

Lepr in this region resulted in a preference for a sub-threshold concentration of 

sucrose over water.  It is not clear if both groups were able to detect the sucrose 

and that the knockdown group was more motivated to consume it, or if the control 

group just could not detect it whereas the knockdown group could. 

 When both control and Lepr knockdown rats were exposed to an acute 

novel mild saccharin solution or water, both groups showed immediate preference 
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for the saccharin.  This does not support the hypothesis that leptin signaling to the 

VTA affects behavioral responses to novel palatable items.  Even more intriguing 

was the observed persistence for the bottle that originally contained the saccharin.  

When re-exposed to saccharin on the opposite side, both groups readily acquired 

it, indicating that the previously observed persistence was not due to a learning 

issue.  Preliminary data from our lab suggested similar persistence for Lepr 

knockdown rats undergoing extinction in a cocaine seeking paradigm (data not 

shown).  In this experiment, Lepr in the VTA was again targeted by RNAi, and 

the rats were trained to press an active lever to self-administer cocaine.  

Throughout extinction, the knockdown rats exhibited persistence for the original 

active lever long after the control group had extinguished. 

 The implication of leptin having an effect on drug seeking behavior was 

immediately pursued.  To complement the knockdown data, we chose to deliver 

leptin or vehicle to the ventricles during the extinction phase of cocaine seeking.  

For the first 2 days of extinction, we observed a significant decrease in lever 

pressing by the leptin treated rats.  It is not clear which Lepr pathway is mediating 

this effect, however, STAT3 is the primary candidate.  Remarkably, at no point in 

time during extinction did the leptin treated rats show a spike in active lever 

presses, despite being almost 2 weeks removed from leptin infusions.  It is not 

clear that this effect is specifically mediated by signaling in the VTA, however, 

these data do suggest a role for leptin in motivation.  While there was no 
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significant difference between groups during cocaine-primed reinstatement, we 

did observe a trend reduction in lever presses by the leptin group, suggesting that 

there might be long-term effects on motivation in a drug seeking paradigm.  We 

are motivated to connect the observed leptin effects with molecular pathways that 

others have observed.  As mentioned before, cocaine induced manipulation of 

AMPA may play a role in seeking and reinstatement. 

 It has been demonstrated by others that upregulation of (±)-!-amino-3-

hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors and subsequent 

signaling can reduce sensitization of, and potentially recidivism to, cocaine 

seeking (Robinson & Berridge 2001).  It is well known that glutamatergic inputs 

from the prefrontal cortex synapse with MSNs in the NAc.  Recently, Bachtell 

and colleagues have observed that upregulation of GluR1, an AMPA subunit, in 

the NAc core appears to reduce sensitization to cocaine, while overexpression of a 

dominant negative GluR1 here increased sensitization (Bachtell et al. 2008).  

Additionally, increased dominant negative GluR1 in the NAc core promoted 

quinpirole-primed reinstatement, while functional GluR1 here attenuated this 

event (Bachtell et al. 2008).  This illustrates a role for AMPA receptors in cocaine 

seeking behavior, possibly by modulating D2 signaling. 
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V.4.  Cocaine Abuse Rehabilitation Treatments 

   Historically, rehabilitation centers for drug abusers have had minimal 

success in preventing relapses over time.  One philosophy that has been explored 

in developing a treatment paradigm, is to screen for compounds that provide 

similar stimulation as the illicit drug, but without the unwanted long-term effects.  

This approach has had some success for heroin and nicotine dependence (Mattick 

et al. 2003, Silagy et al. 2004).  However, for cocaine there has been little success 

in preventing recidivism.  Modafinil and N-acetylcysteine show potential benefits 

in intiating abstinence, however, it is unknown if these drugs have the ability to 

inhibit recidivism (Dackis et al. 2005, LaRowe et al. 2007).  Additionally, the 

toxicity effects of these compounds are not completely understood.  Our finding 

that leptin signaling has an effect on cocaine seeking behavior in rats has potential 

implications for cocaine treatment in clinics.  We are very interested in exploring 

the effect of leptin on behavior in other cocaine seeking paradigms.  While more 

experiments are obviously needed to fully understand the mechanisms behind our 

results, we are encouraged by these preliminary data.  Additionally, leptin has 

distinct advantages over novel drug exploration.  First, leptin has already been 

approved for clinical use by the FDA, thus saving tremendous time and cost in 

developing a new drug.  Second, leptin resistance in drug addicts should be 

minimal.  Leptin resistance develops as a result of obesity, which in turn prevents 

the ability of exogenous leptin to reduce feeding.  Since most drug addicts are not  
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obese, it is hoped that exogenous leptin will be effective in benefiting cocaine 

addicts. 

  The data from the studies presented here potentially add a new dimension 

to leptin signaling.  We have demonstrated that leptin has an effect on mesolimbic 

dopamine neurons, which in turn provide input to the NAc.  The NAc integrates 

this input with that from other regions such as the prefrontal cortex, resulting in 

alterations in motivated behavior.  Given the data with saccharin seeking, it is 

possible that leptin signaling to the mesolimbic pathway ultimately results in 

altering how the animal assesses the value, or outcome, of an action.  When leptin 

signaling is induced, and results in the attenuation of a futile behavior, such as 

lever pressing during extinction, can this be considered loss of motivation and/or 

more accurate assessment of outcome?  Conversely, when Lepr activity is reduced 

in the VTA, and this results in the maintenance of a futile behavior, such as lever 

pressing during extinction, or exposure to saccharin, can this be considered 

increased motivation and/or reduced ability to alter behavior in response to 

outcome?  Interestingly, long-term drug intake is proposed to become habitual or 

independent of the outcome value (Everitt et al. 2008).  It is worth noting here 

that receptors for other peripherally derived metabolic signals, such as insulin and 

ghrelin, are also expressed on DA neurons in the VTA.  It is possible that a role 

for metabolic signals, outside of direct energy homeostasis, is to alter motivation 
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in reward seeking behavior or to better connect action to the outcome of that 

action. 
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Chapter VI:  Methods 

VI.1.  Subjects - Chapter II 

Sprague-Dawley rats (Charles River, Kingston, NC), and C57BL/6J mice 

(Jackson Labs, Bar Harbor, ME), were used for experiments.  Rats were single-

housed whereas mice were housed 4-5 per cage in a colony maintained at constant 

temperature (23°C) with 12-h light/dark cycle (lights on from 7:00 AM to 7:00 

PM) and ad libitum food and water.  Rats weighed between 350 and 400 g at the 

beginning of the experiments and mice were 10 weeks of age.  All animal 

protocols were approved by the animal care committees at the University of Texas 

Southwestern Medical Center and Yale University School of Medicine.   

 

VI.2.  Fluorescent in situ hybridization – Chapter II 

Probes for double in situ hybridization were prepared using an in vitro 

transcription kit with digoxigenin-labeled for Lepr (Roche, Basel, Switzerland) 

and fluorescein-labeled UTP (Molecular Probes, Eugene, OR) for TH probes.  For 

the in situ analysis, fresh frozen rat brains were cryosectioned at 14 µm thickness 

and mounted onto slides.  The sections were then fixed in ice-cold 4% 

paraformaldehyde for 20 minutes, dehydrated in an ethanol series and allowed to 

air dry.  The sections were rehydrated, acetylated for 5 minutes, dehydrated and 
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air-dried again.  The hybridization mix (50% formamide, 5X SSC, 5X Denhardts, 

250 µg/mL yeast RNA, 0.5 mg/mL salmon testes DNA, 200-300 ng/mL RNA 

probe) was then added to the slides followed by incubation in humidified 

chambers at 60°C overnight.  After washing and blocking with 5% normal rabbit 

IgG and 1% blocking reagent (Roche), the Lepr probe was first detected by use of 

a 1:200 anti-digoxigenin antibody coupled to horse-radish peroxidase (HRP) 

(DAKO, Carpinteria, CA).  The digoxigenin signal was amplified and detected 

using TSA-direct coupled to Cy3 (Perkin-Elmer, Wellesley, MA).  Hydrogen 

peroxide treatment (3%, 15 minutes) was used to eliminate horse radish 

peroxidase activity.  The TH flourescein-labeled probe was detected with 1:500 

rabbit anti-fluorescein (Molecular Probes, Eugene, OR) followed by amplification 

with TSA-direct coupled to fluorescein (Perkin-Elmer).  The sections were then 

dehydrated and mounted in DPX (Fluka, Germany). 

 

VI.3.  Western blot analysis – Chapter II 

Mice were food-restricted overnight followed by intraperitoneal injections 

of Leptin (3mg/kg) or vehicle (1XPBS). Leptin was obtained from R&D Systems 

(Torrance, CA) and dissolved according to manufacturers protocols.  Two hours 

after injection, brains were rapidly dissected and the VTA was removed by 
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punching with a 15 gauge blunt needle.  Frozen tissue samples were sonicated in 

1% SDS plus 50mM NaF followed by addition of 2-mercaptoethanol and boiling 

for 10 min.  Small aliquots of the homogenate were retained for protein 

determination by the DC protein assay method (Bio-Rad, Hercules, CA) using 

bovine serum albumin as a standard.  Equal amounts of protein (40 ug) were 

separated by SDS-polyacrylamide (10%) gel electrophoresis, and transferred to 

PVDF membranes (0.2 µm) (Bio-Rad, Hercules, CA). Membranes were blocked 

for 60 minutes in TBST (25 mM Tris-HCl, pH 8.0, 150 mM  NaCl, 0.1% 

TWEEN ®-20) containing 5% nonfat dry milk and immunoblotted using a 1:1500 

dilution of rabbit anti-phospho-STAT3 antibody (Cell Signaling #9131).  After 

washing 4 times for 20 minutes in TBST, antibody binding was revealed by 

incubation with a 1:5000 dilution of goat anti-rabbit HRP-linked IgG (Pierce, 

Rockford, Illinois) and the SuperSignal West Dura immunoblotting detection 

system (Pierce). Chemiluminescence was detected by autoradiography using 

Kodak autoradiography film. 

  

VI.4  Immunohistochemistry – Chapter II  

After cannulation and recovery, rats were infused with 500ng/side of 

leptin or vehicle (see below).  After 45 minutes, animals were injected with an 

overdose of pentobarbital and perfused transcardially with ice-cold 1!XPBS for 1 
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minute followed by 4% paraformaldehyde in 1XPBS for 20 minutes. The brains 

were postfixed overnight in 4% paraformaldehyde with 1XPBS and then 

cryoprotected in 1XPBS with 20% glycerol for a minimum of 24 hours.  Brains 

were frozen on dry ice and sectioned at 35 µ!m intervals and collected in 1!XPBS 

plus 0.05% sodium azide.  Sections were pretreated as previously described(Hosoi 

et al. 2002) and blocked with 3% normal donkey serum in 1X PBS with 0.3% 

Triton X-100 for 1 hour.  The blocking solution was removed and the rabbit anti-

phospho-STAT3 (1:500, Cell Signaling Technology #9131, Beverly, MA) and 

mouse anti-TH, (1:10,000, Sigma-Aldrich, St. Louis, Missouri) antibodies were 

diluted in blocking solution and applied to sections.  Following overnight 

incubation, the sections were rinsed three times for 5 minutes in 1X PBS followed 

by incubation with fluorescent coupled secondary antibodies (Jackson 

ImmunoResearch, West Grove, Pennsylvania) in 1X PBS for 2–4 hours. Sections 

were mounted on slides and dried overnight.  Slides were rehydrated for 30 

minutes and washed in 1X PBS for 3X 5 minutes followed by ethanol dehydration 

and mounting in DPX. 

 

VI.5  Cannulation Surgery – Chapter II   

Rats were allowed to acclimate for two weeks after arrival before guide 

cannulae (Plastics One, Roanoke, VA) were implanted in the VTA bilaterally.  
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Coordinates for placement of the guide cannula to end 0.8 mm above the injection 

point in the VTA were, 5.7 mm posterior to bregma; 0.75 mm lateral from the 

midline; 7.8 mm ventral from the surface of the skull (Paxinos & Watson 2005).  

Small holes were drilled into the skull and self-tapping stainless steel screws 

placed to secure the cranioplastic cement (Plastics One, Roanoke, VA) to the 

skull.  Sites for the cannula guides were marked and holes drilled through the 

skull for the bilateral placement of the 26-gauge stainless steel guides.  Once in 

place, the guides were attached to the skull using cranioplastic cement.  When the 

cement was dry, the animal was removed from the stereotaxic instrument, and 

sterile obdurators (33-gauge; 0.8 mm longer than the guide cannula) were inserted 

into the guides to prevent them from clogging and to reduce the potential for brain 

infection.  The obdurators were checked daily and cleaned as needed. 

 

VI.6.  Microinjection procedure – Chapter II.  

After surgery, the rats were allowed to recover for an additional week 

followed by daily manipulation and habituation to the injection procedure for 4 

days.  The injectors were 0.8 mm longer than the guide cannulae.  Once the 

injectors were inserted, the rats were placed into an open cage and allowed to 

move freely during the infusion.  The infusion pumps were operated for 1 minute, 
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delivering 0.5 µl of drug or vehicle per side.  Leptin was obtained from R&D 

Systems (Torrance, CA) and dissolved according to manufacturers protocol.  The 

injectors were left in the brain for an additional minute after the end of the 

injection before being removed and the sterile obdurators replaced.  

 

VI.7.  Feeding behavior assay – Chapter II  

On the day of the test, the food was removed at 6:30 PM and the rats were 

allowed to remain in their home cage until the infusion of either vehicle (1XPBS) 

or leptin.  Following injection, the rats were returned to their home cage and were 

allowed full access to regular chow with feeding measurements beginning 30 

minutes later. For long-term studies, food intake and body weight were measured 

between 4pm and 5pm daily.  Standard rodent chow (Harlan Teklad, Indianapolis, 

IN, #7001) with 4% fat was used.  For high-fat diet studies, rodent diet with 45% 

(kcal) fat was used (#D12451, Research Diets, New Brunswick, NJ). 

 

VI.8.  Design and construction of shRNA – Chapter II  

Hairpin RNA was designed to target specific regions of Lepr mRNA.  We 

identified a 24-nucleotide sequence within the coding region of Lepr using 
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published criteria (Reynolds et al. 2004).  The hairpins were designed such that 

the antisense strand came before the sense strand during transcription.  We 

synthesized two sets of oligonucleotides (Qiagen) for cloning: shLEPR (top, 5'-

TTTGAAATCTTTAAATTACCATCATCTTTCGAGATGATGGTAATTTAAA

GATTTATTTTT -3'; bottom, 5'-  

CTAGAAAAATAAATCTTTAAATTACCATCATCTCGAAAGATGATGGTA

ATTTAAAGATTT -3'), and shCTRL (top, 5'-

TTTGTGGAGCCGAGTTTCTAAATTCCGCACCGGAATTT 

AGAAACCCGGCTCCACTTTTT-3'; bottom, 5'-

CTAGAAAAAGTGGAGCCGGGTTTCTAAATTCC 

GGTGCGGAATTTAGAAACTCGGCTCCA-3').  The oligonucleotides had BbsI 

and XbaI overhangs to allow for ligation into the mU6pro plasmid and all final 

clones were verified by sequencing.  The mU6 promoter, hairpin sequence and 

terminator sequences were cut out using ApaI and KpnI sites and ligated into an 

AAV plasmid designed to coexpress EGFP uner the control of an independent 

RNA polymerase II promoter and terminator (Hommel et al. 2003).  
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VI.9  Viral production and purification – Chapter II   

Viral production was accomplished using a triple-transfection, helper-free 

method, and purified as previously described (Hommel et al. 2003).  Briefly, HEK 

293 cells were cultured in ten 150X25 mm cell culture dishes and transfected with 

pAAV-shRNA, pHelper and pAAV-RC plasmids (Stratagene) using a standard 

calcium phosphate method. Cells were collected, pelleted and resuspended in 

freezing buffer (0.15 M NaCl and 50 mM Tris, pH 8.0) 66–70 hours after 

transfection. After two freeze-thaw cycles to lyse the cells, benzoase was added 

(50 U/ml, final) and the mixture was incubated at 37 °C for 30 min. The lysate 

was added to a centrifuge tube containing a 15%, 25%, 40% and 60% iodixanol 

step gradient. The gradient was spun at 350,000 g for 60 min at 18 °C, the 40% 

fraction was collected and exchanged with 1XPBS using Amicon BioMax 100K 

NMWL concentrators. The final purified virus was stored at -80 °C.  The virus 

was visualized for purity by silver stain and titered by infection of HT1080 cells. 

 

VI.10  Viral delivery – Chapter II  

Rats were anesthetized using pentobarbital and mounted into a stereotaxic 

apparatus (Kopf, Tujunga, CA).  For VTA targeting, Hamilton syringe needles (at 

10° angle) were targeted to 5.6 mm posterior from bregma, 2.2 cm lateral from 
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the midline, and 8.6 cm ventral from the surface of the skull.   A total of 2.0 µl of 

purified virus was delivered per side over a 5-minute period.  

 

VI.11  Sucrose Preference – Chapter II   

At the conclusion of the feeding experiments, animals were tested to 

ensure that there were no baseline differences in bottle preference.  Animals were 

tested over two days with the position of the bottles switched between the two 

days to balance position preference.  Although the preference was shifted 

significantly in the LEPRVTA rats, total fluid intake from both groups of rats was 

not different from baseline water consumption.  

 

VI.12  Locomotor assays – Chapter II  

Rats implanted with bilateral cannulae in the VTA were habituated to the 

microinjection procedure as they had been previously infused for feeding studies.  

On the test day, Leptin or vehicle (1XPBS) was delivered 30 minutes after onset 

of the dark cycle. Animals were placed in circular locomotor chambers (MED 

Associates, St. Albans, VT) and locomotor activity measured over two hours.  For 

the long-term studies, AAV-shCTRL and AAV-shLEPR injected animals were 
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habituated to the locomotor room for 4 hours.  Homecage locomotor activity (San 

Diego Instruments, CA) was measured by beam breaks over a 24 hour period.   

 

VI.13  Extracellular single-unit recording – Chapter II  

Impulse activity of VTA DA cells was determined using previously 

described methods(Henry et al. 1989, Marinelli & White 2000). Briefly, 

recordings were made from naïve rats, which were anesthetized with chloral 

hydrate (400 mg/kg, i.p.), and mounted in a stereotaxic apparatus (Kopf 

Instruments, Tujunga, CA). A lateral tail vein was catheterized to administer 

additional anesthetic or drugs. Body temperature was monitored by a rectal 

thermometer (Poly Medica Healthcare Inc., Golden, CO) and maintained at 

37.0°C (± 0.5°C) with a thermostatically controlled heating pad (Fintronics Inc., 

Orange, CT). A burr hole was drilled in the skull, and the dura matter was 

retracted from the area overlying the VTA. A glass electrode with a tip diameter 

of 1-2 µm, and filled with a 2 M NaCl solution saturated with 1% fast green dye 

(Fisher Scientific Co., St Louis, MO) was slowly advanced with a hydraulic 

microdrive (David Kopf Instruments, Tujunga, CA) to the DA cell region. The 

coordinates for the VTA were 2.8-3.6 mm anterior to lambda, 0.3-0.7 mm lateral 

from the midline and 7.8-8.6 mm ventral from the cortical surface(Paxinos & 
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Watson 2005).  DA cells were identified by anatomical location in the VTA and 

according to standard physiological criteria (White 1996).  These neurons had 1) a 

characteristic triphasic (+/-/+) waveform with a wide duration action potential of 

2.5-3.5 ms, 2) low spontaneous firing rates of 0.5-10 Hz, and 3) either a slow 

irregular firing pattern or a slow bursting pattern with decreasing spike amplitude 

and increasing interspike interval within the burst.  During extracellular recording, 

electrical signals were detected by a high-impedance amplifier (Fintronics Inc., 

Orange, CT), (Tektronic R5110, Chicago, IL), and monitored by an oscilloscope 

using a window discriminator and an audio-amplifier to detect single-unit events 

(Grass AM8, Quincy, MA). An analog-to-digital interface digitized the signal 

(Digidata 1200 series, Axon Instruments Inc., Foster City, CA) to a PC running 

AxoScope software (Axon Instruments Inc., Foster City, CA) that measured 

impulse activity on-line and stored all data for future analysis. Stored data were 

then analyzed with a custom-made program from our laboratory (BURST, M. 

Marinelli) that calculated firing rates (number of spikes/sec: Hz).  Neuronal 

activity of VTA DA neurons was determined on 3-4 cells per rat to establish a 

pre-leptin baseline activity. Then, leptin (2 mg/kg IV) was administered over four 

minutes (0.5 mg/kg/min). DA cell activity during and after leptin administration 

was recorded as long as possible in the same cell (15-40 min). When the cell was 

lost, additional cells were recorded, at different times-points after the 

administration of leptin (post-leptin activity). Each pre- or post-leptin cell was 
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recorded between 3-5 min, and needed to exhibited stable activity (<5% variation) 

over at least 2 min to be included in the study. Basal firing rates were 4.61 +/- 

0.71 for the saline group and 4.77 +/- 0.40 for the leptin group.  The number of 

neurons for each time bin are as follows (-100- -30, 5 neurons; -25-0, 13 neurons; 

1-10, 9 neurons; 11-20, 6 neurons; 21-35, 7 neurons; 45-90, 7 neurons; 47 total 

neurons from 5 rats).   Data are presented as values recorded at different times 

before (baseline activity) or after leptin administration. 

 

VI.14  In Vitro Recordings in Brain Slices – Chapter II 

 Brain slices (300µm) containing the VTA were prepared from 2- to 3- 

week-old male mice.  Animals were anesthetized with Nembutal (80mg/kg) and 

then decapitated.  The brains were then rapidly removed and immersed in a cold 

(4°C) oxygenated bath solution (containing 220 mM sucrose, 2.5 mM KCl, 1 mM 

CaCl2, 6 mM MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 10 mM glucose 

[pH 7.3] with NaOH).  After being cut on a vibratome and trimmed to contain 

only the VTA, slices were transferred to a storage chamber where they were 

constantly perfused with bath solution at 2 ml/min at room temperature.  Before 

recording slices were maintained in a recording chamber at 33°C and perfused 

continuously with ASCF (bubled with 5% CO2 and 95% O2 containing 124 mM 

NaCL, 3 mM KCL, 2 mM CaCL2 2 mM MgCL2, 1.23 mM NaH2PO4, 26 mM 
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NaHCO3, 10 mM glucose (pH 7.4) with NaOH, for at least 1 hr.  Whole-cell 

current clamp was used to observe spontaneous action potentials in dopamine 

neurons in the VTA.  The pipette solution contained 135 mM K-gluconate, 2 mM 

MgCL2, 10 mM HEPES, 1.1 mM EGTA, 2 mM Mg-ATP, 10 mM Na2-

phosphocreatine, and 0.3 mM Na2-GTP (pH 7.3) /h current(>100pA) evoked by 

hy7perpolarizing voltage steps from -50 to -120mV for 2s (Johnson & North 

1992, Liu et al. 2005).  More than 90% of dopamine neurons in the VTA can be 

identified with accuracy with this approach (Johnson & North 1992, Liu et al. 

2005).  Leptin was applied to the recording chamber via bath application after a 

stable recording of action potentials was obtained.  All data were sampled at 3-10 

kHz and filtered at 1-3 kHz with an Apple Macintosh computer using Axograph 

4.9 (Axon Instruments).  Electrophysiological data were analyzed with Axograph 

4.9 (Axon Instruments) and plotted with Igor Pro software (WaveMetrics, Lake 

Oswego, Oregon). 

 

VI.15  Materials – Chapter III 

 Mouse recombinant leptin (498-OB) was purchased from R&D Systems.  

Standard rat chow used was RMH-3000 from Lab Diet.  The following antibodies 

were purchased from Cell Signaling Technology: phospho-AMPK!1/2 (Thr-172), 

AMPK!2, phospho-STAT3 (Tyr-705), STAT3, phospho-mTor (Ser-2448), mTor, 

phospho-ERK1/2 (Thr-202, Tyr203), phospho-TH (Ser-40), phospho-ACC (Ser-
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79), ACC, phospho-CREB (Ser-133), phospho-AKT (Ser-473), phospho-AKT 

(Thr-308), AKT, phospho-P70 S6K (Thr 389), P70 S6K, phospho-GSK-3!/" 

(Ser-21/Ser-9), GSK-3!, GSK-3").  The following antibodies were purchased 

from Santa Cruz Biotechnology: phospho-CaMKIV (Thr-196), CaMKIV.  Pan 

ERK antibody was purchased from BD Biosciences.  AMPK!1 antibody was 

purchased from R&D Systems.  Phospho-TH (Ser-31), TH, and phospho-GluR1 

(Ser-845) antibodies were purchased from PhosphoSolutions.  CREB antibody 

was purchased from Millipore (Upstate).  GluR1 antibody was purchased from 

Abcam. 

 

VI.16  Animals – Chapter III 

 Animal experiments were done in accordance with Yale University School 

of Medicine and IACUC animal care guidelines.  Sprague Dawley rats were 

purchased from Charles River Laboratories, and given access to ad libitum food 

and water except where otherwise noted.  Rats were housed in multiples prior to 

surgeries, after which they were singly housed.  The environment was a controlled 

12hr light, 12hr dark cycle. 

 

VI.17  Cannulation Surgery – Chapter III   

 Rats had double-barreled cannula targeting the VTA, or single barrel 

cannula targeting the lateral ventrical (ICV).  All stereotaxic coordinates are based 
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on Paxinos and Watson (2005).  The coordinates for the VTA were: anterior-

posterior (from bregma): -5.8 mm; dorsal-ventral (from skull surface): -7.8 mm.  

The coordinates for the ICV targeting were: anterior-posterior (from bregma): -

0.8 mm; dorsal-ventral (from dura): -3.4 mm; and medial-lateral (from midline): -

1.5 mm.  All animals were allowed 1 week for recovery prior to subsequent 

manipulations. 

 

VI.18  Food Restriction – Chapter III 

 For the 11-day food restriction study, cannulated animals were singly 

housed.  Bodyweights and baseline food intake were monitored over 5 days and 

averaged prior to food restriction.  At the end of the baseline period, animals were 

assigned into ad libitum (AL) or food restriction (FR) groups.  For food 

restriction, each animal’s baseline average intake was then reduced to 70%, 

resulting in specific caloric restriction per animal.  Food intake and body weight 

were monitored every 24 hrs.  All animals were handled and fed daily at the onset 

of the dark cycle.  Ad lib access to water was given to all animals at all times.  At 

the end of the 11 days, rats were grouped for vehicle (Veh) or leptin (Lep) 

infusions, generating AL+Veh, AL+Lep, FR+Veh, and FR+Lep groups. 
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VI.19  Leptin Administration – Chapter III   

 All infusions were to cannulated awake animals, and occurred at or shortly 

after the onset of the dark period.  All vehicle animals received sterile 1X PBS in 

equivalent volumes.  For direct administration to the VTA, 1.0 µg (0.5 µg 

bilaterally) of leptin in 0.5 µl, or vehicle alone, was infused over 2 minutes, after 

which the injectors remained in the cannula for an additional minute before 

removal.  On the day of infusion, these animals weighed between 325 and 425 

grams, and were sacrificed at 5 or 45 minutes after infusion.  For ICV infusion, 

5.0 µg of leptin was infused over 1 minute.  These animals were sacrificed 1 hour 

after infusion. 

 

VI.20  Brain Extraction Dissection and Processing – Chapter III 

 Animals were quickly sacrificed by rapid decapitation.  Brains were 

retrieved as quickly as possible, frozen on dry ice, and stored at -80C.  Frozen 300 

µm coronal sections were taken by cryostat and mounted on slides for storage at -

80C.  All dissections were accomplished with the aid of a dissecting scope while 

maintaining freezing conditions.  Only those sections exhibiting visual landmarks 

for hypothalamus or VTA, as based on stereotaxic coordinates (Paxinos & 

Watson 2005), were used.  For arcuate nucleus, these coordinates ranged from -

1.92 to -3.4 from bregma, resulting in 4 to 5 sections per animal.  The arcuate 

nucleus dissections typically included a portion of the ventral medial 
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hypothalamus, and excluded the lateral hypothalamus.  For the VTA, these 

coordinates ranged from -4.92 to -6.72 from bregma, resulting in approximately 6 

sections per animal.  The VTA dissections included a small portion of medial 

substantia nigra, and care was taken to exclude the medial (IPN) structure and any 

dorsal regions.  For both regions, bilateral dissections were taken, and all 

dissections per animal were pooled.  Samples were kept frozen until lysed by 

sonication.  Sonication buffer was 1% SDS with phosphatase inhibitors (Sigma 

5725 and P2850 both at 1:100), as well as a protease inhibitor (Sigma P8340 

1:100).  Hot lysis buffer was applied directly to the frozen dissections and then 

immediately sonicated.  After sonication, samples were boiled for 10 minutes, 

cooled, and then centrifuged at 10,000xg for 5 minutes to remove insoluble 

material.  Supernatant was quantified for protein (DC Assay, Biorad) and frozen 

for future use. 

 

VI.21  Western Blotting and Quantification – Chapter III 

 30 µg of protein lysate were loaded onto 4-12% gradient gels (NuPage, 

Invitrogen), separated by SDS-PAGE, transferred to nitrocellulose, and blocked 

with 5% non-fat milk prior to antibody incubation.  Alexa Fluor 680 (Molecular 

Probes) and IRDye 800 (Rockland) Fluorescent secondary antibodies were 

detected by LI-COR Odyssey! Infrared Imaging System.  Fluorescent densities 

were determined using Odyssey Software.  All antibodies were assessed by LI-
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COR except CaMKIV and phospho-CaMKIV, which were evaluated by ECL.  In 

these cases, HRP-conjugated secondary antibodies (Vector Labs) were detected 

by ECL (Perkin Elmer), and densities were determined by NIH ImageJ.  When 

secondary antibody host species permitted, both phospho- and total signals were 

determined within the same gel.  Otherwise, duplicate gels were run 

simultaneously for phospho- and total antigen detection.  The degree of 

phosphorylation was assessed by first determining the ratio of phosphorylated to 

non-phosphorylated signals.  The ratios of the control animals were averaged, and 

the individual ratios were then expressed as a percentage of this average.  Graphs 

shown are means of the grouped percentages ± SEM.  Two-tailed unpaired 

Student’s t-test was used to compare leptin and vehicle groups (for weights or 

individual phosphoproteins), using GraphPad Prism.  

 

VI.22  Viral delivery – Chapter IV 

Rats were anesthetized using pentobarbital and mounted into a stereotaxic 

apparatus (Kopf, Tujunga, CA).  For VTA targeting, Hamilton syringe needles (at 

10° angle) were targeted to 5.6 mm posterior from bregma, 2.2 cm lateral from 

the midline, and 8.6 cm ventral from the surface of the skull.   A total of 2.0 µl of 

purified virus was delivered per side over a 5-minute period.  Knockdown virus 

expressed a short hairpin, under the mU6 promoter, which targeted a span of Lepr 

mRNA expressed in all isoforms (Hommel et al. 2006).  Control virus expressed a 
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short hairpin that has no known complimentary targets (Hommel et al. 2006).  

Sequences are identical to those previously described (Methods Section VI.8) 
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VI.23  Saccharin Preference Test – Chapter IV 

 This experiment took place over 1 month after viral surgeries.  Rats were 

singly housed throughout this experiment.  Rats were habituated to 2 water bottles 

for several days, and volumes were monitored to observe side bias.  After several 

days, side bias was minimal.  A 0.1% saccharin solution replaced water in 1 bottle 

for 23 hours.  Volumes of both bottles were monitored to evaluate preference.  

After the 23 hr saccharin exposure, the saccharin was replaced with water, and 2-

bottles containing water were maintained and measured daily for 31 days.  A 

0.1% saccharin solution replaced the water in 1 bottle for 24 hours to generate an 

equal preference for a side.  After this 24 hr period, the bottles were reversed to 

that saccharin was now on the opposite side.  Volumes of both water and 

saccharin were measured at 2, 6, 13, and 23 hr time points.   

 

Animal Cannulation/Catheter Surgeries – Chapter IV 

 Male Sprague-Dawley rats (Charles River) were acclimated to the animal 

facility for 5-7 days prior to surgery.  Sodium Pentobarbital (Nembutal) was used 

as the anesthetic.  Within the same surgery session, rats weighing 350-425g were 

surgerized aseptically with indwelling cannula targeting the lateral ventricle for 

leptin/vehicle infusions, and with a catheter inserted into the right jugular vein. 

Rats had double-barreled cannula targeting the VTA, or single barrel cannula 

targeting the lateral ventrical (ICV).  All stereotaxic coordinates are based on 
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Paxinos and Watson (2005).  The coordinates for the ICV targeting were: 

anterior-posterior (from bregma): -0.8 mm; dorsal-ventral (from dura): -3.4 mm; 

and medial-lateral (from midline): -1.5 mm.  All animals were allowed 1 week for 

recovery prior to subsequent manipulations.  Catheters were flushed with sterile 

saline every other day to maintain an open line. 

 

VI.23  Cocaine Self-Administration – Chapter IV 

 Operant chamber boxes contained 2 levers (1 Actived and 1 Inactive), and 

a tone-light cue.  During training, rats were food restricted to 75% normal food 

intake until self-administration had been acquired.  Rats were trained to lever 

press for cocaine (0.5 mg/kg/infusion) during daily 3-hour sessions over a total of 

10 days.  Only the active lever delivered infusions.  Each cocaine infusion was 

paired with a 10 sec tone-light cue, immediately followed by a 20-sec timeout 

period when active lever presses would not be reinforced by cocaine (to prevent 

overdose).  Training took place for 10 days, during which total infusions, active 

presses, and inactive presses were measured.  After training, saline replaced the 

cocaine to initiate extinction, and active and inactive presses were measured 

during each 3-hour session.  Extinction proceeded until active lever pressing 

diminished and stabilized to the pre-established criteria (<25 active presses per 3 

hour session).  After achieving stability, the rats were given intraperitoneal 
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injections of saline for 2-3 days for habituation.  Reinstatement consisted of a 

10mg/kg intraperitoneal cocaine prime immediately before their 3 hr session. 

 

VI.24  Leptin Infusions – Chapter IV 

 Recombinant mouse leptin from R&D Systems was reconstituted 

immediately prior to infusion in sterile alkaline (pH 8.3) 1x PBS, achieving a 

concentration of 1.25mg/ml.  5µg of leptin in 4µl or vehicle was infused into the 

lateral ventricle 4 hrs prior to starting their extinction session.  This was repeated 

in identical fashion for 2 more days.  After day 3 of extinction, rats continued 

extinction without any infusions.   Food intake was measured daily during 

infusions to evaluate the efficacy of the leptin. 

 

VI.25  Statistical Analysis – Chapter IV 

 SPSS 16 was used to analyze cocaine and saccharin behavioral data.  

Repeated measures ANOVA with post-hoc tests were used.  GraphPad Prism was 

used to analyze saccharin preference data, using unpaired two-tailed student’s t-

test. 
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