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An adipose-derived peptide hormone, leptin, has a potential impact on reward-related 

behaviors. Although leptin receptors are expressed in the nucleus accumbens (NAcc), 

a site important for mediating locomotor activating properties of psychostimulant drugs, 

it has not been determined yet its direct role in this site. Here, the effects of leptin in the 

NAcc core on acute cocaine-induced changes were examined in the rat. First, leptin 

(0.1, 0.5 or 2.5 μg/side) was bilaterally microinjected into the NAcc core, immediately 

followed by saline or acute cocaine (15 mg/kg, IP) injection, and rat’s locomotor 

activity was measured for 2 hours. Interestingly, leptin dose-dependently disrupts acute 

cocaine-induced locomotor activity, while leptin alone produces no significant changes 

in basal locomotor activity. Second, the phosphorylation levels of Akt, GSK3β and 

GluA1 in the NAcc core tissues obtained from the rat 60 min after acute cocaine (15 

mg/kg, IP) injection following bilateral microinjection of leptin (2.5 μg/side). 
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Microinjection into the NAcc core of leptin recovered the cocaine-induced decreases 

of both pAkt (Thr308) and pGSK3β (Ser9). Further, it also recovered the cocaine-

induced increase of pGluA1 (Ser845). In order to further confirm the role of Akt-

GSK3β pathway in these processes, MK-2206 (0.5 µg/side), a specific Akt inhibitor, or 

S9 peptide (5.0 µg/side), an indirect GSK3β activator, followed by leptin co-

microinjection, were used and it was found that leptin’s effects on cocaine were all 

nullified. Together, these results indicate that leptin in the NAcc core has a negative 

regulatory role in acute cocaine’ effects, and suggest that GSK3β with its up and down 

effectors may play a major role in mediating these processes. 
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I. INTRODUCTION 

 

Leptin is a well-known peptide hormone secreted by adipocytes and mainly acts on 

the ventral hypothalamus to regulate food intake and energy balance. Recently, growing 

evidences suggest that leptin can also modulate reward-related behaviors by drugs of 

abuse.1 For example, it has shown that infusion of leptin into the hippocampus 

significantly suppressed methamphetamine-induced ambulatory activity.2 Leptin also 

attenuated cocaine-induced conditioned place preference when it was directly 

microinjected into ventral tegmental area (VTA).3 Further, similar to this, enhanced 

cocaine-conditioned reward was observed in the mice with gene deleted encoding either 

leptin or leptin receptors.4,5 

One of the important neuronal substrate mediating locomotor activating and 

rewarding effects of psychostimulant drugs is the nucleus accumbens (NAcc).6-10 

Although the NAcc is under the indirect regulation for leptin signaling by innervation 

of leptin-responsive VTA neurons to this site,11,12 it has reported that the NAcc also has 
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its own expression of leptin receptor mRNA.13 The existence of leptin receptor in the 

NAcc confirms that leptin may have a functional role in response to psychostimulant. 

Indeed, mice with leptin receptor specifically deleted in the NAcc core showed 

enhanced conditioned place preference to cocaine.5 Although there was an earlier study 

that tried microinjection of leptin into the NAcc in the context of reward-potentiating 

effects of amphetamine,14 yet little is known about what role direct microinjection of 

leptin into this site may play in the regulation of cocaine’s effects. Thus, in the present 

thesis, it has been sought to determine whether leptin in the NAcc influences acute 

cocaine-induced locomotor activity and related signaling. 

Protein kinase B (Akt) is a serine/threonine protein kinase that functions as a critical 

regulator of cell survival and proliferation.15 It contains two regulatory phosphorylation 

sites, Thr308 and serine 473 (Ser473). Activation of Akt involves a translocation step 

from the cytosol to the plasma membrane by binding to the membrane lipids, followed 

by phosphorylation of two key regulatory sites.16 Phosphorylation of Thr308 partially 

activates Akt, while phosphorylation of both sites is required for full activation. 

Significantly, phosphorylation of Ser473 alone has little effect on Akt activity.17  

Glycogen synthase kinase 3 (GSK3) is one of the major downstream effectors of 

Akt.18 It is identified originally as a regulator of glycogen metabolism, but is now 

known to regulate a diverse array of cell functions, including cell division, proliferation, 

differentiation, apoptosis.19,20 It exists as two isoforms, GSK3α and GSK3β that share 

almost complete sequence identity in their protein kinase domains but differ in other 

regions.21 These enzymes are highly regulated by phosphorylation. Activated Akt 

inhibits GSK3 by phosphorylating the Ser9 residue of GSK3β or serine 21 (Ser21) 

residue on GSK3α, which are located in their regulatory amino (N)-terminal.22 In 

mammals, both isoforms of GSK3 exist. Of the two, especially, GSK3β is highly 

expressed in brain including the amygdala, NAcc, and hippocampus.23,24 
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GSK3β has received attention for its role in psychomotor stimulant-induced 

characteristic behaviors. For example, acute cocaine or amphetamine-induced hyper-

activity was attenuated by inhibition of GSK3β activity,25,26 while acute cocaine-

induced increase of locomotor activity was further enhanced by activation of GSK3β 

in the NAcc core.27 These results suggest that cocaine-induced locomotor activity is 

dependent on intact GSK3β activity in the NAcc core. Further, phosphorylation levels 

for both Akt at threonine 308 (Thr308) and GSK3β at serine 9 (Ser9) in the NAcc were 

decreased following acute cocaine administration,28 suggesting that Akt-GSK3β 

signaling pathway may mediate cocaine’s effects in part. 

Interestingly, GSK3β is also regulated by leptin. For instance, it was shown in the 

hippocampal and hypothalamic neuronal cell cultures that leptin treatment inhibited 

GSK3β activity by increasing its phosphorylation at Ser9 residue.29,30 Although it is not 

clear yet, leptin may regulate GSK3β activity possibly via phosphoinositide 3-kinase 

(PI3 kinase) and Akt pathway.29,31 

Among the multiple downstream effectors, GSK3β may also target α-amino-3-

hydroxyl-5-methyl-4-isoxazole-propionic acid (AMPA) receptors and there has been 

report that AMPA receptor forms a complex with GSK3β, suggesting that they interact 

each other.32,33 

 AMPA receptors are ligand-gated ionotropic glutamate receptors mediating the 

excitatory synaptic transmission in the brain. They are consisted of four subunits 

GluA1-4, which are usually two dimers.34 These subunits are very similar except their 

distinct intracellular cytoplasmic tails. In particular, GluA1 has attracted interest due to 

its long intracellular carboxyl (C)-terminal tails and well-characterized multiple 

phosphorylation sites on it with regard to regulating its neurotransmission. Two 

common phosphorylation sites (serine 845 and 831) were identified in GluA1 C-

termini.35-38 Protein kinase A (PKA)-mediated phosphorylation at serine 845 (Ser845) 



6 

 

increases the delivery of GluA1-containing AMPA receptors to the synaptic membrane 

site and decreases their internalization.39,40 On the other hand, serine 831 (Ser831) is 

phosphorylated by either Ca2+/calmodulin-dependent protein kinase Ⅱ (CamKⅡ) or 

protein kinase C (PKC), which contributes to the increase of AMPA receptor 

conductance.41 

Interestingly, there are many reports that cocaine increases the phosphorylation 

levels of GluA1 at Ser845 residue.42-47 Moreover, leptin also regulates AMPA receptors 

possibly through PI3 kinase-Akt-GSK3β pathways.48-50 Considering the fact that 

AMPA receptors are positioned at the cell membrane contributing to cell firing, it is 

possible that cocaine and leptin may have common converging points toward AMPA 

receptor regulation eventually leading to behavioral changes. 

Thus, it has been examined in the present thesis how leptin in the NAcc core interacts 

with cocaine to affect locomotor activity and GSK3β signaling with its up and down 

effectors.  
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II. MATERIALS AND METHODS 

 

1. Experimental animals 

Male Sprague-Dawley rats weighing 220-250 g on arrival (Orient Bio Inc., 

Seongnam-si, Korea) were housed three per cage in a 12-hr light/dark cycle room 

(lights out at 8:00 pm) and all experiments were conducted during the day time. Rats 

had access to water and food ad libitum at all times. All animal use procedures were 

approved by the Institutional Animal Care and Use Committee of Yonsei University 

College of Medicine. 

 

2. Drugs and peptide 

Cocaine hydrochloride (Belgopia, Louvain-la-Neuve, Belgium) was dissolved in 

sterile 0.9% saline. Recombinant rat leptin (R&D systems, Minneapolis, MN, USA) 

was dissolved to final working concentrations of 0.2, 1 or 5 μg/μl in phosphate-buffered 

saline (PBS). MK-2206 (Selleckchem, Houston, TX, USA), a selective inhibitor of Akt, 

was dissolved to final working concentrations of 1 μg/μl in sterile distilled water. S9 

peptide, which consists of 21 amino acids (a.a.) including a portion (10 a.a.) of the N-

terminus sequence of GSK3β (GRPRTTSFAE) known as the substrate site for Akt and 

thereby competes with endogenous GSK3β against its phosphorylation,22,51 was 

artificially synthesized and kindly provided by Dr. Soo Young Lee and Dr. Hyunduk 

Jang at Center for Cell Signaling and Drug Discovery Research, Ewha Womans 

University (Seoul, South Korea). It was dissolved to a final working concentration of 

10.0 μg/µl in 0.9% saline. The dose of this artificial peptide was chosen based upon 

previous findings that bilateral microinjections of S9 (5 μg/side) into the NAcc has no 
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effects on basal locomotor activity, while enhanced cocaine-induced hyper 

locomotion.27 

 

3. Surgical procedures 

Rats were anesthetized with intraperitoneal (IP) ketamine (100 mg/kg) and xylazine 

(6 mg/kg), placed in a stereotaxic instrument with the incisor bar at 5.0 mm above the 

interaural line and implanted with chronic bilateral guide cannulas (22 gauge; Plastics 

One, Roanoke, VA, USA) aimed at the core of the NAcc (A/P, +3.4; L, ±1.5; D/V, –7.5 

mm from bregma and skull).52 Cannulas were angled at 10° to the vertical, positioned 

1 mm above the final injection site, and secured with dental acrylic cement anchored to 

stainless steel screws fixed to the skull. After surgery, 28 gauge obturators were placed 

in the guide cannulas, and rats were returned to their home cages for 5-7 days of 

recovery period. 

 

4. Intracranial microinjections 

Bilateral intracranial microinjections into the NAcc core were made in the freely 

moving rat. Injection cannulas (28 gauge) connected to 1 µl syringes (Hamilton, Reno, 

NV, USA) via PE-20 tubing were inserted to a depth 1 mm below the guide cannula 

tips. Injections were made in a volume of 0.5 µl per side over 30 sec. After 1 min, the 

injection cannulas were withdrawn and the obturators were replaced. 

 

5. Locomotor activity 

Locomotor activity was measured with a bank of 6 activity boxes (35x25x40 cm) 

(IWOO Scientific Corporation, Seoul, Korea) made of translucent Plexiglas. Each box 
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was individually housed in a PVC plastic sound attenuating cubicle. The floor of each 

box consisted of 21 stainless steel rods (5 mm diameter) spaced 1.2 cm apart center-to-

center. Two infrared light photo beams (Med Associates, St. Albans, VT, USA) 

positioned 4.5 cm above the floor and spaced evenly along the longitudinal axis of the 

box estimated horizontal locomotion. It was counted as a single locomotor activity 

occurred only when rats interrupted two beams consecutively, avoiding any possible 

confounding measures like grooming in a spot covering just a single beam. 

 

6. Brain tissue preparation 

For ‘Experiment 2-5’, animals were decapitated 60 min after saline or cocaine IP 

injections. Brains were rapidly removed and coronal sections (1.0 mm thick extending 

1.60 – 2.60 mm from bregma) were obtained with an ice-cold brain slicer. Tissue 

punches (1.2 mm diameter) were obtained in the NAcc core region on an ice-cold plate, 

immediately frozen on dry ice and stored at –80℃. They were prepared bilaterally and 

pooled for each individual animal’s protein isolation. 

 

7. Western blotting 

Tissues were homogenized in lysis buffer containing 0.32 M sucrose, 2 mM EDTA, 

1% SDS, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 

10 mM sodium fluoride, and 1 mM sodium orthovanadate. The concentration of protein 

was determined by using Pierce Coomasie Protein Assay Kit (Thermo Scientific Inc., 

Rockford, IL, USA). Samples were then boiled for 10 min and subjected to SDS-

polyacrylamide gel electrophoresis. Proteins were transferred electrophoretically to 

nitrocellulose membranes (Bio-Rad, Hercules, CA, USA), which were then blocked 

with 5% bovine serum albumin (BSA) in PBS-T buffer [10 mM phosphate-buffered 
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saline plus 0.05% Tween-20]. Antibodies used to probe the blots were as following: 

total Akt (1:5,000), phospho-Thr308-Akt (1:500), phospho-Ser473-Akt (1:1,000), total 

GSK3β (1:10,000), phospho-Ser9-GSK3β (1:2,000), total STAT3 (1:1,000), phospho-

STAT3 (1:500) purchased from Cell Signaling (Beverly, MA, USA) and diluted in PBS-

T with 5% BSA; total GluA1 (1:5,000), phospho-Ser845-GluA1 (1:1,000), phospho-

Ser831-GluA1 (1:1,000), purchased from Millipore (Billerica, MA, USA) and diluted 

in PBS-T with 5% BSA; β-actin (1:10,000), purchased from Abcam (Cambridge, UK) 

and diluted in PBS-T with 5% skim milk. Two separate gels were used to detect total 

and phosphorylated proteins, respectively. Primary antibodies were detected with 

peroxidase-conjugated secondary antibodies, anti-rabbit IgG (1:2,000; KOMA Biotech, 

Seoul, Korea) or anti-mouse IgG (1:5,000; Cell Signaling, Beverly, MA, USA), diluted 

in PBS-T with 5% skim milk, followed by enhanced chemiluminescence (ECL) 

reagents (Amersham Biosciences, Arlington Heights, IL, USA) and exposure to X-ray 

film. Band intensities were quantified based on densitometric values using Fujifilm 

Science Lab 97 Image Gauge software (version 2.54) (Fujifilm, Tokyo, Japan). 

 

8. Co-immunoprecipitation 

For ‘Experiment 3’, the bilateral NAcc core tissues punched out after decapitation, 

were pooled from five rats in order to obtain enough material for co-

immunoprecipitation. They were homogenized on ice in lysis buffer (0.32 M sucrose, 

1 mM EDTA, 1% Triton X-100) containing protease and phosphatase inhibitor tablets 

(Thermo Scientific Inc., Rockford, IL, USA). Lysates were incubated with both 

Dynabeads Protein G (Invitrogen, Paisley, UK) and control IgG for 30 min at 4℃ to 

eliminate non-specific binding. After incubation, pre-cleared supernatants were 

subjected to immunoprecipitation with rabbit monoclonal antibodies either against 
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GSK3β, purchased from Cell Signaling (Beverly, MA, USA), or against C-terminus of 

GluA1, purchased from Millipore (Billerica, MA, USA), pre-bounded to 50 µl of 

Dynabeads Protein G. After constant agitation for 16-18 hrs at 4℃, beads were 

collected, washed three times on ice with lysis buffer, and resuspended in 20 µl of 

elution buffer. Then, the proteins in elution buffer were boiled in 5 µl sample buffer at 

70℃ for 10 min and loaded for SDS-PAGE separation, which was subjected to western 

blotting for the appropriate targets. Non-specific normal rabbit IgG, purchased from 

Millipore (Billerica, MA, USA), was run in parallel as a negative control for each 

experiment. 

 

9. Design and procedures 

Upon arrival, all rats passed a week-long adaptation period to the new housing 

environment before conducting any experiments. 

 

A. Experiment 1 

In order to test whether leptin in the NAcc core modulates the cocaine-induced 

locomotor activity, behavioral test was performed. Once they were recovered from 

surgery, rats were randomly assigned to eight groups and allowed to stay in the 

locomotor activity boxes for 60 min to adjust to the new environment. Then, they were 

bilaterally microinjected into the NAcc core with either saline or leptin (0.1, 0.5 or 2.5 

µg/0.5 µl/side) immediately followed by a single IP injection of either saline or cocaine 

(15 mg/kg), and their locomotor activity was measured for 120 min. 

 

B. Experiment 2 

Next, molecular study was performed to demonstrate which signaling pathway the 
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effects of leptin on locomotor activity are mediated through. About 1 week after 

cannula installment surgery, four different groups of rats were bilaterally microinjected 

into the NAcc core with either saline or leptin (2.5 µg/0.5 µl/side) immediately followed 

by a single IP injection of saline or cocaine (15 mg/kg). They were back to cage and 

placed in a quiet place for 60 min, then, decapitated and the brain tissues (NAcc core) 

were prepared for western blot analysis. 

 

C. Experiment 3 

In order to examine whether GSK3β and GluA1 endogenously interact with each 

other in the NAcc core, rats were decapitated 60 min after a single IP injection. Then, 

the NAcc core was punched out and subjected to co-immunoprecipitation. 

 

D. Experiment 4 

In order to further confirm the role of Akt-GSK3β pathway in the leptin’s action, 

either MK-2206, a specific Akt inhibitor, or S9 peptide, an indirect GSK3β activator, 

was microinjected into the NAcc core followed by leptin. Additional rats were 

randomly assigned to eight different groups 1 week after cannula installment surgery. 

They were allowed to stay in the locomotor activity boxes for 60 min to adjust to the 

new environment. Then, they were bilaterally microinjected twice with 5 min interval 

into the NAcc core, first with either saline, MK-2206 (0.5 µg/0.5 µl/side) or S9 peptide 

(5.0 µg/0.5 µl/side), second with either saline or leptin (2.5 µg/0.5 µl/side), immediately 

followed by a single IP injection of either saline or cocaine (15 mg/kg), and their 

locomotor activity was measured for 60 min. Animals were decapitated right after 

locomotor activity measurement, and their brain tissues (NAcc core) were prepared for 

western blot analysis. 
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E. Experiment 5 

Lastly, the phosphorylation levels of STAT3 were measured to test whether leptin’s 

effects were directly produced by its receptor. About 1 week after cannula installment 

surgery, four different groups of rats were bilaterally microinjected into the NAcc core 

with either saline or leptin (2.5 µg/0.5 µl/side). They were back to cage and placed in a 

quiet place for 15 or 60 min, then, decapitated and the brain tissues (NAcc core) were 

prepared for western blot analysis. 

 

10. Histology 

After completion of the ‘Experiment 1’, rats were anesthetized and perfused via 

intracardiac infusion of saline and 10% formalin. Brains were removed and further 

post-fixed in 10% formalin. Coronal sections (40 µm) were subsequently stained with 

cresyl violet for verification of cannula tip placements. Only rats with injection cannula 

tips located bilaterally in the NAcc core were included in the data analyses. Of the 80 

rats surgically prepared for testing, 8 (2 for saline and 6 for leptin microinjections) were 

dropped for failing to meet this criterion. Any evident neurotoxicity other than 

mechanical damage resulting from the cannula implantation was not found by 

examination under the microscopy with cresyl violet stained sections. 

For ‘Experiment 2 and 4’, rats were decapitated and brain slices on an ice-cold plate 

were observed to locate cannula tracks. Only rats with injection cannula tips located 

bilaterally in the NAcc core were included in the data analyses. In each experiment, of 

the 36 and 74 rats surgically prepared for testing, 3 (for leptin microinjections) and 7 

(1 for saline and 6 for leptin microinjections) were dropped, respectively, for failing to 

meet this criterion. 
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11. Statistical analyses 

The data were analyzed with either one- or two-way ANOVA (analysis of variance) 

followed by post-hoc Bonferroni or Student-Newman-Keuls (SNK) comparisons. 

Differences between experimental conditions were considered statistically significant 

when P value is less than 0.05. 
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Ⅲ. RESULTS 

 

1. Leptin in the NAcc core disrupts the increase of cocaine-induced 

locomotor activity 

 

Both basal and acute cocaine-induced locomotor activities following a bilateral 

microinjection of leptin into the NAcc core were measured. The two-way ANOVA with 

microinjection and intra-peritoneal injection (IP) as two different factors conducted on 

the 2 hour total locomotor activity counts revealed multiple significant effects of 

microinjection (F3,64=7.61, p<0.001), IP (F1,64=68.14, p<0.001), and microinjection X 

IP injections (F3,64=8.33, p<0.001). As expected, cocaine produced higher locomotor 

activity than saline when no leptin was present in the NAcc core (p<0.001 by post-hoc 

Bonferroni comparisons). Interestingly, however, microinjection of leptin into this site 

dose-dependently disrupted these effects in cocaine IP rats (p<0.001 by Bonferroni at 

the doses of leptin (0.5 or 2.5 µg/side) compared to saline microinjection), while leptin 

alone without cocaine produced no significant effects on basal locomotor activity (Fig. 

1A). Time-course analyses of these findings showed that the ability of leptin in the 

NAcc core to disrupt cocaine-induced hyper locomotor activity was apparent 

throughout the first 1 hour time course measured (Fig. 1B). The location for the 

injection cannula tips used in these experiments is depicted in Fig. 1C. 
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Figure 1. Bilateral microinjection of leptin into the NAcc core dose-dependently 

disrupts the increase of cocaine-induced locomotor activity. (A) Data are shown as 

group mean (+S.E.M.) total locomotor activity counts observed during the 120 min test 

after either saline (SAL) or cocaine (COC; 15 mg/kg) IP injection following bilateral 

microinjection of leptin into the NAcc core. Symbols indicate significant differences 

revealed by post-hoc Bonferroni comparisons following two-way ANOVA. * p<0.05, 

*** p<0.001, significantly more counts in cocaine relative to saline IP rats. ††† p<0.001, 

significantly more counts in leptin relative to saline microinjection when compared 

between cocaine IP rats. n = 7-11 per group. (B) Time-course data are shown as group 

mean (+ S.E.M.) locomotor activity counts at 20 min intervals obtained during the 1 

hour preceding (-60 through 0 min) and the 2 hour following microinjection (saline or 
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leptin) + IP (saline or cocaine) injection (0 to 120 min). (C) Location of the injection 

cannula tips for the rats included in Fig. 1. All rats included in the data analyses had 

injection cannula tips located bilaterally in the NAcc core. No neuronal damage was 

observed other than that produced by the insertion of the cannulas. The line drawings 

are from Paxinos and Watson.53 Numbers to the right indicate millimeters from bregma. 

Symbols used are same as shown in (B), but only two groups (■, ◆) are shown for the 

purpose of visual clarity.  
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2. Leptin in the NAcc core disrupts the cocaine-induced changes for 

phosphorylation levels of Akt, GSK3β, and GluA1 

 

In order to test whether leptin may regulate the phosphorylation levels of GSK3β 

(Ser9), the ratio of the phosphorylated to total GSK3β levels was examined by 

immunoblotting method with the NAcc core tissues (Fig. 2A) obtained at 60 min after 

a single IP injection of either saline or cocaine (15 mg/kg) following bilateral 

microinjection of either saline or leptin (2.5 µg/side). The two-way ANOVA conducted 

on these data showed that there was significant effect of microinjection X IP injections 

(F1,21=5.11, p<0.05). As previously shown,27 cocaine decreased the phosphorylation 

levels of GSK3β in the NAcc core (p<0.05, by Bonferroni). However, microinjection 

of leptin into this site disrupted this effect by cocaine resulting in the full recovery of 

its phosphorylation back to saline control level (p<0.05) (Fig. 2C). 

Next, the effects of leptin on the phosphorylation levels of Akt and GluA1 proteins, 

as possible up- and down-stream effectors for GSK3β, respectively, were measured. 

The two-way ANOVA conducted on these data revealed significant effects of 

microinjection X IP injections (F1,29=20.48, p<0.001) for Akt (Thr308), and IP 

(F1,29=17.79, p<0.001) for GluA1 (Ser845). There were no significant effects found for 

both Akt (Ser473) and GluA1 (Ser831). Post-hoc Bonferroni comparisons revealed that 

the phosphorylation levels were decreased for Akt (Thr308) (p<0.01), while increased 

for GluA1 (Ser845) (p<0.001) by cocaine in the absence of leptin. However, these 

effects were also disrupted in the presence of leptin, resulting in their phosphorylation 

back to saline control level (Fig. 2B and 2D).
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Figure 2. Leptin in the NAcc core disrupts the cocaine-induced changes of 

phosphorylation levels for Akt, GSK3β, and GluA1. The NAcc core tissues were 

punched out 60 min after either saline (SAL) or cocaine (COC; 15 mg/kg) IP injection 

following bilateral microinjection of leptin (2.5 µg/side) into the NAcc core. (A) The 

NAcc core region where tissues were taken out is shown (cross-hatched circles). 

Punches (1.2 mm diameter) were prepared bilaterally and pooled for each individual 

animal’s protein isolation. Line drawing is from Paxinos and Watson53 and depicts the 

caudal surface of a coronal section (1.0 mm thick) extending 1.70 – 2.70 mm from 

bregma. (B-D) Representative Western blots were shown. Values for the band 

intensities were first normalized to β-actin and then the average values for the ratio of 

phosphorylated to total proteins in each group were expressed as mean＋s.e.m. relative 
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to saline microinjection + saline IP control group. Symbols indicate significant 

differences as revealed by post-hoc Bonferroni comparisons following two-way 

ANOVA. * p<0.05, ** p<0.01, *** p<0.001, significantly different from saline 

microinjection + saline IP control group. † p<0.05, †† p<0.01, significant differences 

in leptin relative to saline microinjection when compared between cocaine IP rats. n = 

5 to 9 per group. 
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3. GSK3β and GluA1 co-exist closely bound in the NAcc core 

 

Although these results indicated that both GSK3β and GluA1 were simultaneously 

regulated by cocaine and leptin in the NAcc core, it has not been shown yet in the 

literature whether they endogenously interact with each other in this site. In order to 

examine that GluA1 is under the influence of GSK3β, co-immunoprecipitation assays 

were performed. Lysates of the NAcc core tissues obtained and pooled from five rats 

were immunoprecipitated against either anti-GluA1 or anti-GSK3β antibodies. When 

incubated again with either GluA1 or GSK3β antibodies, both bands were 

simultaneously appeared only in the lanes with samples obtained from precipitations 

against those molecules, while there were no bands appeared with Akt incubation and 

in the lanes with samples from immunoglobulin G (IgG) negative control (Fig. 3). 

These results demonstrate that endogenous GSK3β exists as a form closely bound with 

GluA1 in the NAcc core, increasing the possibility that GluA1 is under the influence 

of GSK3β. 

  



22 

 

 

Figure 3. Immunoprecipitation reveals that GluA1 and GSK3β co-exists closely 

bound in the NAcc core. Bilateral NAcc core tissues taken out from five rats were 

pooled to produce enough material to detect. While samples immunoprecipitated 

against GluA1 showed GSK3β band on immunoblot (IB), and vice versa, there were no 

signals detected for Akt and in negative immunoglobulin G (IgG) control lanes. 
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4. Interruptions with Akt or GSK3β pathway nullify leptin’s effect on 

cocaine 

 

In order to verify whether cocaine-induced inactivation of Akt and consequently 

accompanied up-regulation of GSK3β activity contributes to the increases of GluA1 

phosphorylation and eventually of locomotor activity, either a specific Akt inhibitor 

MK-2206 (0.5 µg/side) or GSK3β indirect activator S9 peptide (5.0 µg/side) is 

microinjected into the NAcc core followed by leptin. The doses for MK-2206 and S9 

peptide were chosen following our experiments that showed no change of basal 

locomotor activity produced.27 The two-way ANOVA with microinjection and IP as two 

different factors conducted on the 1 hour total locomotor activity counts revealed 

multiple significant effects of microinjection (F3,59=4.39, p<0.01), IP (F3,59=28.32, 

p<0.001), and microinjection X IP interactions (F3,59=3.99, p<0.05). It was confirmed 

that cocaine-induced hyper-locomotor activity was disrupted by leptin in the NAcc core 

(p<0.05 by post-hoc SNK comparisons). Interestingly, however, co-microinjections of 

MK-2206 or S9 followed by leptin into this site completely abolished the disruptive 

effects of leptin on cocaine-induced locomotor activity (p<0.001 by SNK, Fig. 4A). 

Then, the effects of MK-2206 or S9 on the phosphorylation levels of Akt, GSK3β 

and GluA1 in the NAcc core obtained from the rats after locomotor activity 

measurement were examined. In a similar way with locomotor activity, co-

microinjections of MK-2206 followed by leptin completely abolished the disruptive 

effects of leptin on cocaine-induced changes of phosphorylation levels for Akt, GSK3β 

and GluA1 in the NAcc core (p<0.01 by SNK), while S9 abolished these effects only 

for GSK3β and GluA1 (p<0.05 by SNK) (Fig. 4B-D). These results suggest that 

disruption of acute cocaine’s effects by leptin in the NAcc core may be mediated by re-

setting Akt activation followed by in-activations of both GSK3β and GluA1.  
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Figure 4. Interruptions of Akt-GSK3β signal pathway in the NAcc core by MK-

2206 or S9 peptide make leptin no longer disruptive to acute cocaine’s effects on 

both locomotor activity and signal changes. (A) Data are shown as group mean 

(+S.E.M.) total locomotor activity counts observed during the 60 min test after either 

saline (SAL) or cocaine (COC; 15 mg/kg) IP injection following bilateral 

microinjections, which were made twice with 5 min interval, first with either saline, 

MK-2206 (0.5 µg/side) or S9 peptide (S9; 5.0 µg/side), second with either saline or 

leptin (2.5 µg/side). Symbols indicate significant differences revealed by post-hoc SNK 
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comparisons following two-way ANOVA. * p<0.05, significantly more counts in 

cocaine relative to saline IP rats. † p<0.05, significantly different from saline + saline 

microinjections group when compared within cocaine IP rats. ### p<0.001, 

significantly different from saline + leptin microinjections group within cocaine IP rats. 

n = 7-10 per group. (B-D) The NAcc core tissues were punched out right after 

locomotor activity was measured as shown in (A). Representative Western blots were 

shown. Values for the band intensities were first normalized to β-actin and then the 

average values for the ratio of phosphorylated to total proteins in each group were 

expressed as mean＋s.e.m. relative to saline-saline microinjections + saline IP control 

group. Symbols indicate significant differences as revealed by post-hoc SNK 

comparisons following two-way ANOVA. * p<0.05, ** p<0.01, significantly different 

in cocaine relative to saline IP rats. † p<0.05, †† p<0.01, significantly different from 

saline + saline microinjections group when compared within cocaine IP rats. # p<0.05, 

## p<0.01, significantly different from saline + leptin microinjections group within 

cocaine IP rats. n = 7-10 per group.   
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5. Leptin increases phosphorylation levels of STAT3 in the NAcc core 

 

In the literature, the increase of the phosphorylation levels of the signal transducer 

and activator of transcription 3 (STAT3) has been consistently shown as a hallmark 

indicator to the activation of leptin receptors.54-56 In order to test whether direct 

microinjection of leptin into the NAcc core also increases the phosphorylation levels of 

this protein, the ratio of the phosphorylated to total STAT3 levels with the NAcc core 

tissues obtained at both 15 and 60 min after a bilateral microinjection of saline or leptin 

(2.5 µg/side) was measured. The two-way ANOVA conducted on these data showed 

that there was a significant effect of microinjection (F1,16 = 5.27, p<0.05). The leptin 

increased phosphorylation levels of STAT3 in the NAcc core obtained at 15 min 

(p<0.05, by Bonferroni), while these effects were no longer detected in the tissue 

obtained at 60 min (Fig. 5). These results indicate that leptin in the NAcc core produces 

its effects through its receptor activation, as fast as 15 min of time window consistent 

with most literature showing that leptin activates STAT3 between 5 and 30 min of time 

window.54-56 
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Figure 5. Leptin in the NAcc core increases the phosphorylation levels for STAT3. 

The NAcc core tissues were punched out 60 min after a bilateral microinjection of 

saline or leptin (2.5 µg/side) into this site. Representative Western blots were shown. 

Values for the band intensities were first normalized to β-actin and then the average 

values for the ratio of phosphorylated to total proteins in each group were expressed as 

mean＋s.e.m. relative to saline microinjection control group at 15 min. * p<0.05, † 

p<0.05, significantly different from saline microinjection group at 15 and 60 min, 

respectively. n = 5 per group. 

  



28 

 

V. DISCUSSION 

 

The present results revealed that exogenously microinjected leptin into the NAcc 

core disrupts acute cocaine-induced locomotor activity. Further, the changes of 

phosphorylation levels for Akt, GSK3β, and GluA1 are all under the common 

regulation of cocaine and leptin in this site. This is the first direct demonstration that 

leptin in the NAcc core has a negative regulatory role in controlling acute cocaine’s 

effects and these processes may be mediated through the signaling pathways as GSK3β 

centered. 

It has been previously shown that the phosphorylation levels of GSK3β are reduced 

by acute administration of cocaine in the NAcc core, but not in the shell.27 As affluently 

shown in the literature, the core and the shell have distinguished anatomical structures 

and behavioral output functions.57-60 It is thought that the core is more likely to mediate 

the motivational impact of Pavlovian conditioned stimuli and the shell is to do the 

impact of primary reinforcers.61 Additionally, psychostimulant sensitization has shown 

to significantly induce structural plasticity in the core, but not in the shell.62-64 It has 

also shown that specific inhibition of GSK3β activity in the NAcc core blocks cocaine-

induced locomotor sensitization.65 As these results clearly indicate that GSK3β in the 

core is more specifically involved in psychostimulant-induced behaviors, this study for 

the role of leptin in terms of cocaine and GSK3β signaling have been narrowed and 

focused on a region of the NAcc core. 

The present results showing how cocaine and leptin in the NAcc core interact to 

regulate up and down of GSK3β signaling are summarized in Fig. 6. When cocaine is 

administered to the rat, the phosphorylation levels for both Akt and GSK3β are 

decreased in the NAcc core. This makes Akt inactive and consequently GSK3β active 

(as shown in Fig. 2B and 2C). As GSK3β is closely located bound to GluA1 (Fig. 3), 
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cocaine will have more chance to increase GluA1 phosphorylation by GSK3β (Fig. 2D) 

and eventually produces the increase of locomotor activity (Fig. 1). However, these 

effects by cocaine are disrupted when leptin is microinjected into the NAcc core, 

resulting in the phosphorylation levels for Akt, GSK3β, and GluA1 all going back to 

the normal baseline levels. 

In the literature, it has shown that the increased phosphorylation levels for GSK3β at 

serine 9 residue by lithium chloride or valproic acid attenuate psychomotor stimulants 

induced increase of locomotor activity.26,66,67 Similar to these results, leptin in the NAcc 

core in the present findings attenuates cocaine-induced increase of locomotor activity, 

which is accompanied with normalization of previously decreased phosphorylation 

levels for GSK3β at serine 9 induced by cocaine alone (Fig. 2C). Although conditions 

are not all the same, the fact that leptin is able to contribute to activate PI3 kinase 

signaling and/or directly increase the phosphorylation levels for GSK3β at serine 9 in 

various neuronal cells30,31,68 makes present findings not unexpected but rather plausible. 

However, in the present results, leptin alone in the absence of cocaine rather 

significantly reduces the phosphorylation levels for Akt at threonine 308 and had little 

effects on GSK3β phosphorylation in the NAcc core (Fig. 2B and 2C). It is not 

surprising that GSK3β has no significantly lower levels of phosphorylation in 

accordance with Akt when leptin alone is present, as it has multiple upstream effectors 

so that Akt may have little effects in this condition. Rather, it is somewhat surprising 

that leptin alone reduces the phosphorylation levels for Akt in the same direction with 

cocaine, while it goes back to saline control level when leptin and cocaine is co-present. 

Although there is no firm answer to explain these seemingly contradicting results, it is 

interesting to see most recent results that leptin and cocaine reciprocally inhibits each 

other’s reward-related effects.3 Taking it into consideration, it is able to speculate that 

leptin and cocaine’s effects might be cancelled each other when they are co-present. All 
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together, these results importantly suggest that leptin-induced regulation of GSK3β, or 

even Akt, may become somehow workable only when other stimulators like cocaine 

are co-present, at least in the NAcc core. It just remains in the future to find out how 

they might work. 

In the literature, the finding that GSK3β exists closely bound with GluA1 has been 

reported only in the hippocampus.33 Similarly, GSK3β does so in the NAcc core (Fig. 

3) in this study, which supports the notion that GluA1 is under the influence of GSK3β 

in this site. Consistent with literature, the present results also show that acute cocaine 

increased the phosphorylation levels of GluA1 at serine 845 residue.45,69 However, as it 

is known that phosphorylation of GluA1 at serine 845 is also under the influence of 

other kinases (e.g., protein kinase A), it is not sure whether the increase of its 

phosphorylation is directly caused by activation of GSK3β, or indirectly through other 

kinases. Otherwise, there are reports that PKA can phosphorylate GSK3β at serine 9 

residue, supporting the possibility that both PKA and GSK3β could regulate 

phosphorylation of GluA1.70-72 When leptin is co-present with cocaine, it may help 

decrease the phosphorylation levels of GluA1 at serine 845 by inactivating GSK3β in 

part and possibly by activation of other molecules (e.g., calcineurin). Then, leptin may 

eventually contribute to the decrease of cocaine-induced locomotor activity by AMPA 

receptor internalization and subsequently accompanied de-potentiation as shown in the 

hippocampus.50 It completely remains to be explored in the future how GSK3β closely 

located with GluA1 contributes to all these processes in the NAcc core. 

Fig. 6 also summarizes some supportive findings to the notion that the interactions 

between leptin and cocaine converge on Akt-GSK3β pathway and consequently the 

changes of GluA1 and locomotor activity followed. MK-2206, a specific Akt inhibitor, 

binds to Akt and makes its morphology changed, and consequently no longer activated 

by its upstream effectors.16 On the other hand, S9, an artificially synthesized small 
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peptide which has a portion (10 a.a.) of the N-terminus sequence of GSK3β known as 

the substrate site for Akt, competes with GSK3β against its phosphorylation,22,51 and 

consequently makes more active GSK3β exist. Thus, with either MK-2206 or S9 

peptide present, leptin’s disruptions of cocaine effects on both locomotor activity and 

related GSK3β signaling are all nullified (Fig. 4). These results indicate that activation 

of Akt and consequently accompanied GSK3β inactivation contributing to the 

decreases of GluA1 phosphorylation is a key step for leptin to negatively regulate acute 

cocaine’s effects in the NAcc core. 

In order to demonstrate that leptin produced its effects through leptin receptors, the 

phosphorylation levels of STAT3 proteins in the NAcc core were measured. It is 

increased rapidly at around 15 min and got back to baseline at 60 min (Fig. 5). Similar 

to this finding, literature has shown that the increase of the phosphorylation levels of 

STAT3, a hallmark indicator to the activation of leptin receptors, appears fast between 

5 and 30 min after leptin treatment,54-56 suggesting that leptin microinjected into the 

NAcc core in present experiments might well produce its effects through leptin 

receptors with a similar time-course profile. 

Since the leptin-responsive VTA neurons innervate to the NAcc,11,12 it is possible that 

either systemic or intra-VTA leptin may produce some behavioral effects through an 

indirect influence to the NAcc, as recently shown by others.3 However, together with 

previous findings that the NAcc also has its own expression of leptin receptor mRNA,13 

present results with leptin microinjected into the NAcc suggest a more direct role of 

leptin in the NAcc, especially the core, in the regulation of cocaine-induced behaviors. 

In that context, it is interesting to find a recent result that mice with leptin receptor 

specifically deleted in the NAcc core and supposedly lost responsiveness to leptin 

showed enhanced conditioned place preference to cocaine.5 Taken together, the present 

findings support the idea that leptin negatively regulates the reward-related behaviors 
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produced by drugs of abuse,2,3 and further extend the leptin’s working area to the NAcc 

core. 
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Figure 6. A hypothetical model incorporating present findings depicts a signal pathway 

where cocaine and leptin interact. Diagrams in the top panels show what happens for Akt, 
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GSK3β, and GluA1 molecules in the NAcc core when cocaine (COC) or cocaine + leptin is 

administered to the rat. Diagrams in the bottom panels show how either MK-2206 (MK) or S9 

peptide (S9) interrupts the signal pathway, resulting in the contribution to the recovery of both 

GluA1 phosphorylation and accompanied locomotor activity back to the higher levels as 

initially produced by cocaine. 
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VI. CONCLUSION 

 

The present findings first demonstrated that leptin, an appetite-suppressing hormone, 

has a negative regulatory role in acute cocaine-induced locomotor activity when 

exogenously microinjected into the NAcc core. Further, these results showed that 

GSK3β signaling pathways mediate these process. 

It will be interesting to examine in the future whether other types of reward-related 

behaviors including natural reward like food also produce similar findings in the NAcc 

core by leptin as shown here. 
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ABSTRACT (IN KOREAN) 

 

코카인에 의해 유도된 보행성 활동량과 

관련 신호전달을 조절하는데 있어서 

중격측좌핵 내 렙틴의 역할 

 

<지도교수 김 정 훈> 

 

연세대학교 대학원 의과학과 

이 정 원 

 

렙틴(leptin)은 지방세포에서 분비되는 펩타이드 호르몬으로 시상하부에 

작용하여 섭식을 조절하는데 중요한 역할을 한다고 잘 알려져 있다. 

최근들어 렙틴이 보상에 관련된 행동을 조절한다는 보고가 증가하면서 그 

역할이 새롭게 주목받고 있는데, 대뇌보상회로의 변화와 연관된 약물 

중독에 관해 렙틴이 어떤 역할을 하는지에 대해서는 아직 밝혀진 것이 

많지 않다. 특히 중독에 있어서 중요한 역할을 하는 중격측좌핵(nucleus 

accumbens) 영역에서 렙틴의 수용체가 발현된다는 보고가 있지만, 렙틴을 

이 영역에 직접 주입하였을 때 코카인(cocaine)에 의한 행동 반응이 

어떻게 변화하는지에 대해서는 연구된 바가 없다. 따라서, 본 연구에서는 

코카인에 의해 유도되는 보행성 활동량을 조절하는데 있어서 중격측좌핵 

내에 주입한 렙틴의 역할과 그 기전에 대해 알아보았다. 

먼저 중격측좌핵 중심부(core)로 렙틴(0.1, 0.5 또는 2.5 μg/side)을 
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직접 국소 주입하였을 때 렙틴의 농도에 의존적으로 코카인(15 mg/kg, 

IP)에 의해 증가하는 보행성 활동량이 현저히 억제되었고, 렙틴 

자체만으로는 유의미한 변화가 없었다. 다음으로 코카인에 의한 행동 

반응을 조절하는데 효소 GSK3β의 활성이  중요한 역할을 한다는 여러 

보고에 따라, GSK3β를 포함하여 그 상위에서 작용하는 효소 Akt와 하위 

단계로 여겨지는 AMPA 수용체 소단위 GluA1의 인산화 정도를 측정하였다. 

그 결과 중격측좌핵 중심부로 주입한 렙틴(2.5 μg/side)에 의해, 

코카인에 의해 감소하는 Akt와 GSK3β의 인산화 수준이 기저 상태까지 

회복되었고, 또한 코카인에 의해 증가되는 GluA1의 인산화 수준도 렙틴에 

의해 기저 상태까지 회복되었다. 렙틴이 Akt-GSK3β 경로를 경유하여 

GluA1을 조절함으로써 코카인에 의한 보행성 활동량을 억제시키는 것인지 

확인하기 위해서 Akt의 억제제인 MK-2206(0.5 µg/side) 또는 GSK3β의 

활성제인 S9 펩타이드(5.0 µg/side)를 중격측좌핵 중심부로 각각 국소 

주입하고 이어서 렙틴을 같은 영역으로 각각 국소 주입하였다. 그 결과, 

렙틴의 코카인 억제 효과는 행동 반응 뿐 아니라 Akt, GSK3β, 그리고 

GluA1 인산화 정도에서도 사라졌다. 

이러한 결과들을 종합해보면, 중독성 약물인 코카인은 중격측좌핵 

중심부의 Akt와 GSK3β, 그리고 GluA1의 신호전달경로를 조절하고 있고 

렙틴은 이 과정에 관여함으로써 코카인에 의한 변화들을 억제하는 효과를 

나타내는 것을 알 수 있다. 이번 연구가 앞으로 약물 중독에 작용하는 

중격측좌핵 내 렙틴의 분자 기전을 이해하는 데에 중요한 단서가 될 

것으로 기대된다. 

 

핵심되는 말 : 렙틴, 코카인, 중격측좌핵 중심부, GSK3β, Akt, GluA1, 

MK-2206, S9 펩타이드, 보행성 활동량  
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