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Abstract

Systemically released insulin crosses the blood-brain barrier and binds to insulin receptors on 

several neural cell types, including dopaminergic neurons. Insulin has been shown to decrease 

dopamine neuron firing in the ventral tegmental area (VTA), but potentiate release and reuptake at 

dopamine terminals in the nucleus accumbens (NAc). Here we show that prolonged consumption 

of a high fat diet blocks insulin’s effects in the NAc, but insulin’s effects are restored by inhibiting 

protein tyrosine phosphatase 1B, which supports insulin receptor signaling. Mice fed a high fat 

diet (60% kcals from fat) displayed significantly higher fasting blood glucose 160 mg/dL, 

compared to 101 mg/dL for control-diet-fed mice, and high-fat-diet-fed mice showed reduced 

blood glucose clearance after an intraperitoneal glucose tolerance test. Using fast scan cyclic 

voltammetry to measure electrically evoked dopamine in brain slices containing the NAc core, 

high-fat-diet-fed mice exhibited slower dopamine reuptake compared to control-diet-fed mice (2.2 

± 0.1 and 2.67 ± 0.15 μM/s, respectively). Moreover, glucose clearance rate was negatively 

correlated with Vmax. Insulin (10 nM to 1 μM) dose dependently increased reuptake rates in 

control-diet-fed mice compared with in the high-fat-diet group; however, the small molecule 

insulin receptor sensitizing agent, TCS 401 (300 nM), restored reuptake in high-fat-diet-fed mice 

to control-diet levels, and a small molecule inhibitor of the insulin receptor, BMS 536924 (300 

nM), attenuated reuptake, similar to high-fat-diet-fed mice. These data show that a high-fat diet 

impairs dopamine reuptake by attenuating insulin signaling at dopamine terminals.
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INTRODUCTION

Prolonged consumption of a high-fat diet is known to cause obesity and type 2 diabetes, 

which are characterized by insulin resistance that impacts both the brain and peripheral 

tissues.1–3 An emerging body of evidence has revealed that insulin plays multiple roles in 

the brain, expanding on its well-known function to regulate glucose homeostasis and energy 

balance via the hypothalamus.4–6 Recent studies have shown that insulin modulates 

dopamine neurotransmission by altering the excitability of dopamine neuron cell bodies in 

the ventral tegmental area (VTA),7–9 in addition to augmenting dopamine release in striatal 

terminal fields.10 Behavioral outcomes associated with insulin’s effects on the dopamine 

system, however, differ based on the location of insulin infusion, whether into dopamine 

terminal fields in the striatum or cell bodies in the VTA. Insulin infused into the VTA 

reduced consumption of a sweetened high-fat diet8 and attenuated sucrose self-

administration,11,12 whereas blocking insulin’s actions at dopamine terminal fields with 

microinjections of insulin antibodies decreased preference for a sucrose solution, suggesting 

that insulin in the nucleus accumbens (NAc) helps attribute flavor preference.10 Taking these 

findings into consideration, it appears that insulin signaling in the VTA presumably aids in 

the termination of food intake in concert with satiety mechanisms initiated by insulin and 

other glucose sensing neurons in the hypothalamus,13 while insulin signaling at dopamine 

terminals is postulated to contribute to the rewarding properties of food consumption.10 This 

scenario supports a dual hypothesis for insulin to aid in satiety, but also increase reward 

salience, possibly promoting future seeking of palatable food.

Insulin receptors are found throughout the brain, with the greatest density in the choroid 

plexus, followed by the hypothalamus, amygdala, and the NAc.14 Homeostatic regulation of 

blood glucose and food intake by insulin in the hypothalamus is well documented,4–6 but 

insulin may assume a nontraditional role in the NAc where it helps regulate the rewarding 

characteristics of food intake by acting on dopamine terminals.10 Interestingly, 

autoradiography shows binding of [125I]insulin to its receptors is nearly doubled in the NAc 

compared to the caudate putamen of rats.14 Dopamine signaling in the NAc helps encode 

drug reinforcement as well as incentive salience,15 and a high density of insulin receptors in 

the NAc suggests that insulin may play a role in the initiation of appetitive behaviors. 

Indeed, insulin has been shown to increase preference for a sucrose solution,10 and 

hypoinsulinemic conditions can reduce drug self-administration.16 However, food 

restriction, which lowers circulating insulin levels, has also been shown to increase drug 

self-administration.17–19 Mechanisms underlying both increased and decreased drug and 

food self-administration following hypoinsulinemia are poorly understood, and highlight the 

need to understand how insulin functions in discrete regions of the mesolimbic dopamine 

system. However, because administration of insulin antibodies enhances flavor preference 

when administered at dopamine terminals,10 the regulation of dopamine terminals by insulin 

needs to be further examined, specifically in the NAc.
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A well-documented role of insulin on dopamine terminals is to increase dopamine reuptake 

by enhancing dopamine transporter (DAT) membrane levels and function.20–23 Insulin 

signaling at dopamine terminals has been investigated using streptozotocin (STZ) to produce 

hypoinsulinemic rats. Dopamine efflux in response to amphetamine is markedly reduced in 

the absence of insulin in these rats.22,24 Moreover, insulin has been shown to contribute to 

DAT function by increasing DAT recruitment to the plasma membrane, and enhancing 

dopamine clearance through downstream activation of Akt.25 Attenuated Akt activity 

following a high-fat diet reduced membrane DAT levels and function, but viral restoration of 

Akt normalized DAT activity and reduced hyperphagia.25 However, hypoinsulinemic 

conditions have been shown in separate studies to either attenuate26 or enhance16 [3H]-

dopamine clearance in striatal synaptosomes.26 Discrepancies in these studies highlight a 

need for further work, and the use of more sophisticated measurements of dopamine 

neurotransmission, like fast scan cyclic voltammetry. Additionally, inhibition of downstream 

insulin signaling also blocked cocaine-induced [3H]-dopamine overflow from NAc brain 

slices.23 These findings indicate that insulin promotes DAT function by increasing reuptake 

and improving drug-induced dopamine efflux through the DAT. Impairments in DAT 

function have been observed after prolonged consumption of a high-fat diet, which leads to 

insulin resistance.27,28 Recent studies have shown that obesogenic weight gain cause by a 

high-fat diet reduces dopamine reuptake in rats29,30 and mice,31 but it is not known whether 

impaired dopamine uptake observed with obesity is directly caused by a reduction in insulin 

sensitivity. It is likely that changes in insulin receptor function contribute to dysregulated 

dopamine neurotransmission after the development of high-fat-diet-induced insulin 

resistance.

The purpose of this study was to further characterize how high-fat-diet-induced insulin 

resistance alters dopamine terminal function, to expand on previous reports,10 and to 

investigate whether the onset of systemic insulin resistance coincides with reduced neuronal 

insulin function. Additionally, we wanted to test if deficits in dopamine terminal function 

caused by high-fat-diet- induced insulin resistance could be reversed by improving insulin 

signaling. We show that mice fed a high-fat diet for six weeks were systemically insulin-

resistant, which correlated with deficits in dopamine terminal function. A high-fat diet 

blocked insulin’s ability to facilitate dopamine release and reuptake in the NAc, and we 

show that restored insulin receptor signaling in high-fat diet-fed mice reversed deficits in 

dopamine terminal function.

RESULTS AND DISCUSSION

Six Week Access to a High-Fat Diet Increased Body Weight and Impaired Glucose 
Clearance

Clinical obesity is characterized by obesogenic weight gain that coincides with glucose 

intolerance, and ultimately the development of insulin resistance. To verify that our model 

replicates this clinical phenotype, we provided mice with a high-fat diet which led to 

obesogenic weight gain (Figure 1A, B), and then we conducted intraperitoneal glucose 

tolerance tests (IPGTT) to confirm the onset of insulin resistance (Figure 1A, C). IPGTTs 

offer an indirect measure of insulin receptor function that reliably correlates with insulin 
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resistance.32 Mice with access to high fat gained ~2.5 times more weight than control-chow-

fed littermates over the 6 weeks, replicating the weight gain observed in previous studies, 

which resulted in hyper-insulinemia, 33 hyperleptinemia,34 and elevated serum triglycerides. 
31 Significant differences in body weight were detected as early as 3 weeks (p < 0.01), with 

final averaged body weights of 24.88 ± 1.16 and 31.36 ± 3.06 g for control and high-fat-fed 

mice, respectively (p < 0.001) (Figure 1B). Two-way analysis of variance (ANOVA) 

detected main effects of time (F18,324 = 127.36, p < 0.0001) and diet (F1,324 = 15.33, p = 

0.001) with a time × diet interaction (F18,324 = 27.09, p < 0.0001). A significant elevation in 

fasting blood glucose was also observed in high fat mice (160.9 ± 8.0 mg/dL; n = 15) 

compared with controls (101.5 ± 5.1 mg/dL; n = 12) (p < 0.001) (Figure 1C), and high-fat-

fed mice displayed significantly reduced glucose clearance compared to chow-fed 

littermates with main effects of time (F4,112 = 241.36, p < 0.0001), diet (F1,112 = 37.65, p < 

0.0001), and a time × diet interaction (F4,112 = 6.53, p < 0.0001) (Figure 1D). Area under the 

curve (AUC) analysis showed significantly impaired glucose clearance in the high-fat-diet-

fed group (p < 0.001) (Figure 1E). These data indicate the onset of systemic insulin 

resistance in mice after 6 week access to a high-fat diet, verifying an insulin-resistant 

phenotype in our preclinical model of diet-induced obesity.

Insulin-Resistant High-Fat-Diet-Fed Mice Have Reduced Dopamine Reuptake

After establishing a clinically obese phenotype, we next sought to determine if systemic 

insulin resistance coincided with impaired dopamine function in the brain. We used fast scan 

cyclic voltammetry in NAc containing slices to identify differences in dopamine release and 

reuptake between control chow-fed mice and high fat-fed insulin-resistant mice. No 

difference in dopamine release, evoked by a single pulse stimulations, was detected between 

groups (1.34 ± 0.12 μM, control (n = 10); 1.35 ± 0.13 μM, high-fat diet (n = 15) (Figure 

2A); however, a significant positive correlation between dopamine release and glucose AUC 

was identified in control mice, (r2 = 0.629; p = 0.006) (Figure 2B) indicating that dopamine 

release increases with reduced glucose clearance. This correlation showed a relationship 

between control mice with high sensitivity that had lower dopamine release, but control 

mice with similar insulin sensitivity as high-fat-diet-fed mice had higher dopamine release, 

indicating that evoked dopamine release is lower in control mice with superior insulin 

sensitivity. Additionally, a significant reduction in the maximal rate of dopamine reuptake 

(Vmax) was observed in insulin-resistant high-fat-fed mice (2.20 ± 0.10 μM/s) versus 

controls (2.67 ± 0.15 μM/s) (p > 0.01) (Figure 2C). Moreover, Vmax was negatively 

correlated with AUC in high-fat-diet-fed mice (r2 = −0.461, p = 0.005), a correlation that 

was less robust in control mice (r2 = −0.26, p = 0.09) (Figure 2D), indicating that maximal 

dopamine clearance occurs with greater insulin sensitivity. These findings suggest that 

systemic measures of glucose clearance and overall insulin function may predict dopamine 

release and reuptake in the NAc, and under basal conditions, high-fat-fed insulin-resistant 

mice have reduced DAT function. Because the DAT clears extracellular dopamine 

throughout the rising phase of dopamine release, as well as rapidly reducing peak dopamine 

to basal levels, DAT function associated with insulin sensitivity can alter peak synaptic 

dopamine levels and dopamine reuptake. A correlation between lower evoked dopamine 

release and insulin sensitivity putatively corresponds with constitutive insulin signaling that 

supports the recruitment and maintenance of DATs at the plasma membrane of control 
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insulin sensitive mice. Fasting brain levels of insulin have been reported to be between 20 

and 90 pM,35,36 but postprandial systemic insulin reaches 60–100 nM.37 Central insulin 

levels shift corresponding with fasting and fed systemic insulin levels,35 but overall 

concentrations are ~25% of systemic circulation,35,38,39 suggesting that postprandial insulin 

can reach 15–30 nM in the brain. We did not measure circulating insulin, but can estimate 

brain insulin levels in our mice to be in the mid-picomolar to low-nanomolar range. This 

insulin range appears to be sufficient to recruit and maintain DATs at the plasma membrane 

in control insulin sensitive mice. However, since insulin resistance coincides with 

hyperinsulinemia33 and reduced insulin receptor signaling, insulin-resistant mice are 

predicted to have reduced DAT function, which corresponds with reports of reduced 

membrane DAT levels following exposure to high fat.25,31,40 This is consistent with our data 

showing reduced DAT function in high fat-fed insulin-resistant mice, and demonstrates that 

prolonged consumption of a high-fat diet interferes with dopamine reuptake and insulin 

enhanced dopamine release in the NAc.

Given the relationship between insulin sensitivity and dopamine release and reuptake, along 

with reports that insulin increases dopamine release at dopamine terminals in the striatum,10 

we bath applied insulin over NAc slices in a half-log stepwise fashion (10 nM to 1 μM) to 

examine if insulin-resistant high-fat-fed mice were unresponsive to insulin’s effect on 

dopamine release. We observed a significant group effect on dopamine release (F1,96 = 6.18, 

p = 0.02), with insulin increasing dopamine release in the chow-fed control mice only (n = 

9) (Figure 2E), as depicted by representative line traces showing increase dopamine release 

in control, but not high-fat-fed (n = 15), mice after the application of 30 nM insulin (Figure 

2F). These data corroborate previous reports showing that insulin augments dopamine 

release, potentially by acting on cholinergic interneurons in the striatum.10 Interestingly, we 

observed an effect of insulin on dopamine release up to 1 μM, which is consistent with 

studies showing that neuronal insulin receptors do not desensitize like systemic insulin 

receptors, even in the presence of more than 800 nM insulin,41,42 but contrasts with findings 

from Stouffer et al., showing diminishing effects above 30 nM. However, our data show that 

insulin functions at dopamine terminals to increase dopamine release, and that high-fat-fed 

insulin-resistant mice have reduced basal reuptake. Accordingly, high-fat-diet-induced 

insulin resistance blocks insulin’s actions on dopamine release, which compliments 

behavioral studies that show increased sensitivity to dopamine agonists,43–45 and suggests 

that high-fat-diet-induced insulin resistance is another mechanism that regulates dopamine 

signaling. Our findings also suggest that neuronal insulin resistance coincides with systemic 

markers of glucose intolerance providing a complementary measure of dopamine system 

function to behavioral pharmacology tests.

Blocking Downstream Insulin Signaling in Control Mice Reduced Dopamine Reuptake 
Resembling Mice Fed a High-Fat Diet

To further examine the results of insulin resistance at dopamine terminals, we used 

wortmannin, a PI3-kinase (PI3K) inhibitor, to test whether blocking downstream insulin 

signaling in chow-fed control mice recapitulates the dopaminergic phenotype of high-fat-fed 

insulin-resistant mice. The insulin receptor-activated intracellular signaling cascade includes 

activation of PI3K, which phosphorylates Akt, initiating numerous cellular responses.46,47 
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Importantly, PI3K activation promotes DAT recruitment to the plasma membrane. 48 

Inhibition of PI3K causes DAT internalization and reduces amphetamine-induced dopamine 

efflux,48,49 which is achieved through reverse transport of dopamine through DATs at the 

plasma membrane. With respect to diet-induced obesity, a high-fat diet has been shown to 

reduce Akt phosphorylation leading to hyperphagia, presumably caused by insulin 

resistance.25 Moreover, chronoamperometry measurements showed reduced clearance of 

dopamine that was injected into the striatum of obese rats, indicating reduced DAT function.
25 We tested whether similar DAT disruptions were present at dopamine terminals in NAc of 

obese high-fat-fed mice, and whether this was caused by impaired insulin signaling.

To determine the effect of insulin signaling on DAT function at dopamine terminals, we 

added 1 μM insulin, which produced the greatest effect on dopamine release (Figure 2E), to 

NAc containing slices from control (n = 9) and insulin-resistant high-fat-fed mice (n = 15). 

In chow-fed controls, 1 μM insulin increased Vmax by an average of 46 ± 6.8%, indicated by 

reduced AUC and a sharp increase in the downward slope of the top third of the 

representative line plot depicting dopamine release and reuptake (Figure 3A). The 

representative line plots are normalized to 100% peak height for better visual comparisons 

between groups. Mice fed a high-fat diet showed no change in Vmax after 1 μM insulin 

(Figure 3B). We then pretreated slices from control mice with wortmannin (n = 7) and 

blocked insulin-enhanced dopamine reuptake (Figure 3C). Moreover, wortmannin blocked 

the dose dependent increase in Vmax caused by insulin (Figure 3D), resembling the lack of 

response shown by slices from insulin-resistant high fat-fed mice. Overall, main effects of 

insulin dose (F5,100 = 15.93, p < 0.0001), diet (F1,100 = 12.98, p = 0.0018), and a dose × diet 

interaction (F5,100 = 10.89, p < 0.0001) were observed on Vmax after half-log additions of 

insulin, with Tukey’s posthoc analysis identifying significantly increased Vmax in control 

mice at 0.3 and 1 μM (p < 0.001) (Figure 3D). The inset to Figure 3D shows a main effect of 

diet on Vmax at physiological concentrations of insulin (F1,38 = 4.64, p = 0.044), with 

Tukey’s posthoc analysis identifying a significant Vmax increase with 30 nM insulin in 

control mice compared to mice fed a high-fat diet. Our findings show that insulin increases 

Vmax at physiological concentrations, with maximal effects observed at supraphysiological 

doses. Inhibiting downstream signaling of the insulin receptor with wortmannin, however, 

blocked insulin’s effect on dopamine reuptake. Interfering with insulin signaling at this step 

in the downstream cascade replicates ex vivo tissue studies from obese diabetic patients that 

presented impaired Akt activation, a direct result of PI3K activity.46 Ex vivo tissue studies 

from insulin-resistant patients, which better reflect our model, show that deficiencies in the 

insulin signaling pathway occur upstream to alterations in these broad signaling kinases, 

starting with phosphorylation of the insulin receptor substrates,46 which occur subsequent to 

insulin receptor activation50,51

Improving Insulin Receptor Signaling in High-Fat-Fed Mice Restored Insulin’s Effects on 
Dopamine Release and Reuptake

In order to confirm that deficits in dopamine terminal function are a direct result of insulin 

receptor activity, and test if high-fat diet-induced impairments can be reversed, we used two 

different approaches. First, in addition to blocking downstream insulin signaling in chow-fed 

control mice, which resembles an obese diabetic phenotype, we confirmed the role of insulin 
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receptor activation on dopamine neurotransmission, which was lacking in high-fat-fed 

insulin-resistant mice, by using a small molecule inhibitor of the insulin receptor, BMS 

536924, in controls. Second, to support the hypothesis that insulin resistance drives deficits 

in dopamine terminal function in the NAc, we used the protein tyrosine phosphatase 1B 

(PTP1B) inhibitor, TCS 401 (300 nM), to sensitize the insulin signaling pathway. PTP1B 

effectively removes the “brakes” on the insulin signaling pathway by preserving 

phosphorylation at tyrosine residues. Phosphorylation of tyrosine residues on insulin 

receptor substrates (IRS1 and 2) propagates downstream effects by activating PI3K and Akt,
51 but dephosphorylation of tyrosine residues by PTP1B or increased phosphorylation of 

serine residues, as observed with obesity and other inflammatory disorders, effectively 

blocks insulin signaling, contributing to insulin resistance.51–53

Application of BMS 536924 (300 nM) to NAc containing slices from control mice (n = 6) 

did not significantly reduce dopamine release from baseline (92.3% ± 4.7%), but effectively 

blocked the significant increase in dopamine release observed with 500 nM insulin (125.2% 

± 6.2%; p < 0.05, p < 0.01, and p < 0.01 compared to baseline, BMS, and BMS+Insulin, 

respectively) (Figure 4A). Similarly, BMS pretreatment blocked the significant increase in 

Vmax (137.3% ± 7.4%; p < 0.01 compared to all other groups) observed following 500 nM 

insulin (Figure 4C). These findings support previous reports of insulin augmenting 

dopamine release10 and enhancement of DAT function by increasing DAT membrane levels 

and dopamine reuptake.20,25,54 Additionally, we show that improving insulin signaling in 

high-fat insulin-resistant mice (n = 6) by inhibiting PTP1B restores dopamine terminal 

function. Application of TCS 401 (300 nM) increased dopamine release in response to 500 

nM insulin (p = 0.09; overall one-way ANOVA model of dopamine release) (Figure 4B), and 

restored Vmax responsiveness to insulin (p < 0.05; compared to high fat baseline, high fat + 

insulin, and high fat + TCS groups) (Figure 4D). These changes are likely due to the DAT’s 

responsiveness to enhance insulin signaling in slices from these mice. High fat-fed mice 

have an increased ratio of cytosolic to membrane DAT, but greater overall DAT in tissue 

lysate from the NAc.31 Improving insulin signaling in high fat insulin-resistant mice 

putatively supports redistribution of the DAT to the plasma membrane where a functional 

increase in DAT activity can be measured with voltammetry. To rule out the possibility that 

high-fat mice simply had reduced insulin receptor content in the NAc, we used a quantitative 

ELISA to measure total insulin receptor protein in the NAc (n = 7, controls; n = 8, high fat). 

High-fat-fed mice showed no reduction in insulin receptor content (Figure 4E), indicating 

that our observations in the high-fat mice were not due to reduced receptor levels.

Overall, our findings show that restoring insulin signaling at dopamine terminals of high fat-

fed insulin-resistant mice improved deficits in dopamine terminal function. These deficits 

presumably stem from a reduction in insulin receptor function, consistent with a high fat 

insulin-resistant phenotype. Our study aligns well with previous reports of insulin signaling 

on dopamine neurons showing insulin-induced increases in dopamine terminal function, 

which coincided with enhanced palatable food preference.10 Together with studies that 

support a reduction in palatable food intake when insulin is applied to the VTA,8 it appears 

that insulin may have a dual role to aid in satiety, but also influence reward salience, 

possibly promoting future seeking of palatable food. It is difficult, however, to behaviorally 

delineate this dual role of insulin on dopaminergic neurotransmission in chronic feeding 
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models that promote insulin resistance. Because postprandial insulin helps dampen 

dopaminergic output by the VTA, but enhances dopamine reuptake at terminals, insulin 

resistance would dysregulate the mesolimbic dopamine system preserving dopaminergic 

output in response to a meal, which would have normally been quenched by insulin. The fact 

that insulin signaling enhanced dopamine release in the NAc, putatively increasing reward 

salience of the meal, suggests that exposure to palatable food while insulin sensitive 

promotes future consumption of that food. Conversely, exposure to palatable food when 

insulin-resistant would prevent appetitive consumption, but associations with palatable food 

intake prior to the onset of insulin resistance would be preserved. To better understand the 

impact of insulin resistance on satiety, food seeking, and decreased palatability of novel 

foods (often observed in obese children55,56), future studies should focus on behavioral 

outcomes of insulin resistance on dopamine neurotransmission after the onset of obesity, and 

whether therapeutics targeted at sensitizing an insulin-resistant dopamine system have 

efficacy as obesity treatments.

METHODS

Animals and Diet

C57BL/6 mice originally purchased from Jackson Laboratories (Bar Harbor, ME) were bred 

in house to produce 6 week old male mice for all experiments. Mice were housed 2–3 per 

cage depending on litter size, maintained on a 12 h light/dark cycle with access to water, and 

fed either a control diet consisting of standard lab chow (3.46 kcal/g) (5P00, Prolab RMH 

3000; LabDiet, St. Louis, MO) or a high-fat diet (5.24 kcal/g) (DIO, D12492; Research 

Diets, New Brunswick, NJ) containing 14% and 60% total kcal from fat, respectively. Mice 

remained on respective diets for 6 weeks prior to experimental tests (Figure 1A). All 

experiments were in compliance with the Wake Forest Animal Care and Use Committee.

Intraperitoneal Glucose Tolerance Test

At the end of the 6 week dietary paradigm, all mice underwent an intraperitoneal glucose 

tolerance test (IPGTT) to measure glucose clearance. Briefly, mice were placed in clean 

cages with access to water, but no food, for a 5 h fast. Blood glucose levels were then 

measured from the tail vein using a TRUEtrack glucometer and blood glucose test strips 

(Rite Aid Pharmacy, Camp Hill, PA) to establish fasting blood glucose levels. An i.p. bolus 

of glucose (2g/kg in 20% w/v saline) was delivered, and repeat blood glucose measurements 

were conducted 15, 30, 60, and 120 min thereafter. This procedure provides a reliable 

indirect measurement of insulin function by examining the disappearance of blood glucose 

over time following a single bolus of intraperitoneal i.p. glucose.32

Fast Scan Cyclic Voltammetry

Fast scan cyclic voltammetry was used to identify changes in dopamine signaling within the 

NAc core. Voltammetry experiments were conducted after 6 week access to the control or 

high-fat diets, and 5 days following the IPGTT to allow the mice to reacclimate to their 

respective diets. All voltammetry experiments began ~3 h into the light cycle, and were 

executed and modeled as previously described.57,58 Briefly, mice were rendered unconscious 

using 5% isoflurane, decapitated, and the brain swiftly removed. The brain was hemisected 
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with one hemisphere submerged in ice cold artificial cerebral spinal fluid (aCSF) for slicing 

on a vibratome (Leica Microsystems Inc.; Buffalo Grove, IL), and the other was used to 

excise NAc tissue for insulin receptor quantification. Then 300 μm brain slices containing 

the NAc (from +1.34 to +0.74 from bregma) were transferred to the voltammetry chamber 

and allowed to equilibrate for 60 min at 32.5 °C while being bathed in oxygenated (95% 

O2/5% CO2) aCSF (NaCl 126 mM, NaHCO3 25 mM, D-glucose 11 mM, KCl 2.5 mM, 

CaCl2 2.4 mM, MgCl2 1.2 mM, NaH2PO4 1.2 mM, L-ascorbic acid 0.4 mM, pH adjusted to 

7.4) at 1 mL/min. A triangular waveform was used for voltammetry, scanning from −0.4 to 

+1.2 to −0.4 V vs Ag/AgCl at 400 V/s every 100 ms. A glass capillary pulled carbon fiber 

electrode (100–150 μM length, 7 μM diameter, (Goodfellow, C005722, batch 4) penetrated 

the NAc core ~75 μM, and dopamine release was evoked with single 4 ms pulse stimulations 

(monophasic, 350 μA) from a bipolar stimulating electrode (Plastics One, Roanoke, VA, 

8IMS3033SPCE) every 3 min. All recording electrode placements were grouped in the NAc 

core directly ventral to the anterior commissure (Figure 5). Dopamine signals were acquired 

and kinetically modeled using Demon Voltammetry Software, based on Michaelis–Menten 

kinetics, as previously described,58 holding the Km at 160 nM59 with the assumption that 

Km does not differ between our mouse model and the well-documented affinity of dopamine 

for the DAT in rats.59 Insulin has been shown to not affect Km;10 therefore, we assumed that 

consumption of a high-fat diet does not change the affinity of dopamine at the transporter in 

our Vmax calculations. Recordings were taken from single slices from each animal for 

baseline measures, and then drugs were washed over the slice with cumulative applications 

to obtain a dose response for insulin (10 nM to 1 μM) (Sigma-Aldrich, St. Louis, MO) at the 

same location as baseline collections. On additional slices, the PI3-kinase inhibitor, 

wortmannin (100 nM) (Sigma-Aldrich, St. Louis, MO), a small molecule inhibitor of the 

insulin receptor, BMS 536924 (300 nM) (Tocris Bioscience, Bristol, United Kingdom), and 

an insulin sensitizing agent, TCS 401 (Tocris Bioscience, Bristol, United Kingdom), were 

applied in order to characterize the insulin receptor function at dopamine terminals in 

control and high-fat-fed mice. Electrodes were calibrated after each experiment in a flow 

cell by adding 3 μM dopamine to the remaining experimental aCSF.

Insulin Receptor Protein Quantification

The contralateral hemisphere of the brain used for voltammetry was rapidly dissected in 

order to excise the ventral striatum, predominantly containing the NAc. Tissue was flash 

frozen using cold 2-methylbutane (Sigma- Aldrich, St. Louis, MO) and stored at −80 °C 

until use. An enzyme-linked immunosorbent assay (ELISA) kit (LifeSpan BioSciences Inc., 

Seattle, WA) was used to quantify insulin receptor protein content in frozen NAc tissue as 

per the manufacturer’s instructions. Briefly, NAc tissue was homogenized in phosphate 

buffered saline (0.02 mol/L pH7.2) and tissue was further lysed by ultrasonication. 

Homogenates were centrifuged at 5000g for 5 min, and the supernatant was used for BCA 

protein assay (ThermoScientific, Rockford, IL) and the insulin receptor ELISA kits. Insulin 

receptor was quantified in pg/mg protein and reported as percent control.

Statistics

Graph Pad Prism v.5 (La Jolla, CA) was used for all statistical analyses. Two-way repeated 

measures analysis of variance (ANOVA) was used to identify significant differences within 
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and between treatment groups for body weight, IPGTT, and voltammetry dose response 

curves using Bonferroni’s or Tukey’s posthoc analysis to identify significant variations 

between groups at individual data points, when applicable. Student’s t-Tests were used to 

identify differences in fasting blood glucose, area under the curve analysis, and baseline 

dopamine release and reuptake data between control chow-fed and high fat-fed mice. Linear 

regression analysis was used to identify goodness of fit r2 values for correlational analysis 

between Vmax and IPGTT. One-way ANOVA tests were used to analyze between group 

differences in Vmax observed in the insulin receptor manipulation studies. Group data are 

presented ± SEM.
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PTP1B protein tyrosine phosphatase 1B

AUC area under the curve
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IPGTT intraperitoneal glucose tolerance test
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Figure 1. 
Increased body weight and impaired blood glucose clearance. (A) Experimental design 

showing mice with 6 week dietary exposure to high-fat diet (HF) or a control chow diet, 

followed by an i.p. glucose tolerance test (IPGTT) which measures glucose clearance to 

identify insulin sensitivity, and slice voltammetry (Volt) in the nucleus accumbens core 

(NAc). Access to a high-fat diet significantly increases body weight (B) and blood glucose 

levels following a 5 h fast (C), compared to controls. Blood glucose clearance was also 

significantly impaired in high-fat-diet-fed mice, compared to controls, following a bolus 

injection of glucose (2g/kg) (D), quantified by area under the curve (AUC) (E). (*p < 0.05, 

**p < 0.01, ***p < 0.001.)
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Figure 2. 
Dopamine release and reuptake. Dopamine (DA) release (A) was similar between dietary 

groups; however, greater DA release was correlated with reduced glucose clearance in chow-

fed control mice, as indicated by a greater area under the curve (AUC) showing slower 

glucose clearance following an i.p. glucose tolerance test (IPGTT) (B). The maximal rate of 

DA reuptake (Vmax) was lower in mice fed a high-fat diet (C), and negatively correlated with 

glucose clearance (D). Insulin increased DA release in control mice, but not in slices from 

high-fat-fed mice, measured as percent change from baseline (BL) DA release (E), and 

visualized with representative line traces following 30 nM insulin (F). (*p < 0.05, ***p < 

0.001.)
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Figure 3. 
Insulin enhanced dopamine clearance is absent in high-fat diet-fed mice. Representative line 

traces and color plots depicting evoked DA release normalized to peak height show that 

insulin (1 μM), dashed lines (–––), increases Vmax compared to baseline, solid lines (—), in 

NAc slices from control chow-fed mice (A), but not in slices from high-fat (HF)-fed mice 

(B), or in slices from control mice pretreated with 100 nM wortmannin (Wort), a PI3-kinase 

inhibitor that blocks downstream insulin signaling (C). Below the representative line traces 

are corresponding color plots showing the oxidation and reductions peaks of dopamine at 

+0.6 and −0.4 V, respectively. (D) Slices from high fat-fed mice and slices from control mice 

pretreated with Wort were resistant to insulin’s effect on Vmax in slices from control mice, 

and insulin significantly increased Vmax at physiological concentrations in control, but not 

high-fat-fed (E, inset). (*p < 0.05, ***p < 0.001.)
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Figure 4. 
Insulin receptor function, not receptor number, modulates dopamine reuptake. Pretreating 

slices from chow-fed control mice with BMS 536924 (300 nM), a small molecule inhibitor 

of insulin receptor autophosphorylation blocks insulin-induced increases on dopamine (DA) 

release (A) and Vmax (C), recreating the high-fat (HF)-fed phenotype. Conversely, insulin’s 

effect on Vmax and DA release can be restored in slices from high fat-fed mice by pretreating 

them with TCS 401, a protein tyrosine 1B inhibitor that sensitizes downstream insulin 

signaling (B, D). No difference in NAc insulin receptor protein content was found between 

controls and high fat mice (E). (*p < 0.05; **p < 0.01.)
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Figure 5. 
Voltammetry recording locations. Mouse brain atlas pictures from Franklin and Paxinos 

(2008)60 show placement of the carbon fiber electrode for voltammetry recordings. All 

recordings were grouped ventral to the anterior commissure in the area contained by the 

yellow circles. Reproduced with permission from ref 60. Copyright 2008 Elsevier.
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