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Obesity prevalence has been increasing for decades with food intake patterns being a 

strong contributor to weight gain. Food intake is controlled through multiple brain 

networks, and diet-induced disruption to dopamine neurochemistry could promote 

overeating of palatable foods high in energy density from added fats and sugars. Intake 

of palatable foods acutely increases dopamine neurotransmission in the dorsal striatum 

and ventral striatum (nucleus accumbens (NAc)), which play roles in motivation to 

obtain and consume food and reward-based learning. Conversely, long-term intake of a 

diet high in saturated fat (HFD) diminishes the capacity for dopamine release and 

reuptake and impairs dopamine receptor signaling, which may promote overeating to 

stimulate the dopamine system. However, the precise physiological mechanisms by 

which HFD intake diminishes dopamine neurotransmission to alter food-related 

behaviors are not fully characterized. Therefore, the purpose of the presented articles 

included exploring contributions of inflammatory and κ-opioid receptor stress systems 

and insulin resistance specifically upregulated by a HFD to alter dopamine 

neurotransmission and whether diet-linked effects could be paired to changes in 

behavior. Results presented herein suggest that sensitivity to proinflammatory cytokines 

to reduce NAc dopamine release are heightened by HFD intake, and replacement of a 

preferred HFD with a less palatable low-energy dense option promotes diet-related 

anxiety related to potentiated sensitivity of the κ-opioid receptor system to diminish 

dopamine tone. Further, whereas insulin in the striatum was exhibited to induce satiety 

and control food preference in lean controls after feeding, HFD intake induced near-total 

dietary inflexibility towards alternate palatable treats. Overall, HFD-induced obesity 

promoted insulin resistance and sensitivity to proinflammatory and κ-opioid receptor 

signaling that altered NAc dopamine neurotransmission linked to alterations in food-

related behaviors, and these changes may promote cravings for palatable foods that 

inhibit weight loss attempts by obese individuals.
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CHAPTER I: OBESITY AND DIETARY FAT INFLUENCE DOPAMINE 

NEUROTRANSMISSION AND FOOD INTAKE BASED ON PHYSIOLOGICAL STATE 

1.1. Abstract 

The aim of this review is to explore how metabolic changes induced by diets high in 

saturated fat (HFD) affect nucleus accumbens (NAc) dopamine neurotransmission and 

food intake. Recent evidence linked diet-induced obesity and HFD with reduced 

dopamine release and reuptake1–4. Altered dopamine neurotransmission could disrupt 

known satiety circuits between dopamine neuron terminals in the NAc with projections 

to the hypothalamus5. The NAc directs learning and motivated behaviors based on 

homeostatic needs and psychological states6. Therefore, impaired dopaminergic 

responses to palatable food could contribute to weight gain by disrupting response to 

food cues or stress, which impacts type and quantity of food consumed7–9.  Specifically, 

saturated fat is implicated in neuronal resistance to anorectic hormones10–12 and 

activation of immune cells that release proinflammatory cytokines13–15. Insulin has been 

shown to regulate dopamine neurotransmission by enhancing satiety16, but less is 

known about effects of diet-induced stress and inflammation on dopamine. Therefore, 

changes to dopamine signaling due to HFD warrant further examination to characterize 

crosstalk of cytokines with endocrine and neurotransmitter signals. A HFD promotes a 

proinflammatory environment that may disrupt neuronal endocrine function and 

dopamine signaling that could be exacerbated by the hypothalamic-pituitary-adrenal 

and κ-opioid receptor stress systems. Together, these adaptive changes may 

dysregulate eating by changing NAc dopamine during hedonic versus homeostatic food 

intake. This could drive palatable food cravings during energy restriction and hinder 

weight loss. Understanding links between HFD and dopamine neurotransmission will 

inform treatment strategies for diet-induced obesity and identify molecular candidates 

for targeted therapeutics. 
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1.2. Introduction 

Overweight and obesity prevalence has steadily increased with 42.4% of U.S. adults 

currently classified as obese17. Food intake is controlled by many factors, including an 

obesogenic food environment with ubiquitous access to cheap, calorie-rich, palatable 

foods. Herein, “palatable foods” are defined as those with high energy density primarily 

from fat or sugar. Over-consumption of palatable food is proposed to shift brain 

dopamine signaling within the nucleus accumbens (NAc)18,19. The NAc is a limbic-motor 

interface which integrates salient stimuli with memory and context, reward availability 

and value, sensory information, physiological state, and homeostatic needs20. It sends 

efferent projections to cortical and motor regions, processing environmental and 

biological stimuli to drive motivated behavior. Disrupting homeostasis in the NAc by 

stimulating excessive dopamine release may contribute to obesity with extended access 

to highly palatable foods that acutely cause phasic dopamine release in the NAc21,22. 

Perturbations to NAc dopamine by consuming a diet high in saturated fat (HFD) may 

disrupt natural NAc food reward learning and reduce NAc dopamine tone over time4,7,23–

25. Changes in dopamine tone or phasic dopamine release in the NAc may significantly 

impact food seeking7,25–27, reward7,23,25,26, and satiety25,27,28. However, the mechanisms 

by which diet and obesity alter dopamine neurotransmission and behavior are not fully 

characterized. Therefore, the purpose of this review is to highlight the literature and 

identify research gaps related to mechanisms by which diet-induced obesity interfere 

with NAc dopamine, including induction of and interactions between central and 

systemic insulin and leptin resistance, inflammation, physiological stress, and κ-opioid 

receptor function which together respond to the physiological state of an organism and 

modulate NAc dopamine to control food intake behaviors. 

1.3. Dopamine circuitry and motivated behavior  

Food intake is controlled by energy status and neural circuits regulating homeostasis 

and reward. Two primary dopamine circuits include the nigrostriatal tract from 

substantia nigra to dorsal striatum/caudate putamen controlling motivation and habitual 

behavior, and the mesocorticolimbic tract from ventral tegmental area (VTA) to NAc 
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controlling Pavlovian reward learning29. These dopamine neurons form synaptic 

terminals with gamma-aminobutyric (GABA)-releasing medium spiny neurons (MSNs), 

comprising ~90-95% of neurons within the NAc30, which express dopamine D1 receptor 

(D1R) and dopamine D2 receptor (D2R) sub-types that propagate dopamine signaling 

to control cortical and motor processing31. An excellent review of homeostatic crosstalk 

with the dopamine reward system by Ferrario and colleagues highlighted how glucose 

and endocrine indicators of energy status (insulin, leptin) inhibit or excite dopaminergic 

reward activity directly in the VTA, NAc, and striatum18. Hormones also indirectly 

modulate dopaminergic activity by targeting key homeostatic regions in the 

hypothalamus that initiate food seeking behaviors via GABAergic and glutamatergic 

inputs to VTA and NAc18,32. There are multiple subtypes of these neurons within the 

lateral hypothalamus (LH) and arcuate nucleus (ARC) that respond to energy status by 

releasing appetitive neuropeptides. These include orexin/hypocretin (orexigenic, LH to 

VTA/NAc), melanin-concentrating hormone (orexigenic, LH to NAc), neurotensin 

(anorectic, LH to VTA/ LH orexin neurons), neuropeptide Y (NPY)/agouti-related peptide 

(AGRP) (orexigenic, ARC to LH) and pro-opiomelanocortin (POMC)/cocaine- and 

amphetamine-regulated transcript (CART) (anorectic, ARC to VTA/NAc)18. These 

appetitive systems underly many mechanisms by which HFD and stress perturb 

dopamine control of food intake and will be discussed in detail throughout this review. In 

addition to homeostatic engagement of hypothalamus afferents to the VTA and NAc, 

feeding is also controlled by a NAc to hypothalamus satiety circuit. This was 

demonstrated by direct inhibition or stimulation of D1R-expressing MSNs that project 

from the NAc shell to the LH, where D1R inhibition increased licking for fat and sugar 

but stimulation decreased ingestive responses5. Overall, NAc dopamine 

neurotransmission and subsequent GABA output controls motivated behavior, and 

homeostatic signals from the hypothalamus comprise important inputs that regulate 

feeding. Therefore, diet-induced disruption to these circuits may be particularly 

consequential for individuals restricting food intake.  

 

The ventral striatum is central to reward processing, integrating glutamatergic and 

GABAergic inputs from the hypothalamus, cortex, amygdala, and hippocampus with 
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dopaminergic projections from the VTA or substantia nigra33. The NAc assimilates these 

signals to determine hedonic value and sends GABA via the “direct” route with direct 

control of dopamine release with afferents to VTA, internal globus pallidus, or substantia 

nigra (MSNs with D1Rs), or the “indirect” route via globus pallidus externa (GPe) and 

ventral pallidum (MSNs with D2Rs). GABA afferents to the thalamus then modulate 

excitatory output to the cortex that controls behavioral selection and motor activity31. 

D1Rs have lower affinity for dopamine than D2Rs34,35 and respond to phasic dopamine 

release due to unexpected rewards and cue learning that promotes cAMP signaling with 

downstream phosphorylation of dopamine-regulating proteins29 and increased MSN 

firing probability36. Conversely, D2Rs are activated at lower dopamine concentrations by 

spontaneous pace making activity of dopamine neurons37 and activate opposing 

intracellular signaling than D1Rs to decrease MSN firing probability36. Consequently, 

D2Rs communicate dopamine tone so that phasic release events (unexpected rewards) 

or lack thereof (absence of expected reward) alter concentration that is detected by 

D1Rs to promote response. This dopamine signaling pattern is important for NAc 

learning that relies on phasic dopamine release initiated by a rewarding, unconditioned 

stimulus that becomes tied to a conditioned cue over repeated exposures. In the theory 

of reward prediction error38, hedonic value is determined based on magnitude of 

dopamine release, which is up- or down-regulated upon further cue exposures. This 

reward-learning model is central to motivation and survival and may become “hijacked” 

by palatable foods.  

1.4. Dopamine in the NAc responds to food intake and may promote obesity  

Dopamine pathways control motivated and habitual behavior, including those related to 

food. The VTA-NAc mesolimbic dopaminergic pathway influences motivated behavior 

by enhancing willingness to work for rewards39. Mesolimbic dopamine increased during 

lever pressing to obtain food40, and NAc core dopamine depletion reduced responding 

in fixed ratio tasks with more pronounced decreases in higher ratio schedules41. 

Moreover, food deprivation augments dopaminergic responses to food, demonstrated 

by increased NAc dopamine in response to corn oil feeding after food restriction22. 
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Interestingly, phasic dopamine release was enhanced in food-restricted rats following 

cues that predict sucrose versus cues for saccharin21. This suggested energy-providing 

foods have greater salience than energy-null foods when homeostatic energy needs 

influence physiological state, but dopamine release induced by food cues that initiate 

food intake could be enhanced in individuals with obesity. Indeed, those who were 

obese showed enhanced striatal and NAc dopamine release in response to palatable 

food images after consumption of an energy-dense meal42. This was in contrast to 

healthy, lean individuals whose meal pleasantness ratings correlated with striatal 

dopamine release43 and who experienced striatal dopaminergic activation immediately 

during milkshake consumption and 20-minutes post-ingestion when gut signals reached 

the brain44. Additionally, when food access is not interrupted but availability of palatable 

foods is limited, dopamine release is increased during access to the preferred food 

under limited compared to ad libitum access in rodents.  For instance, constant access 

to sucrose for 21 days failed to evoke the same magnitude of dopamine release in the 

NAc shell as daily intermittent access to sucrose28. Therefore, dopamine release in 

response to food can be influenced by physiological state and food availability, and the 

NAc controls initial hedonic responses to palatable food intake and promotes cue-

associated learning and motivation to obtain food that is interfaced with homeostatic 

need. 

1.5. Effects of HFD on dopamine 

Prolonged consumption of highly palatable diets may disrupt dopamine reward 

signaling. Chronic HFD intake and diet-induced obesity impact VTA dopamine neuron 

activity and interfere with mechanisms regulating dopamine at synaptic terminals within 

the NAc. Changes include lowered D2R binding potential as well as reduced dopamine 

transporter (DAT) function and membrane localization1,2,10,45–47. Furthermore, HFD 

intake activates inflammatory processes that may contribute to neuronal insulin 

resistance10,13,15,48. Central insulin and leptin resistance attenuate satiation and reward 

valuation of palatable foods by altering NAc synaptic dopamine and disrupt orexigenic 

and anorectic communication between the LH, ARC, and VTA10–12,48,49. Finally, chronic 
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HFD intake shifts opioid control of NAc dopamine neurotransmission50, which could 

amplify stress-induced feeding7,51 and have consequences for obese individuals on 

energy restricted diets. Overall, studies presented below demonstrate HFD 

consumption acutely increases NAc dopamine22,52,53, but prolonged intake reduces 

capacity for dopamine neurotransmission through repeated stimulation of dopamine 

receptors23,54, resistance to hormonal and homeostatic signals10–12,48,49, and 

upregulated inflammatory signaling13,15. An overview for all of section 1.4. can be found 

in Figure 1. 
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Figure 1. Effects of dietary fat and obesity on hedonic and homeostatic dopamine 
circuits 

Homeostatic, dopamine-motivated feeding, and reward learning circuits overlap as insulin and leptin 
convey body energy status to the hypothalamus and VTA. In response, hypothalamic nuclei send 

appetitive neuropeptides to VTA and NAc to influence food intake, and NAc dopamine neurotransmission 
is directly stimulated by hormonal action in NAc and VTA. This information is also conveyed via 
dopamine, GABA, and glutamate from VTA to NAc, and the NAc responds by sending GABA to 

hypothalamic feeding regions, the VTA as a regulatory feedback circuit, and thalamic, motor, and 
cognitive cortical regions. Effects of long-term HFD or palatable food consumption are highlighted by 

region. This characterizes how diet-induced obesity dysregulates key neurotransmitters, neuropeptides, 
and hormones that regulate food intake to reduce dopamine neurotransmission leading to overeating and 

further weight gain.  

TH = tyrosine hydroxylase, D1R/D2R = dopamine type 1/2 receptors, DAT = dopamine transporter, 
POMC/CART = pro-opiomelanocortin/cocaine- and amphetamine-regulated transcript, NPY/AGRP = 

neuropeptide Y/agouti-related peptide 

1.5.1. EFFECTS ON SYNAPTIC CONTROL OF DOPAMINE WITHIN THE NAC 

1.5.1.1. Dopamine transporter, D1 receptors, and D2 receptor availability 

A chronic HFD alters dopamine neurotransmission to promote food seeking with obesity 

susceptibility dependent on the activation of NAc dopamine and alteration to dopamine 

Nucleus Accumbens (NAc)

↑ Neuronal Inflammation 15,111-113, 121 

↑ Insulin Resistance 10,49,109,115,116 

↓ Glutamatergic Input to NAc 1,3,72,73

↓ TH & D1R Expression 1,7,23,54,88

↓ Surface D2R & DAT 1,2,45-47,56,62-64

↓ Dopamine Release & Uptake 10,49,56,57

⁓ GABA Output from NAc 60,187

Leptin

Insulin

Ghrelin

GABA

Glutamate

Dopamine

Neuropeptides

Ventral Tegmental Area (VTA)

↑ Insulin & Leptin Resistance 11,96,97

↓ TH Expression 23,24,88

↓ Dopamine Synthesis 23,24,88,118

⁓ Dopamine Neuron Firing Patterns 90,91,190

Hypothalamus (Hypo)

⁓ POMC/CART Activity 12,188,189

⁓ NPY/AGRP Activity 12,188,189

⁓ Neurotensin Activity 98,99

⁓ Orexin Neuron Population & Activity 190,191
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receptors and the DAT. For example, genetic differences in the DAT gene significantly 

increased likelihood of obesity55. Further, intake of a HFD or intraperitoneal injection of 

lipid solution acutely increased NAc dopamine52, and sucrose intake dose-dependently 

increased NAc dopamine53. Conversely, chronic HFD feeding reduced maximal 

dopamine reuptake rate (Vmax)10
, while extended access to a Western diet (WD), a HFD 

with added sugar, decreased striatal and NAc core dopamine release and reuptake49. 

Further, while obesogenic diet and food restriction both reduced striatal DAT surface 

expression and reuptake56, obesogenic diet decreased but food restriction increased 

D2R protein expression. These findings suggest food restriction primes the dopamine 

system to respond to food exposure. HFD-induced changes develop over time, as six-

week but not two-week exposure to HFD decreased NAc dopamine Vmax and 

membrane-associated DAT expression2. Effects of HFD also depend on fat type, as rats 

chronically fed 50% saturated HFD experienced reduced DAT and increased D1R 

protein expression versus 50% monounsaturated olive oil or control diet1. Similarly, 

consumption of a HFD versus control diet reduced dopamine reuptake Vmax and 

attenuated phasic dopamine release, which did not occur in mice fed a diet high in 

polyunsaturated flaxseed oil57. Further, consumption of a WD versus low-fat control diet 

for 12 weeks reduced NAc D1R protein expression but increased total D2R and p-

dopamine- and cAMP-regulated phosphoprotein-32 (DARPP-32) protein expression23, 

the latter which activates D1R-mediated signaling downstream58. HFD feeding from 

lactation through adulthood similarly increased NAc DARPP-32 but decreased D1R and 

D2R gene expression that was exacerbated after HFD was removed for four weeks54. 

Conversely, HFD-induced reduction in D1Rs and D2Rs was restored by HFD removal. 

These results suggest adaptive changes in DAT, D1R, and D2R expression due to 

repeated HFD-mediated activation of D1R signal transduction leading to downregulated 

D1R and D2R availability. Interestingly, D1R-expressing MSNs were activated in 

proportion to palatable food consumption while intrauterine protein-restriction-induced 

reduction of NAc shell D1Rs increased palatable milk consumption59, leading Durst et 

al. (2019) to suggest D1R stimulation during consumption builds to a ‘satiety threshold’ 

sent to LH GABA neurons. Endocannabinoid-mediated synaptic plasticity of this circuit 

was later demonstrated to promote overeating after food restriction or exposure to 
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HFD60. Therefore, the NAc-LH satiety circuit may be inhibited due to HFD-induced 

disruption of D1R signaling.  

 

Much attention has also been paid by neuroimaging studies to striatal D2R availability. 

Decreased NAc core but increased NAc shell D2R binding potential were linked to 

impulsive behavior61. Furthermore, calorie restriction was used to maintain similar intake 

between groups, and chronic HFD in absence of obesity decreased NAc D2R protein 

expression and increased impulsivity in a task to obtain food62. Conversely, obesity in 

absence of diet manipulations also affects D2Rs, as chow-fed, obese mice with genetic 

leptin receptor inactivation increased NAc and striatal D2R availability in vivo using 

[11C]raclopride but decreased D2R availability ex-vivo using [3H]spiperone63. 

Interestingly, these differences were eliminated between calorie-restricted lean and 

obese mice63. Based on the radioligands used, results suggested obesity reduced 

striatal dopamine concentration and postsynaptic D2R availability. Conversely, three to 

four weeks of limited daily access to a cafeteria diet reduced ethanol intake but 

increased D2R autoreceptor function64. One group used [3H]raclopride45–47 to assess 

diet-induced alterations to D2Rs over time and found that 20 days on a 40% HFD 

versus chow increased D2R binding density in the NAc and striatum that was 

maintained after HFD removal45. Conversely, diet-induced obesity that developed over 

20 weeks of HFD feeding decreased striatal D2R binding46 but increased NAc core and 

striatal D2R mRNA expression47. Further, obesity-resistant mice had increased NAc 

DAT binding46, which may promote dopamine clearance and protect against obesity. 

These studies suggest palatable foods upregulate dopamine neurotransmission which 

is shifted by chronic HFD intake to decreased D2R binding and capacity for dopamine 

release. However, clinical research showed negative correlation between age and D2R 

binding throughout midbrain regions with BMI correlating positively with D2R availability 

only for those over 30 years old65. This suggests that adolescent striatal development 

and decline of D2R expression patterns with age could partially explain associations 

between D2R availability and BMI. Overall, HFD-induced obesity alters function and 

expression of NAc proteins regulating dopamine to reduce capacity for NAc 

dopaminergic reward that promotes overeating and weight gain. 
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1.5.1.2. Acetylcholine, GABA, and glutamate in the NAc 

Control of VTA-NAc dopamine signals that initiate motivated actions relies on a complex 

network of acetylcholine, glutamate, and GABA, which are all affected by HFD intake. 

About 5% of NAc neurons are GABAergic or cholinergic interneurons (CIN)31. The latter 

stimulate dopamine release via acetylcholine that activates acetylcholine receptors on 

dopamine axon terminals66. Activation of MSNs relies on glutamate targeting ionotropic 

N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 

acid receptors (AMPAR) on CINs to release acetylcholine66,67. Glutamate also 

negatively regulates dopamine directly by metabotropic glutamate receptors68 and 

indirectly via MSN retrograde H2O2 release69. Glutamatergic inputs to NAc communicate 

physical and nutritive qualities of food, memory, physiological need, and environmental 

cues33, which prompts initiation or cessation of feeding. Indeed, either AMPA and 

NMDA receptor agonism70 or antagonism71 in the NAc shell can induce voracious 

feeding. However, consumption of a WD3 or a HFD1,72,73 increased AMPA/NMDA 

receptor ratio3,72, prolonged excitatory postsynaptic currents onto MSNs3, increased 

NAc pGluR1 and NAc shell NMDAR and metabotropic glutamate receptor73 expression, 

but inhibited ability to induce long-term depression onto MSNs72, effects which together 

increased motivation to obtain palatable food72,73. Further, the NAc receives GABA from 

VTA74, GPe75, cortex76, bed nucleus of the stria terminalis77, and local MSNs and 

interneurons37. GABA signals reduce dopamine concentration78 to stop cue-associated 

reward behavior75 or food intake and induce avoidance behavior74,76. These effects 

occur directly via dopamine axon terminal79 GABAB-receptor-mediated reduction of 

dopamine78 and indirectly via GABAA-receptor-mediated reduction of acetylcholine74,78. 

Conversely, NAc shell GABAA and GABAB antagonism decreased food intake while 

fasted80 but agonism increased fat and sucrose81 as well as regular food intake while 

sated82, suggesting GABA inhibits NAc-LH MSNs to disinhibit feeding. However, GABAB 

agonism also inhibited binging on HFD during an intermittent access paradigm83. 

Overall, glutamatergic and cholinergic signaling within NAc promotes food intake while 

the system of GABAergic disinhibition throughout the NAc, VTA, and hypothalamus may 

decrease dopamine release and stop intake or disinhibit feeding via NAc shell MSNs, 
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but prolonged HFD intake reduces sensitivity of these systems to promote overeating 

and highlights the complexity of dopaminergic regulation of ingestive behaviors. 

1.5.2. EFFECTS ON THE VTA 

VTA dopaminergic output underlies motivated behaviors and is affected by consumption 

of a HFD37,84,85. The VTA receives glutamatergic and GABAergic signals from local 

interneurons and limbic and cortical regions85 as well as local somatodendritic 

dopamine release that negatively regulates dopamine neuron excitability37. 

Glutamatergic and cholinergic inputs activate receptors on VTA dopamine neurons to 

promote NAc dopamine release86. The VTA receives orexin from LH, NPY from 

orexigenic glucose-sensing ARC neurons18,87, and anorectic POMC/CART signals from 

ARC18. The VTA integrates this information related to homeostasis and environmental 

cues with dopamine neurons projecting to the NAc. However, HFD intake reduced VTA 

tyrosine hydroxylase (TH) mRNA24 and protein23,88 expression, which occurred 

regardless of obesity and was restored after switching to low-fat diet24. This showed 

HFD intake reduced capacity for dopamine synthesis, because TH is the rate-limiting 

enzyme in synthesizing dopamine89. Further, six-week ad libitum HFD feeding 

attenuated D2R agonist quinpirole-induced inhibition of VTA dopamine neuron firing, 

suggesting D2R desensitization90, whereas  intermittent access to cafeteria diet for 

three weeks increased inhibitory effects of quinpirole and reduced ethanol and sucrose 

intake64, showing sensitivity of VTA autoreceptor function to type and length of diet. 

HFD intake similarly reduced excitability of mouse VTA GABA neurons91 that reduce 

NAc dopamine concentration74,78 and stop behavior (e.g. food intake)74–76. Overall, HFD 

and obesity affect VTA dopamine and GABA neuron protein expression and function, 

and a further diet-induced effect includes altered sensitivity to direct responses of VTA 

neurons to hormonal indicators of energy status.  

 

VTA neurons express receptors for insulin and leptin92 with leptin-receptor-expressing 

dopamine and GABA neurons projecting to the NAc93, and activation of these receptors 

decreases food intake. Insulin in the VTA is important in reducing dopamine neuron 
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activity to control behavior, demonstrated by reduced locomotion and NAc dopamine 

after VTA application of insulin94. In the VTA, insulin reduced somatodendritic dopamine 

release and hedonic feeding, which was abolished by blocking the DAT16. Furthermore, 

insulin induced AMPAR- and endocannabinoid-mediated long-term depression in VTA 

dopamine neurons which was attenuated by genetic or diet-induced elevation of 

insulin95,96, showing a role of insulin in the VTA to signal satiety that is inhibited by HFD. 

VTA signaling is also affected by leptin resistance, as HFD consumption reduced ability 

of VTA leptin administration to limit food intake and weight gain in obesity prone rats97 

and induced leptin resistance specifically in VTA and ARC11. Diet-induced obesity also 

spurred leptin resistance in ARC NPY/AGRP and POMC/CART neurons12 and LH 

neurotensin-galanin-GABA neurons98,99 necessary for reducing food intake by inhibiting 

orexin and activating VTA neurons18,98,99. Therefore, lack of hypothalamic and VTA 

insulin and leptin signaling may reduce capacity for NAc dopamine release to promote 

compensatory over-seeking of palatable food. 

1.5.3. EFFECTS ON ANORECTIC HORMONES IN THE NAC 

Insulin gains access to the brain via transport across the blood brain barrier100 and local 

production in the brain101, and activation of tyrosine kinase receptors by insulin 

promotes phosphatidylinositol-3 kinase (PI3K) and protein kinase B (Akt) or the Raf-

Ras-MEK-ERK/MAPK pathways100. Insulin valuates food reward by fine-tuning 

dopamine neurotransmission at NAc dopamine terminals. For example, NAc core and 

shell insulin administration increased dopamine release and reuptake in control animals 

but not animals consuming HFD10,48. Furthermore, HFD-induced impairments were 

reversed by promoting insulin receptor substrates while effects of insulin were abolished 

by inhibiting insulin receptor or PI3K10, implicating HFD-induced insulin resistance in 

impaired dopamine control. Insulin receptors expressed on NAc dopamine neuron 

terminals48 activate Akt and ERK to shuttle DAT to the plasma membrane to promote 

dopamine reuptake102. Dopamine release is also promoted by insulin as NAc CINs 

expressed insulin receptors at high density48 and released acetylcholine in response to 

insulin48,49, supporting necessity of insulin in encoding sucrose preference48. While an 
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obesogenic diet blunted insulin-induced NAc dopamine release and reuptake49, food 

restriction alternately enhanced insulin receptor expression and stimulated dopamine 

reuptake56. Similar effects have been shown with impaired leptin signaling, as leptin 

deficient mice had reduced electrically evoked NAc shell dopamine release and reduced 

TH and DAT expression93, whereas leptin increased activity of NAc DAT and TH and 

increased amphetamine-evoked dopamine release103. Leptin activates intracellular 

signaling cascades similarly to insulin in addition to the JAK-STAT-SOCS pathway that 

reduce NPY/AGRP but increase POMC/CART and LH neurotensin neuronal 

activity18,104. Further, leptin is also transported into the brain105 and is expressed in 

plasma and cerebrospinal fluid in proportion to adipocyte size106 and adiposity107, 

suggesting that leptin conveys energy sufficiency. However, individuals with obesity 

have elevated plasma leptin104, supporting leptin resistance as a comorbidity of obesity. 

Collectively, these studies showed NAc insulin promotes reward seeking by encoding 

reward salience via increased dopamine release and maintenance of dopamine 

reuptake, and whereas food restriction may prime dopamine responses through insulin, 

HFD-induced insulin and leptin resistance may reduce NAc dopamine 

neurotransmission to alternately promote food seeking. A putative contributor to leptin 

and insulin resistance associated with diet-induced obesity is chronic inflammation 

triggered by saturated fats and rapid adipose tissue expansion13,108,109. 

1.6. HFD and obesity drive inflammatory processes that modulate dopamine control 

of food intake 

Adipose tissue expansion in obesity reduces blood flow to adipocytes to induce hypoxia 

and release of cytokines causing local and systemic inflammation108. Indeed, increased 

expression of inflammatory genes triggered by hypoxia-inducible factor 1α were found in 

the adipose tissue of insulin-resistant individuals with obesity110. Further, obesity and 

HFD intake both stimulated cytokine release from peripheral and central immune 

cells110–112. Saturated fatty acids promote inflammation directly by promoting 

lipopolysaccharide (LPS) absorption113 and activating macrophages, microglia, and 

astrocytes similarly to LPS by binding to toll-like receptor-4 (TLR4) and binding partners 
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cluster of differentiation 14 and myeloid differentiation factor-2 (MD-2) to prompt 

receptor internalization13–15,112. Toll-like immune receptors recognize pathogens, trigger 

nuclear factor-kappa B (NF-κB) signaling, and promote cytokine release13,114. 

Macrophages exposed to saturated fatty acids showed direct binding to MD-2 and 

TLR4, increased NF-κB and MAPK signaling, and interleukin-6 (IL-6) and tumor 

necrosis factor (TNFα) release15. Additionally, TNFα dampened the insulin signal via 

serine phosphorylation of insulin receptor substrate 1 in adipocytes115 whereas loss-of-

function mutations in TNFα and TNFα receptors prevented HFD-induced insulin 

resistance116. Similarly, TLR4 gene mutation protected against HFD-induced obesity 

and promoted insulin signaling109. Insulin resistance due to inflammation comprises one 

key mediator of HFD-induced alterations to dopamine. 

 

Inflammatory cytokines decrease dopamine packaging and signal transduction via 

reduced function and expression of vesicular monoamine transporter 2 and D2R but 

increase function or expression of DAT, which alters dopamine reuptake117. Additionally, 

inflammatory cytokines and reactive oxygen species reduced availability of the cofactor 

tetrahydrobiopterin required by TH for dopamine synthesis118. Further, systemic 

administration of proinflammatory cytokines IL-6 and IL-2 decreased NAc extracellular 

dopamine, though IL-1β had no effects119. Inflammatory processes may lower synaptic 

dopamine and alter feeding behaviors. Indeed, TLR4 KO mice exhibited reduced 

preference for fat and sugar and attenuated WD-induced food intake, weight gain, and 

palatable food preference120. Additionally, saturated HFD but not monounsaturated fat 

increased anxiety and depressive behavior in conjunction with increased plasma 

cytokines and NAc cytokine and NF-κB transcriptional activity associated with 

heightened expression of microglial and astrocytic markers121. Further, intake of a free-

choice cafeteria diet altered morphology of NAc MSNs and increased proinflammatory 

cytokine expression related to microglial activation whereas microglial inhibition restored 

these effects and prevented diet-induced intake and weight gain122. Together, saturated 

fat and obesity may promote inflammation and insulin resistance that decreases 

dopamine synthesis, vesicular packaging, and capacity for dopamine release and 

reuptake. However, HFD-induced neuroinflammation may uniquely promote insulin 
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resistance within the NAc as a primary driver of reduced reward value that promotes 

overconsumption of palatable foods, but a major gap involves lack of pharmacological 

investigation assessing interactions between insulin, LPS, inflammatory cytokines, and 

microglial activation on behavior and presynaptic dopamine neurotransmission in the 

NAc after chronic HFD intake during obesity.  

1.7. Neuroinflammation interacts with stress to modulate dopamine control and food 

intake 

Stress encompasses a variety of homeostatic disruptions which may be acute or 

chronic and physiological or psychological in nature. Food intake and bodyweight can 

change in response to stress depending on the type, intensity, and duration of the 

stressor and activation of specific stress circuits. As discussed above, the physiological 

stress of diet-induced inflammation alters dopamine signaling in the NAc. Likewise, 

psychological stress related to substance use disorders123 and diet-induced9,121 anxiety 

have been linked to disruptions in dopamine homeostasis. This next section highlights 

how acute or chronic stress responses alter food intake, discussing the impacts of 

dietary fat and induction of inflammation on these processes. An overview of 

interactions between diet and acute or chronic stress can be found in Figures 2 and 3, 

respectively. 

1.7.1. ACUTE STRESS: ROLE OF HPA, CRF, AND INFLAMMATION ON FOOD INTAKE 

Acute stress encompasses a huge variety of physiological and psychological triggers 

that activate the hypothalamic-pituitary-adrenal (HPA) stress axis in a coordinated effort 

with metabolic, immune, autonomic nervous, and digestive systems to increase 

breathing and heart rate but slow digestion in preparation for “fight or flight” 

response124,125. Various stressors induce the hypothalamic paraventricular nucleus 

(PVN) to release corticotrophin releasing factor (CRF), stimulating the pituitary gland to 

release adrenocorticotrophin (ACTH) that targets adrenal glands to release 

glucocorticoids (corticosterone in rodents) and promote stress responses126. The 

hypothalamus also activates sympathetic neurons in response to stress that induce 
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adrenal release of epinephrine and NPY to mobilize nutrients via glycogenolysis and 

gluconeogenesis126. In this context, CRF acutely produces anorexia and weight loss 

that may last several days126. Indeed, either a single exposure to LPS or acute 

immobilization stress reduced food intake and bodyweight that persisted for over a 

week127. Human studies support these ideas, as the most stressful event of each day 

increased the likelihood of eating less128, which was mediated by delayed digestive 

processes induced by acute stress129. Acute stress in healthy adults lacking 

comorbidities and stressors related to obesity appear to slow digestion and reduce food 

intake. However, induction of inflammation during saturated HFD consumption could 

interact with classical stress systems to promote effects of stress on reward pathways. 

For example, intraperitoneal LPS injection increased plasma ACTH and corticosterone 

and hypothalamic/pituitary proinflammatory cytokines in CRF KO and wildtype mice130. 

Reciprocally, CRF promoted cortical microglial proliferation and dose-dependently 

increased TNFα release mediated by phosphorylation of MAPK intracellular signaling 

proteins shared by TLR4 activation131. Therefore, HPA axis and proinflammatory 

molecules engage in intracellular crosstalk and can independently promote stress. 

Acutely, stress mobilizes nutrients and dampens food intake, but these behavioral 

effects might be altered during upregulated inflammatory signaling. Overall, effects of 

HFD intake on the interactions between inflammatory and stress systems in the NAc 

have not been tested to determine effects on dopamine or behavior during obesity or 

diet-related stressors. 

 

The immediate effects of acute stress are contextual and influenced by environmental 

factors. Interestingly, NAc dopamine release was increased during cues predicting foot 

shock, decreased during foot shock, then stimulated after lever pressing to stop the 

shock132,133. This suggests NAc dopamine neurotransmission may be involved in 

learning behaviors to avoid negative stimuli. Stress may directly induce dopamine 

activity, as CRF dose-dependently increased VTA dopamine neuron firing which was 

abolished by antagonizing CRF receptor 1134, and CRF may activate both VTA GABA 

and dopamine neurons135. However, pharmacological activation of the HPA axis 

increased progressive ratio responding in HFD but not chow-fed groups, which was 
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reversed by antagonizing CRF receptor 1136. Importantly, acute stress does not occur in 

isolation, and upregulation of inflammatory signaling by HFD consumption could alter 

effects of acute stress. For example, LPS application 24 hours after acute, inescapable 

tail shock promoted hippocampal NF-κB, TNFα, IL-6, and IL-1β gene expression, 

corticosterone, and microglial NF-κB and IL-1β responsiveness that was fully attenuated 

when TLR2, TLR4137, and glucocorticoid receptors138 were blocked during stress, and 

this stress-induced priming of neuroinflammation was mediated by transition of 

microglia, but not astrocytes, from a quiescent to an active state139. There are also sex 

effects within stress-induced priming of inflammatory microglial activation. The same 

stress paradigm similarly primed central proinflammatory cytokines, reduced anti-

inflammatory pathways, and acutely reduced sucrose intake in males and females140. 

However, LPS 24 hours after tail shock or glucocorticoid injection induced peripheral 

proinflammatory cytokines and reduced central glucocorticoid receptors in females but 

induced microglial IL-6 and IL-1β mRNA expression specifically in males140. Overall, 

specific effects of acute stress on food intake depend on prior exposure to a stressor 

and complex peripheral and central inflammatory signaling, suggesting those with 

chronic, diet-induced elevated proinflammatory states might be primed to be more 

reactive and have alternate behavioral responses to chronic stress, though further study 

is required targeted within the NAc.
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Figure 2. Acute stress reduces digestive processes, though stress may “hijack” 
dopamine neurotransmission to promote palatable food intake 

Acute exposures to stress engage the PVN and promote sympathetic and HPA axis activation leading to 
direct engagement of dopamine pathways. Downstream, glucocorticoid response and promotion of 

anorectic versus orexigenic neuropeptides inhibit food intake. However, acute stress associated with 
short-term removal of HFD activates stress systems that may persist for extended periods to promote 

seeking and intake of palatable foods. Further, activation of stress systems may reduce chow intake but 
promote consumption of palatable foods that acutely activate NAc dopamine neurotransmission and 

provide an alternate “avoidance or escape” behavior. 

ACTH = adrenocorticotrophin, CORT = corticosterone/cortisol, CRF = corticotrophin releasing factor, NPY 
= neuropeptide Y, POMC = pro-opiomelanocortin, AGRP = agouti-related peptide, HPA = hypothalamic-

pituitary-adrenal, KOR = κ-opioid receptor 

1.7.2. CHRONIC STRESS AND FOOD INTAKE 

Chronic, repeated stressors may affect food intake and bodyweight differently than 

acute stress, particularly under the obesogenic state which may promote socio-

behavioral and physiological stressors. Effects of stress on hypothalamic nuclei may 
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override homeostatic feeding. For example, inescapable foot shock engaged HPA axis 

in addition to increased NPY but decreased AGRP expression, and α-melanocyte 

stimulating hormone released by ARC POMC/CART neurons increased stress-induced 

HPA activation141. Furthermore, associating a place or flavor with NPY/AGRP neuron 

activation reduced preference for that place or food142, and AGRP neuron activity was 

reduced due to food cues142 and initiation of feeding143. Therefore, negative valence 

associated with firing of AGRP neurons may provide motivation to perform behaviors 

that induce positive valence like eating18 which could provide a stress alleviating effect. 

This is important given obesity prone rats fed HFD for six weeks had greater HPA axis 

activity with greater central CRF concentrations and plasma corticosterone than chow 

counterparts144. Therefore, the transition in stress response that occurs over repeated 

stress exposures could be exacerbated by diet-induced obesity and greater stress 

reactivity. Acute restraint decreased ARC AGRP expression145 but increased 

hypothalamic POMC expression in conjunction with reduced food intake146. Conversely, 

chronic restraint increased LH AGRP and decreased ARC melanocortin 4 receptor145 

that responds to POMC. This showed unique activation of hypothalamic anorectic 

versus orexigenic signaling, respectively, in response to acute versus chronic stress. 

Diet-induced inflammation may mediate these effects, as acute lipid infusion or 

palmitate exposure in AGRP/NPY neurons increased TNFα, proinflammatory cytokines, 

and NPY expression147. Conversely, 8-week HFD consumption reduced TNFα and 

AGRP expression while 20-week consumption promoted TNFα in NPY and AGRP 

neurons147. This suggests palatable foods acutely induce hypothalamic inflammation in 

regions that innervate the NAc followed by upregulation of protective mechanisms which 

are eventually overcome with extended HFD intake, and dietary responses to chronic 

stress likely depend on inflammatory status related to food composition and availability 

associated with responsivity of NPY/AGRP and POMC/CART neurons and NAc 

dopamine cue learning. 

 

Extended glucocorticoid responses may shift stress reactivity and impact hormonal 

regulation of energy stores. Glucocorticoids act to mobilize nutrients via 

gluconeogenesis148 and adipose tissue lipolysis149 during stress. However, these effects 
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over an extended period could lead to hyperinsulinemia149,150, hyperleptinemia151, and 

insulin150,152 and leptin resistance. Indeed, seven days of artificial glucocorticoid 

administration in healthy women increased food intake, plasma insulin, and plasma 

leptin153, while exercise decreased cortisol response to stress (i.e. cortisol reactivity) 

accompanied by reduced disordered eating154. Maniam and Morris155 proposed 

glucocorticoid-induced stimulation of the dopamine system provides motivation to 

resolve stressful situations which may be “hijacked” into motivation to obtain palatable 

foods. For example, in samples of women, presence of obesity increased cortisol 

reactivity156 which was associated with increased calorie consumption157. Downstream, 

glucocorticoids promote feeding by negatively regulating CRF and activating orexigenic 

NPY neurons151,155 that are inhibited by insulin and leptin and interconnected with the 

LH , NAc, and VTA18. Therefore, during diet-induced obesity, chronic stress promotes 

glucocorticoid-induced activation of feeding centers and removes the stop-signal from 

hypothalamus to VTA to promote dopamine-motivated feeding. It is important to note 

that glucocorticoids are involved in normal feeding responses, as restoring 

corticosterone to adrenalectomized rats increased saccharin158 and sucrose159 intake to 

control levels. On the other hand, access to lard blunted corticosterone response during 

restraint stress160. Therefore, diet interacts with glucocorticoids to modulate stress-

induced feeding. Indeed, mice exposed to chronic social stress after 12 weeks on a 

HFD showed improved weight loss, reduced plasma insulin and leptin, and dampened 

anxio-depressive behaviors versus stressed controls or non-stressed HFD groups161, 

suggesting a potentially stress-alleviating effect of palatable food intake. Overall, diet-

induced obesity produces neurochemical shifts and maladaptive stress responses, but a 

major gap in the literature involves the question of whether HPA axis and κ-opioid 

receptor stress responses drive food intake for obese individuals during the chronic diet-

related stress of restricting calories for weight loss. 
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Figure 3. Chronic activation of stress systems alters dopaminergic activity and promotes 
consumption of palatable foods 

Repeated stress exposures, including long-term physiological stresses related to diet-induced obesity, 
chronically upregulate stress pathways to promote orexigenic neuropeptides, inflammation, and hormonal 

resistance. This leads to dysregulation of dopamine and increased food intake, weight gain, and anxio-
depressive behaviors. However, consumption of palatable foods during stress activates the dopamine 

system and reduces metabolic and behavioral responsivity to stress, highlighting stress alleviative 
properties of palatable foods. Behavioral and pharmacological interventions which improve diet-induced 
alterations to inflammatory, hormonal, stress, and dopamine systems may reduce craving, seeking, and 

consumption of highly palatable foods for obese individuals attempting to lose weight.  

CORT = corticosterone/cortisol, NPY = neuropeptide Y, AGRP = agouti-related peptide, POMC = pro-
opiomelanocortin, D1R/D2R = dopamine type 1 or type 2 receptor, TH = tyrosine hydroxylase, KOR = κ-

opioid receptor, CRF = corticotrophin releasing factor 
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INTAKE 

The HPA axis interacts with κ-opioid receptors (KORs) to gate NAc dopamine signaling. 

Indeed, expression of CRF, ACTH, and glucocorticoids systemically and centrally are 

co-regulated with dynorphin, a ligand for KORs, and its precursor prodynorphin with 

ligands in either system inducing expression and release reciprocally to promote stress 
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responses6,162–164. KORs are G-protein coupled receptors that inhibit adenylyl cyclase 

and cAMP activity165,166 and are co-expressed within NAc DAT-expressing neurons167. 

Blocking NAc KORs inhibited dopamine reuptake and increased extracellular 

dopamine168 while KOR activation increased reuptake to limit extracellular 

dopamine169,170. KORs are present within NAc presynaptic dopamine terminals, MSNs, 

and GABAergic and cholinergic interneurons and reduce extracellular dopamine to 

promote feeding cessation171. However, ventricular KOR agonism promoted HFD intake 

during satiation whereas KOR antagonism in a fasted state reduced HFD intake172, and 

systemic KOR agonism reduced NAc core phasic dopamine release parallel to reduced 

motivation to obtain sucrose173. This suggests KORs control extracellular dopamine to 

alter rewarding effects of food. In the NAc, KOR activation during nicotine exposure174 

and amphetamine withdrawal175 decreased basal and evoked dopamine while KOR 

antagonism attenuated alcohol self-administration during withdrawal176. Furthermore, 

acute stress promoted TNFα in the amygdala, and amygdalar TNFα potentiated anxiety 

during withdrawal that was blocked by CRF antagonism177. Therefore, HPA axis, KOR, 

and inflammatory systems interact to induce dysphoria and relapse during withdrawal, 

and upregulation of these symptoms during diet-induced obesity could promote food 

cravings when energy is restricted for weight loss. 

 

Neuroinflammation interacts with stress and reward systems. Indeed, exposing women 

to stress induced plasma IL-6 concentrations that correlated with reduced NAc 

activation during an fMRI reward learning task178. Further, chronic intake of saturated 

HFD versus low-fat9,121,179 or monounsaturated fat121 increased anxio-depressive 

behaviors, plasma corticosterone, and hypothalamic and NAc inflammatory cytokine 

and TLR4 expression. Conversely, prodynorphin overexpression promoted anti-

inflammatory M2 versus M1 phenotype of hippocampal microglia and inhibited LPS-

induced TLR4 activation of NF-κB to promote IL-4 and IL-10 but inhibit IL-1β and IL-6 

release180. Reciprocally, intraplantar injection of IL-1β increased KOR mRNA expression 

in basal root ganglia neurons181. However, dynorphin, enkephalin, and KOR expression 

in the NAc were not affected by Western diet intake or 18-day replacement with chow182 

or 18 days of ad libitum or intermittent access to a HFD183. Therefore, while HFD intake 
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itself does not appear to alter dynorphin/KOR expression, it appears that KORs dampen 

proinflammatory responses induced by saturated fat and could engage in intracellular 

crosstalk with inflammatory molecules similarly to the HPA axis. Human neuroimaging 

studies linked a dopaminergic response to the consumption of palatable food184, 

palatable food cues42, or smelling food odors185 with increased reports of pleasure184,185 

and wanting42 of food. Therefore, changing a lifetime of food preferences by restricting 

energy intake to lose weight may be particularly stressful and activate stress pathways 

that dampen dopamine signaling. 

 

In support of KOR system involvement during palatable food restriction, pair feeding of 

WD to chow intake levels in controls reduced NAc KOR expression in absence of 

obesity, but 18 days of WD replacement with chow did not alter KOR expression182. 

Therefore, it is possible that differences in KOR expression become neutralized over 18 

days of diet replacement or by diet-induced weight gain, or that specifically KOR 

function could be upregulated. HFD intake alters food preferences, as replacement of a 

WD51 or HFD7 with chow persistently reduced food intake and acutely increased plasma 

corticosterone and anxiety-like behavior7. Further, whereas HFD intake promoted 

sucrose anhedonia7,54,186, palatable food removal increased preference for sucrose54,186 

and motivation to obtain sucrose7,51 and fat7 that occurred as soon three days7 after diet 

removal but persisted for several weeks51,54,186. This indicates prolonged enhancement 

of salience for palatable food when a preferred diet is not available, and it is possible 

that KORs, which control rewarding properties of food, promote this effect. Further, HFD 

intake started at parturition reduced VTA TH and NAc D1R and D2R expression in male 

and female mice, but four weeks of HFD replacement exacerbated this reduction in the 

VTA of females and NAc of males but oppositely restored these effects in the VTA of 

males and NAc of females54. However, when HFD is introduced in adolescence, HFD 

replacement does not recover D2R expression in females with strong promotion of 

palatable food intake, though effects were attenuated during adult-onset HFD186. This 

suggests prolonged effects of a HFD on dopamine synthesis and signaling in the VTA 

alter the capacity for neurotransmission in the NAc via alterations to D1Rs and D2Rs 

resulting in increased salience of palatable foods when they are no longer available, 
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and these effects were significantly mediated by sex and age of palatable food 

introduction with high vulnerability during adolescence. However, a major gap in the 

literature is a lack of pharmacological testing of proinflammatory cytokines, 

neuroendocrine hormones, and HPA axis and KOR stress responses to determine 

mechanistic signaling interactions by which HFD-induced obesity alters dopamine 

neurotransmission and whether this has consequences for food intake behavior. 

Overall, humans are subjected to chronic diet-induced and psychological stressors that 

stress systems may be poorly adapted to control that could contribute to palatable food 

cravings when energy is restricted for weight loss. 

1.8. Conclusions 

NAc dopamine neurotransmission is affected by physiological state and access to highly 

palatable foods that promote obesity, inflammation, and hormonal resistance. Chronic 

engagement of the HPA axis and KOR stress systems by repeated exposures to daily 

life stressors interact with the inflammatory and hormonal systems disrupted during 

obesity. Ultimately, palatable food intake acutely increases dopamine release and 

reuptake but extended HFD intake reduces the capacity for dopamine 

neurotransmission. These trends are related to the physiological consequences of 

obesity that together promote the vulnerability to overeat in order to promote synaptic 

dopamine to combat obesity-related dysphoria and reduction of dopamine tone, and 

these effects could be exacerbated during chronic diet-related stressors such as 

restriction of preferred foods. However, pharmacological application or inhibition of 

proinflammatory cytokines, insulin, or KOR ligands after chronic HFD intake or initiation 

of weight loss interventions have not been investigated to determine effects on NAc 

dopamine neurotransmission or food intake behavior. It is possible that a long-term 

proinflammatory state induces intracellular signaling events in the NAc that alter the 

functional relevance of insulin, κ-opioid, CRF, glucocorticoid, or dopamine receptors. 

Further, restoring NAc insulin signaling or inhibition of KORs present novel therapeutic 

avenues that may promote weight loss maintenance. Overall, further investigation is 

warranted to characterize interactions between inflammation, stress, hormonal 
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resistance, and NAc dopamine neurotransmission and the specific signaling events 

spurred by HFD intake that dampens reward value of foods and inhibits maintenance of 

behavioral changes required for weight loss. 
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CHAPTER II: REDUCTION OF NUCLEUS ACCUMBENS DOPAMINE 

NEUROTRANSMISSION BY PROINFLAMMATORY CYTOKINES IS ENHANCED 

AFTER LONG-TERM INTAKE OF A HIGH-FAT DIET 

2.1. Abstract 

Proinflammatory cytokines reduce dopamine neurotransmission by inhibiting the 

capacity for dopamine synthesis, packaging, release, reuptake, and signal transduction. 

Further, saturated fat intake upregulates proinflammatory responses by promoting 

absorption of inflammatory lipopolysaccharide (LPS) molecules and through direct 

activation of immune receptors. However, direct effects of proinflammatory cytokines on 

dopamine neurotransmission in the nucleus accumbens (NAc) during diet-induced 

obesity have not been studied. Therefore, this investigation sought to determine the 

differences in presynaptic dopamine release and reuptake due to local inflammation in 

C57BL/6J mice that consumed either a 60% high saturated fat diet (HFD) or a control 

10% fat diet for six weeks. Ex-vivo fast-scan cyclic voltammetry revealed that bathing 

brain slices in LPS reduced dopamine release and reuptake similarly between diet 

groups, whereas “phasic” dopamine release evoked by five pulses was more strongly 

reduced in mice fed a HFD. Conversely, intraperitoneal injection of LPS had negligible 

effects. Further, proinflammatory cytokines IL-6 and TNFα applied to brain slices had 

little effect at lower doses compared to higher doses that significantly reduced 

dopamine release specifically in mice fed a HFD. These results suggest that prolonged 

HFD intake heightens sensitivity of the NAc dopamine system to inflammation to reduce 

capacity for dopamine neurotransmission. 

2.2. Introduction 

Systemic inflammation is characteristic of the pathophysiology of clinical obesity108,110. 

Diet-induced inflammation occurs in the brain and may impact dopamine 

neurotransmission in the nucleus accumbens (NAc), which controls motivation and food 

seeking20. One mechanism of inflammatory responses includes activation of toll-like 
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receptors 4 (TLR4) and TLR2 on macrophages and microglia by lipopolysaccharide 

(LPS), a molecule in bacterial cell walls, which induces CD14 and MD-2 binding and 

receptor internalization14. Saturated fatty acids promote inflammation indirectly by 

increasing LPS absorption113 and directly by binding to MD-2 to induce TLR4 complex 

formation13,114. Subsequently, nuclear factor-κB (NF-κB) and mitogen-activate protein 

kinase (MAPK) signaling upregulate release of proinflammatory cytokines tumor 

necrosis factor (TNFα) and interleukin-6 (IL-6)13,15,114. An excellent model by Felger and 

Treadway (2017)117 outlined impacts of inflammation on dopamine. Inflammation 

upregulates quinolinic acid197 and nitric oxide198 that promote glutamatergic excitotoxic 

stress199 and reactive oxygen species generation117, leading to reduced 

tetrahydrobiopterin availability118,198,200 required for dopamine synthesis118. Further, 

cytokine administration increased phenylalanine to tyrosine ratio201, indicative of 

reduced dopamine synthesis, whereas applying the dopamine precursor levodopa 

reversed these effects202. Inflammation has not been shown to alter dopamine 

transporter (DAT) expression203. However, chronic proinflammatory cytokine 

administration reduced striatal dopamine release203, altered intracellular MAPK 

signaling204 required for dopamine D2 receptor (D2R)-mediated DAT shuttling102, and 

reduced expression of D2Rs203 and vesicular monoamine transporter 2 (VMAT2)205 

required for vesicular dopamine packaging. Overall, inflammation impairs dopamine 

neurotransmission through several mechanisms that could account for neurochemical 

deficits during diet-induced obesity. 

 

Long-term intake of saturated fat slowed dopamine reuptake and attenuated the 

capacity for phasic dopamine release in the NAc core57,206. Obesity is associated with a 

systemic inflammatory response, and saturated fat intake is directly linked to 

inflammation through TLR4 activation. Therefore, this investigation sought to determine 

whether consuming a high-fat diet contributed to alterations to dopamine 

neurotransmission in the NAc through enhanced sensitivity to local inflammation. To 

test this, mice were fed a high-fat diet (60% kcals from fat) (HFD) or a nutrient-matched 

control diet (10% kcals from fat) for six weeks followed by ex-vivo fast-scan cyclic 

voltammetry (FSCV). Specifically, dopamine release and reuptake were measured in 
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the NAc core of mice exposed to LPS as a positive control for inflammation or after 

application of the proinflammatory cytokines IL-6 and TNFα to brain slices. It was 

anticipated that LPS, TNFα, and IL-6 would reduce dopamine release and slow 

presynaptic dopamine clearance. Further, mice fed the HFD were hypothesized to show 

heightened sensitivity of these effects to inflammation whereas Control mice exposed to 

proinflammatory treatments would resemble the HFD group prior to treatment.  

2.3. Research design and methods 

2.3.1. ANIMALS, DIET, AND EXPERIMENTAL DESIGN 

Six-week-old mice purchased from Jackson Laboratories (Bar Harbor, ME) were 

housed on a reversed 12-hour light/dark cycle (lights off 0600, lights on 1800). Mice had 

free access to water and were fed a control diet (DIO series D12450K, Research Diets 

Inc.) containing 10% total kcals from fat with 3.85 kcals/g (Controls) or a high saturated 

fat diet (HFD) containing 60% kcals from fat with 5.24 kcals/g (DIO series D12492 or 

D12451, Research Diets Inc.) for six weeks. FSCV was then employed to probe 

responses to LPS or the proinflammatory cytokines IL-6 and TNFα. 

2.3.1.1. Experiment 1 

The primary hypotheses tested with experiment 1 included whether inflammation 

induced by a known proinflammatory molecule, LPS, impacted dopamine release and 

reuptake and whether this effect was potentiated by HFD feeding. This was tested first 

by bathing brain slices in LPS for one hour before FSCV experiments to test if direct 

insult through a proinflammatory compound interfered with dopamine kinetics. The 

second method involved intraperitoneal (IP) injection of LPS to determine whether 

systemically induced inflammation could alter dopamine kinetics. These experiments 

were used as a positive control to test the concepts that inflammation reduces 

dopamine neurotransmission and that inflammation mediated by peripheral tissues and 

adipocytes cross the blood brain barrier (BBB) to alter brain signaling. Mice were 
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housed 3/cage (male: n = 11 slices in LPS; n = 8 IP LPS) (female: n = 10 slices in LPS; 

n = 8 IP LPS) and were fasted for 12 hours overnight before FSCV. 

2.3.1.2. Experiment 2 

During experiment 2, mice were not exposed to LPS but rather to direct application of 

proinflammatory cytokines IL-6 and TNFα after baseline FSCV recordings. One of the 

primary outcomes of TLR4 activation and NF-κB and MAPK signaling within microglia 

includes release of a complex cytokine profile. Therefore, the direct effects of individual 

proinflammatory cytokines were tested to assess effects on dopamine kinetics in 

independent brain slices. These experiments were used to assess two mediators by 

which inflammation might affect NAc dopamine after consumption of a HFD. Mice were 

housed 2/cage (male: n = 8) (female: n = 8), and food remained available ad libitum 

before FSCV experiments. 

2.3.2. FAST-SCAN CYCLIC VOLTAMMETRY (FSCV) 

After six weeks of feeding, mice were anesthetized via 5% isoflurane induction then 

decapitated three hours into the dark cycle (0900). The brain was removed, placed in 

oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid (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), then sliced into 300 μm 

tissue slices between +0.9 to +1.5 from Bregma with a compresstome (Precisionary 

Instruments; Greenville, NC). Ex-vivo FSCV experiments proceed after 60 minutes of 

equilibration in oxygenated ACSF (100 mL/hr). A glass capillary-pulled carbon fiber 

recording electrode was placed next to a bipolar stimulating electrode in slices. 

Dopamine release was evoked and recorded for 15 seconds by a single monophasic 

electrical pulse (350 μA, 4 ms) occurring every 180 seconds to simulate tonic release. 

Dopamine recordings were taken until signal stabilization over three or more recordings 

(<10% change) before simulation of phasic release by a 5-pulse stimulation at 20 Hz. 

Dopamine was measured by the recorder placed 75 μm within the slice while scanning 

with a triangular waveform between -0.4 V and 1.2 V against Ag/AgCl reference at a 
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rate of 400 V/s every 100ms. Dopamine current (nA) was converted to concentration 

(μM) using electrode calibrations with 3 μM dopamine after experiments. Recording and 

analysis were performed using DEMON Voltammetry and Analysis Software207. 

Analysis included modeling recordings with Michaelis−Menten kinetics to determine 

maximal [dopamine] and dopamine reuptake rate (Vmax) while holding Km (dopamine 

affinity for DAT) constant at 160 nM.  

 

Recordings were taken in the NAc core in a medial to ventral-lateral position relative to 

anterior commissure. Independent slices were used for each application and dose of 

LPS, IL-6, or TNFα and included one-pulse and five-pulse stimulations. Mice in 

experiment 1 were exposed to LPS either by direct bath application in slices (20 – 40 

μg/mL) for one hour before FSCV experiments or by intraperitoneal (IP) injection (2.0 

mg/kg) four hours prior to decapitation. Conversely, for experiment 2, stable baseline 

dopamine recordings were taken before IL-6 (5 or 10 nM) or TNFα (30 or 300 nM) were 

directly added to ACSF followed by a 30-minute washout with clean ACSF. 

2.3.3. MATERIALS 

All pharmacological materials were purchased from Sigma-Aldrich (St. Lewis, MO, 

USA), including LPS (catalogue no. L3024), TNFα (catalogue no. T7539), IL-6 

(catalogue no. SRP3330), and 0.1% bovine serum albumin (catalogue no. A7030), the 

latter which was used to reconstitute IL-6 for tissue delivery.  

2.3.4. STATISTICAL ANALYSIS 

Statistical analysis was conducted via GraphPad Prism (v. 9.1.1). No significant sex 

effects were determined, so all figures and analyses combined males and females. 

Two-way analysis of variance (ANOVA) was used in experiment 1 to determine 

differences in dopamine release and Vmax between diet groups and LPS applications 

with Tukey’s post-hoc test. No differences were seen between the 20 or 40 μg/mL LPS 

doses, so those data were combined. For experiment 2, unpaired t-tests were used to 

determine differences between diet groups for baseline dopamine release and Vmax. 
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Two-way repeated measures ANOVAs were used to assess one-pulse dopamine 

release before, during, and after washout of IL-6 5nM, IL-6 10nM, TNFα 30 nM, or 

TNFα 300 nM applications with Šidák’s post-hoc test used to determine differences 

between diet groups at each timepoint. Subsequently, dopamine signal change between 

diet groups at the last washout collection was determined using unpaired t-tests. Finally, 

two-way repeated measures ANOVAs were used to compare differences in Vmax 

between diet groups during the last collection with TNFα or IL-6 and the last washout 

collection using Šidák’s post-hoc test. Results are expressed as mean ± standard error 

of the mean. 

2.4. Results 

2.4.1. EXPERIMENT 1 

2.4.1.1. Lipopolysaccharide as a positive control for inflammation reduced dopamine 

release and the maximal rate of dopamine reuptake with stronger effects in 

mice that consumed a HFD 

Bathing slices in LPS reduced dopamine release evoked by a single pulse compared to 

IP LPS injection or baseline dopamine release in control counterparts without LPS in 

both diet groups (Controls: 2.31 ± 0.13 (no LPS) vs. 1.26 ± 0.12 (slices) vs. 1.91 ± 0.14 

μM (IP); p<0.0001, p=0.012, respectively) (HFD: 2.20 ± 0.16 (no LPS) vs. 1.24 ± 0.16 

(slices) vs. 2.08 ± 0.16 μM (IP); p<0.001, p<0.01, respectively) with a main effect of LPS 

(F(2,188) = 20.22; p<0.0001) but not diet (Figure 4A). Similarly, two-way ANOVA 

showed a main effect only of LPS (F(2,83) = 6.131; p<0.01) on dopamine release 

evoked by five pulses (Figure 4B). However, post-hoc tests only revealed reduction in 5-

pulse release in the group fed a HFD (HF-fed) (HFD: 3.73 ± 0.30 (no LPS) vs. 2.46 ± 

0.38 (slices) vs. 4.17 ± 0.49 μM (IP); p=0.0475, p<0.01, respectively) with only a 

marginal reduction by bathing LPS over slices versus baseline in Control mice 

(p=0.0910) (Figure 4B). Two-way ANOVA also revealed a main effect of LPS (F(2,83) = 

13.70; p<0.0001) and a diet X LPS interaction (F(2,83) = 3.388; p=0.0385) on Vmax with 
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post-hoc tests revealing reduced Vmax by LPS bath compared to baseline in Control 

mice (Control: 3.099 ± 0.177 (no LPS) vs. 1.933 ± 0.225 μM/s (slices); p<0.01) with 

marginal reduction by bath LPS vs. IP LPS (p=0.0633) (Figure 4C). Vmax was also 

reduced by LPS bath in HF-fed mice (HFD: 2.616 ± 0.158 (no LPS) vs. 1.725 ± 0.226 

(slices) vs. 3.283 ± 0.284 μM/s (IP); p=0.0192, p<0.0001, respectively), and, 

interestingly, Vmax was marginally increased by IP LPS versus baseline (p=0.0727) in 

HF-fed mice (Figure 4C). Overall, directly applying LPS to the NAc significantly reduced 

dopamine release and reuptake across diet groups with a weaker or no effect of IP LPS 

(Figure 4A-C). However, LPS inhibited “phasic” dopamine release (Figure 4B) to a 

greater extent in the HFD group, whereas a slight increase in Vmax by IP LPS in HF-fed 

mice (Figure 4C) was novel.  

 

Figure 4. Effects of LPS applied directly to brain slices compared to intraperitoneal (IP) 
injection on dopamine release and reuptake 

Dopamine release (μM) evoked by either a single pulse (A) or five pulses (B) and the maximal rate of 
reuptake (Vmax) (μM/s) (C) in mice exposed to LPS directly by bathing slices for one hour (Slice) before 

fast-scan cyclic voltammetry (FSCV) or indirectly after IP injection four hours prior to decapitation (IP) 
during experiment 1. Direct slice LPS application had stronger effects to reduce dopamine release (A-B) 
and Vmax (C) compared to IP injection in mice fed a Control or high-fat diet (HFD). However, LPS overall 
had a stronger effect to reduce dopamine release evoked by five pulses in mice fed the HFD (B). There 

were no sex effects, so male and female mice were combined in all figures, and mice were fasted 12 
hours before experiments. Effects of LPS were compared between three levels with controls not exposed 

to LPS, direct Slice LPS application, and indirect IP LPS application as well as between diet groups. (* 
denotes significant differences between control, Slice LPS, or IP LPS) (*, p<0.05; **, p<0.01; ***, p<0.001; 

****, p<0.0001)
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2.4.2. EXPERIMENT 2 

2.4.2.1. Baseline dopamine reuptake was reduced by HFD feeding 

Baseline dopamine release and reuptake before application of IL-6 or TNFα were 

assessed. Unpaired t-tests revealed no differences between Control and HF-fed mice 

for either “tonic” dopamine release evoked by a single pulse (Figure 5A) or in the 

difference in capacity for “phasic” dopamine release evoked by five pulses reported as a 

percent of one-pulse release (Figure 5B). Conversely, Vmax was significantly slower in 

HF-fed versus Control mice (2.927 ± 0.294 vs. 2.045 ± 0.155 μM/s; Control and HFD, 

respectively; p=0.0137) (Figure 5C). Therefore, six-week ad libitum intake of a HFD 

reduced dopamine reuptake without affecting release. 

 

Figure 5. Effects of HFD intake on baseline dopamine release and reuptake 

Prior to application of IL-6 (Figure 6) or TNFα (Figure 7) during experiment 2, stable baseline dopamine 
recordings were taken. There were no differences between mice that consumed a control diet versus 

HFD on dopamine release evoked by a single pulse (μM) (A) or dopamine release evoked by five pulses 
as a percent of one-pulse release (B). However, mice fed the HFD had a significantly delayed maximal 

rate of dopamine reuptake (Vmax) (μM/s) (C). There were no sex effects, so male and female mice were 
combined in all figures, and mice were fed ad libitum before FSCV experiments. Effects of diet on 

dopamine release and reuptake were compared using unpaired t-tests. (* denotes significant differences 
between diet groups) (*, p<0.05)
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2.4.2.2. Proinflammatory cytokines reduced dopamine release in HF-fed mice 

After baseline collections, IL-6 (Figure 6) or TNFα (Figure 7) were added to separate 

slices for 30 minutes followed by a 30-minute washout. There were no effects of diet or 

time on dopamine release expressed as a percent of baseline (100%) during IL-6 5 nM 

application (Figure 6A). The last washout collection was transformed to show the 

positive or negative percent change from baseline (0%), and an unpaired t-test showed 

no difference between diet groups (Figure 6B). Similarly, there were no main effects of 

diet or time on dopamine release during IL-6 10 nM (Figure 6C). However, when the last 

washout collection following IL-6 10 nM was transformed, an unpaired t-test showed 

dopamine release was decreased by HFD intake (+3.9 ± 10.3 vs. -20.5 ± 7.9 % change 

from baseline; Control and HFD, respectively; p=0.0808) (Figure 6D). Finally, a two-way 

repeated measures ANOVA was used to assess differences in Vmax (as a percent of 

baseline) between diet groups and between the final collection of IL-6 10 nM versus 

washout, and there was a near-significant main effect of diet (F(1,9) = 4.751; p=0.0572) 

and an effect of subject (F(9,9) = 3.462; p=0.0392) but not time (Figure 6E). Vmax was 

slightly higher in the HF-fed mice at both IL-6 10 nM and washout, which is particularly 

interesting given that HF-fed mice had reduced Vmax at baseline. Overall, 5 nM IL-6 had 

little effect on dopamine kinetics, whereas the higher 10 nM dose gradually reduced 

dopamine release in the HF-fed mice but increased reuptake. 
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Figure 6. Sensitivity to the proinflammatory cytokine interleukin-6 (IL-6) to reduce 
dopamine release is slightly enhanced by HFD intake 

Dopamine release was reported as a percent of the stable baseline collection after 5 nM IL-6 was added 
to the artificial cerebrospinal fluid (ACSF) for 30 minutes (A) followed by a 30-minute washout with clean 

ACSF (A-B). No effects of diet or time during the 5 nM IL-6 and washout collections were reported. 
Similarly, no effects of diet or time were reported during the same paradigm using 10 nM IL-6 (C), but 

analysis of the last washout collection after 10 nM IL-6 (D) revealed reduced dopamine release 
specifically in HF-fed mice. There was a near-significant effect of diet on Vmax expressed as a percent of 
baseline with an attenuation of the effect of IL-6 to reduce reuptake in HF-fed mice at both the last drug 
collection with 10 nM IL-6 and at the last washout collection (E). There were no sex effects, so male and 

female mice were combined in all figures, and mice were fed ad libitum before FSCV experiments. Effects 
of IL-6 and washout on dopamine release and reuptake were compared between diet groups over time 

(A, C, E), and effects of diet on dopamine release during the last washout collection was compared using 
an unpaired t-test (B, D). 

The same experimental design and analyses were performed for the 30 nM and 300 nM 

TNFα drug collections (Figure 7). Two-way repeated measures ANOVA only revealed a 

significant effect of subject (F(21,189) = 4.188; p<0.0001) on dopamine release during 

TNFα 30 nM with no group differences (Figure 7A). When the last washout collection 

after TNFα 30 nM was transformed, an unpaired t-test showed marginally reduced 

dopamine release in the Control versus HF-fed mice (-9.1 ± 5.6 vs. +4.2 ± 4.8 % change 

from baseline; Control and HFD, respectively; p=0.0861) (Figure 7B). A two-way 

repeated measures ANOVA similarly performed for the TNFα 300 nM collections 

showed main effects of diet (F(1,16) = 5.839; p=0.0280), time (F(2.056,32.90) = 3.435; 
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p=0.0430), a diet X time interaction (F(9,144) = 4.583; p<0.0001), and an effect of 

subject (F(16,144) = 8.214; p<0.0001) on dopamine release. Post-hoc tests showed 

marginally reduced dopamine release in HF-fed mice after 15 minutes of washout 

(105.3 ± 2.97 vs. 82.9 ± 5.94 % of baseline; Control and HFD, respectively; p=0.0548) 

(Figure 7C). An unpaired t-test showed that dopamine release was reduced after the 

last washout collection following TNFα 300 nM by HFD intake (+2.0 ± 3.7 vs. -20.8 ± 6.8 

% change from baseline; Control and HFD, respectively; p<0.01) (Figure 7D). Finally, a 

two-way repeated measures ANOVA was used to assess differences in Vmax between 

diet groups and between the final collection of TNFα 300 nM versus washout, and there 

were no effects of diet or time but there was an effect of subject (F(17,17) = 6.115; 

p<0.001) (Figure 7E). Thus, an unexpected interaction between TNFα doses was 

reported such that washout after the lower 30 nM dose reduced dopamine release in 

Control mice whereas the higher 300 nM dose reduced release in the HF-fed mice.  
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Figure 7. Sensitivity to the proinflammatory cytokine tumor necrosis factor (TNFα) to 
reduce dopamine neurotransmission is significantly enhanced by HFD intake 

Dopamine release was reported as a percent of the stable baseline collection after 30 nM TNFα was 
added to the ACSF for 30 minutes (A) followed by a 30-minute washout with clean ACSF (A-B). No 

effects of diet or time during the 30 nM TNFα and washout collections were reported (A), but HF-fed mice 
had increased dopamine release compared to Controls at the last washout collection (B). Conversely, 
there were significant effects of diet and time after application of 300 nM TNFα with dopamine release 

steadily decreasing throughout drug application and washout specifically in HF-fed mice (C) with 
significantly reduced dopamine release in HF-fed compared to Control mice at the last washout collection 
(D). There were no effects of diet or time on Vmax expressed as a percent of baseline with no differences 
between groups reported at the last collection with 300 nM TNFα or after the last washout collection (E). 
There were no sex effects, so male and female mice were combined in all figures, and mice were fed ad 
libitum before FSCV experiments. Effects of TNFα and washout on dopamine release and reuptake were 

compared between diet groups over time (A, C, E), and effects of diet on dopamine release during the 
last washout collection was compared using an unpaired t-test (B, D). (* denotes significant differences 

between diet groups) (**, p<0.01) 

2.5. Discussion 

This study sought to characterize the effects of proinflammatory cytokines on 

presynaptic dopamine release and reuptake in the NAc core and whether HFD-induced 

obesity potentiated responsivity to inflammation. Experiment 1 revealed that directly 

exposing the NAc to inflammatory insult by bathing slices in LPS had the anticipated 

effect of reducing tonic dopamine release and Vmax, but it was not anticipated that this 

reduction would occur similarly between diet groups. Further, the novel comparison 
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between direct LPS application and IP injection revealed indirect systemic effects of 

LPS did not have as much of an impact on dopamine neurotransmission. However, as 

hypothesized, phasic dopamine release was specifically inhibited by LPS in HF-fed 

mice, which aligned with the effects of individual proinflammatory cytokines in 

experiment 2 that showed HFD intake potentiated the reduction in tonic dopamine 

release in response to the higher doses of IL-6 and TNFα. Together, these results 

suggest that a prolonged, diet-induced inflammatory state enhanced the effects of 

proinflammatory cytokines to reduce neurotransmission at dopamine terminals.  

 

Results reported above revealed that direct bath application of LPS to brain slices 

reduced dopamine release and reuptake in the NAc core across diet groups whereas IP 

LPS had a minimal effect. LPS can induce central inflammation through activation of 

circumventricular structures without crossing the BBB and through transport of 

endogenous LPS across the BBB208. Further, IP LPS promoted BBB permeability 

between one to six hours209 that could promote penetration of peripheral cytokines. It 

was also shown that IP LPS injection acutely promoted brain cytokine detection after 

two hours whereas microglial activation occurred days later210. Therefore, direct slice 

bathing of LPS likely activated glial cells and induced widespread proinflammatory 

cytokines to hinder dopamine neurotransmission herein compared to IP LPS exposure 

for four hours that would activate BBB circumventricular structures, induce systemic 

proinflammatory cytokine expression, and increase cytokine transport into the brain. 

Further, transport of intravenously injected radiolabeled LPS across the BBB after two 

hours was minimal (<0.025%)211, and, as HFD intake promotes LPS absorption113, LPS 

penetration and upregulated transport of systemically expressed cytokines across the 

BBB might only occur during a long-term obesogenic state. These data would explain a 

weaker effect of IP LPS reported here, though it was unexpected that HF-fed mice 

responded similarly to Controls, given prolonged HFD intake was shown to promote 

expression of proinflammatory cytokines and astrocytic and microglial markers in the 

NAc121. HFD intake also alters NAc protein expression, including reduced expression or 

activation of dopamine D1-type receptors (D1R)1,54. Further, LPS-mediated potentiation 

of methamphetamine-induced inflammation in the NAc was shown to be blocked by 
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D1R antagonism and microglial inhibition212. Therefore, it is possible that HFD-induced 

microglial activation and D1R alterations could potentiate effects of LPS to inhibit phasic 

dopamine release reported specifically in HF-fed mice. 

 

The report herein that LPS reduced phasic dopamine release more strongly in HF-fed 

mice but did not result in diet effects on dopamine reuptake could be explained by the 

fact that mice in experiment 1 were fasted before FSCV. Indeed, ad libitum HFD intake 

inhibited capacity for NAc core phasic dopamine release and reuptake compared to 

lean controls57, whereas 12-hour food deprivation restored these differences206. This 

suggests a negative energy state promotes activity of the DAT that could have resulted 

in no difference in Vmax between diet groups during LPS application. However, given 

that 1.0 mg/kg IP LPS reduced striatal DAT but increased IL-6 expression after one 

hour213, it is somewhat unexpected that 2.0 mg/kg IP LPS used herein had little effect 

on dopamine reuptake in HF-fed mice, further suggesting food deprivation altered this 

effect. Because phasic dopamine release was inhibited by bath LPS application 

specifically in HF-fed mice that were fasted for 12 hours, this suggests that restoration 

of dopamine neurotransmission in prior studies was mediated by reduced 

neuroinflammation during fasting. Finally, examining results between effects of LPS in 

experiment 1 and IL-6 in experiment 2 yields an interesting comparison. Two-hour post-

IP-LPS injection promoted brain concentrations of IL-6 more strongly than TNFα210. 

Given the present report of IL-6 to increase dopamine reuptake in HF-fed mice, it is 

possible that greater brain penetration of IL-6 could explain the reported increase in 

Vmax in HF-fed mice after IP LPS injection in addition to fasting-induced DAT function. 

 

The finding in experiment 2 that chronic, ad libitum HFD intake reduced dopamine 

reuptake has been previously reported57. HFD intake inhibited expression1 or 

membrane shuttling2 of the DAT and increased sensitivity of D2R autoreceptors214,215 

that inhibit dopamine release and promote reuptake102. Therefore, reduced baseline 

Vmax reported herein in ad libitum fed mice likely stemmed from diet-induced disruption 

of DAT expression and D2R-mediated shuttling as well as inflammation-mediated 

reduction of D2R expression and intracellular signaling molecules204 that are required 
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for DAT function. However, little is known about interactions between HFD intake and 

proinflammatory cytokines on NAc dopamine neurotransmission. Results reported 

above showed TNFα, and to a lesser extent IL-6, reduced dopamine release more 

strongly in animals fed a HFD. IL-6 has been shown to reduce neuronal 

tetrahydrobiopterin concentrations200 involved in dopamine synthesis, so it is possible 

that IL-6 may have more significantly reduced dopamine release after a longer period of 

time after dopamine depletion. IL-6 has also been associated with reward signaling, as 

functional MRI scans with healthy participants revealed stress-induced plasma IL-6 

predicted lower NAc activation during reward learning178 and lower functional 

connectivity between the cingulate cortex and NAc216. Conversely, blocking 

inflammation improves the obese phenotype, exhibited by reduction of fat and sugar 

preference, food intake, and weight gain after exposure to a Western diet, a HFD with 

added sugar, in TLR4 knockout mice120. These reports suggest differences in IL-6 

reactivity to stress alters NAc activation and could predispose for obesity whereas 

inhibition of proinflammatory responses presents a novel pharmacological avenue in the 

treatment for obesity. 

 

TNFα acts upstream of many cytokines with more widespread effects than IL-6. The 

current report revealed an interesting interaction with TNFα wherein the lower 30 nM 

dose marginally reduced dopamine release in Controls whereas the higher 300 nM 

dose significantly reduced dopamine release in HF-fed mice. It was shown that TNFα 

reduced VMAT2 expression in neuroendocrine cells205, which is important for vesicular 

dopamine packaging and would support reduced dopamine release by TNFα reported 

herein. Conversely, TNFα promoted striatal dopamine reuptake and vesicular 

packaging217, promoted dopamine neuron cell death218, and shared activation of similar 

intracellular signaling cascades as D2R autoreceptors219. Therefore, reduced dopamine 

release and reuptake after the higher dose of TNFα reported herein in HF-fed versus 

Control mice could be due to promotion of DAT shuttling and dopamine packaging in 

Controls whereas HF-fed mice with greater neuroinflammation could be more sensitive 

to potentiation of cell death induced by TNFα. In support of increased diet-induced 

neuroinflammation in the NAc, intake of a free-choice cafeteria diet reduced spine 
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density of medium spiny neurons and activated microglia in the NAc core along with 

increased TNFα and IL-1β but not IL-6 expression, whereas microglial inhibition blocked 

these effects and reduced food intake and bodyweight122. Saturated fat specifically is 

responsible for these effects, as intake of a HFD but not monounsaturated fat increased 

anxiety-like and depressive behaviors in conjunction with plasma cytokine 

concentrations and transcriptional activity of cytokines and NF-κB in the NAc121. 

Combined with these reports showing increased neuroinflammation in dopaminergic 

regions, the present findings support that diet-induced obesity promotes NAc sensitivity 

to proinflammatory cytokines to reduce dopamine neurotransmission.  

 

A final mechanistic consideration that could explain inflammatory reduction of dopamine 

neurotransmission involves HFD-induced central insulin resistance. Indeed, prior FSCV 

investigations showed long-term intake of a HFD or Western diet inhibited insulin-

mediated increases in dopamine release and reuptake shown in the NAc of controls10 or 

food restricted animals48, results which were reproduced in controls by inhibiting insulin 

receptors but restored in HF-fed mice by promoting insulin signaling10. However, the 

role of diet-induced inflammation in NAc insulin resistance is uncharacterized. Saturated 

fatty acids inhibit insulin receptor substrates, PI3K, Akt, and PPARγ but promote 

endoplasmic reticulum stress and accumulation of inflammatory diacylglycerol and 

ceramide that together account for systemic and hypothalamic insulin resistance114,220. 

Additionally, HFD intake upregulates proinflammatory cytokines such as TNFα and IL-

6121,122, which dampen insulin signal transduction by altering phosphorylation and 

expression of adipocyte insulin receptor substrate 1115,221. However, a loss-of-function 

mutation in the TNFα, TNFα receptor, and TLR4 genes prevented HFD-induced obesity 

and insulin resistance109,116. Given that insulin receptors are present on cholinergic 

interneurons and presynaptic dopamine terminals in the NAc48 that function to promote 

dopamine release48 and reuptake102, respectively, it is likely that diet-mediated 

inflammation promoted insulin resistance in the NAc and could account for reduced 

dopamine reuptake in HF-fed mice. Mice used for the IL-6 and TNFα investigations 

were fed ad libitum, so HFD-induced striatal insulin resistance could have been 

exacerbated by addition of proinflammatory cytokines to reduce dopamine release.  
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2.6. Conclusions 

This was the first investigation to compare presynaptic dopamine release and reuptake 

in the NAc core of mice fed a HFD versus a low-fat control diet in response to direct 

application of proinflammatory cytokines. Findings support that a strong inflammatory 

response by direct exposure to LPS reduced tonic dopamine release and reuptake 

across groups, but phasic dopamine release was more significantly impaired in HF-fed 

mice. Further, a reduced effect of lower doses of proinflammatory cytokines in HF-fed 

mice to inhibit dopamine neurotransmission was reported but Controls exhibited a 

heightened sensitivity to 30 nM TNFα. Conversely, the supraphysiological 300 nM dose 

of TNFα reduced dopamine neurotransmission in the HFD group. This suggests that 

HF-fed mice exhibited reduced sensitivity to lower doses of proinflammatory cytokines 

possibly due to diet-induced inflammation in the NAc, whereas Control animals 

experienced higher sensitivity to low doses of TNFα due to an absence of diet-induced 

inflammation. However, HFD-induced changes to NAc morphology, activation, and 

intracellular signaling could have promoted a stronger response to higher doses of 

proinflammatory cytokines. The present study had several strengths, including use of 

males and females over several independent cohorts, showing reproducibility. However, 

one limitation included that mice in the LPS versus IL-6 and TNFα investigations were 

fasted and fed ad libitum, respectively, which limited direct comparability between 

experiments. Overall, this study supported that HFD intake reduced the capacity for 

dopamine neurotransmission through an increased sensitivity of the NAc dopamine 

system to inflammation. Further, induction of an anxio-depressive state by diet-induced 

neuroinflammation could promote intake of palatable foods that acutely stimulate NAc 

dopamine52. This would result in a vicious cycle mediated by obesity-associated 

neuroinflammation that reduces NAc dopamine neurotransmission to promote food 

intake leading to further exacerbation of inflammatory responses. 
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CHAPTER III: REPLACING A PALATABLE HIGH-FAT DIET WITH A LOW-FAT 

ALTERNATIVE HEIGHTENS Κ-OPIOID RECEPTOR CONTROL OVER NUCLEUS 

ACCUMBENS DOPAMINE 

3.1. Abstract 

Diet-induced obesity reduces dopaminergic neurotransmission in the nucleus 

accumbens (NAc), and stressful weight loss interventions could promote cravings for 

palatable foods high in fat and sugar that stimulate dopamine. Activation of κ-opioid 

receptors (KORs) reduces synaptic dopamine, but contribution of KORs to lower 

dopamine tone after dietary changes is unknown. Therefore, the purpose of this study 

was to determine the function of KORs in C57BL/6 mice that consumed a 60% high-fat 

diet (HFD) for six weeks followed by replacement of HFD with a control 10% fat diet for 

one day or one week. HFD replacement induced voluntary caloric restriction and weight 

loss. However, fast-scan cyclic voltammetry revealed no differences in baseline 

dopamine parameters, whereas sex effects were revealed during KOR stimulation. NAc 

core dopamine release was reduced by KOR agonism and increased by KOR 

antagonism after one day of HFD replacement in females. Conversely, males only 

showed similar effects after one week. Further, elevated plus maze testing revealed no 

diet effects during HFD replacement on overt anxiety. These results suggest that KORs 

reduce NAc dopamine tone and increase food-related anxiety in obese individuals who 

initiate weight loss interventions, and these changes could promote palatable food 

consumption that inhibits weight loss. 

3.2. Introduction 

Obesity prevalence has steadily increased for decades with 42.4% of American adults 

classified as obese17. Westernized food environments contribute to obesity by 

promoting palatable foods high in energy density from sugar and fat. To compound this, 

a recent systematic review found less than half of research participants could maintain 

weight loss, and psychological tension generated by lifestyle changes promoted relapse 
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to obesogenic habits222. Further, animal models showed replacement of a diet high in 

saturated fat (HFD) with low-fat food induced anxiety-like behavior and motivation to 

obtain sucrose and fat7,51. This suggests that extended palatable food consumption 

promotes dietary inflexibility towards non-preferred foods but sudden removal of HFD 

induces stress and motivation to consume palatable options. 

 

Food is a natural reward that activates the dopamine system through its caloric and 

sensory properties52,53. Sudden dietary changes that promote stress and food intake 

could be explained by dopamine neurotransmission in the nucleus accumbens (NAc) 

that controls cue-induced learning and motivation223. Dopamine concentrations in the 

medial NAc core and shell increase acutely in response to energy value and orosensory 

properties of sucrose53 and fat52, and phasic dopamine release in the core was 

promoted by cues predictive of sucrose versus non-caloric saccharin21. Conversely, 

chronic intake of palatable foods may reduce dopamine neurotransmission, as extended 

intake of a HFD reduced capacity for phasic dopamine release57, delayed dopamine 

reuptake3,10,57, and altered expression of dopamine receptors (D1R and D2R) and the 

dopamine transporter (DAT)1,23. NAc dopamine release and dopamine neuron firing are 

reduced by presynaptic κ-opioid receptor (KOR) signaling171,224,225, and synaptic 

dopamine is further controlled by DAT shuttling and DAT-mediated dopamine reuptake 

induced by D2Rs and KORs102,226,227. Diet-induced obesity reduces tonic levels of 

dopamine in the dorsal striatum and inhibits striatal activation during consumption of 

palatable foods4,8 but heightens activation upon exposure to palatable food cues8. 

KORs reduce synaptic dopamine concentrations225–227, but the function of KORs in 

altering NAc dopamine neurotransmission after stressful dietary changes are unknown. 

Therefore, replacement of a HFD with a low-fat control diet is proposed to heighten 

KOR sensitivity to further reduce dopamine tone.  

 

Mechanisms that contribute to anxiety and disrupt dopamine neurochemistry after 

dietary changes and weight loss are unclear. Therefore, the purpose of this study was 

to examine food intake behavior, diet-induced anxiety, and to characterize KOR-

mediated control over dopamine neurotransmission in the NAc core after HFD was 
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replaced with a low-fat diet. Specifically, responsivity to KOR agonism and antagonism 

was examined, and differences due to length of HFD replacement, diet, and sex were 

compared. It was hypothesized that HFD replacement would reduce dopamine release 

and reuptake measured with fast-scan cyclic voltammetry (FSCV) and potentiate effects 

of KOR agonism to reduce dopamine release but attenuate effects of KOR antagonism. 

It was further predicted that HFD intake would reduce preference for sucrose during 

novelty-induced hypophagia (NIH) and increase anxiety-like behavior during the 

elevated plus maze (EPM). The reported data suggest males responded more strongly 

to KOR stimulation after one week of HFD replacement whereas KOR function was 

acutely upregulated after one day of HFD replacement in females. Importantly, effects 

of diet, sex, and HFD replacement on NAc KOR sensitivity and behavior are highlighted. 

3.3. Materials and methods 

3.3.1. ANIMALS, DIET, AND EXPERIMENTAL DESIGN 

Methods were approved by the Institutional Animal Care and Use Committee of the 

University of North Carolina at Greensboro (protocol code 19-004). Six-week-old 

C57BL/6 male (n = 36) and female (n = 36) mice purchased from Jackson Laboratories 

(Bar Harbor, ME) were housed 3/cage on a 12-hour light/dark cycle (lights off 0600, 

lights on 1800). Mice had free access to water and either control diet (DIO series 

D12450K, Research Diets Inc.) containing 10% total kcals from fat with 3.85 kcals/g 

(Controls) or a high saturated fat diet (HFD) containing 60% kcals from fat with 5.24 

kcals/g (DIO series D12492 or D12451, Research Diets Inc.). Groupings included 

Control and high-fat-fed (HF-fed) males and females that were monitored for food 

intake, bodyweight, and behavior during NIH. A HFD replacement paradigm started 40 

days into feeding during which HF-fed groups had their HFD replaced with control diet 

and Controls were pair fed their normal diet. Half of the mice proceeded to EPM testing 

and FSCV one day after HFD replacement, and the other half proceeded one week 

after HFD replacement. Final sample sizes included n = 9 per diet X sex X HFD 

replacement group (N = 72) (Figure 8A).  
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3.3.2. NOVELTY-INDUCED HYPOPHAGIA (NIH) 

To characterize the effect of a HFD on the anxiety-promoting effects of a novel 

environment, the NIH test adapted from Dulawa (2009)228 and Browne et al. (2018)229 

was conducted during the sixth week of feeding. NIH training began between weeks 

four and five with exposure to a metal food cup containing 7 g of sucrose cubes (30 

kcals) for 30 minutes each day over three days. All training and test sessions were 

completed between 0830 to 1130 in the beginning of dark cycle with sessions recorded 

via HomeCageScan (v.3) software. Training occurred under low red-light conditions in 

similar cages to the home cage with normal bedding. Approximately four days after the 

final training session, the NIH test was performed during which mice were placed into a 

new cage without bedding sitting atop white paper in a brightly lit room. Mice were given 

sucrose (7 g) in a clean cup and monitored for 30 minutes. Sucrose consumption was 

determined by weighing the remaining sucrose. A Latin Square design was used to 

counterbalance the order of training and testing between groups. Video recordings were 

analyzed with TopScan (v.2) software to assess latency to approach the sucrose cup. 

Mice returned to normal feeding conditions for four days before HFD replacement. 

3.3.3. HFD REPLACEMENT AND THE ELEVATED PLUS MAZE (EPM) 

To examine whether removal of a preferred HFD caused anxiety-like behaviors, HF-fed 

mice were switched to the low-fat control diet. This induced voluntary caloric restriction, 

so Controls were pair-fed their normal control diet to match weight loss in HF-fed mice. 

Pair-feeding ensured group differences in EPM and FSCV were due to palatable food 

removal rather than voluntary caloric restriction and weight loss in HF-fed groups. Half 

of the mice (n = 36) were maintained on control diet for one week before proceeding to 

the EPM and ex-vivo slice FSCV, and a second group of mice (n = 36) underwent the 

same paradigm but proceeded to EPM and FSCV experiments after one day to capture 

acute effects of HFD replacement.  

 

EPM experiments were adapted from Sharma and Fulton (2013)23 and Pawlak et al. 

(2012)230 to assess spontaneous avoidance behavior indicative of anxiety. The 
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apparatus included an opaque plexiglass maze raised 60 cm from the ground with a 

10x10 cm square base with one arm coming from each side. Two of the arms opposite 

each other were open (10x32.5 cm) while the other two arms were closed (10x32.5x15 

cm) with 15 cm high walls. Mice were placed on the EPM at 0900 and allowed to 

explore for five minutes under video recording using HomeCageScan (v.3) software. 

TopScan (v.2) was used to measure the percent duration in the open, closed, and 

square intersection of both arms.  

3.3.4. FAST-SCAN CYCLIC VOLTAMMETRY (FSCV) 

Immediately following the EPM, mice proceeded to ex-vivo FSCV. Mice were 

anesthetized via 5% isoflurane then decapitated for brain removal. Brains were placed 

in oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid (ACSF) composed of 

(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) then sliced into 

300 μm coronal slices between +0.9 to +1.5 mm from Bregma with a compresstome 

(Precisionary Instruments; Greenville, NC). Experiments proceeded after 60 minutes of 

equilibration in oxygenated ACSF (100 mL/hr) using a glass capillary-pulled carbon fiber 

recording electrode placed 75 μm within the slice next to a bipolar stimulating electrode. 

Dopamine release was evoked and recorded for 15 seconds by a single monophasic 

electrical pulse (350 μA, 4 ms) occurring every 180 seconds until baseline dopamine 

recordings were stable (<10% change) between three or more recordings. Dopamine 

was measured by the recorder scanning with a triangular waveform between -0.4 V and 

1.2 V against Ag/AgCl reference at a rate of 400 V/s every 100 ms. Dopamine current 

(nA) was converted to concentration (μM) using electrode calibrations with 3 μM 

dopamine solution after each experimental day. Recording and analysis were performed 

using DEMON Voltammetry and Analysis Software207. Analysis included modeling 

recordings with Michaelis−Menten kinetics to determine maximal [dopamine] and 

dopamine reuptake (Vmax) while holding Km (dopamine affinity for DAT) constant at 160 

nM.  
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Pharmacological manipulations occurred in each slice after baseline recordings, which 

were taken in the NAc core ventrally to dorsal-medially of anterior commissure based on 

KOR expression patterns224,227. After stabilization of dopamine signals, a dose response 

curve was conducted in a cumulative manner by adding 0.01, 0.10, and 1.0 µM of KOR 

agonist (-)-U-50488 hydrochloride (U50) (Tocris; Bristol, UK; Cat. No. 0496) to the 

ACSF. Pharmacological investigation was also conducted in separate slices using 1.0 

µM KOR antagonist nor-Binaltorphimine dihydrochloride (norBNI) (Tocris; Bristol, UK; 

Cat. No. 0347) followed by U50 (0.10 µM). These doses were based on previous 

studies231,232 that used U50 and norBNI. 

3.3.5. STATISTICAL ANALYSIS 

Statistical analysis was conducted via GraphPad Prism (v. 9.1.1). Two-way analysis of 

variance (ANOVA) was used to identify diet or sex effects in daily food intake and NIH 

outcomes. Within each sex, two-way repeated measures ANOVAs identified effects of 

diet over time on bodyweight. Repeated measures two-way ANOVAs were also used to 

assess differences in food intake before and after HFD replacement in HF-fed mice 

within the one-day or one-week HFD replacement time conditions. Baseline dopamine 

release and reuptake Vmax were assessed within each HFD replacement condition by 

two-way ANOVA. Two-way ANOVAs were further used to identify anxiety-like behavior 

during the EPM and for effects of norBNI versus U50 on dopamine release within either 

sex and HFD replacement time condition, and repeated measures was used specifically 

to identify effects of dose during the U50 curve. All group differences were assessed 

using Šidák’s or Tukey’s post-hoc tests. Results are expressed as mean ± standard 

error of the mean.  

3.4. Results 

3.4.1. CHRONIC HFD FEEDING PROMOTED CALORIC INTAKE AND WEIGHT GAIN 

Mice fed the HFD consumed more energy each day than Controls (males: 14.2 ± 0.3 vs. 

10.6 ± 0.4 kcals/day, HFD and Control, respectively; p<0.0001) (females: 13.1 ± 0.6 vs. 
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8.9 ± 0.3 kcals/day, HFD and Control, respectively; p<0.0001) (Figure 8B), 

corresponding with significantly higher bodyweights compared to Controls by week five 

(males: 36.2 ± 0.8 vs. 26.6 ± 0.5 g, HFD and Control, respectively; p<0.0001) (females: 

26.8 ± 1.0 vs. 19.5 ± 0.3 g, HFD and Control, respectively; p<0.0001). Two-way 

repeated measures ANOVA showed a significant effect of diet (F(1,34) = 49.46; 

p<0.0001), time (F(1,34) = 457.2; p<0.0001), and subject (F(34,34) = 3.018; p=0.0009) 

with a diet x time interaction (F(1,34) = 168.9; p<0.0001) in males, and Šidák’s multiple 

comparisons test revealed increased weight from week one to five in Control (p<0.0001) 

and HF-fed males (p<0.0001) (Figure 8C). Females also showed significant effects of 

diet (F(1,34) = 35.07; p<0.0001), time (F(1,34) = 152.5; p<0.0001), and subject 

(F(34,34) = 2.252; p=0.0102) with a diet x time interaction (F(1,34) = 62.09; p<0.0001), 

and Šidák’s multiple comparisons test revealed increased weight from week one to five 

in Control (p=0.0066) and HF-fed females (p<0.0001) (Figure 8D). 
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Figure 8. Chapter III experimental design, food intake, and bodyweight 

(A) Male and female C57BL/6J mice were placed on a control 10% fat diet (Controls) or high saturated 
60% fat diet (HFD) for six weeks. During the fourth to fifth weeks, training began for the Novelty-Induced 

Hypophagia (NIH) paradigm followed by the NIH test to assess feeding behaviors during anxiolytic 
conditions. After returning to normal feeding conditions, mice fed a HFD had their diets replaced with the 
control diet, and Control mice were pair-fed to match weight loss. Mice remained in this HFD replacement 

paradigm for one day or one week, followed by the elevated plus maze (EPM) to assess anxiety-like 
behavior then ex vivo slice fast-scan cyclic voltammetry (FSCV) immediately after to assess κ-opioid 

receptor (KOR)-mediated dopamine neurotransmission. Mice consuming a HFD consumed significantly 
more daily kcals than Controls (B), and, subsequently, gained more bodyweight in grams by week five 

(Wk 5) of feeding compared to week one (Wk 1) for males (C) and females (D). Food intake was 
compared between diet and sex groups whereas bodyweight was compared between diet groups over 
time within each sex. Bodyweight data is displayed individually for each mouse. (* denotes a significant 

difference between diet groups) (****, p<0.0001)  

3.4.2. HFD CONSUMPTION REDUCED SUCROSE INTAKE DURING NOVELTY-INDUCED 

HYPOPHAGIA 

Next, the NIH test was performed during the sixth week of feeding to test sucrose 

preference and anxiety during palatable food access. A two-way ANOVA with males 

and females showed a main effect of diet (F(1,66) = 30.25; p<0.0001) but not sex. Mice 

consuming HFD consumed significantly less sucrose during the NIH test than Controls 
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in males (0.017 ± 0.003 vs. 0.107 ± 0.027 kcals, HFD and Control, respectively; 

p=0.0002) and females (0.031 ± 0.005 vs. 0.108 ± 0.013 kcals, HFD and Control, 

respectively; p=0.0011) (Figure 9A).  HF-fed males also had a slightly longer latency to 

approach sucrose, but no significant effects were observed (Figure 9B).  

 

Figure 9. Sucrose consumption and latency to approach sucrose during the novelty-
induced hypophagia (NIH) test 

Sucrose intake was determined by subtracting the final food weight after the test compared to the starting 
weight (A), and groups consuming the HFD (HF-fed) displayed diet-induced sucrose anhedonia 

visualized as reduced sucrose intake under anxiogenic conditions. Latency to approach sucrose during 
NIH was determined using TopScan (v.2) (B), and HF-fed males displayed slightly slower latency to 

approach, but no significant diet effects were shown. Sucrose intake and latency were compared between 
diet and sex groups. (* denotes a significant difference between diet groups) (**, p<0.01; ***, p<0.001) 

3.4.3. REPLACING HFD WITH CONTROL DIET INDUCED VOLUNTARY CALORIC RESTRICTION BUT 

GENERAL ANXIETY-LIKE BEHAVIORS WERE SIMILAR TO CONTROLS 

After NIH, all mice entered the HFD replacement paradigm for one day or one week. 

HF-fed mice voluntarily restricted food intake after HFD replacement (Figure 10A). Two-

way repeated measures ANOVA revealed significant effects of time (F(1,4) = 913.4; 

p<0.0001) and sex (F(1,4) = 8.180; p=0.0459) on food intake one day after HFD 

replacement, and post-hoc testing showed significantly reduced kcal consumption after 

HFD was replaced with control diet in HF-fed males (14.3 ± 0.7 vs. 0.2 ± 0.2 kcals/day; 

p<0.0001) and HF-fed females (12.7 ± 0.2 vs. 0.2 ± 0.2 kcals/day; p<0.0001) (Figure 

10A). One day into the HFD replacement paradigm, all mice completed the EPM to 
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assess anxiety-like behavior. Two-way ANOVA revealed a main effect of EPM arm in 

males (F(1,44) = 15.45; p<0.001) with more time spent on the closed versus open arms 

for Controls (43.7 ± 3.1 vs. 32.9 ± 2.6 %, closed versus open, respectively; p=0.0145) 

and HF-fed mice (43.1 ± 2.9 vs. 32.6 ± 2.1 %, closed versus open, respectively; 

p=0.0174) (Figure 10B). Conversely, females did not exhibit an effect of diet or EPM 

arm (Figure 10C). Therefore, replacing a HFD with control diet for one day induced 

near-total caloric restriction, but outward anxiety-like behaviors were unchanged 

between diet groups.  

 

Similar to one day of HFD replacement, two-way repeated measures ANOVA revealed 

voluntary food restriction over a full week with significant effects of time (F(1.833,7.334) 

= 40.75; p=0.0001) and subject (F(4,28) = 5.473; p=0.0022) (Figure 10D). This effect 

was prolonged, and Tukey’s multiple comparisons test revealed that, compared to 

intake during week five for HF-fed males (14.7 ± 0.2 kcals/day), intake of control diet 

was reduced throughout the week on days one (0.6 ± 0.3 kcals/day; p=0.0013), two (0.7 

± 0.2 kcals/day; p=0.0004), three (0.8 ± 0.2 kcals/day; p=0.0001), four (1.5 ± 0.7 

kcals/day; p=0.0139), five (2.7 ± 1.0 kcals/day; p=0.0341), and seven (6.2 ± 0.9 

kcals/day; p=0.0456). Similarly, in females, compared to week five of HFD intake (14.3 

± 1.2 kcals/day), control diet intake was reduced on days one (0.4 ± 0.2 kcals/day; 

p=0.0310), two (1.2 ± 0.5 kcals/day; p=0.0375), four (4.7 ± 1.9 kcals/day; p=0.0347), 

and five (5.9 ± 1.7 kcals/day; p=0.0268). During EPM testing, there was a significant 

effect of EPM arm after one week of HFD replacement in males (F(1,20) = 19.64; 

p<0.001), and post-hoc testing revealed more time spent in the closed versus open 

arms for Controls (47.2 ± 6.5 vs. 27.4 ± 5.5 %, closed versus open, respectively; 

p=0.0183) and HF-fed mice (48.8 ± 3.2 vs. 25.6 ± 3.3 %, closed versus open, 

respectively; p<0.01) (Figure 10E). Further, no effect of diet or EPM arm were reported 

for females, but a marginal increase in time spent on the open arm was reported for 

Control females (31.0 ± 2.6 vs. 43.3 ± 4.3 %, closed versus open, respectively; 

p=0.0650) (Figure 10F). Therefore, males exhibited anxiety-like behaviors after one day 

of dietary change that increased after one week, whereas females did not exhibit 

anxiety-like behavior. However, because EPM response did not differ between diet 
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groups, results indicate that HFD intake increased diet-related anxiety, via NIH, and 

HFD replacement reduced food intake but did not affect general anxiety during EPM. 

 

Figure 10. Effect of HFD replacement on control diet consumption in HF-fed mice and 
anxiety-like behaviors determined by the elevated plus maze (EPM) 

One day after HFD replacement, HF-fed males and females almost completely restricted kcal intake (A) 
compared to HFD intake during the last week before dietary change. EPM results show the total percent 

duration of the five-minute test each group spent on the closed versus open arms of the apparatus for 
males (B) and females (C) one day after HFD replacement. Restriction of kcal intake during HFD 

replacement for HF-fed males and females persisted throughout an entire week of HFD replacement (D). 
EPM results are similarly displayed as percent duration spent on closed versus open arms for males (E) 
and females (F) after one week of HFD replacement. Intake data was compared within only the HF-fed 
and not pair-fed Control mice within either the one day or one week HFD replacement condition. EPM 

results were compared between diet groups and each arm of the EPM within either sex or HFD 
replacement time condition. (* denotes a significant difference between kcal intake in HF-fed mice before 
(Pre) and each day after HFD replacement, # denotes significant differences between time spent on the 
closed versus open arms of the EPM) (*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; #, p<0.05; ##, 

p<0.01)
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3.4.4. AFTER HFD REPLACEMENT, DOPAMINE RELEASE AND REUPTAKE IN THE NAC CORE 

WERE SIMILAR TO CONTROLS 

Immediately after the EPM, mice entered ex-vivo FSCV experiments to assess 

dopamine neurotransmission. Two-way ANOVAs were conducted to assess effects of 

diet and sex within either the one-day or one-week conditions for both “tonic” dopamine 

release evoked by a single pulse and maximal dopamine reuptake Vmax. There were no 

significant effects of HFD replacement between diet or sex groups on dopamine release 

or reuptake (Figure 11A-D).   

 

Figure 11. Effect of HFD replacement on baseline dopamine release and reuptake 
within the NAc core 

Dopamine release evoked by a single electrical pulse (μM) and maximal rate of reuptake (Vmax) (μM/s) 
after one day (A-B) or one week (C-D) of HFD replacement. Dopamine release and reuptake were 

compared between diet and sex groups within either the one day or one week HFD replacement time 
conditions with no significant effects reported.  
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3.4.5. ENHANCED Κ-OPIOID RECEPTOR-MEDIATED CONTROL OVER DOPAMINE RELEASE IN THE 

NAC CORE WAS OBSERVED ONE DAY AFTER HFD REPLACEMENT WITH CONTROL DIET IN 

FEMALES 

After establishing stable dopamine recordings, a KOR agonist (U50) and antagonist 

(norBNI) were applied to probe KOR functionality. Dopamine release is reported as a 

percent of the pre-drug baseline recording for the U50 curve and 1.0 uM norBNI. One 

day into HFD replacement, there was a main effect of U50 on dopamine release in 

males (F(1.577,18.92) = 11.21; p=0.0012) and a significant U50 dose effect per subject 

(F(12,24) = 5.033; p=0.0004), but no significant differences between groups were found 

(Figure 12A). In females, main effects of U50 dose (F(1.571,15.71) = 22.12; p<0.0001) 

and diet group (F(1,10) = 6.084; p=0.0333) were observed with post-hoc analysis 

indicating a dose-dependent decrease in dopamine release in HF-fed females (p<0.05) 

and significantly lower dopamine release in the HF-fed females compared to Controls at 

-6.5 [log M] (66.6 ± 8.4 vs. 96.4 ± 5.5 %; HFD and Control, respectively; p=0.0478) 

(Figure 12A). To determine whether changes in dopamine release were due to 

activation of KORs, the KOR antagonist norBNI (1.0 uM) was applied prior to 0.1 uM 

U50 and compared to the 0.1 uM dose from the U50 drug curve. After one day of HFD 

replacement, a two-way ANOVA in males revealed no significant drug effects or 

differences in dopamine release between diet groups (Figure 12B). However, there was 

a significant drug effect in females (F(3,52) = 3.648; p=0.0184), and Tukey’s multiple 

comparisons test revealed reduced dopamine release at -6.5 [log M] U50 compared to 

1.0 uM norBNI specifically in HF-fed females (66.6 ± 8.4 vs. 135.6 ± 23.1 %, 

respectively; p=0.0104) (Figure 12C). Further, this reduction by U50 alone (66.6 ± 8.4% 

of baseline) was blocked by prior application of norBNI (102.3 ± 6.1% of norBNI), 

showing receptor specificity with the ability of KOR-specific antagonism to block KOR-

mediated reductions in dopamine release.



 

  

5
6
 

 

Figure 12. κ-opioid receptor (KOR)-mediated control over NAc core dopamine release during HFD replacement 

KOR agonism with (-)-U-50488 hydrochloride (U50) in males and females after one day of HFD replacement (A) showed acute, dose-dependent 
effects of U50 to reduce dopamine release specifically in HF-fed females between 0.01 μM (-7.5 [log M]), 0.10 μM (-6.5 [log M]), and 1.0 μM (-5.5 

[log M]) U50. There were no interactions between KOR agonism with 0.10 μM U50 and KOR antagonism with 1.0 μM nor-Binaltorphimine 
dihydrochloride (norBNI) in males (B), but norBNI increased dopamine release but blocked effects of U50 to reduce release in HF-fed females (C) 
one day after HFD replacement. Conversely, KOR agonism more strongly, dose-dependently reduced dopamine release in males one week after 
HFD replacement (D), an effect which was blocked by norBNI in males (E) with negligible effects shown in females after one week (F). The U50 

drug curve compared cumulative dose effects over time and effects of diet between each dose on dopamine release compared to baseline within 
either sex separately. The effects of U50 and norBNI to individually alter dopamine release compared to baseline were compared to effects of U50 

to be blocked by KOR antagonism compared to percent release after norBNI with comparisons made within either sex separately. (* denotes 
significant differences between U50 doses or between effects of U50 and norBNI, # denotes a significant diet effect within an individual dose of 

U50) (*, p<0.05; #, p<0.05)
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3.4.6. Κ-OPIOID RECEPTOR FUNCTION WAS UPREGULATED IN MALES AFTER ONE WEEK OF HFD 

REPLACEMENT WHILE THESE EFFECTS WERE ATTENUATED IN FEMALES 

After one week, males had a significant effect of dose (F(1.446,17.36) = 19.85; 

p=0.0001) and subject (F(12,24) = 6.643; p<0.0001) for the U50 curve with significantly 

reduced dopamine release between the first and final dose for Control (100.4 ± 4.0 vs. 

71.0 ± 8.6 %, -7.5 and -5.5 [log M], respectively; p=0.0161) and HF-fed males (91.5 ± 

2.8 vs. 63.2 ± 11.1 %, -7.5 and -5.5 [log M], respectively; p=0.0419). Release was also 

lowered at the final compared to second U50 dose for Control males (p=0.0110) (Figure 

12D). Conversely, effects were weaker in females after one week with an effect of dose 

(F(1.266,16.46) = 11.93; p=0.0019) and subject (F(13,26) = 2.654; p=0.0165), but post-

hoc tests revealed reduced release between only the second and final doses for HF-fed 

females (94.7 ± 5.1 vs. 70.7 ± 10.4 %, -6.5 and -5.5 [log M], respectively; p=0.0361). 

Further, differences between diet groups at the second U50 dose present after one day 

in females were absent at one week (Figure 12D). One interesting observation was the 

general trend exhibited by HF-fed groups to have slightly lower dopamine release at 

each U50 dose compared to Controls in both sexes. However, whereas two-way 

ANOVA revealed no significant drug effects between U50 or norBNI in males (Figure 

12E) or females (Figure 12F) after one week, the slight reduction of dopamine release 

by -6.5 [log M] U50 (74.9 ± 10.2% of baseline) in HF-fed males was blocked by prior 

application with norBNI (90.5 ± 6.8% of norBNI) (Figure 12E), similarly showing receptor 

specificity in HF-fed males after one week as HF-fed females in the one-day condition. 

Overall, KOR function was upregulated in males after one week of HFD replacement 

indicated by U50-induced reduction in dopamine release compared to minimal effects 

after one day whereas females showed enhanced KOR effects on dopamine terminals 

after one day with U50 reducing dopamine release and norBNI alternately increasing 

release specifically in HF-fed females. 

3.5. Discussion 

This study sought to characterize food and anxiety-like behaviors and KOR-mediated 

control over dopamine release in the NAc core in mice accustomed to consuming a 
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HFD after replacing it with a less preferred, low-fat control diet. Results show that 1) 

consuming a HFD significantly reduced sucrose preference suggesting palatable 

inflexibility and reduced food intake under anxiogenic feeding conditions; 2) replacing a 

HFD with a low-fat option induced voluntary caloric restriction that persisted for several 

days; 3) removal of a preferred palatable food in HF-fed mice did not specifically induce 

anxiety-like behaviors during the EPM compared to Controls; and 4) KOR-mediated 

control over dopamine release in the NAc core was stronger for females after one day 

but for males after one week of HFD replacement. This is the first study to support that 

the function of KORs to reduce tonic dopamine neurotransmission in the NAc core is 

upregulated by abruptly switching an animal accustomed to high-fat food to a less 

palatable option lower in energy density with a greater acute response in females but a 

protracted response in males, effects which were blocked by receptor antagonism with 

norBNI. Further, HFD intake promoted dietary inflexibility toward another palatable 

option, whereas changes in KOR function were associated with voluntary reduction in 

food intake during HFD replacement.  

 

While no other investigation has assessed effects of KOR stimulation on NAc dopamine 

after abrupt dietary changes, other studies have considered effects of palatable food 

removal. As reported herein, HFD-induced sucrose anhedonia has been observed in 

males7 and females54, and replacement of a HFD or Western diet (a HFD with sugar) 

with chow7,51 reduced food intake. Further, removal of the preferred diet increased 

motivation to obtain sucrose and fat and heightened activation of the hypothalamic-

pituitary-adrenal (HPA) axis upon stress exposure7,51. EPM testing showed increased 

anxiety-like behavior only in HF-fed mice when groups fed a control low-fat diet or HFD 

had their diets replaced with ad libitum chow for one day7. In contrast, the present report 

showed that both Control and HF-fed males exhibited increased anxiety-like behavior 

during the EPM at one day and one week, suggesting that general anxiety during the 

HFD replacement paradigm stemmed from a negative energy state and not specifically 

from replacing HFD with a less preferred option. Hypotheses that HFD intake would 

induce sucrose anhedonia whereas HFD replacement would reduce consumption of a 

new, less palatable diet were supported, but, although HF-fed males took slightly longer 
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to approach sucrose during NIH, significant diet effects on latency were not reported. 

Conversely, latency to consume chow was increased after HFD feeding during NIH233, 

suggesting that similar latency to approach sucrose between diet groups could be due 

to stress-induced palatable food seeking. It is possible that KORs could account for 

these effects. Indeed, ventricular U50 administration promoted HFD intake in sated rats 

whereas norBNI inhibited HFD intake in a fasted state with no effect on low-fat diet 

intake172. Similarly, 16-hour fasted mice with systemic norBNI injection reduced chow 

intake while NAc-specific injection of a non-selective opioid antagonist reduced food 

intake234. Further, systemic KOR agonism reduced phasic dopamine release in the NAc 

core in vivo that paralleled reductions in motivation to obtain sucrose173. These studies 

support an important function of KORs in the NAc core in controlling dopamine release 

to alter rewarding effects of food but to increase motivation to obtain and consume 

palatable foods. Results herein support that replacing HFD with a low energy-dense 

option promoted KOR function that reduced dopamine tone associated with food-related 

anxiety and dietary inflexibility without affecting general anxiety-like behavior. 

 

Food restriction and weight loss also affect the DAT. While reduced dopamine reuptake 

is a hallmark finding due to chronic HFD intake10,57, this effect was not significant after 

HFD replacement. It is possible that reduction of intake and bodyweight plus food-

related stress negate this diet-induced effect. Indeed, 12 hours of food deprivation 

restored reduction of dopamine reuptake in the NAc exhibited by ad libitum HF-fed 

versus control mice206. Conversely, food restriction and obesogenic diet intake reduced 

tonic dopamine release and Vmax compared to controls in the NAc core, which was 

restored by insulin in food restricted rats49, and food restriction promoted locomotor 

activity induced by psychostimulants235. Overall, evidence from these studies suggest 

food restriction promotes sensitivity of DAT shuttling and function, and these effects 

may be further explained by alternate receptor systems. For example, food restriction 

promoted locomotor activity in response to ventricular injection of D1R and D2R 

agonists compared to ad libitum counterparts whereas D2R agonism reduced activity 

compared to vehicle during ad libitum feeding236. This difference in behavioral response 

specifically to D2R agonism between ad libitum feeding and food restriction suggests 
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negative energy states alter the ratio of pre- and postsynaptic D2Rs. Finally, a 16-hour 

fast reduced prodynorphin expression in the NAc and ventral tegmental area234 while a 

72-hour fast reduced striatal dynorphin protein concentrations in lean but not obese 

rats237, effects which could explain why males on the control diet showed increased 

sensitivity to U50 after one week of pair feeding. KORs colocalize with DAT-expressing 

dopamine axon terminals227 and reduce synaptic dopamine by promoting DAT shuttling 

via ERK1/2 signaling226 similarly to D2R autoreceptors and insulin102, and food 

restriction increased NAc insulin receptor and D2R expression56. These reports suggest 

energy restriction promotes D2R autoreceptor and insulin receptor sensitivity or 

expression but reduce expression of KOR ligands in the NAc core, and these effects of 

food restriction together could promote DAT shuttling and explain why Vmax was not 

reduced in HF-fed mice during HFD replacement. 

 

Prior evidence supports that HFD replacement reduces food consumption but increases 

anxiety, and data herein support that these effects could be due to KORs. However, few 

studies have included females. Whereas NAc prodynorphin and KOR expression are 

similar between sexes238, sex effects have been reported in response to diet. For 

example, males exhibited heightened diet-induced striatal insulin resistance, reduction 

of dopamine release and reuptake, and D2R sensitivity10,49,215. Differences also exist in 

response to removal of preferred foods. HFD intake from birth through 12 weeks 

reduced NAc D1R and D2R expression whereas four-week replacement with control 

diet further reduced expression in males but restored expression in females54. However, 

when females were fed HFD from age six to 18 weeks followed by four-week HFD 

replacement186, HFD-induced reduction of D2R expression did not recover. It is possible 

that KOR-mediated effects may be delayed in males during HFD replacement due to 

longer recovery of insulin sensitivity and dopamine receptor systems and a possible 

ceiling effect of D2R autoreceptor-mediated reduction in tonic dopamine. Conversely, 

high-choice cafeteria diet consumption for eight weeks reduced NAc tyrosine 

hydroxylase expression in males, but increased tyrosine hydroxylase in females, effects 

that were not restored by three days of diet removal239. This suggests heightened 

effects of KORs in females herein could stem from dopamine synthesis during acute 
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HFD replacement. Alternately, D1R expression was increased by cafeteria diet and 

reduced by diet removal in males but cafeteria diet reduced NAc D1R in females that 

was not restored239. KORs are expressed on D1R-expressing GABAergic medium spiny 

neurons240, and D1R activation induces dynorphin release171. This suggests HFD-

induced downregulation of D1Rs in females could acutely sensitize KORs. Females 

may also be more sensitive to acute HFD replacement because of effects on the DAT 

as evidenced by increased efficacy of U50 in females to block locomotor effects of 

psychostimulants241. However, females exhibited lower sensitivity of KOR agonism to 

induce anhedonia, analgesia, and NAc ERK1/2 phosphorylation and reduce NAc 

dopamine release238,242 and to norBNI-induced JNK activation243 linked to estrogen-

dependent activation of GRK2. Because KOR-mediated intracellular signaling is less 

sensitive in females, further investigation is required to explain why greater acute effects 

of HFD replacement occurred in females. A heightened stress response to HFD 

replacement might also account for this effect, as prepubertal HFD intake promoted 

HPA axis response more strongly in females244. Conversely, repeated stress in male 

rats increased NAc dynorphin and KOR expression after nine but not two days of 

recovery245, supporting increased KOR function in males after one week of HFD 

replacement. Overall, few studies have assessed diet and sex interactions within NAc 

KOR-mediated signaling, so further investigation is required to determine mechanisms 

underlying sex effects reported herein. 

3.6. Conclusions 

This study had several strengths, including use of both sexes, assessment of anxiety 

immediately before FSCV, and investigation of KOR function after stressful dietary 

changes not previously reported. Herein, KOR function was acutely upregulated 

specifically in HF-fed females with dose-dependent effects of U50 to reduce dopamine 

release and stimulation of release by norBNI after one day of HFD replacement. 

Conversely, males exhibited dose-dependent reduction of dopamine release by U50 

only after one week with greater reduction in HF-fed mice. One limitation involved a lack 

of Control and HFD groups that did not undergo HFD replacement by maintaining ad 
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libitum food access. However, whereas ad libitum HFD intake was shown to inhibit 

phasic dopamine release and reuptake57, food deprivation restored these effects206. 

Combined with the facts that Controls were fasted during the first day of HFD 

replacement, no differences occurred in baseline dopamine parameters, and KORs had 

an effect in HF-fed groups, this evidence supports that the present comparisons were 

fair. In conclusion, HFD intake promoted food-related anxiety behaviors during NIH 

whereas replacing the preferred HFD with a low energy-dense option reduced food 

intake and promoted KOR-mediated control over NAc dopamine neurotransmission. 

KORs could be upregulated in response to diet-related stressors that reduce dopamine 

tone in obese individuals who limit energy intake for weight loss, but this diet-specific 

effect did not appear to affect overt anxiety in the current paradigm. Reduced dopamine 

tone might produce a greater magnitude of difference in synaptic dopamine due to 

phasic dopamine release upon palatable food exposure to promote intake that would 

restore dopamine concentrations. Therefore, KOR antagonists could provide a new 

therapeutic avenue to modulate dopamine in a way that curbs appetite and intake of 

palatable foods in patients that are clinically advised to drastically change dietary 

patterns for medically supervised weight loss or prevention of diet-linked diseases like 

cardiovascular disease or diabetes. Further study is required to determine mechanisms 

responsible for promoting KOR sensitivity in the NAc. 
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CHAPTER IV: INTAKE OF A HIGH SATURATED FAT DIET REDUCES PREFERENCE 

FOR ALTERNATE PALATABLE TREATS IN A FOOD CHOICE PARADIGM 

COMPARED TO LEAN CONTROLS THAT EXHIBIT STRIATAL INSULIN-INDUCED 

SATIETY 

4.1. Abstract 

Obesity is linked to insulin resistance that impairs insulin-mediated dopamine release 

and reuptake in striatal regions that encode food preference and promote satiation. 

However, it is not known whether diet-linked insulin resistance in the striatum could alter 

food-related behaviors like overeating. Therefore, the objective of this investigation was 

to determine whether diet-induced obesity altered preference for palatable treats and 

inhibited insulin’s effects in the striatum to control food intake. This was tested by 

exposing mice that consumed a control 10% fat diet or 60% high-fat diet (HFD) for six 

weeks to a food choice paradigm with or without bilateral infusion of insulin into the 

striatum. Mice fed a HFD exhibited reduced preference for all palatable treats compared 

to mice fed a control diet that preferred sucrose more strongly during a fasted state but 

Crisco or butter during a sated state. Further, striatal insulin inhibited sucrose and butter 

intake in controls primarily in a sated state with stronger effects in females. Current 

findings suggest that palatable food preference is dependent on satiating and palatable 

properties during alternate energy states, and, whereas extended HFD intake promoted 

total dietary inflexibility, lean controls were more sensitive to striatal insulin to induce 

satiety. 

4.2. Introduction 

The burden of obesity has steadily increased in the United States with 42.4% of adults 

currently classified as obese17. Further, prevalence of type II diabetes associated with 

diet-linked insulin resistance114 has increased in the obese population246. These trends 

could be exacerbated by a Westernized food environment providing cheap, highly 

accessible palatable foods, which are high in energy-density from fat and sugar. Intake 
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of both fat52 and sugar21,53 have been linked to acute stimulation of dopamine 

concentrations and phasic dopamine release in the ventral striatum (nucleus 

accumbens (NAc)) and dorsal striatum (striatum). The striatum contributes to feeding, 

motivation, and food seeking18, but evidence supports that obesity and prolonged intake 

of a diet high in saturated fat (HFD) inhibited striatal and NAc dopamine tone4,25 and 

capacity for phasic dopamine release57,206 and reuptake2,57,206. Reduced activation of 

dopamine-rich regions during obesity may impair reward salience of palatable foods8, 

leading to overeating as a compensatory mechanism to stimulate dopamine with an 

unintended consequence of weight gain. Diet-induced insulin resistance poses one 

mechanism by which obesity inhibits striatal dopamine neurotransmission to promote 

food intake. 

 

Striatal insulin receptors promote dopamine release and reuptake in a manner sensitive 

to energy state, with insulin sensitivity heightened by food restriction and inhibited by 

obesogenic diet48,49,102. Prolonged intake of a HFD has been demonstrated to induce 

internalization of the dopamine transporter (DAT) in the NAc214 and striatum2,247 and 

impair dopamine release and reuptake but potentiate locomotor activity and behavioral 

sensitization by amphetamine214,247 and cocaine248, and these changes were linked to 

HFD-induced reduction of insulin-mediated striatal Akt activation247. Similarly, insulin 

enhanced NAc dopamine neurotransmission in controls but not mice consuming a 

HFD10, and this effect was restored in mice on the HFD by promoting insulin receptor 

substrates but abolished in controls by insulin receptor or PI3K inhibition10, implicating 

HFD-induced insulin resistance to impaired dopamine control. Overall, insulin regulates 

dopamine to control goal-directed behavior and encode reward salience, but it is not 

known if HFD-induced insulin resistance may reduce rewarding properties of food to 

drive overeating. 

 

Chronic HFD consumption has been shown to inhibit dopamine release and reuptake in 

the NAc that was restored by fasting57,206. Further, evidence suggests that insulin in the 

NAc and striatum controls salience of palatable foods249,250 related to enhanced 

dopamine neurotransmission10,48,49, but diet-induced obesity promotes insulin resistance 
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throughout dopaminergic regions10,48,49,247,251. Therefore, the purpose of this 

investigation was to determine effects of HFD intake on food preference. Specifically, 

insulin’s effect on food intake during alternate sated versus fasted physiological energy 

conditions was examined, including whether striatal insulin mediated diet-linked effects. 

This was tested by exposing male and female C57BL/6 mice that consumed either a 

control 10% fat diet (Controls) or 60% high-fat diet (HFD) for six weeks to a food choice 

behavioral paradigm. Variables assessed included intake, time spent, and latency to 

approach Crisco versus sucrose after fasting mice for 12 hours (Fasted test) and after a 

30-minute refeeding period (Sated test). A second group of mice completed a similar 

food choice paradigm with butter and sucrose after infusions of insulin or artificial 

cerebrospinal fluid (ACSF) into the striatum. It was hypothesized that mice consuming a 

HFD (HF-fed) would prefer the fatty treat over sucrose, exhibit increased latency to 

approach treats, and show impaired satiation during the Sated test. It was also 

predicted that bilateral insulin infusion into the striatum would reduce palatable food 

intake for Controls but have no effect on intake or preference in HF-fed mice. The 

present results suggest that HFD intake promotes diet-induced obesity, glucose 

intolerance, and dietary inflexibility, whereas insulin infusion in the striatum promotes 

satiety in lean Controls. 

4.3. Research design and methods 

4.3.1. ANIMALS, DIET, AND EXPERIMENTAL DESIGN 

Six-week old C57BL/6 male (N = 54) and female (N = 42) mice purchased from Jackson 

Laboratories (Bar Harbor, ME) were housed 3/cage on a 12-hour light/dark cycle (lights 

off 0600, lights on 1800). Mice were given free access to water and ad libitum access, 

unless indicated for behavioral or metabolic testing, to either a control normal-fat diet 

(DIO series D12450K, Research Diets Inc.) containing 10% total kcals from fat with an 

energy density of 3.85 kcals/g (Controls) or a high-fat diet (HFD) containing 60% kcals 

from fat with an energy density of 5.24 kcals/g (DIO series D12492 or D12451, 

Research Diets Inc.). Bodyweights and intake were recorded weekly over six weeks of 
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feeding. There were two main experiments, and mice in Group 1 (males: n = 30; 

females n = 30) completed behavioral food choice experiments to determine effects of 

diet on intake behavior followed by intraperitoneal glucose tolerance testing (IPGTT) to 

measure glucose clearance. Group 2 (males: n = 24; females n = 12) mice completed 

similar food choice experiments after insulin or ACSF were bilaterally infused into the 

striatum to determine whether insulin-induced satiety was blunted in HF-fed mice 

(Figure 13A). 

4.3.2. GROUP 1 - FOOD CHOICE BEHAVIORAL EXPERIMENTS 

Mice underwent food choice testing adapted from Smith et al. (2017)252 to determine 

whether HFD intake altered food-related behavior during alternate physiological energy 

states. Between the fifth and sixth weeks of feeding, food choice training occurred over 

four sessions to prevent neophobia during testing. Training involved individually 

introducing mice to either 30 kcal of sucrose cubes (7 g) or Crisco (4 g) inside a metal 

food cup placed in a clean cage on alternating days for 20 minutes each. Several days 

after training, mice underwent Fasted and Sated food choice tests. For the Fasted 

condition, mice were given access to 30 kcals each of sucrose and Crisco in separate 

clean cups for 60 minutes immediately after fasting for 12 hours. For the Sated 

condition, mice were fasted for 12 hours then given access to their accustomed control 

diet or HFD for 30 minutes followed by access to sucrose and Crisco in separate clean 

cups for 60 minutes. Each mouse in Group 1 underwent the Fasted and Sated 

experiment with at least 24 hours between experimental days. A Latin Square design 

was used to counterbalance initial exposure to sucrose or Crisco during training, order 

of Fasted and Sated experiments, and the side of the cage sucrose and Crisco were 

placed. All training and test sessions were video recorded via HomeCageScan (v.3) 

software and started three to six hours into dark cycle (0900 to 1200). TopScan (v.2) 

software was used to quantify approach latency and time spent in each food cup, and 

intake was determined by food weights. 
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4.3.3. GROUP 1 - INTRAPERITONEAL GLUCOSE TOLERANCE TEST (IPGTT) 

After behavioral experiments, a subset of mice from Group 1 (male: n = 24; female: n = 

24) underwent the IPGTT to confirm whether HFD-induced obese mice had impaired 

glucose clearance. Mice were fasted 12 hours overnight, and three hours into dark cycle 

(between 0900 to 1000) a local anesthetic (EMLA pain cream, lidocaine 2.5% and 

prilocaine 2.5%) was applied and the tail vein was nicked for baseline blood glucose 

recordings measured as mg/dL glucose by a CVS Bluetooth Glucose Meter. After 

baseline, mice were given intraperitoneal injection (2 g/kg) of 20% glucose solution, and 

blood glucose was measured at 15, 30, 60, and 120 minutes. Baseline blood glucose 

and glucose clearance area under the curve (AUC) are reported.  

4.3.4. GROUP 2 - FOOD CHOICE BEHAVIORAL EXPERIMENTS WITH INSULIN OR ACSF VEHICLE 

INFUSIONS 

Group 2 underwent similar food choice training as Group 1, but training occurred 

between the fourth and fifth weeks of feeding and frozen butter was used to reduce 

potential error in weighing Crisco. After training, mice underwent bilateral craniotomies 

to insert guide cannula. After two to five days postoperative recovery, mice underwent a 

fifth training session to reorient them to the food choice paradigm that included 

providing access to sucrose and butter for 20 minutes. After five to nine days of 

postoperative recovery, mice began food choice testing. Immediately before Fasted and 

Sated tests, internal cannula were inserted for infusion of 0.2 μL insulin or ACSF into 

each hemisphere at 0.1 μL/min. Insulin was diluted to 500 μM using ACSF, the latter 

which was composed of (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). In contrast to Group 1, mice in Group 2 completed only the Fasted 

(male: n = 12; female: n = 6) or Sated (male: n = 12; female: n = 5) test. Either test was 

completed twice after infusion of insulin followed by the same test two to three days 

later after ACSF infusion. Only five Control females completed the Sated test because 

one mouse was euthanized for humane reasons. Video analysis and intake variables 

were recorded similarly to Group 1.  
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4.3.5. GROUP 2 – BILATERAL CANNULA CRANIOTOMIES, POSTOPERATIVE RECOVERY, AND 

TERMINAL PROBE CHECK 

Mice were anesthetized in 5% isoflurane gas in an induction chamber flowing with 400-

800 cc/min oxygen, transferred to a heated platform on a stereotaxic frame, and 

immobilized with anti-puncture ear bars and a nose cone flowing with 2.0-4.5% 

isoflurane. Artificial tears were applied, and mice were checked for response and 

breathing. Mice were subcutaneously injected with 3.0 mg/kg ketofen before the 

surgical site was cleaned with betadine and 70% ethanol followed by exposing the 

skullcap that was washed with 3% hydrogen peroxide. Bregma was used to mark guide 

hole placement at AP (+1.3 mm) and ML (± 1.0 mm) based on Franklin and Paxinos 

(2008)253 coordinates. Holes were drilled in the skullcap for the cannula and anchor 

screw, and cannula were slowly (1.0 mm/min) lowered into the brain DV (-3.2 mm) and 

secured with Vetbond. The screw was inserted to anchor a cap made of dental cement 

mixed with poly(methyl methacrylate) that sealed the cannulas and surgical site. 

Gentamycin antibiotic spray was applied before and after sealing the surgical site. Mice 

were subcutaneously injected with 1.0 mL sterile saline prior to placement in a heated 

cage for monitoring every 20 minutes until recovery. Afterward, mice were housed 

individually and observed daily, and mice received one or two days of gentamycin and 

ketofen (⁓4 mg/kg) under anesthesia, during which cannula dust caps were applied. 

Immediately after the final food choice test experiment, mice were anesthetized via 5% 

isoflurane then decapitated for brain removal. Brains were placed in ACSF then sliced 

into 300 μm coronal slices between +0.7 to +1.74 mm from Bregma with a 

compresstome (Precisionary Instruments; Greenville, NC) to record probe placements. 

 

4.3.6. MATERIALS 

All food choice experiments were conducted using Domino Sugar Cubes Dots, and the 

fatty treats included Crisco vegetable shortening for Group 1 and Harris Teeter unsalted 

butter for Group 2. Surgeries were conducted on an ASI Instruments Small Stereotaxic 

Frame, and components were purchased from P1 Technologies (Roanoke, VA, USA), 
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including guide cannula (catalogue no. C315GMN/SPC and C235GS-5-2.0/SPC), 

dummy cannula (catalogue no. C315DCMN/SPC and 303DC/1), internal cannula 

(catalogue no. C315IMN/SPC and C235IS-5/SPC), and tubing (catalogue no. C313CT, 

0.023 X 0.050 inches). Anchor screws (catalogue no. 00-96 X 1/16) were matched to 

the drill bit (catalogue no. D60). Anesthesia was achieved using a Dräger Medical AG & 

Co. KG Isoflurane Vapor 2000 (Lübeck, Germany) (reference no. M35160), and 

infusions were conducted with a Harvard Apparatus Pump 11 Pico Plus Elite (Holliston, 

MA, USA) (catalogue no. 70-4506). Additional materials included isoflurane (catalogue 

no. NDC 11695-6776-2) and Gentamycin Spray (catalogue no. NDC 11695-2207-6) 

from Henry Schein Animal Health (Dublin, OH, USA); artificial tears (catalogue no. NDC 

59399-162-35) from Akorn Animal Health (Lake Forest, IL, USA); dental cement solvent 

(catalogue no. 51456) from Stoelting (Wood Dale, IL, USA); Ketofen (catalogue no. 

NADA 140-269) from Zoetis (Kalamazoo, MI, USA); Vetbond (catalogue no. 1469SB) 

from 3M (Neuss, Germany); sterile saline (catalogue no. S5820) from TEKnova 

(Hollister, CA, USA); and Humulin R insulin (catalogue no. NDC 0002-8215-01) from 

Lilly (Indianapolis, IN, USA). 

4.3.7. STATISTICAL ANALYSIS 

Statistical analysis was conducted via GraphPad Prism (v. 9.1.1). Two-way analysis of 

variance (ANOVA) was used to identify sex and diet effects on food intake and 

metabolic data with two-way repeated measures ANOVA used to assess bodyweight 

over time within sex. In Group 1 mice, three-way ANOVA was used to assess 

differences between sucrose and Crisco preference between diet and sex groups. 

Subsequently, two-way ANOVAs were used within each treat to assess intake or 

latency to approach sucrose or Crisco between diet and sex groups in Group 1 or intake 

and latency to approach sucrose or butter between diet and infusion groups in Group 2 

within either sex. Group differences were assessed with Šidák’s or Tukey’s post-hoc 

tests with results expressed as mean ± standard error of the mean.  
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4.4. Results 

4.4.1. ACCESS TO A HFD PROMOTES FOOD INTAKE, WEIGHT GAIN, AND GLUCOSE 

INTOLERANCE 

HFD access promoted intake and weight gain. Two-way ANOVA revealed significant 

effects of diet (F(1,28) = 63.97; p<0.0001) and sex (F(1,28) = 17.94; p<0.001) on 

average daily food intake with greater kcal intake in HF-fed versus Control males (13.48 

± 0.29 vs. 10.52 ± 0.35 kcal; p<0.0001) and females (12.04 ± 0.68 vs. 8.55 ± 0.20 kcal; 

p<0.0001) (Figure 13B). This lead to greater weight gain with effects of diet (F(1,52) = 

44.32; p<0.0001), time (F(1,52) = 509.6; p<0.0001), a diet X time interaction (F(1,52) = 

125.3; p<0.0001), and subject (F(52,52) = 2.463; p<0.001) with post-hoc tests revealing 

greater bodyweight at week five in HF-fed versus Control males (33.0 ± 0.7 vs. 25.8 ± 

0.4 g; p<0.0001) (Figure 13C). Similarly, in females, there were effects of diet (F(1,40) = 

27.74; p<0.0001), time (F(1,40) = 233.2; p<0.0001), a diet X time interaction (F(1,40) = 

79.47; p<0.0001), and an effect of subject (F(40,40) = 3.183; p<0.001) with post-hoc 

tests revealing greater bodyweight at week five in HF-fed versus Control females (25.7 

± 0.8 vs. 20.0 ± 0.2 g; p<0.0001) (Figure 13D). Next, glucose clearance was assessed 

using IPGTT. Two-way ANOVA revealed a significant effect of diet (F(1,44) = 13.75; 

p<0.001) and sex (F(1,44) = 18.53; p<0.0001) with fasting blood glucose increased only 

in HF-fed versus Control males (206 ± 9 vs. 167 ± 8 mg/dL; p<0.01) (Figure 13E). 

Similarly, there was a diet effect (F(1,44) = 70.48; p<0.0001) and near-significant sex 

effect (F(1,44) = 3.468; p=0.0693) on glucose clearance AUC with slower glucose 

clearance for HF-fed versus Control males (1640 ± 79 vs. 1081 ± 34 AUC; p<0.0001) 

and females (1476 ± 69 vs 1021 ± 49 AUC; p<0.0001) (Figure 13F). Therefore, six-

week exposure to a HFD promoted food intake leading to obesogenic weight gain and 

disrupted glucose clearance.
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Figure 13. Chapter IV experimental design, food intake, bodyweight, and metabolic data 

(A) Male and female C57BL/6 mice were split between access to a control 10% fat diet (Controls) and a 
saturated 60% high fat diet (HFD) and further split between Group 1 (G1) and Group 2 (G2). G1 

completed food choice training over four days with individual access to sucrose or Crisco for 20 minutes 
followed by both the Fasted and Sated food choice tests. Afterwards, a subset of G1 completed 

intraperitoneal glucose tolerance testing (IPGTT). G2 completed similar food choice training with sucrose 
and frozen butter, the latter which was used to promote food weight accuracy. After training, G2 had 

bilateral guide cannula surgically implanted in the dorsal striatum followed by postoperative recovery then 
a final food choice training session and the Fasted or Sated tests after infusions of insulin or artificial 
cerebrospinal fluid (ACSF) as a control. Average daily kcal intake over five weeks of feeding (B) and 

bodyweight in grams comparing week one (Wk 1) and week five (Wk 5) for males (C) and females (D) are 
shown before surgery or 12-hour fasts for testing that would affect these variables. Results of the IPGTT 
are displayed as fasting blood glucose (mg/dL) (E) and blood glucose area under the curve (AUC) over 

the 2-hour IPGTT (F). Energy intake and IPGTT parameters were compared between diet and sex groups 
whereas bodyweight was compared within either sex between diet groups over time. (* denotes a 

significant difference between diet groups) (**, p<0.01; ****, p<0.0001) 

4.4.2. MICE FED A CONTROL DIET PREFERRED SUCROSE COMPARED TO MICE FED A HFD WITH 

LITTLE EFFECT ON CRISCO INTAKE AFTER FASTING 

To determine whether HFD consumption influenced satiety or food preference, a food 

choice experimental paradigm was conducted (Figures 14-15 for Group 1). Three-way 
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ANOVAs for the Fasted test were presented to show that mice consumed more Crisco 

versus sucrose but oppositely spent more time with sucrose, and these trends occurred 

regardless of energy state in both experimental Groups. Three-way ANOVA revealed a 

significant effect of treat (Crisco vs. sucrose) (F(1,91) = 45.43; p<0.0001) on intake with 

greater intake of Crisco versus sucrose in HF-fed males (p<0.01), Control females 

(p<0.001), and HF-fed females (p=0.0232) (Figure 14A). In contrast, there were effects 

of treat (F(1,112) = 82.70; p<0.0001), sex (F(1,112) = 37.56; p<0.0001), and a treat X 

sex interaction (F(1,112) = 23.92; p<0.0001) with less time spent with Crisco than 

sucrose in Control males (p=0.0616), Control females (p<0.0001), and HF-fed females 

(p<0.0001) (Figure 14B). Subsequently, two-way ANOVAs were conducted within either 

treat. There were significant effects on sucrose intake for diet (F(1,44) = 23.62; 

p<0.0001) and sex (F(1,44) = 5.717; p=0.0211) with reduced intake for HF-fed versus 

Control males (0.06 ± 0.01 vs. 0.26 ± 0.06 kcal; p=0.0142) and females (0.14 ± 0.05 vs. 

0.40 ± 0.05 kcal; p<0.001) (Figure 14C). There was not an effect of diet or sex on 

latency but post-hoc tests revealed slower latency to approach sucrose in Control males 

versus females (14.90 ± 2.64 vs. 7.61 ± 1.52 s; p=0.0417) (Figure 14D). There were no 

group differences in Crisco intake (Figure 14E) but there was a sex effect on latency to 

approach (F(1,56) = 10.59; p<0.01) with slower approach of Crisco in Control males 

versus females (19.33 ± 3.99 vs. 7.24 ± 0.68 s; p<0.01) (Figure 14F). Therefore, during 

the Fasted test, mice consumed more Crisco but spent more time with sucrose, which 

occurred throughout subsequently reported testing. Overall, Controls preferred sucrose 

compared to HF-fed mice with the fastest latency to approach sucrose by Control 

females. While this sucrose anhedonia was expected, no differences in preference for 

Crisco between diet groups were seen.
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Figure 14. Intake, time spent, and latency to approach sucrose and Crisco during the 
Fasted food choice test in Group 1 

After being fasted for 12 hours, mice in Group 1 entered the Fasted food choice test. Intake (kcal) (A) and 
time spent (%) (B) between sucrose versus Crisco was compared in all groups showing that mice 

generally consumed more Crisco but spent more time with sucrose. When compared within each treat, 
Controls versus HFD counterparts consumed more sucrose (kcal) (C), and Control females had the 

fasted latency to approach sucrose in seconds (D). Conversely, there were minimal effects of diet or sex 
on Crisco intake (kcal) (E), but females approached Crisco faster (s) than males (F). Intake and percent 

time were compared between treats, diet groups, and sex with three-way ANOVAs (A-B), whereas within 
treat analysis compared diet and sex effects of intake and latency to approach sucrose (C-D) or Crisco 
(E-F). (# denotes significant differences between sucrose and Crisco, * denotes significant differences 

between diet groups, + denotes sex differences within diet group) (#, p<0.05; ##, p<0.01; ###, p<0.001; 
####, p<0.0001; *, p<0.05; ***, p<0.001; +, p<0.05; ++, p<0.01; +++, p<0.001)  

4.4.3. FASTING PROMOTED SIMILAR INTAKE OF NORMAL FOOD IN BOTH DIET GROUPS, BUT 

CONTROLS PREFERRED BOTH SUCROSE AND CRISCO MORE STRONGLY THAN HF-FED 

MICE AFTER SATIATION 

Before choosing between treats in the Sated test, mice were satiated on their 

accustomed control or HFD for 30 minutes. All groups had similar food intake of the 

accustomed diet (Figure 15A), but there was a significant diet effect (F(1,52) = 48.27; 

p<0.0001) on percent duration with less time spent with food in HF-fed versus Control 
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males (16.1 ± 1.7 vs. 39.0 ± 3.7 %; p<0.0001) and females (21.7 ± 1.8 vs. 39.3 ± 3.4 %; 

p=0.0001) (Figure 15B). There were no effects of diet or sex on latency to approach diet 

but slower approach of HFD in HF-fed males was seen versus HF-fed females (4.42 ± 

0.93 vs. 2.49 ± 0.56 s; p=0.0872) (Figure 15C). After satiation, three-way ANOVA 

revealed mice consumed more Crisco but spent more time with sucrose with stronger 

effects of diet group to mediate this relationship during the Sated versus Fasted test 

(not shown). When separated by treat, two-way ANOVA revealed a significant effect of 

diet (F(1,51) = 12.15; p<0.01) on sucrose intake with lower intake in HF-fed versus 

Control females (0.08 ± 0.01 vs. 0.24 ± 0.05 kcal; p<0.01) (Figure 15D), but there were 

no group differences in latency (Figure 15E). Similarly, there was a significant effect of 

diet on Crisco intake (F(1,55) = 18.77; p<0.0001) with lower intake in HF-fed than 

Control males (0.72 ± 0.19 vs. 1.51 ± 0.26 kcal; p=0.0685) and females (0.48 ± 0.15 vs. 

1.90 ± 0.36 kcal; p<0.001) (Figure 15F), but there were no group differences in latency 

(Figure 15G). Overall, Controls preferred sucrose more than HFD counterparts that 

occurred in the Fasted test but less strongly in the Sated test. Conversely, Controls 

preferred Crisco compared to HFD counterparts only during the Sated test. Further, 

latency to approach was faster in most groups during the Sated versus Fasted tests, 

suggesting access to the normal diet primed mice to approach palatable treats. 

Because Control females approached both treats faster than Control males specifically 

in the Fasted test and HF-fed females approached HFD faster than males during the 

30-minute satiation period, diet, energy status, and sex were shown to mediate food 

seeking.  
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Figure 15. Intake, time spent, and latency to approach accustomed diet, sucrose, and 
Crisco during the Sated food choice test in Group 1 

After fasting for 12 hours, the first portion of the Sated test involved giving access to the accustomed 
control or HFD for 30 minutes before allowing a choice between sucrose and Crisco. All groups 

consumed a similar amount (kcal) of their accustomed diet (A), but Controls spend more time (%) with the 
control diet than HF-fed mice with HFD (B) with similar latency to approach the accustomed diet (s) 

between diet groups (C). Similar to the Fasted test, mice in the Sated test consumed more Crisco but 
spent more time with sucrose (not shown here), so within-treat analysis was conducted. Controls 

consumed more sucrose (kcal) than HF-fed mice (D), but similar latency to approach sucrose (s) was 
reported between groups (E). Similarly, Controls consumed more Crisco (kcal) than HF-fed mice (F), but 

similar latency to approach Crisco (s) was reported between groups with slightly faster approach in 
females (G). Intake, percent time, and latency to approach the accustomed diet or each treat were 

compared between diet groups and sexes. (* denotes significant differences between diet groups) (***, 
p<0.001; ****, p<0.0001) 

4.4.4. INSULIN IN THE STRIATUM MORE STRONGLY REDUCED PALATABLE FOOD INTAKE DURING 

THE SATED COMPARED TO FASTED FOOD CHOICE TESTS IN CONTROLS 

Group 2 had insulin bilaterally infused into the striatum to determine interactions with 

diet and energy state on food intake. Surgical probe placements are displayed in Figure 

16 and results of infusion experiments are displayed in Figures 17-18. A HF-fed male in 

the Fasted and Sated conditions (n = 2) were excluded due to poor cannula 

placements. One side of the guide cannula became sealed permitting unilateral 
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infusions in five mice, but only one mouse (HF-fed male, Fasted) had a categorically 

different response (lowest intake and time spent but highest latency to approach) than 

others within its group. This mouse was also used to pilot bilateral internal cannula and 

became visibly stressed, so values were excluded. Three-way ANOVAs within males or 

females and within Fasted or Sated tests for Group 2 revealed a significant effect of 

treat with greater intake of butter but more time spent with sucrose across infusion 

conditions (not shown). Therefore, within-treat analyses are considered below. 
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Figure 16. Guide cannula striatal probe placements by sex and diet group 

After finishing food choice testing, probe placements were checked by slicing brains in 300 μm coronal slices. Most guide cannula were placed 
between +1.70 and +0.74 mm from Bregma according to Franklin and Paxinos (2008) coordinates. Placements are shown for Control and HF-fed 

males and females throughout the rostrocaudal extent of the striatum with group numbers shown below each slice and an additional guide 
showing subregions, including dorsal striatum, NAc core, and NAc shell. Only one of each bilateral cannula is shown. Most placements within 

each mouse were in the same anterior/posterior position, but mice which differed in the bilateral placement rostrocaudally have the probe closest 
to the middle of the NAc (+1.34 to +1.18 mm from Bregma) displayed. Two HF-fed males, one each that completed the Sated or Fasted test, were 

excluded that had both probes placed more posterior than +0.62 mm from Bregma. 
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During the Fasted test, two-way repeated measures ANOVA revealed a significant 

effect of diet (F(1,8) = 9.200; p=0.0162) and subject (F(8,8) = 4.376; p=0.0259) on 

sucrose intake in males with lower intake in HF-fed versus Control counterparts during 

ACSF (0.03 ± 0.01 vs. 0.25 ± 0.07 kcal; p=0.0184) and insulin infusions (0.02 ± 0.01 vs. 

0.22 ± 0.06 kcal; p=0.0455) (Figure 17A). However, there were no effects in males of 

diet or insulin on latency to approach sucrose (Figure 17B), butter intake (Figure 17C), 

or latency to approach butter (Figure 17D). In females, there was a near-significant 

effect of diet F(1,4) = 5.442; p=0.0800) on sucrose intake with lower intake in HF-fed 

females versus Controls after ACSF infusion (0.02 ± 0.01 vs. 0.26 ± 0.11 kcal; 

p=0.0665) (Figure 17E) and an effect of diet (F(1,4) = 10.86; p=0.0300) on latency to 

approach sucrose with non-significantly faster approach by Control females (Figure 

17F). However, females exhibited no effects of diet or insulin on butter intake (Figure 

17G) or latency to approach butter (Figure 17H). Therefore, it appeared that Control 

females ate less sucrose due to striatal insulin during the Fasted test, since HF-fed 

females ate less sucrose during ACSF but not insulin infusions, but butter intake was 

not affected by diet or insulin. Further, there was no effect of insulin on latency to 

approach.
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Figure 17. Intake and latency to approach sucrose and butter during the Fasted food 
choice test in Group 2 after bilateral infusions 

After fasting for 12 hours, mice completed the Fasted test after insulin infusions followed days later by the 
same test after artificial cerebrospinal fluid (ACSF) infusions. Males (A-D) and females (E-H) were 

separated in analyses. Control males consumed more sucrose than HF-fed mice (kcal) (A) but insulin did 
not alter intake or latency to approach (s) (B). Diet nor insulin altered butter intake (kcal) (C) or approach 
(s) (D). For females, sucrose intake (kcal) (E) was higher in Controls after ACSF but not insulin infusions 
but there was no effect of insulin on latency to approach (s) (F). Like males, there was no effect of diet or 
insulin in females to alter intake (kcal) (G) or latency to approach (s) (H) butter. Intake and latency were 
compared within each treat and within each sex between diet groups and infusion conditions. (* denotes 
significant differences between diet groups within either ACSF or insulin infusion conditions) (*, p<0.05)  

During 30 minutes of satiation on the accustomed diet, two-way repeated measures 

ANOVA revealed no effects of diet or insulin on intake in males (Figure 18A). However, 

a significant effect of diet (F(1,9) = 7.819; p=0.0208) and a diet X insulin interaction 

(F(1,9) = 5.634; p=0.0417) on latency to approach was reported, and post-hoc tests 

revealed faster approach by HF-fed versus Control males of accustomed diet after 

insulin infusion (6.45 ± 0.81 vs. 33.87 ± 7.58 s; p<0.01) but slower approach in Controls 

after insulin versus ACSF infusion (33.87 ± 7.58 vs. 16.57 ± 4.14 s; p=0.0658) (Figure 

18B). After satiation, there was a significant effect of diet on sucrose intake (F(1,8) = 

5.919; p=0.0410) with less intake in HF-fed versus Control males after ACSF infusion 
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(0.01 ± 0.00 vs. 0.21 ± 0.07 kcal; p=0.0213) (Figure 18C), but no effects were reported 

for latency (Figure 18D). For butter, there was also an effect of diet (F(1,9) = 19.86; 

p<0.01) with lower intake in HF-fed versus Control males during ACSF (0.51 ± 0.12 vs. 

1.53 ± 0.22 kcal; p<0.01) and insulin infusions (0.55 ± 0.12 vs. 1.53 ± 0.25 kcal; p<0.01) 

(Figure 18E), but no effects were reported for latency (Figure 18F). In females, there 

was a significant effect of diet (F(1,3) = 16.46; p = 0.0270) with near-significant effects 

of insulin (F(1,3) = 5.960; p=0.0924) and a diet X insulin interaction (F(1,3) = 7.080; p = 

0.0763) with lower intake of the accustomed diet in HF-fed females versus Controls 

after ACSF infusion (0.28 ± 0.08 vs. 0.80 ± 0.00 kcal; p<0.01), whereas HF-fed females 

ate more HFD after insulin versus ACSF infusions (0.59 ± 0.08 vs. 0.28 ± 0.08 kcal; 

p=0.0541) (Figure 18G), but there were no effects on latency to approach diets (Figure 

18H). After satiation, there was a significant effect of diet (F(1,3) = 25.98; p = 0.0146) 

with near-significant effects of insulin (F(1,3) = 10.02; p=0.0506) and a diet X insulin 

interaction (F(1,3) = 8.685; p = 0.0602) on sucrose intake with lower intake in HF-fed 

females versus Controls after ACSF infusion (0.06 ± 0.03 vs. 0.39 ± 0.02 kcal; p<0.01), 

whereas Control females ate less sucrose after insulin versus ACSF infusions (0.20 ± 

0.09 vs. 0.39 ± 0.02 kcal; p=0.0572) (Figure 18I). There was also an effect of diet on 

latency to approach sucrose (F(1,3) = 88.05; p<0.01) with slower approach by HF-fed 

versus Control females after ACSF infusion (12.55 ± 0.79 vs. 5.52 ± 3.32 s; p=0.0807) 

(Figure 18J). Females showed an effect of diet (F(1,3) = 30.05; p=0.0119) on butter 

intake with lower intake in HF-fed versus Control females after ACSF infusion (0.99 ± 

0.25  vs. 2.29 ± 0.26 kcal; p<0.01) (Figure 18K) but no effects were reported on latency 

to approach butter (Figure 18L). Overall, Group 2 showed stronger effects of insulin to 

reduce sucrose and butter intake in Controls during the Sated versus Fasted test, 

particularly in females, whereas insulin significantly delayed approach of accustomed 

diet in Control males. 
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Figure 18. Intake and latency to approach accustomed diet, sucrose, and butter during 
the Sated food choice test in Group 2 after bilateral infusions 

The Sated test began after a 12-hour fast followed by insulin infusions with mice repeating the test after 
ACSF infusions days later. A 30-minute satiation period (left) occurred before choosing sucrose or butter 
(right), with males (A-F) and females (G-L) separated. Intake (kcal) (A) of control or HFD by males was 
similar between groups, but insulin delayed approach in Control males (s) (B). After satiation, Control 

males consumed more sucrose (kcal) than HF-fed males (C) after ACSF infusions with no differences for 
latency (s) (D). Butter intake (kcal) was higher in Control males after either infusion (E) with little 

difference between groups for latency (s) (F). When assessing females, intake of the accustomed diet 
(kcal) in Controls was higher than HF-fed mice after ACSF infusions whereas HF-fed females ate more 

after insulin versus ACSF infusions (G), but latency (s) was not affected by insulin (H). After satiation, HF-
fed females consumed less sucrose overall but insulin reduced intake (kcal) in Control females (I), and 
latency to approach sucrose (s) was slowest in HF-fed females after ACSF infusion (J). Similarly, butter 
intake (kcal) (K) was higher in Control females after ACSF infusions, but no effects of insulin on latency 

(s) were reported (L). Intake and latency were compared within the 30-minute satiation period, within 
each treat, and within each sex between diet groups and infusion conditions. (* denotes significant 

differences between diet groups within either ACSF or insulin infusion conditions) (*, p<0.05; **, p<0.01) 

4.5. Discussion 

This investigation sought to characterize effects of HFD intake, energy status, and 

whether insulin in the striatum mediated these effects on food intake behaviors. Results 

showed that access to a HFD promoted energy intake and weight gain but impaired 

glucose tolerance. Unexpectantly, Controls preferred both palatable treats over HF-fed 
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mice, and, while all groups consumed more of the fatty treat compared to sucrose, 

within-treat analysis showed that sucrose was preferred by Controls after fasting 

whereas the fatty treat was preferred by Controls after satiation. Further, insulin in the 

striatum reduced palatable food intake in Controls, particularly females, after satiation 

with a weaker effect after fasting, and, interestingly, Control females showing the 

greatest intake and fastest approach of treats overall. Unfortunately, HF-fed mice did 

not prefer either treat, disallowing direct assessment of insulin-induced satiety in HFD 

groups. These results suggest that intake of a HFD induces dietary inflexibility towards 

alternate palatable foods, but Controls were more responsive to palatable foods 

mediated by energy density of treats, energy state, insulin sensitivity, and sex.  

 

Results herein support that exposure to a HFD promotes greater caloric intake leading 

to obesity57,206. Results also align with prior evidence that HFD intake induced glucose 

intolerance during the IPGTT with a larger effect in males compared to HF-fed 

females254. While IPGTTs are a proxy measurement for metabolic dysfunction, delayed 

glucose clearance correlates with insulin resistance121, supporting the present model of 

HFD-induced insulin resistance. Further, HFD intake has been linked to insulin 

resistance in the ventral tegmental area (VTA)251, NAc10,48,49, and striatum247, 

suggesting obesity-associated insulin resistance could explain one mechanism by which 

HFD intake alters food preference.  

 

The current report that chronic HFD intake induced sucrose anhedonia agrees with prior 

evidence7, though switching mice to a low-fat diet increased preference and motivation 

for sucrose and fat7. It is possible that reduction of fat preference by switching from HFD 

to an isocaloric high-carbohydrate diet255 occurs because energy status is maintained 

but switching to a lower energy-dense diet7 could alter ingestive signaling and 

neurochemistry to promote food seeking. Rats fed a 63% HFD with corn oil versus an 

isocaloric high carbohydrate diet exhibited overall greater fat acceptance255, but, in 

contrast, intake of a HFD with 44% corn oil promoted oil intake over sucrose in a two-

bottle choice but not one-bottle test256. Rats also preferred a flavored saccharin solution 

conditioned to intragastric fat versus isocaloric sugar but not diluted sugar infusions257 
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with greater preference for oil over sucrose solution shown when consumed during 

sham feeding or self-administered intragastrically258. Together, this evidence shows 

HFD intake impacts food behavior related to dietary fat content and promotes fat 

preference over sucrose through greater palatability, lower satiation, and post-ingestive 

effects. Results herein support that sucrose was more satiating but fat more palatable 

because Controls preferred sucrose over HF-fed mice after fasting but fatty treats after 

satiation. When preference was measured over 24 hours in ad libitum fed mice, HF-fed 

mice had greater preference for HFD but lower preference for sucrose and 5% fat milk 

concurrent with reduced VTA dopamine neuron population and NAc tyrosine 

hydroxylase, DAT, and dopamine D2 receptor (D2R) expression259. While this supports 

the present results, it was not expected that Control mice would consume more Crisco 

than HF-fed mice. Intake of a 63% HFD with corn oil versus high-carbohydrate diet for 

just two days promoted preference for liquid fats, lard, Vaseline, and coconut oil but not 

butter, Crisco, or sugar255, though this may have been due to neophobia since butter 

and Crisco were presented first. However, results herein also support that HF-fed mice 

did not prefer butter or Crisco, but mechanisms underlying alternate preference for solid 

fats are not fully characterized.  

 

In addition to diet composition, energy status impacts food-related behaviors through 

striatal dopamine. Indeed, 24-hour food deprivation promoted oil intake more than 

sucrose solution256, and reduced dopamine metabolism was shown in the striatum in 

response to fasting or refeeding with saccharin versus refeeding with chow260. Scheggi 

et al. (2013)261 assessed habituation to intake and NAc shell dopamine to saccharin or 

sugar in alternate physiological states and proposed that food intake is controlled by 

palatability when fed but energy density when fasted. This supports the present results 

related to palatability but not energy density since Controls preferred Crisco after 

satiation but sucrose after fasting. Alterations to dopamine regulation may underly these 

effects, as 24-hour food deprivation reduced striatal dopamine reuptake262. Further, 

food restriction increased locomotor effects of dopamine D1 receptor (D1R) and D2R 

agonism, the former which also increased striatal neuronal activation236. Therefore, a 

negative energy state may alter function of the DAT and prime dopamine receptors to 
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promote salience, motivation, and food intake. However, hepatic and adipose tissue 

glycogen were depleted in lean but not obese Zucker rats during fasting263, and HFD 

intake attenuated fasting-induced reduction of bodyweight, oxygen consumption264, and 

hepatic and adipose glycolytic and lipogenic gene expression265. Therefore, fasting 

promotes intake of energy dense foods in lean animals, but maintenance of energy 

stores in obese animals could inhibit this effect. Finally, context is imperative for 

learning266, and receiving access to an accustomed diet in the Sated test when 

palatable foods are normally present could prime food seeking in Controls. Because 

HFD and food deprivation alter food preference through dopamine neurotransmission, it 

was expected that HF-fed mice would prefer fatty treats when fasted but consume more 

HFD during refeeding. However, greater depletion of energy stores and priming of 

insulin sensitivity and striatal dopamine during fasting support mechanisms underlying 

greater palatable food intake in Controls. 

 

Insulin receptors are expressed on cholinergic interneurons and dopamine axon 

terminals throughout the striatum that promote dopamine release and reuptake, 

respectively48,49,56, and insulin likely controls behavior through whole-brain circuitry. For 

example, insulin induces satiety and reduces intake through signaling in the 

hypothalamus18 and controls midbrain dopamine neuron firing to reduce place 

preference contextually associated with palatable food95. Insulin transport into the brain 

is also reduced during fasting but heightened during refeeding267. Similarly, striatal 

insulin receptor expression56 and insulin-evoked dopamine release and reuptake were 

potentiated by food restriction but inhibited by obesogenic diet intake48,49,56. Post-

ingestive signals interact with insulin, as activation of insulin receptor- and D1R-

mediated signaling in the NAc were increased acutely after intragastric glucose infusion, 

whereas receptor activation and intake preference were highest for a flavor conditioned 

to high-glucose versus low-glucose solution250. Further, ventricular insulin administration 

inhibited conditioned place preference associated with HFD with no effect during food 

restriction or when infusions were given during training268, suggesting insulin did not 

alter context-specific learning but inhibited food-linked behavior in a fed state. Human 

neuroimaging studies reported striatal activation was stronger in response to low-calorie 
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versus high-calorie food images when sated and fasted, respectively269, while 

extracellular dopamine in the striatum when fasted correlated with hunger and desire in 

response to food270. Thus, insulin in the NAc encodes preference during learning while 

striatal insulin may detect food energy content related to physiological energy state and 

control motivation to obtain food. The present report showed striatal insulin infusion 

reduced sucrose intake in Controls and butter intake in Control females specifically 

during the Sated test. Prior to testing, mice had only received accustomed diets in the 

home cage, so heightened striatal dopamine metabolism by insulin infusion and 

promotion of post-ingestive factors and endogenous insulin after meal consumption may 

inhibit context-related food seeking of palatable treats. However, Control males 

approached control diet more slowly during the Sated test after insulin infusion, 

suggesting striatal insulin may reduce food intake by inhibiting exploratory behaviors or 

seeking of an accustomed diet. Finally, marginal sex effects in insulin-mediated 

behavior were reported herein, which are largely unexplored. In clinical studies, women 

showed increased striatal D2R binding availability in response to glucose injection with 

an opposite effect in men271, and animal studies showed HFD intake inhibited striatal 

Akt activation215 and induced glucose intolerance254 more strongly in males. Thus, 

heightened dopamine receptor activation and insulin sensitivity in response to energy 

intake could explain why insulin had a greater effect of reducing intake in Control 

females. Overall, potentiation of striatal dopamine neurotransmission by insulin could 

reduce intake through feedback with the hypothalamus, midbrain, cortex, or NAc that 

send satiety signals and encode food preference through insulin. Because effects of 

insulin were stronger after satiation, this suggests that striatal connectivity and gut 

signals coordinate the insulin response to fine-tune control over food intake. 

4.6. Conclusions 

This study assessed novel effects of diet, energy state, and striatal insulin to alter food-

related behaviors. Further strengths included use of many males and females repeated 

over multiple cohorts, suggesting reproducibility. However, limitations included mice 

coming in physical contact with treats, as the disconnect between intake and time spent 
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with each treat may have occurred because Crisco or butter could adhere to the mice. 

However, it would take less time to consume more kcals of an energy-dense treat with a 

softer texture, which was supported by Controls spending more time with control diet 

during the Sated test despite similar intake as HF-fed mice. This also reflects that diet 

did not alter intake of accustomed foods to restore immediate homeostasis. Final pitfalls 

were related to limited data to guide insulin dosing, and probe placements were 

targeted at the NAc core but were placed slightly dorsal in the striatum. Overall, this is 

the first study to assess how diet and striatal insulin control food preference between 

sugary and fatty treats in alternate energy states. Results showed Controls preferred 

sucrose when fasted but fatty treats higher in energy density when sated, suggesting 

that exposure to the normal diet primes preference for a less satiating food. Further, 

insulin in the striatum reduced intake of palatable treats and delayed seeking of an 

accustomed diet in Controls dependent on sex and physiological energy state. 

Therefore, increased release of endogenous insulin or other post-ingestive factors after 

consuming a meal could promote hypothalamic or dopaminergic input to the striatum or 

alternately control striatal dopamine release and reuptake locally to alter preference for 

palatable foods of different macronutrient or energy makeups. In conclusion, insulin 

more strongly mediated behaviors in lean mice with lower energy stores but higher 

insulin sensitivity, suggesting obese, insulin resistant individuals may have impaired 

insulin control over reward valuation or food seeking of preferred but not all energy-

dense foods. 
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